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PREFACE TO TIlE SECOND EDITION 

The present edition of (( Radio Engineering," while followi ng the same 

method of presentation ::t8 the fil':-;t edition, has bC'Pll (�ompktely rcvis{'d 
to take into account the rapid aclvam:es in radio tOll1l1llllli(·atioll durillg 
rccent years: 'rhe extcnt of this revision i!i indieawd by till! fad that 
the entirc book has becn rC\n;tt.(�n except for the fil':-it �cv(�rul ehapterH, 
and over half of the illustrat.iollH of the prc:;cnt (�dition :.lrC' ncw. 

. The order and details of prc�cllt:ltion hu\'c been Ill(J(lified in u numbcr 
of instancCR in order Il1?re readily to ill<:ludc Il(,W d('vdoPlllCllts and 
}>l'esrnt trendH. The fundamelltal principle:) of all typc� of electron 
tubes a.re now given in onc unified cha.pter. Tltp �l'etion� ou power 
nmplificrs havc been expanded illto a full chaptt'r that n�prcsents the 
most complcte treatmcnt of thi:-i :muject now availahle ill book form. 
A brief chapter on televisioll has abo been ndded bl·e.Hls(' of the incrcu:-I
iug importance of this ficld. In order to take c:.tr(' of these and other 

additions without undue incrca�c ill length, the cllapt.C'l' 011 lIlea�llrcments 
has been ornitt.cd. It i8 believed that with the nplwaralH'(l of the author's 
book" ?VfeasurmncntH in Radio Engineerin�" tile ne('d for :-iuch a chapter 
ha."J been greatly lessened. 

The pl'f>HeJlt edition eal'rie:..; the fuw.IY:-ii . .;; of IlltLlIy topie:-; much farther 
than did the fil'Ht editioll. A complete t.l'patmcnt uf the diode dctector 
is presented, including the effects of the a-c-d-e rat.io, The powcr-seri('s 
method of analyzing distortion, m.odulation, ete., ill tll he:-; i:; fu lly eovercd, 
with the results hoiled down to an equiv a l en t circuit that greatly f:iim
plifics the application of t his analysis to engineering problems. There i� 
increased attention given ahio to the de:-;ign and analysiH of powcr ampli
fiers of all types, and uf mo�lulators. The ehaptcr 011 wa.ve propagation 
now includ(�s sufficient mat.erial to permit calculation of ground-wave 
coverage, determination of optimum frequency fol' sky-wave tramnnissioll 
from ionospheric data, and the ca.lcula.tion of rec'pivcd field :-itrcngth at 
ultra-high frequendes, 

A certain amount of new matcrial is present,ed lwl'C for the fir:-;t tillH'. 
This indudc::i all accumte allalY:-5iH of ("ulldcn�er-illput filter :-;y:st'('Ill�. 
universal amplification curvp� of r(!:-;i�taHce- allll trullsformel'-eOllpl(�d 
amplifiers, the n.nalYl"lis of the directional chanu:tl'l'iRties of radiation 
from a nonrcsonant "\vire in space, und the hiJ:!;h-('ffir.iency p;rid- and 

Sll pprcssor-gl'id-lUoc!ulateu n.mplificr�, 

v 



VI PREFACE 1'0 THE SECOND EDI'l'ION 

Problems are given at the end of each chapter. III compiling thf!se 
an effort has been made to indude at Icast one problem on every important 
topic in the text. This has beell done even for sllch subjects us radio 
transmitters, for which it is diffieult to formltinte problems. As a result 

it will h� pos�ible for the tf>aehrr to supplenwllt all text assignments with 
('orr�spondinp.; problem a1'i�ignments that canllot 1)(' fiUecl until an under
standing of the corresponding part:-; of the U"xt ha� been gained. In 
oruf'J' to furthl'r thb, the prohlems have ill tbC' maill l)('('.n so wOl'd<><i that 
they cnnnot 1)(' ans\\'(·'red by copying from tlw tpxt or by :-:imple l"t1b:.;titu
tiOlI in fOrmlllu.�, but rathel' Gall for an ulldf'l':-;tanding of bow to apply 
the prineiples givcn ill t.h(' texL 111 using thCHt' problcmf-;, the instructor 
is cxp<'ct<>cl to fit them t.o his own particular r('quin�Illellts. Thus the 
total nurn),('l' of problpms available is gr('ah�r titan can h(! included in 
any ordinary radio COHr:-;r. AI�o, �ome of t he problems are rat.her long· 
and diffi<-ult, un(t an instructor ma.y find it dC'l'irahle to Rhortell t.hem. 
Other prohlems are int.PHtionally pre:.;;cntf'd ill a m.&lllner similar to the 
way t,lw (·ol')'er-;p()ltd.ill� probl(!1ll is enCOUll teJ'('d ill pract.ice. Tha.t i:-;, 
the desirt'd n'Hult is spp('ifipd, alld the stud(!llt i:-; u:-\kp.d to design apparatus 
and eireuits t,hllt will give the requircd pt'rformance without. any details 
such Ufo\ 1I1lmbt�r and type!); of t.ube�, etc., being given. It i:-; believed sHch 
a comprehensive group of problcms will SUgg-<'Ht to a.n instruct.or the 
various po:-;sibilities that arc pr(':-;cnt and will serve as the hasis for 
problem !'(�ts �llitable for auy drClIlIlHtance. 

The author is indehted to n. lIumbel' of illdividl1al.� and organizat.ions 
for assistan('.(' rendered ill till' preparation of thi::; ('dition. :\'£1'. Hal'old A. 
'Vhc�h�r and the Hazl']tille Curporation V('t·y gPllerow;dy made em'tain 

material availuble to t1w :1.uthor before puhlieatioll. Thanks arc also 
due Bdl Tf'lephone Lahoratol;PS, RCA Hndiotl'Ol1 Company, Inc., 
RCA :\IIanufaeturing Com.pany, Inc., ReA Communications, Inc., 
Philco Radio & Television Corporation, The Cro81cy Radio Corpora
tion, Jen:-i(,1l Radio Co., and the Stromberg-Carbion Telephone Company 
for photographs, circuit diagrams, a.nd datu on ('OJllIl1PI'('inl equipment. 
�'lent.ion Bhonld also be made of Lowcll Hollingswol't.it, F. Alto n  Everest, 
John Donahuc, Robert Sink, J. S. Andcr:-:;on, alld John R. 'Voodyard, all 
students or former stud(�llts at Stallford, who a�sistcd in dra.wing- figures 
and ('hecking the manuseript and proof. i\ekllcndpdgment- il) m ade for 
sugg('stiom�, criticisms, and other help rendered by Dr. R. L. Freeman, 
formerly of Crmiley Radio, and Jame:-; JI. Sharp, instrud.or at. Rt:wford 
Univ(�I·:-:ity. 

STANFOltll UN1VEHSITY, 
J tme, 1937. 

FIU;I)(O�RICK E:\1l\1()�s 'I't-:HMAN. 



PREFA CE '1'0 THE FIRST I�DITION 

The ai m of " Radio Engineeri n g " is to pre:;ent a com pl'ehen�ive 
engi neeri ng treatment of the m ore importa n t  vacuum-t l l be and radio 

phe nomena. Elec tri cal ci rcui t:-; and nt c u u m  tu b es behave accordi ng 
to exad l aws, whi c h  i l l  the m ai n  are simpl e and (�a8i]y u llderst.ood , 
und which can be uf:;ed to pred ict the pe rfo rmmwe of radio  ci rcu itH and 
rad io appara.tus with the �a m e  Cel' tai l l ty and ac curacy that the perform
ance of other types of C"lectrical equi pment ,  sueh as tral l �formers, mot.or� ,  
and tra n�miRsion l ines, is analyzed . It is  this  a bi l i ty to n'duee n. problem 

t.o q u antitati ve rel ations that predict wi t h  accuracy the  pflrformal l ec 
to be eX J lect{�d or expla.i n the resu l ts al ready obtai n ed that repre�· w n tH n 

rcal mastery of the subj ect su ch UH the radio engi neer is expected t o  
pos:.;e:.;� . 

The principa l prerequ isite for un dertaking thc Htu dy of radio engi

I l eering is a good working k nowledge of the fu ndn.m e n tnl e Ol wepts of 
al ternat i ng c u rren ts , such as reactallce, i m pedance, POWCI' faetor, ph nRc 

angle,  and vector repr�sentat i o n .  An e1em e l l t ary idea. of complex 
quantity notation is also desirable but n ot ahsohrtely esse ntial .  rrhis 

means tha.t radio wo rk ns Oll t l incd i n  this volu nw ( 'H I l  be taken u p  i l l  
the  senior year o f  the usual electri cal engi nerri ng curri culu m.  

The order of  pret'ien t.ati o l 1  h a.s been i l l kl l t iona l l y  so arra l l ged that 
the first part of t he vol u m e  is  devoted to the th eory of t u ned cjrcuit� 
and the fun d am e n tal p ro perties of vacuum t u bes and vacuu m-tuhe 
appl icati ons, al l of  w h i ch arc of i m portance and in terest to ev( !ry c1ec
tricn l  e n gineer . The l at te r  part then t �lkes up Ill ( ) },(� sp(�c ialized radio 
topics, such a s  radio receivers and tra ns mitte r'�, wave p ropagatio n ,  
antennaR ,  and d i rec t ion fi n d i ng.  This makes it  possi b le where desi red 
to arrange n. two-seme;.;tel' cou rse, the first ternl of w h i e h  wil l  be s\1 i tahl r. 

for a.1 I el ectri cal engi neers, with t.he sel!onci term con ti n u i n g  for t l lO�e 
with defi n ite l'a( l io  j n ter('�t.� . 

Parti eular care ha:.; bee n takm l to avoid U1 l 1wccsHary equations i l l 

developing the analytica l si(lc of  t.he va rioHs �l lbj ect.s ta,ken l i p .  It  
has been the author's experien ce that  the usua l student WhPll first eom i J l g  
i n  contact with a n e w  subj ed i s  confused b y  t.he  pl'e!o;cnee o f  n u merou:-; 
equa.tions and,  in sHch (� i rCll 1 11st a.n('es,  frcqu el l t l y  fails to rea l i ze which 
relations are of real im porta nce. Dy ea rrying on the reason i l lg  in terms 
of words as far as posJ;ible ,  by j ud i d ous use of foOtl l ote-s, and by ski ppi ng 
over purely rou tine mathematica l m anipulat.i ons,  i t  has beel l J lo�sible 

to cut down t i l e  n u m her of eq uat i o l l s appea ri ng i n  t h e  t.ext to the poi nt  
where · the important mathematical relations sta l 1d  u u t  by virtue o f  the 

V I I 
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fa.ct that th ey stan ci  I l earl y al one .. free of attentio n-divertillg trivial 
eq llation�. The l'e!':\ult  is tha t  whil(' " ltadio Engi neeri ng " appears to 
be relativel y free from ma thematics, yet i t  actu a l l y  carries t he analysiti 
much dc<'per than is customa ry .  A typica.l i l luslration of Lhis is the 
trcatmen t  of the t. rallsformer-eoupled amplifier given in Chap. V. As 
far as thc aut.bor is aware , tl l i s  represent.s the only publish cd analysis 
t hat can be used to predict t h e  complete ampl ification characteristic 

of the tra.nsformer-co u p l ed amplifier without  an unreasonable  a moun t  
o f  work amI with eJlgi necrin� accu ra ey. A t  the samc timc it. i s  almofit 
devoid. of mathematic� as com parcd w i th the in complete and often 
i ncorrect treatmcnt ordi nari ly found .  This rc:;ul t has bcel l ac:hievcd 
by carrying the rca�oning al o l l g;  in t(�rm:;; of phy:.;icul cOl lcepts and \\'Ol'u:; 
and by wri ting dO\vn an equation on l y  when the eq uatio n i tsel f is of 
im porta.ncc. 

A considera ble quant.i ty of original m aterial i� being publ i:-5h cd herc 
for the first timc. Notable i l lf'tan cCR of th i1:i a rc t.he analysi� of t h e  
transformcr-eouplcd amplificr mentioned abovl' , the u n i venml l'eSO l HUW(-, 

c u rve, the Class A power am plifier form ulas, the nnalYRis of the Class 13 
(lincar) power ampl ifier, the analysi::; of regeneration re:-ml t ing from a 

common pia.tP, impedance ,  , the concept of  t.he etrective Q of the tu ned' 
amplifier, the analysii-i of the input ad mi ttance of ampl ifier!", the treatmel l t  

of the vol tage and clll'rent relations existing i n  the scree l l -grid t l l be, 
and th e approxi m at e  analysis of rectifier-fi lter syste ms ha vi n g  a shunt 
eondcnser across thc filter input .  

The footnote references form an in tegral part of  the text and have 
heen carefully selected with a v iew toward helping t he reader who desire� 
morc in formati ol J  on a part icular subj ect than i� gi ycn in  thi� vol u llw. 

No attempt h as been made to compile complete bi b l i ographies, the aim 
having been ra.ther to cite a limited number  of cO l l1prehen�i vp articles 
tha.t arc really readable by the average student. 

The author wishes to ack n o wledge t he v ery hel pful coop('ra tion which 
has been received on nU ::;idcs. Part ieu lar  mention shou ld  be made of 
Philip G .  Cald\vel l y  the late Natha.nicl R.  :M organ, Paul F. llyrl le ,  Dr. 
Horaee E. Overacker, 'Vi11 iam n. Tripl ctt ,  Harry Ellgwic ht, \V . O. \Vag
ener, and D.  A. M u nay, all fo rmer studel lts at Stanford UniveI':;ity, who 
assisted in drawing t hc figure:::; and che(�king the mal l l lscri pt and proof.  
The au thor is also greatl y i ndebted to the B ell  Tdeph01Hl  Laboratories,  
the American Telephone and Telegraph Cumpnny�  the OP lwral Radio 
Company, the De Forest Ru.dio Comp any, t. 1 t {-. G eneral E'lec t ric Com

pany, n CA Radiotl'oll ,  Inc "  and the Stl'om berg-Ca rl:-;o n Tel eph one  lYIanu
fa�turing Company for �llpplyi l lg copy for rert n i n  of the il lul-'tl'ationR. 

STA NFonn UNIVEnSlTY,  CAUFO KN I A, 
A ugu.sl, 1 932. 
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RADIO ENGINEERING 
CHAPTER I 

THE ELEMENTS OF A SYSTEM OF RADIO COMMUNICATION 

1. Radio Waves.-Electrical energy that has escaped into free space 
exists in the form of electromagnetic waves. These waves, which are 
commonly called radio waves, travel with the velocity of light and consist 
of magnetic and electrostatic fields at right angles to each other and 
also at right angles to the direction of travel. If these electrostatic and 
magnetic fluxes could actually be seen, the wave would have the appear
ance indicated in Fig. 1 .  One-half of the electrical energy contained 
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FIG. I.-Front and side views of a vertically polarized wave. The solid lines represent 
electrostatic flux, while the dotted lines and the circles indicate magnetic flux. 

in the wave exists in the form of electrostatic energy, while the remaining 
half is in the form of magnetic energy. 

The essential properties of a radio wave are the frequency, intensity, 
direction of travel, and plane of polarization. The radio waves produced 
by an alternating current will vary in intensity with the frequency of the 
current and will therefore be alternately positive and negative as shown 
at b in Fig. 1. The distance occupied by one complete cycle of such an 
alternating wave is equal to the velocity of the wave divided by the num
ber of cycles that are sent out each second and is called the wave length. 

1 
,. 

. j 
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The relation between wave length A in meters and frequency f in cycles 
per second is therefore 

A = 300,000,000 
f (1) 

The quantity 300,000,000 is the velocity of light in meters per second. 
,The frequency is ordinarily expressed in kilocycles, abbreviated kc ; 
or in megacycles, abbreviated mc. A low-frequency wave is seen from 
Eq. (1) to have a long wave length, while a high frequency corresponds 
to a short wave length. 

The strength of a radio wave is measured in terms of the voltage 
stress produced in space by the electrostatic field of 

'
the wave and is 

usually expressed in microvolts stress per meter. Since the actual stress 
produced at any point by an alternating wave varies sinusoidally from 
instant to instant, it is customary to consider the intensity of such a wave 
to be the effective value of the stress, which is 0.707 times the maximum 
stress in the atmosphere during the cycle. The strength of the wave 
measured in terms of microvolts per meter of stress in space is exactly 
the same voltage that the magnetic flux of the wave induces in a conductor 
1 meter long when sweeping across this conductor with the velocity of 
light. Thus the strength of a wave is not only the dielectric stress 
produced in space by the electrostatic field, but it also represents the 
voltage that the magnetic field of the wave will induce in cutting across 
a conductor. In fact, the voltage stress produced by the wave can be 
considered as resulting from the movement of the magnetic flux of the 
same wave. 

The minimum field strength required to give satisfactory reception 
of the radio wave varies with the amount of interference that is present. 
Under the most favorable conditions it is possible to obtain intelligible 
signals from waves having a strength as low as 0 .1  }J.V per meter, but ordi
narily interfer.ing waves generated by both man-made and natural sources 
drown out such weak radio signals and make much greater field strengths 
necessary. Thus experience has shown that in rural areas a field strength 
in the order of 100 }J.V per meter is required to give what the listener 
considers satisfactory service from a broadcast station, while in urban 
locations, where the man-made interference is much greater, a field 
strength of 5000 to 30,000}J.v per lneter is needed to insure good reception 
at all times. 

A plane parallel to the mutually perpendicular lines of electrostatic 
and electromagnetic flux is called the wave front. The wave always 
travels in a direction at right angles to the wave front, but whether it goes 
forward or' backward depends upon the relative direction of the lines 
of electromagnetic and electrostatic flux. If the direction of either the 
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magnetic or electrostatic flux is reversed, the direction of travel is reversed, 
but reversing both sets of flux has no effect. 

The direction of the electrostatic lines of flux is called the direction 
of polarization of the wave. If the electrostatic flux lines are vertical, 
as shown in Fig. 1 ,  the wave is vertically polarized ; when the electrostatic 
flux lines are horizontal and the electromagnetic flux lines are vertical, 
the wave is horizontally polarized. 

Propagation- of Radio Waves of Different Frequencies.-As radio waves 
travel away from their point of origin, they become attenuated as a result 
of spreading out and because of energy lost in travel. The amount ·of 
this attenuation depends upon the frequency of the wave, the time of 
day, the season of the year, and the character of the earth's surface. 

Waves having frequencies below about 100 kc are called low-frequency 
waves, and travel with an attenuation that is small and relatively 
independent of time of day and season. These frequencies are therefore 
well suited for carrying on continuous radio communication over dis
tances as great as 5000 miles. 

Frequencies ranging from 100 to 1500 kc are referred to as medium 
radio frequencies. The distinguishing characteristic of these waves is 
high received energy at night, particularly in the winter, and high 
attenuation during the day. This effect becomes more pronounced 
as the frequency is increased toward 1500 kc and is well illustrated by 
the characteristics of broadcast waves. Medium-frequency waves are 
suitable for covering d�stances up to several thousand miles at night but 
only a few hundred miles in the daytime. 

, : " 

As the frequency is increased from 1500 toward 6000 kc, the attenua
tion, particularly during the day, becomes less, and these waves, which 
are said to be of medium-high frequency, are therefore suitabl� for carry
ing on communication over distances in the order of several thousand 
miles. The attenuation is greater during the day than at night, and 
greater in summer than in winter, but is sufficiently small even under -
unfavorable conditions to permit communication over distances of one or 
more thousands of miles. 

vVaves of frequencies ranging from 6000 to about 30,000 kc are called 
high-frequency waves. They are capable of traveling great distances ! 
with small attenuation, but whether or not they reach a particular 
destination depends upon the conditions existing in the ionized regions 
in the upper atmosphere. In general, the frequency best suited for 
reaching a very distant receiving point is highest on a summer day, 
somewhat lower on a winter day or summer night, and lowest during a 
winter night. In order to maintain reasonably continuous communica
tion over great distances usip.g high frequencies, it is necessary to change 
the frequency of transmission as conditions warrant. 
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Radio waves having frequencies less than about 12 kc have not been 
found useful for commercial radio communication beoause these waves 
require such large radiators for efficient radiation as to be impracticable 
from an economic point of view. Waves having frequencies higher than 
about 30,000 kc are likewise of limited use because they travel along 
straight lines and are not reflected back to earth by the ionized region 
in the upper atmosphere . They are therefore of use only over distances 
so short that the earth's curvature permits a substantially straight-line 
path between transmitting and receiving points. 

TABLE I.-CLASSIFICATION OF RADIO WAVES 

Class 

Fre
quency 
range, 
kilo

cycles 

Low frequency.... Below 
100 

Medium frequency 100 to 
1,500 

Medium high fre- 1, 500 to 
quency. 6 , 000 

Wave
length 
range, 
meters 

Over 
3 , 000 

3,000 
to 200 

200 to 
50 

High frequency. . .  6 , 000 to 50 to 10 
30,000 

Very high 
quency. 

fre- Above 
30,000 

Below 
10 

Outstanding 
characteristics 

Principal uses 

Low attenuation at Long-distance trans
all times of day and oceanic service re
of year quiring continuous 

operation 
Attenuation low at Range 100 to 500 kc 

night and high III used for marine com
the daytime; greater munication, airplane 
in summer than win- radio, direction find
ter ing, etc. Range 550 

to 1500 kc employed 
for broadcasting 

Attenuation low at Moderate-d i s t a n  c e 
night and moderate 
in the daytime 

Transmission depends 
solely upon the ioni-

. zation in the upper 
atmosphere, and so 
varies greatly with 
the time of day and 
season. Attenuation 
extremely s m a 1 I 
under favorable con
ditions 

Waves travel III 
straight lines and are 
not reflected by ion
ized layers, so can 
only travel between 
points III sight of 
each other 

communication of all 
types 

Long-distance com-
munication of all 
kinds; airplane radio 

Short-distance com
munication, tele
v i s i o n ,  two-WB,y 
police radio, portab!e 
equipment, airplane 
landing beacons 
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As a result of the different characteristics of propagation possessed 
by radio waves of different frequencies, each particular range of fre
quencies is best adapted for a particular type of co�munication service. 
The ou�standing properties of the different classes of radio waves are 
tabulated in Table I, as well as the uses to which each class has been found 
best suited. 

2. Radiation of Electrical Energy.-Every electrical circuit carrying 
alternating current radiates a certain amount of electrical energy in the 
form of electromagnetic waves, but the amount of energy thus radiated 
is extremely small unless all the dimensions of the circuit approach the 
order of magnitude of a wave length. Thus a power line carrying 60-cycle 
current with 20-ft. spacing between conductors will radiate practically no 
energy because a wave length at 60 cycles is more than 3000 miles and 
20 ft. is negligible in comparison. On the other hand, a coil 20 ft . in 
diameter and carrying a 2000-kc current will radiate a considerable 
amount of energy because 20 ft . is comparable with the l50-meter wave 
length of the radio wave. The com
mon radio antenna consisting of a 
vertical wire with a flat-top structure 
as shown in Fig. 2 is essentially a 
condenser in which one plate is the 
ground while the other plate is the flat 
top. Such an arrangement will be 

"Antenna 

a good radiator of electrical energy ��?Z�����������'J 
when. the ratio of height to wave 
length is appreciable, i.e. , at least 
1 :  100, and preferably 1: 10. Similarly 
a coil will be a good radiator of elec
trical energy provided the size of th� 

FIG. 2.-A simple system for pro
ducing radio waves, consisting of flat-top 
antenna, tuning inductance to bring 
antenna circuit into resonance at the 
frequency of the waves to be radiated, 
and a generator of radio-frequency energy. 

coil is "Sufficiently great . The usual loop antenna consists of a coil. and 
will be an efficient radiator to the extent that the ratio of loop diameter 
to wave length is appreciable. 

It is apparent from these considerations that the size of radiator 
required is inversely proportional to the frequency. High-frequency 
waves can therefore be produced by a small radiator, while low-frequency 
waves require a high antenna system for effective radiation. The 
practical result of this fact is that the antennas of low-frequency trans
mitting stations are sometimes suspended from towers over 500 ft. high 
and yet are less efficient radiators than an antenna of one-tenth this height 
operating on a very high radio frequency. 

Every radiator has directional characteristics as a result of which 
it sends out stronger waves in cerl-ain directions than in others. Thus, 
while a vertical wire radiates the same amount Qf ���r�:y iq �irections 

, ' 
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that are perpendicular to the wire, the radiation in a vertical plane varies 
from a maximum in a horizontal direction to zero in a vertical direction, 
as shown in Fig. 3. Directional characteristics of antennas are taken 
advantage of to concentrate the radiation toward the point to which it is 
desired to transmit. 

The amount of energy sent out from any radiating system is pro
portional to the square of the radio-frequency current that flows in the 
radiator. Since all the common sources of radio-frequency energy are 
relatively low-voltage high-current sources, it is necessary that the 

radiating system offer a relatively 
low impedance to the radio-frequency 
energy that is to be transmitted. 
This is accomplished by tuning the 
antenna circuit to resonance with the 

FIG. 3.-Directional characteristics frequency to be radiated, which makes . in a vertical plane of radiation from an . 
antenna consisting of a vertical wire. the impedance of the antenna circuit 
The length of the radius vector from the low and enables a relatively small base of the antenna represents the relative 
intensity of wave radiated in th9 direction applied voltage to produce a very 
of the vector. large antenna current and hence a 
high radiated energy. This is the only reason for tuning the trans
mitting antenna, as the mere tuning of the radiating systems to the 
frequency being transmitted does not increase the radiated power per 
ampere of current. The tuning is accomplished by inserting an induc
tance or a condenser in series with the antenna, as circumstances require. 
Thus in the flat-top antenna of Fig. 2 the antenna has a capacity reactance 
and so is tuned by the use of the inductance coil shown in the figure . 

3. Generation and Control of Radio-frequency Power.-The radio
frequency power required by the radio transmitter is practically always 
obtained from a vacuum-tube oscillator. Vacuum-tube oscillators are 
capable of converting direct-current power into alternating-current 
energy of any desired frequency up to 300,000,000 cycles or higher. 
Over the range of frequencies used in long-distance radio communication, 
i.e., 12 to 30,000 kc, the power that can be obtained from vacuum-tube 
oscillators is in the order of tens to hundreds of kilowatts, and �he 
efficiency with which the direct-current power is transformed into 
alternating-current energy is in the neighborhood of 50 per cent or higher. 

A number of other methods of obtaining radio-frequency energy 
have been used at one time or another during the history of radio. 
Among these are the high-frequency alternator, the Poulsen arc, the 
frequency multiplier, and the oscillatory spark discharge. The high
frequency alternator is a special high-speed inductor-type alternator 
with many poles. Such alternators 'can generate several hundreds of 
kilowatts with reasonable efficiency when operating at frequencies of 
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50,000 cycles or less. A number of high-frequency alternators are now 
in commercial use, although it is improbable that any more will ever be 
built .l The frequency multiplier utilizes a moderately high frequency 
alternator from which the desired radio frequency is obtained by the use 
of magnetic-type harmonic generators. In this way it is possible with an 
alternator giving a frequency of 5000 cycles to produce considerable 
quantities of power at frequencies of from 20,000 to 40,000 cycles . This 
type of arrangement at one time had

' 
a very prominent place in radio but 

has now practically disappeared.2 
The Poulsen arc takes advantage of the negative-resistance charac

teristic of an electric arc tp convert direct-current power into radio
frequency energy. The arc

' 
as ordinarily employed takes place between 

carbon and copper electrodes in an atmosphere of hydrocarbon vapor 
and with a magnetic field at right angles to the axis of the arc. Such 
an arrangement, when properly designed, will generate large quantities 
of radio-frequency energy at a fair efficiency. The Poulsen arc operates 
most efficiently at frequencies below several hundred thousand cycles, 
but it will function after a fashion up to frequencies approaching 2000 kc. 
For the frequencies to which it is adapted the arc is a very simple and 
rugged generator of radio-frequency energy, and hundreds are still in 
regular use. It is, however, being rapidly replaced by the vacuum-tube 
oscillator because of the latter's flexibility, frequency stability, and 
freedom from harmonics. 3 

The oscillatory spark discharge was the earliest and for many years 
the only method known for the generation of radio-frequency power. 
In this type of transmitter a condenser is charged to a high potential, 
which then breaks down a spark gap, permitting an oscillatory discharge 
through an inductance. This pr?cess is repeated about 1000 times 
each second. The spark transmitter thus radiates a series of wave 
trains, each of which is a damped sinusoidal oscillation. This method 
is capable of generating large quantities of radio-frequency energy with 

1 A description of the widely used Alexanderson alternator is to be found in an 
article by Ernst F. W. Alexanderson, T�ns-oceanic Radio Communication, Proc. 
I.R.E., vol. 8, p. 263, August, 1920. For information on this as well as other types of 
alternators see G. G. Blake, "History of Radio Telegraphy and Telephony," pp. 
230-232, Chapman & Hall, Ltd. 

2 Extensive discussions of frequency multipliers are to be found in practically 
every book on· radio communication written prior to about 1920. 

3 For further information regarding the Poulsen arc, the reader is referred to the 
following articles: Leonard F. Fuller, The Design of Poulsen Arc Converters for 
Radio Telegraphy, Proc. I.R.E., vol. 7, p. 449, October, 1919; P. O. Pedersen, On the 
Poulsen Arc and Its Theory, Proc. I:R.E., vol. 5, p. 255 , August, 1917 ; Some Improve
ments in the Poulsen Arc, Proc. I.R.E.) vol. 9 , p. 434, October, 1 921, and vol. 1 1 , p. 
155, April, 1923. 

,; ; • 
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good efficiency but is in disfavor because the radiated waves are not 
simple sine waves but rather waves of a number of frequencies super
imposed on each other. The result is excessive interference with radio ' 

signals being transmitted on slightly different frequencies. l  
M odulation.-The transmission of information by radio waves requires 

that some means be employed to control the radio waves by the desired 

(Cl) TelegrQph Code Signal (01) Souna VibrOltion 

ID 

(b) Radio Wave After Moolulortion by Code Signal (e) Radio Wave Af'ter Moolulation by Souna Vi bration 

(cl 

-- . Y Carrier" amp/ifvc/e 
--' 

\ 
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Modulated Wa.ves After Rectifica.tion Showin9 Averoge Values 

�!�!I!�!!!!!� �_A��ge __ � 
FIG. 4.-Diagram showing how a signal may be transmitted by modulating the ampli

tude of a radio wave, and how the original signal may be recovered from the modulated 
wave by rectification. 

intelligence. In . radio telegraphy this control is obtained by turning 
the transmitter on and off in accordance with the dots and dashes of the 
telegraph code, as illustrated in Fig. 4. In radio telephony the trans
mission is accomplished by varying the amplitude of the radio-frequency 
wave in accordance with the pressw.re of the sound wave being trans
mitted. Thus the sound wave shown at d in Fig. 4 would be transmitted 
from a radio-telephone station by causing the amplitude of the radiated 
wave to vary as shown at e. In the transmission of pictures by radio a 
similar method is employed, in which the amplitude of the wave radiated 

I An extensive art has been devel oped in c onnecti on with the spark generat or of 
radio-frequency energy, which, th ough obsolete as far as radi o communication is con
cerned, is still of value in other applicati ons. Int�rested readers wi ll find an exce llent 
treatment of the spark generat or in J. H. Morecr oft, "Principles of Radi o Communi
cation ," 2d ed., Chap. V., John WHey & Sons, Inc. 
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at any time is made proportional to the light intensity of the part of the 
picture that is being transmitted at that instant . 

When the amplitude of the alternating-current wave is varied from 
time to time, the wave is said to be modulated. Thus the wave radiated 
from a radio-telephone station is modulated by the voice or sound wave, 
while during the transmission of a picture the modulation is in accordance 
with the light intensities of different portions of the picture, and in the 
case of radio telegraphy the modulation is by the telegraph code. Except 
in the case of telegraphy, the modulation of the radio-frequency wave is 
usually accomplished by means of vacuum tubes that control the ampli
tude of the generated or radiated high-frequency energy in accordance 
with the intelligence that is to be transmitted. 

4. Reception of Radio Signals.-In the reception of radio signals 
it is first necessary to abstract energy from the radio waves passing the 
receiving point .  Mter this 'has been done, the radio receiver must first 
separate the desired signal from other signals that may be present, and 
then reproduce the original intelligence from the radio waves. In addi
tion, arrangements are ordinarily provided for amplification of the 
received energy so that the output of the radio receiver can be greater 
than the energy abstr�eted from the wave. 

Any antenna system capable of radiating electrical energy is also 
able to abstract energy from a passing radio wave because the electro
magnetic flux of the wave in cutting across the antenna conductors 
induces a voltage that varies with time in exactly the same way as the 
current flowing in the antenna radiating the wave. The voltage induced 
in an antenna is equal to the product of the effective antenna height 
and the strength of wave, and the resulting current flowing in the antenna 
is the current that is produced by this induced voltage acting against 
the impedance of the circuit. The energy represented by the induced 
current flowing in the antenna system is abstracted from the passing 
wave and will be greatest when the impedance of the antenna system has 
been reduced to a minimum by making the antenna circuit resonant to the 
frequency of the wave to be received. 

The characteristics of an antenna when used for receiving radio 
signals are the same as in sending. Thus an efficient transmitting antenna 
is equally efficient when used for the reception of radio signals, and in 

, general the size of receiving antenna will �e proportional to the wave 
length being received, just as is the case in transmitting. The directional 
characteristics of an antenna are the same for reception as transmission; 
that is, if an antenna radiates most of the energy delivered to it in one 
direction, then that antenna will have a larger voltage induced in it by 
waves coming from the direction in which radiation is large than by waves 
coming . from other directions. Similar types of aerial systems are used 

-j 
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for both radiating and receiving electromagnetic waves, the only differ
ence being that receiving antennas can be less expensive and small�r 
than transmitting antennas because amplification at the receiver can 
readily make up for a less efficient antenna. 

Since every wave passing the receiving antenna induces its own 
voltage in the antenna conductor, it is necessary that the receiving 
equipment be capable of separating the desired signal from the unwanted 
signals that are also inducing voltages in the antenna. This separation 
is made on the basis of the difference in frequency between transmitting 
stations and is carried out by the use of resonant circuits which can be 
made to discriminate very strongly in favor of a particular frequency. 
It has already been pointed out that, by making the antenna circuit 
resonant to a particular frequency, the energy abstracted from radio 
waves of that frequency will be much greater than the energy from waves 
of other frequencies; this alone gives a certain amount of separation 
between signals . Still greater selective action can be obtained by the 
use of additional suitably adjusted resonant circuits located somewhere 
in the receiver in such a way as to reject all but the desired signal. The 
ability to discriminate between radio' waves of different frequencies is 
called selectivity and the process of adjusting circuits to resonance with 
the frequency of a desired. signal is spoken of as tuning. 

Detection.-The process by which the signal being transmitted is 
reproduced from the radio-frequency currents present at the receiver is 
called detection. Where the intelligence is transmitted by varying the 
amplitude of the radiated wave, detection is accomplished by rectifying 
the radio-frequency currents. The rectified current thus produced varies 
in accordance with the signal originally modulated on the wave radiated 
at the transmitter and so reproduces the desired signal. . Thus when the 
modulated wave shown at e of Fig. 4 is rectified, the resulting current is 
shown at f and is seen to have an average value that varies in accordance 
with the amplitude of the original signal . In the transmission of code 
signals by radio, the rectified current reproduces the dots and dashes of 
the telegraph code as shown at Fig. 4c and could be used to operate a 
telegraph sounder. When it is desired to receive the telegraph signals 
directly on a telephone receiver, it is necessary to break up the dots and 
dashes at an audible rate in order to give a note that can be heard, since 
otherwise the telephone receiver would give forth a succession of unin
telligible clicks. 

Although intelligible radio signals have been received from stations 
thousands of miles distant, using only the energy abstracted from the 
radio wave by the receiving antenna, much more satisfactory reception 
can be obtained if the received energy is amplified. This amplification 
may be applied to the radio-frequency currents before detection, in 
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which r[\$f\ it is called radio-frequency amplification, or it may be applied 
to the rectified currents after detection, which is called audio-frequency 
aInplification. The use of amplification makes possible the satisfactory 
reception of signals from waves that would otherwise be too weak to give 
an audible response. It also permits the strength of the signal as heard 
in the telephone receiver or any other indicating device to be raised to 
any desired volume, permitting radio reception in noisy locations; such 
as on airplanes, and making possible the use of loud-speakers. 
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FIG. 5.-Waves having different degrees of simple sine-wave modulation. 

The only satisfa:ctory method of amplifying radio signals that has 
been discovered is by the use of vacuum tubes, and before such tubes were 
discovered radio reception had available only the energy abstracted from 
the radio wave by the receiving antenna. As a result of the small ampli
tude of this energy, the signals were always weak, and radio reception 
from other than local stations was possible only in very quiet,places. 

5. Nature of a Modulated Wave.-The modulated wave that is sent 
out by a radio station represents an oscillation of varying amplitude and 
so consists of a number of waves of different frequencies superimposed 
upon each other. The actual nature of a modulated wave can be deduced 
by writing down the equation of the wave and making a mathematical 
analysis of the result. Thus, in the case of the simple sine-wave modula
tions shown in Fig. 5, the amplitude of the radio-frequency oscillation 
is given by E = Eo + mEo sin 27rjat, in which Eo represents the average 
amplitude, ja the frequency at which the amplitude is varied, and m 
the ratio of amplitude variation from the average to the average ampli-
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tude, which is called the degree of modulation. Waves with several 
degrees of modulation are shown in Fig. 5 .  The equation of these 
modulated waves can be written as 

e = Eo(1 + m sin 27rfst) sin 27rft (2) 

in which f is the frequency of the radio oscillation. Multiplying out the 
right-hand side of Eq. (2) gives 

e = Eo sin 27rft + mEo siri 27rfst sin 27rft 

By expanding the last term into functions of the sum and difference 
angles by the usual trigonometric formula, the equation of a wave with 
simple sine-wave modulation is 

. m& ) m& ) e = Eo sm 21rft + 2 cos 21r(f - fs t - 2 cos 21r(j + fs t (3) 

Equation (3) shows that the wave with sine-wave modulation consists 
of three separate waves. The first of these is represented by the term 
Eo sin 27rft and is called the carrier. Its amplitude is independent of the 
presence or absence of modulation and is equal to the average amplitude 
of the wave, which is independent of the degree of modulation. The 
two other components are alike as far as magnitude is concerned, but the 
frequency of one of them is less than that of the carrier frequency by an 
amount equal to the modulation frequency, while the frequency of the 
second is more than that of the carrier by the same amount. These two ,.,. 
components are called the side-band frequencies and carry the intelli-
gence that is being transmitted by the modulated wave. The frequency 
by which the side bands differ from the carrier frequency represents the 
modulation frequency, while the amplitude of the side-band components 
compared with the amplitude of the carrier determines the degree of 
modulation, i.e., the size of the amplitude variations that are impressed 
upon the radiated wave. 

When the modulation is more complex than the simple sine-wave
amplitude variation of Fig. 5, the effect is to introduce additional side
band components. The carrier wave is always the same, irrespective 
of the character of the modulation , and represents the average amplitude 
of the wave, but there is a pair of side-band frequencies for each frequency 
component in the modulation. Thus, . if the wave of a radio-telephone 
transmitter is modulated by a complex sound wave containing pitches 
of 1000 and 1500 cycles, the modulated wave will contain one pair of 
1000-cycle side-band components and one pair of 1500-cycle side-band 
components. The amplitude of any side-band component is always 
one-half of the amplitude of that particular frequency component which 
is contained in the modulation envelope. 
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Significance of the Side Bands.-The carrier and side-band frequencies 
are not a mathematical fiction, but have a real existence, as is evidenced 
by the fact that the various frequency components of a modulated wave 
can be separated from each other by suitable filt.er circuits. The side
band frequencies can be considered as being generated as a result of 
varying the amplitude of the wave. They are present only when the 
amplitude is being varied, and their magnitude and frequency are deter
mined by the character of the modulation. The carrier frequency, on 
the other hand, is independent of the modulation, being the same even 
when no modulation is present. 

The intelligence transmitted by the modulated wave is carried by 
the side-band components and not by the carrier, i.e. , the intelligence 
is conveyed by the variations in the amplitude of the wave and not_ 
by the average amplitude. It is therefore desirable to put as much power 
into the side-band frequencies as is possible, which is equivalent to 
saying that the wave amplitude should be varied through the widest 
possible range. When the amplitude is carried clear to zero during the 
modulation cycle, the modulation is at a maximum, or 100 per cent, 
and the side bands contain the maximum amount of power possible. 
With sine-wave modulation such as shown in Fig. 5 this maximum side
band power is one-half of the carrier power. With degrees of modulation 
less than 100 per cent the side bands will contain correspondingly less 
power. 

It is apparent that the transmission of intelligence requires the use 
of a band of frequencies rather than a single frequency. In. speech and 
music there are important frequency componenttS as high as 5000 cycles, 
so that speech and music modulated upon a wave will produce side-band 
components extending as far as 5000 cycles on each side of the carrier 
frequency. ,A radio-telephone station therefore utilizes a frequency band 
about 10,000 cycles wide in transmitting high-quality signals. If this 
entire band is not transmitted equally well through space and by the 
circuits through which the modulated wave currents must pass, then 
the side-band frequency components that are discriminated against will 
not be reproduced in the receiving equipment with proper amp1itude. 
With telegraph signals the required side band is relatively narrow because 
the amplitude of the signals is varied only a few times a second, but a 
definite frequency band is still required. If some of the side-band 
components of the code signal are not transmitted, the received dots and 
dashes run together and may become indistinguishable. 
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CHAPTER 11 

CIRCUIT CONSTANTS 

6. Inductance.-Whenever a current flows in an electrical circuit, 
there is produced magnetic flux that links with (i.e., encircles) the current. 
The amount of such flux actually present with a given current is �leasured 
in terms of a property of the circuit called the inductance and depends 
upon the arrangement of the circuit and the presence or absence of mag
netic substances. 

Inductance can be defined as the flux linkages per ampere of current 
producing the flux; that is 

Inductance L in henries _ 
flux linkages 10-8 current producing flux (4) 

A flux linkage represents one flux line encircling the circuit current once. 
Thus in Fig. 6 flux line aa contributes eight flux linkages toward the coil 
inductance because it circles the current flowing in the coil eight times. 
On the other hand, flux line b of the same coil contributes only one-half 

FIG. 5.-Flux and current distri
bution in typical single-layer air
cored inductance coil. The current 
density is indicated by the depth of 
shading. 

of a flux linkage toward the coil induc
tance because this particular line encircles 
only one-half of the coil current. 

The inductance of an electrical cir
cuit is computed by assuming a conven
ient current flowing in .. the circuit, 
determining the magnetic flux produced 
by the current, and then counting up the 
total number of flux linkages present in 
the circuit. The inductance in henries 
is this total number of flux linkages 

multiplied by 10-8 and divided by the circuit current. 
The inductance of a circuit is the measure of a number of electrical 

properties. When the current varies, as, for example, in the case of an 
alternating current, the amount of flux linking with the circuit also varies, 
and in doing so induces a voltage in the circuit. j ust as magnetic flux 
always does when cutting a conductor. The magnitude of this induced 
voltage can be expressed in terms of the circuit inductance and rate of 
change of current. 

Induced voltage in circuit caused by change in current 

14 

__ Ldi 
dt (5) 
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A positive voltage in this equation is a voltage acting in the direction of 
the current. The voltage that must be applied to the circuit to over
come the induced potential is equal and opposite to that given by Eq. (5) . 
It will be observed that the voltage induced in the circuit by an increase 
of current is always in a direction that tends to reduce the current, while 
a decreasing current gives a negative di/dt and produces a positive 
induced voltage that tends to keep the current flowing. For the particu
lar case where the current is alternating, di/dt = jwI, and substitution 
in Eq. (5) shows that the applied voltage required to overcome the induced 
voltage is the familiar quantity jwLI. 

Flux linkages can be created only by the expenditure of energy, and 
these linkages represent electrical energy stored in the form of magnetic 
flux. The amount of such storage depends upon the circuit inductance 
and current according to the relation 1 

Energy in j oules stored in magnetic field = "72LI2 (6) 

Inductance Coils with Non-magnetic Cores.-Inductance coils intended 
for use at radio frequencies usually have non-magnetic cores. This is 
because the energy losses in magnetic materials are very great even at 
broadcast and lower frequencies unless the magnetic material is finely 
subdivided (see Sec. 12) . Inductance coils with non-magnetic cores 
are also used at audio frequencies when it is necessary to avoid effects 
int,roduced by the variation of the permeability of magnetic materials 
with changing flux density. 

Skilled mathematicians have derived formulas that give the induc
tance of all the commonly used types of coils with non-magnetic cores in 
terms of the coil dimensions. These formulas are usually both com
plicated and hard to derive because of the difficulty encountered in 
calculating the magnetic flux produced by a current flowing in the coil. 
In order to make such-formulas of practical value, they are always simpli
fied by the use of coefficients. Thus the inductance of a single-layer 
solenoid, such as shown in Fig. 6, is given by the formula 

Inductance in microhenries = N2dF (7) 

where 
N = number of turns 

d = diameter of coil measured to center of wire 
F = constant that depends only upon the ratio of length to diameter 

and is given in Fig. 7. 

1 Equations (5) and (6) are direct c onsequences of Eq. (4) and are derived in most 
textbooks on alternating currents. For example, see V. Karapetoff, "The Magnetic 
Circuit ," Chap. X, McGraw-Hill Book Company, Inc. 
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The quantity F depends in a complicated way upon the ratio of coil 
length to diameter, but, once this relationship has been determined, the 
value of F for different ratios can be computed once for all and presented 
in a curve such as Fig. 7 or by a table. 

Formulas giving the inductance of. all the commonly used types of 
coils having non-magnetic cores are given in Appendix A. By the aid 

:: 

0.10 0.09 0.08 
0.07 
0.06 
"0.05 
0.0+ 
o.o� 

0.025 
0.0'1. 

0.015 
'" :: 
�O.010 
�0.009 
�O.OOS 

<30.007 
0.006 
0.005 
0.004 

o.oo'! 
0.00'25 

0.001 

0.001S 

0.001 

-............. , ......... j'-.... l"- f" 
-......... � j'-.... I"-r-.... I"-

!--- L -FelN2 (microhmrys) 

I I I I I I 

..... t"--r-... I"-

��� 

t'--N· 
.... .;�. . � �� 

r-C'"" �. � .. �� ... 
I� 

� 

I" 

. 

...... 
" 

['11.. "' " 
l"'-.. f'\ � 

I'.. r--.. 
...... � " "-"' , 1\ 

0.1 0.\5 0.'1 0:15 0.'3 0.4 0.5 Q.6 0.1 o.a Q.9 LO L5 2.0 1.5 3.0 4.0 5.0 6.0 '/.0 lOCl.O 10.0 
Lel1C\tl1 Dloll'Tteter 

FIG . 7.-Values of constant F for use in Eq. (7), to obtain the inductance of single-layer 
solenoid. 

of these formulas it is possible to compute the inductance of practicaJJy 
any type of coil with as great accuracy as the geometrical dimensions 
are ordinarily known. Guessing at the number of turns and the coil 
dimensions to obtain a desired inductance is therefore never necessary. 

The inductance of all coils with non-magnetic cores is proportional 
to the square of the number of turns if the dimensions such as length, 
diameter, depth of. winding, etc . ,  are kept constant as the number of 
turns is altered. The reason for this behavior lies in the fact that, if the 
coil dimensions are kept constant, the amount of magnetic flux produced 
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by a given coil current and the number of times each flux line links with 
the coil current are both proportional to the number of turns. 

The inductance of all coils having the same number of turns and the 
same shape is always proportional to the size (i.e., to a linear dimension, 
such as length or radius) of the coil. Thus, if two coils have the same 
number of turns, but one is twice as big as the other in every dimension 
(such as diameter, length, width, depth of winding, etc. ) ,  then the larger 
coil will have twice the inductance of the smaller one. This rule can 
be verified by examining the inductance formulas in Appendix A; it 
results from the fact that the cross section of the flux paths is proportional 
to the square of the linear dimension of the coil, while the length of these 
paths varies directly as the linear dimension. 

Inductance Coils with Magnetic Cores.-Magnetic cores greatly increase 
the flux produced by a given magnetomotive force (i.e., a given number 
of ampere 'turns) , and so make it possible to obtain a large inductance 
in a small volume and with the use of only a small amount of material. 
Because of this, inductance coils with magnetic cores are used in prefer
ence to coils with non-magnetic cores wherever this is possible. There 
are, however, two important factors limiting the usefulness of magnetic 

, materials in coils intended for communication work. In the first place 
the permeability of all magnetic mt;tterials varies with the flux density 
and the previous magnetic history so that the inductance of a coil with 
a magnetic core depends somewhat upon the current flowing�through thE:; 
winding; furthermore, when this current is alternating, the inductance 
will be different at different parts of the cycle, which causes the production 
of harmonics. In the second place the eddy-current losses increase so 
rapidly with frequency as to make magnetically cored coils useless even 
at the lower radio frequencies unless special methods of subdividing the 
core are employed. Even with the greatest subdivision of the core 
material that it has been possible to obtain, the losses become excessive 
at frequencies of the order of 1000 kc and more (see Sec. 12 for further 
discussion) . 

It is relatively easy to compute the inductance of coils with magnetic· 
cores with at least fair accuracy because the high permeability of magnetic 1 
materials restricts practically the entire flux to the magnetic core. This 
results in simple flux paths that can be readily handled in computations 
when the magnetic characteristics of the core material are known. The 
inductance of ordinary types of coils with magnetic cores is given to a 
good approximation by the formulal 

L = 1.25N2p • 10-8 (8) 
1 E<il�ation (81.is derived as follows : The flux produced by a current I flowing in a 

coil of N turns with a core of permeance P is 1 .257INP (i.e., magnetomotive force 
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where 
L = inductance in henries 
N = number of turns 

[CHAP. 11 

P = permeance of the magnetic circuit of coil, assuming permeability 
of air as unity. 

This equation can be used in the calculation of inductance coils having a 
short air gap in the magnetic circuit provided the permeance P in the 
equation is interpreted to mean the permeance of the complete magnetic 
circuit, which in this case consists of the air gap in series with magnetic 
material. 

The inductance of coils with magnetic ceres is proportional to the 
square of the number of turns if the dimensions of the coil are kept con
stant, and is proportional to the linear dimensions if the number of turns 
and proportions are the same. These two relations are identical with 
those that exist in coils with non-magnetic cores and arise from the same 
reasons. 

Incremental· Permeability.-The behavior of coils having magnetic 
cores may become very complicated when the current through the winding 
contains several components of different frequencies. The most impor
tant example of this character is when an alternating current is super
imposed upon a direct current. In this case the effective inductance 
offered to tne alternating-current component depends upon the magni
tudes of both currents and upon the previous magnetic history of the core. 
When a core that has been thoroughly demagnetized is first magnetized, 
the relation between current in the winding and core flux is the usual B-H 
curve shown at OA in Fig. 8. If the current is then successively reduced 
to zero, reversed, brought back to zero, reversed to the original direction, 
etc., the flux goes through the familiar hysteresis loop shown in Fig. 8. 
A direct current flowing through the coil winding brings the magnetic 
state of the core to some point on the hysteresis loop, such as B in Fig. 8, 
and it is to be observed that the flux with a given value of direct current 
depends not only upon the magnitude of current but also upon which side 
of the hysteresis loop one is on, and upon the width of the loop, both of 
which are determined by the previous magnetic history. 

When an alternating current is now superimposed on this direct 
current, the result is to cause the flux in the iron core to go through a 

times permeance of the magnetic circuit times 4i / 10) ,  and, as every flux line links with 
every turn, the number of flux linkages is 1 . 257IN2P, 'which when substituted in Eq. 4 
gives Eq. (8) . This derivation is approximate in that it neglects the small amount 
of magnetic flux that does not stay confined to the magnetic material and so gives 
results that are slightly low. The additional inductance contributed by these flux 
lines can be calculated with fair accuracy by estimating the flux linkages contributed 
by this extra flux. Calculations of this type are described at length in many books 
dealing with magnetic-circuit calculations, as, for example, Karapetoff, op. cit. 
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displaced minor hysteresis loop that is superimpoced upon th(\ usual 
hysteresis curve. Examples of such displaced hysteresis loops are shown 
at 1, 2, and 3 in Fig. 8. In this figure one tip of each minor loop is shown 
resting on the normal loop. Actually, after the minor loop has been 
traversed by a number of cycles of magnetization, the minor loop grad
ually shifts , its position and ceases to touch the main .loop. The per
meance of the core to the alternating current that is superim posed upon 
the direct current, and hence the effective coil inductance of:f'fed t () the 
alternating current, is proportional to the 
slope of the line (shown dotted in Fig. 8) 
joining the two tips of the displaced hyster
esis loop. The permeability shown by a 
magnetic material to alternating currents 
superimposed upon direct currents is called 
the incremental permeability (i. e. , the per
meability to a small increment of alternating 
magnetomotive force) and has been the , 
subj ect of considerable study. l The most 
important characteristics of incremental 
permeability (and hence of the inductance FIG. 8.-T ypical hysteret"is 

to superimposed alternating currents} are : loop showing displaced minor 
h ysteresis loops 1, 2, and 3, 

(1) for a given alternating current the obtained when a small alternating 

incremental permeability (and hence the current is superimposed upon a 
direct-current m a g n e t i z a t i o n .  

inductance) to  the superimposed alternating The effective permeability to 

current will be less the greater the direct the superimposed alternating cur-
rent is proportional to the slope 

current upon which the alternating current of the line j oining the tips of the' 

is superinlposed ; and (2) with a given direct displaced hysteresis loop. 

current the incremental permeability� and hence the inductance to 
the alternating current, will increase as the superimposed alternating 
current becomes larger. These characteristics hold until the flux density 
becomes high, and are clearly brought out by Fig. 9. 

When an alternating current of one frequ�ncy is superimposed upon a 
current of another frequency instead of upon direct current, the situation 
becomes very complicated. The general result is that the effective induc
tance to each frequency is altered by the presence of the other current ; 
furthermore the inductance offered to each frequency component varies 
cyclically at the frequency of the other component. 

When it is necessary to have an inductance that does not change 
appreciably with the current flowing through the windings, or when it is 
desired to minimize the various effects that result when the magnetic 
flux is not proportional to the coil current, or wnen the effects of direct
current saturation on incremental inductance are to be minimized, an air 

1 See Thomas Spooner, Permeability, Trans. A.f.E.E. , vol. 42, p. 340, 1923. 

, 1  
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gap is left in the magnetic circuit. The total reluctance of the magnetic 
circuit of the coil is then the sum of the reluctances of the air gap and 
of the magnetic part of the magnetic circuit ; by making the former much 
the largest (from five to twenty-five times that of the latter) , variations 
in the reluctance (or permeability) of the core material have only a small 
effect on the total reluctance of the magnetic circuit . The presence of 
an air gap reduces the detrimental effects of the magnetic material but 
does not eliminate them, and the length of gap to use therefore depends 
upon the particular situation involved. 1 
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alternating-current magnetization for several values of superimposed direct current, show
ing how the inductance decreases with increased direct current and reduced alternating. 
current magnetization. 

The length of air gap usually required is only a small fraction of the 
total length of the magnetic circuit because the permeability of the 
magnetic material is hundreds of times that of air. Thus, although an 
air gap in the magnetic material reduces the coil inductance to a much 
smaller value than would be obtained with no gap, enough magnetic 
material is present in the coil to increase greatly the permeance of the 
magnetic circuit, and hence the inductance, over the value obtainable 
with no magnetic material whatsoever in the core. The necessary air gap 
can be supplied in a number of ways . Under some conditions the air 
gaps at the joints in the laminations are sufficient. In other cases a 
non-magnetic spaceI' is placed at a butt joint to increase the gap, while 
sometimes the cores are made up of insulated particles of powdered 

magnetic material pressed together to form a core that has minute air 
gaps distributed throughout its structure. 

-

1 The, de.sign of reactors . carrying a superimposed direct current can be carried 
out by th.e method of C. R. Hanna, "Design of Reactances and Transformers 
Which Carry Direct Current," Trans. A. I. E. E., vo1. 16, p. 155, 1927. 
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Magnetic M aterials.-Cores for such communication applications as 
audio-frequency transformers, power transformers, and filter reactors are 
most commonly of silicon-steel laminations. Special grades of such 
laminations have been developed which h�we lower losses and higher 
incremental permeability than ordinary silicon steel . In addition, a 
number of alloys having unusual magnetic properties- are coming into 
increasing use in communication work. Chief among these are a series of 
nickel-iron alloys characterized by extremely high permeability and low 
hysteresis loss at low flux densities. Different compositions go under such 
names as permalloy, mu-metal, hypernik, nicoloi (or electric metal) . 
A related nickel-iron-cobalt alloy called perminvar, which has a moder
ately high permeability at low flux densities, is remarkable for a pernleabil
ity that is practically constant for magnetomotive forces up to about two 
ampere turns per centimeter, coupled with an extremely low hysteresis 
loss. A wide variety of other alloys are available for other special uses, 
such as permanent magnets, high permeability at high flux densities, 
etc. I 

7. Mutual Inductance and Coefficient of Coupling.-When two 
inductance coils are so placed in relation to each other that flux lines 
produced by current in one of the coils link with the turns of the other 
coil as shown in Fig. lOa, the two inductances are said to be inductively 
coupled. The effects that this coupling produces can be expressed in 
terms of a property calMd the mutual inductance, which is defined by 
the relation : 

. (flUX linkages in second coil ) M 1 ·  d t M ·  h ·  
produced by current in first coil 

10-8 utua III uc ance III ennes = 
t ·  fi t ·1 curren In rs cm (flux linkages in first coil ) = 

produced by current in second coil 10-8 
current in second coil 

(9a) 

(9b) 

Formulas (9a) and (9b) are equivalent and give the same value of mutual 
inductance. The flux linkages produced in: the coil that has no current 
in it are counted just as though there were a current in this coil, so that 
the number of times a flux line would encircle an imaginary coil current 
is the number of linkages contributed by this particular line. In adding 
up the flux linkages it is important to note that different flux lines may 

1 For further information on special magnetic alloys see : G. W. Elmen, Magnetic 
Alloys of Iron, Nickel, and Cobalt, Elec. Eng., vol. 54, p. 1292, December 1935 ; 
H. D. Arnold and G. W. Elmen, Permalloy, a New Magnetic Material of Very High 
Permeability, Bell System Tech. Jour., vol. 2, p. 101, July, 1923 ; G. W. Elmen, Mag
netic Properties of Perminvar, Bell System Tech. Jour., vol. 8, p. 21 January, 1929 ; 
I. C. Pettit, Magnetic Materials, Bell Lab. Record, vol. 13, p. 39, October, 1932 ; 
" Standard Handbook for Electrical Engineers," Sec. 4, McGraw-Hill Book Com
pany, Inc . 

, I 
I 
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link with the same coil in opposite directions, in which case t.he total 
number of linkages is the difference between the sums of pORitive and 
negative linkages. The mutual inductance may therefore be positive 
or negative depending upon the direction of the linkages. 

The problem of calculating mutual inductance is similar in all respects 
to the problem of computing inductance, and formulas have been worked 
out by which the mutual inductance can be calculated with good accuracy 
in all the ordinary types of configurations. Some of the more important 
cases are treated in Appendix A. 

(CII) Ind uctively Coupled 

L 

IJ Lm 

( b) Coupled by Common Inductance (c) Coupled by 
( d i rect coupling) Common capacity 

FIG. lO.-Several simple methods of coupling two circuits. 

Coefficient of Coupling.-The maximum value of mutual inductance 
that can be obtained between two coils having inductances L1 and L2 
is YL1L2• The ratio of mutual inductance actually present to this 
maximum possible value is called the coefficient of coupling, which can 
therefore be expressed by the relation : 

Coefficient of coupling = k = � (10) 
L1L2 

The coefficient of coupling is a convenient constant because it expresses 
the extent to which the two inductances are coupled, independently 
of the size of the inductances concerned. In air-cored coils, as used 
in radio, a coupling coefficient of 0.5 is considered high and is said to 
represent " close " coupling, while coefficients of only a few hundredths 
represent " loose " coupling. 

When two coils of inductance L1 and L2, between which a mutual 
inductance M exists, are connected in series, the equivalent inductance 
of the combination is L1 + L2 + 2M. The term 2M takes into account 
the flux linkages in each coil due to the current in the other coil. These 
mutual linkages may add to or subtract from the self-linkages, depending 
upon the relative direction in which the current passes through the two 
coils. When all linkages are in the same direction, the total inductance 
of the series combination exceeds by 2M the sum of the individual induc
tances of the two coils ; while if the mutual linkages are in opposition 
to the other linkages, the inductance of the combination is less than the 
:mm of the two coil inductances by 2M. This property can be taken 
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advantage of to measure the mutual inductance between two coils .  The 
procedure is to connect the two coils in series and measure the equivalent 
inductance of t� combination. The connections to one of the coils ar� 
then interchanged and the equivalent inductance is measured again . The 
difference between the two measured inductances is then 4M. 

Any two circuits so arranged that energy can be transferred from 
one to the other are said to be coupled, even though this transfer of energy 
takes place by some means such as a condenser, resistance, or inductance 
common to the two circuits rather than by the aid of a mutual inductance. 
Examples of various methods of coupling are shown in Fig. 10. Any 
two circuits that are coupled by a common impedance have a coefficient of 
coupling that is equal to the ratio of the common impedance to the square root 
of the product of the total impedances of the same kind as the coupling 
impedance that are present in the two circuits. Thus with case b in Fig. 10, 
where the coupling is furnished by the common inductance Lm, the total 
inductances of the two circuits are LI + Lm and L 2 + Lm, 'and the coeffi
cient of coupling is given by the equation 

Coefficient of coupling k for Fig. lOb = 
Lm ( 1 1 )  vi (L1 + Lm) (L2 + Lm) 

In Fig. 10c the coupling element is a common capacity Cm, and the coeffi
cien t of coupling is 1 

Coefficient of coupling for Fig. 10c = � (12) 
V(Cm + C1) (Cm + C2) 

8. Condensers and Dielectrics.-Electrostatic capacity exists wher
ever . an insulator (i.e . ,  dielectric) s�parates two conductors between 
which a difference of potential can exist . Applying a voltage between 
these conductors causes an electric charge to flow into them, with the 
resulting production in the dielectric of an electrostatic stress that repre-

1 Equation (12) is readily derived by following the rule that the coefficient of 
coupling is equal to the ratio of common impedance to the square root of the product 
of primary and secondary impedance of the same kind as the coupling element. 
Thus, in Fig. lOc, the capacity of th� primary is C�::Cm' and that of th� secondary is 

c�fCm' The coupling reactance is l/wCm, while the primary and secondary react-

Cl + Cm d C2 + Cm . T ances are C C an C C ' respectIvely. he coefficient of coupling iR t.hen w 1 m W 2 m 

k 

which reduces to Eq. (12) .  

l / (wC".) 

• i 
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sents stored electrical energy. 1 The combination of the _ conducting 
. plates separated by the inSUlating dielectric is called a condenser. The 
J;tmount of energy stored in this way in the electrostatic field of the 
condenser depends upon the voltage that is applied to the electrodes 
and upon the electrostatic capacity of the combination. The capacity 
increases directly with the area and inversely with the thickness of 
the dielectric, and depends to a considerable extent upon the kind of 
dielectric being used. Electrostatic capacity is measured in farads, 

. which is a capacity of such a size that, when 1 volt is applied across a 
capacity of 1 farad, a charge of 1 coulomb (equivalent to 1 amp. of current 
flowing for 1 sec.)  will be stored. The farad is a very large unit and is 
frequently subdivided into the microfarad (abbreviated J.Lf) . 

The principal properties of condensers are summarized in the following 
equations, in which C is in farads and E in volts.2 The energy stored 
in a capacity C when charged to a voltage E is 

Stored energy in joules = YzCE2 

The charge stored in a capacity C when charged to a voltage E is 

Stored charge in coulombs = CE 

(13) 

(14) 
The current that flows into or out of the condenser at any instant is the 
rate of change of charge, and so is given by the relation 

C fl · ·  d dQ 

C

dE 

urrent OWIng Into con enser = 
dt 

= 
dt 

(15) 

When the voltage is sinusoidal, C

d

d� reduces to jwCE. In the case where 

the condenser electrodes are lar� plates having a constant spacing, 
the capacity is given by the equation 

where 

Capacity in J.LJ.Lf = O.08842K1 (16) 

A = area of active dielectric in square cen timeters 
d = spftcing between plates in centimeters 

K = constant, called the dielectric constant, which depends upon the 
dielectric material and is substantially independent of frequency 

Values of K for common dielectrics are given in Table II. 
1 For many years it was thought that the charge resided in the dielectric instead 

of the conductors, but it has been recently discovered that in circumstances where the 
charge appeared to exist in the dielectric it was really on the surface of the dielectric 
in a conducting moisture film that acted as an extension of the electrodes. 

2 The derivation of these equations is to be found in most textbooks of physics and 
electrical engineering and will therefore not be given here'. 
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Losses in Condensers.-A perfect condenser when discharged gives 
up all the electrical energy stored in it, but this ideal is never completely 
realized since all actual condensers return less energy than was expended 
in charging them. The energy not delivered by the discharge represents 
losses that cause the condenser to have a power factor that is not zero. 
Practically all the electrical losses of the usual con�enser are due to 
dielectric hysteresis, which is the result of molecular friction in the 
dielectric and is similar in character to magnetic hysteresis. The energy 
lost in the condenser as a result of dielectric hysteresis appears in the form 
of heat generated within the dielectric. 

TABLE H.-CHARACTERISTICS OF DIELECTRICS AT RADIO FREQUENCIES WITH NORMAL 
ROOM TEMPERATURE l 

Material 

Air . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . 
Mica (electrical) . . . . . . . . . . . . . . . . . . . 
Hard rubber . . . . . . . . . . . . . . . . . . . . . .  . 
Glass (electrical) . . . . . . . . . . . . . . . . . .  . 
Bakelite derivatives . . . . . . . . . . . . . . .  . 
Celluloid . . . . . . . . . . . . . . . . . . . . . . . . .  . 
Fiber (dry) . . . . . . . . . . . . . . . . . . . . . . . . 
Wood (without special preparation) 

Oak . . . . . . . . . . . . . . . . . . . . . . . . . . .  . 
Maple . . . . . . . . . . . . . . . . . . . . . . . . .  . 
Birch . . . . . . . . . . . . . . . . . . . . . . . . . . .  , 

Mycalex . . . . . . . . . . . . . . . . . . . . . . . . . . 
Isolantite . . . . . . . . . . . . . . . . . . . . . . . . . . 
Porcelain (wet process) . . . . . . . . . . . . .  . 

Dielectric 
constant 

1 . 00 
5 to 9 
3 to 5 

4 . 90 to 7 . 00 
4 . 5  to 7 . 5  

4 . 10 
4 to 6 

3 . 3  
4 . 4  
5 . 2 
8 
6 . 1. 

6 . 5  to 7 . 0  

Power factor 

0 . 000 
0 . 0001 to 0 . 0007 

o . 006 to O .  014 
0 . 004 to 0 . 016 

0 . 02 to 0 . 09 
0 . 042 

0 . 02 to 0 . 09 

0 . 039 
0 . 033 
0 . 065 
0 . 002 
0 . 0018 

o . 006 to 0 . 008 

1 These data were compiled from various sources and represent typical values that can be expected. 

The power factor of a condenser is determined by the type of dielectric 
used and is practically independent of the condenser capacity, the applied 
voltage, the voltage rating, or the frequency. This constancy of the 
power factor under such widely different conditions makes the power 
factor of a dielectric of fundamental importance where the losses in 
the condenser are to be considered. While the power factor of a con
denser is determined by the dielectric used, it is also affected by the 
conditions under which the dielectric operates. Thus the power factor 
always becomes higher as the temperature is raised. Moisture absorbed 
in the dielectric also has an extremely unfavorable effect on the power 
factor, and with dielectrics such as paper and fiber, which · readily absorb 
moisture, the power factor may become extremely poor if the humidity 
is appreciable. 
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Table II gives information relative to the power factor of various 
dielectrics commonly used in radio work. In Table III the effect that 
changes in frequency and temperature have upon the power factor and 
dielectric constant is given for several dielectrics. The reason for the 
constancy of the power factor with changes in frequency is that with the 
commonly used dielectrics the dielectric loss per cycle is almost independ
ent of the number of cycles per second, so' that, irrespective of the fre
quency, a constant proportion of the energy that is supplied to the 
condenser disappears as dielectric hysteresis. 

TABLE IlL-EFFECT OF FREQUENCY AND TEMPERATURE ON DIELECTRIC 
CHARACTERISTICS 1 

Temper-

Material ature, Frequency, Dielectric Power 
degrees kilocycles constant factor 

centigrade 

Bakelite derivative . . . . . . . . . . . .  21 500 5 . 6  0 . 054 
71 500 6 . 9  0 . 11 
120 500 10 . 4  0 . 38 

Hard rubber . . . . . . . . . . . . . . . . . . 21 500 3 . 0  0 . 009 
71 500 3 . 1 0 . 021 · 

120 500 3 . 2  0 . 065 
Bakelite derivative . . . . . . . . . . . . 21 295 5 . 9  0 . 051 

21 500 5 . 8  0 . 051 
21 670 5 . 7  0 . 051 
21 1040 5 . 6  0 . 058 

Hard rubber . . . . . . . . . . . . . . . . . . 21 210 3 . 0  0 .009 
21 440 3 . 0  0 . 009 . 21 710 3 . 0  0 .009 
21 1126 3 . 0  0 . 010 

1 E. T .  Hoch, Power Losses i n  Insulating Materials, Bell SY8tem Tech. Jour. , vol. I,  p .  1 10, November 
1922. 

. 

The losses of a dielectric are sometimes expressed in terms of the 
angle by which the current flowing into the conden�er fails to be 90° out 
of phase with the voltage. This angle is called the phase angle of the 
dielectric, and its value in radians is equal to the power factor. Thus a 
power factor of 0.01 represents a phase angle of 0.01 radian or 0.573°. 

Equivalent Series and Shunt Resistance.-While a comparison of the 
losses of different dielectrics can be most satisfactorily expressed in terms 
of power factor or phase angle, the effect that the losses of a particular 
condenser have on the associated electrical circuits can be taken into 
account by replacing the actual condenser with a perfect condenser 
of the same capacity and having a resistance in series fl,S shown in Fig. lIb 
or a resistance in parallel as in Fig. lIe. The value of the series or 
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shunt resistance is so selected that the power factor of the perfect con
denser associated with the resistance' is the same as the power factor of 
the actual condenser. The value of the series resistance can be computed 
in terms of the power factor, condenser capacity C, and frequency j 
in the usual way and is given to a high degree of accuracy by the equation 

. .  power factor 
Senes resIstance = R 1 = 27rjC (17) 

In the same way the shunt resistance that can be used to represent the 
actual losses of the condenser is related to the power factor, capacity, 

c 

(a) ( b) , (C:) 
FIG. 1 1 .-Representation of imperfect condenser by a perfect condenser of same capacity 

with series resistance and by a perfect condenser with shunt resistance. 

and frequency to a high degree of accuracy by the equation 

Shunt resistance = R2 = (2 fC) ( 
1 

f t ) 
(18) 

7r' power ac or 

The relationship between the shunt resistance and series resistance 
for a given condenser at a given frequency ,can be obtained by combining 
Eqs. (17) and (18) to eliminate the power factor, which yields the result 

1 Rl = R2(27rjC) 2 • . 1 R2 = Rl(27rjC) 2 
(�9) 

Both the equivalent series and shunt resistances of a condenser having 
a constant power factor are independent of the voltage applied to the 
condenser but vary inversely with the condenser capacity and , the 
frequency. 

In addition to dielectric . hysteresis, it is possible for other losses to 
exist in a condenser. Among these are the losses caused by resistance 
of the condenser plates, the loss from leakage currents passing through the 
dielectric, and losses arising from corona discharges. The ohmic loss is 
small but is not always negligible at very high frequencies. The effects 
of leakage are wholly negligible at ordinary frequencies and become 
of importance only when , a condenser is used to block off a direct cur
rent, in which case even a small leakage may be of importance. The 
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leakage of a condenser is greatly increased by moisture in the dielectric 
and by raising the temperature of the dielectric. The leakage is ordi
narily expressed in terms of the equivalent resistance between the con
denser terminals and is inversely proportional to the capacity of the 
condenser. Corona occurs only in high-voltage condensers �nd is to be 
avoided in all circumstances as it represents a large power loss and in 
addition starts chemical actions that cause rapid deterioration of all 
solid dielectrics in the vicinity. 

Condensers with solid dielectrics are ordinarily freed of moisture 
and then impregnated with some type of insulating compound during 
manufacture. This has the effect of making the condenser moisture
proof and thus insures that the power factor and leakage will be main
tained at a low value irrespective of weather conditions. In high-voltage 
condensers such impregnation, when done

' 
by a vacuum process, also 

has the effect of elimina�ing air spaces between the dielectric and the 
condenser plates, which removes the possibility of corona and therefore 
greatly increases the voltage that may be safely applied to the condenser. 

Condensers for Radio Purposes.-Paper, mica, and air are the dielec
trics most frequently employed in condensers used in radio work. Paper 
dielectric is inexpensive and gives a large capacity in a small volume 
but has the ' disadvantage of fairly high electrical losses. Paper con
densers are usually constructed by insulating two strips of tin or copper 
foil with enough . layers of paper strips to give the necessary voltage 
strength and then rolling these into a compact bundle which is made 
moistureproof by sealing with insulating compound. The dielectric 
losses and the insulation strengths of different grades of paper vary widely, 
and unless paper especially made for condenser use is employed, the 
leakage and dielectric hysteresis will be high and the voltage rating low. 

Mica is widely used as a dielectric in high-grade condensers because 
of its high voltage strength ' and its superiority over practically all other 
solid dielectrics in the matter of losses. Mica is expensive, however, 
and is not used where paper is satisfactory (i.e . ,  when the losses are 
unimportant) ,  except when the condenser capacity is so small that the 
cost of the dielectric is insignificant. Mica condensers are constructed 
by piling alternate layers of metallic and mica sheets upon one another 
and then connecting alternate layers of conductors together to form 
the two electrodes of the condenser. This type of construction is 
necessary because mica is damaged when rolled. The quality of the 
mica used is very important, and only the best grades are satisfactory for 
electrical purposes . .  

Air is a perfect dielectric, having no dielectric hysteresis loss what
soever. The principal losses that condensers with air dielectric have when 
operating below the corona voltage are those introduced by the dielectric 
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m u  t e  rin [ lh,:pd i l l  mou ll ti n g  the pi a tcs.  Air condensers a1"C extremely 
bu l ky i l l  p roport. ioIl to capacity because of the low dielectric constant 
of ai r Hnd because a relati vely large cleara.nce betwcC'1l plates ifi llccessil ry 
to insure I:)cparation in view of m echanical irl'cgulari t iefl. 

Although paper, mica) and "air are the dielectrics genel'uJ 1y used in 
condew-iers, Lhe dielectrie  losso:; in other materials such as bakelite, hard 
rub ber, fiber, porcelai n ,  an d various molded illsulating COIllPOUlltis afC 
i m portal lt  beeamlO theHc materials are often used in one form 0 )" another 
as in::lulatol's. The Holid dielectric used in the air con dell.'-1cr fo separate 
the two sets of p lates is an excel lent examplc of �mch u:�c. :Vl a llY other 
CiLSCH may be cit t'cl, �Udl as tube 
basoH, tulm ;.:o eketH, eoil Jonm;, 
pa.nels, an d ,':l0 on . Although the 
diejedrie l o:-;�e::; tha.t n re pJ"(�:-;cn t in 
l-:uch ensel-i are gelleral ly small 
becausc of thc smal l  quantity of 
di electric i l l  vol ved , they are some
tiIn<-�S very importaut, n::; is the 
ease with the IO\y-l08s variable con
denscr llsed in tUl l ing circuit� to 

n!s()nun (!(�, the requirements of 

which arc discussed below. 
J1 a.r£abZe C ondenscrs with A ir 

Dielectric.-The chief use of air as a 
d i el edric is in conden sers llsed to 
nd,i ust the resonant frequency of 

. ,- 1 

ft ... "'-Rvr-or plafes < con necfec{ 1'0 frame) 

. 
FIG. 12.-..\ typical Inboratol"Y type of 

air-diclcctric variable eoml c ll scr sh o w i n g  
details of constructiun. In th is  cund C ll l:lcr 
t.he rotor plat.es nro connected to 1 he cno 
plates. 

tl llH'd el l'<!u its, wh ere a :-om all condenser having low los�cs at radio frcqu cn
cieH alld capacity that is continu ou�ly variabl e is requ ired . Air-die lectri c 
eondensel"s for this pl.I rpOHC are usua lly constructed as showl1 in Fig. 12, 
wi th n. Hcries of fixed pl at.es, spaced by v.-ashers, as onc electrode, and a 
�(�rics of !:li milarly Hpaced rota ting plates as the other electro de. The 
rotating rintes mesh \vith the fixed pl ates \vithout touchi ng them, thUH 
causing the condcw.,el· to h ave a. capacity determined by the angle of 
rotation. The way in vo,'hich the capacity of the variable condenser 
varic:-i with the angle of rotation ean be controlled eithcr by cutti l lg  the 
Htat ionary or the rotat i l lg plates to a special shape or by use of an air 
gap bcb�'ecn the t,�w 8etH of plates which varies "titlt the allgle of rotation. 

In order to immre that the condenser will have low 10sHes, the diclectrio 
used t.o insulate the fL'Xcd and rnoving plates from each other Rho111d be 
an-anged in I1 way that will keep the volt.age gradien t in it low and should 
have the l owm.;t possible power factor. Hard rubber is widely used for 

this purpo:.-;n and is Huperior to bakclite, which has a much greater power 
ractOl'. The details of construction of a typical condenser can be seen 
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in Fig. 12. In this condenser the metal. end plates are connected to 
the moving plates by a hair-spring and act as a shield for the fixed plates, 
from which they are insulated by the strips of dielectric. The usual 
variable air-dielectric condenser haf.l a capacity of 0.0005 J.tf or less. 
Larger sizes are rather bulky, and air condensers with capacities in excess 
of 0.002 J.tf are rarely made. 

Condensers in which the fixed and rotating plates are both semicircular 
have a capacity that is roughly proportional to the angle of rotation and 

/ ---Rotafing p!afes -- _ _ _ _ 

e,,& .� 
-----Fixed plafes / 

Stro ight-line Stra i ght-Line Stra i g ht - Li ne 
Capacity Wove Length Freque,ncy 

500 .-�-r-.--r-�--r�--� 

Cto 
, � 300 t-----+---+--t--+-. 
>. .... 

'u &. 200 t---t--t-8 
1 00 t----+--.I'':-Wf, 

20 40 60 80 100 120 140 160 180 Angle of Rotat ion , Deg rees 
FIG. 13.-Characteristics of straight-iine capacity, .  straight-line-wave-length, and 

straight-line-frequency condensers, showing capacity as a function of angle of rotation and 
the approximate shape of plates for each type. 

are therefore called straight-line-capacity condensers. For some purposes 
it is desirable to have a condenser in which the capacity is proportional 
to the square of the angle of rotation. Such a condenser, when used to 
resonate with a fixed inductance, causes the wave length at resonance to 
be proportional to the angle of rotation, and so is called a straight-line
wave-length condenser. Still other types of condensers are so constructed 
that the resonant frequency is propo�tional to the angle of rotation, thus 
giving a straight-line-frequency type of condenser. The shape of the 
p'lates required in ' the straight-line-wave-Iength and straight-line-fre-

, quency condensers is affected by the distributed capacity of the coil that is 
being tuned by the condenser, so that in order to get absolute straight
line-wave-Iength or straight-line-frequency characteristics it is necessary 
to design the condenser to match a particular coil. The approximate 
shapes of rotor plates that will give these effects are given in Fig. 13, 
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which also gives the variation of capacity with angle of rotation for these 
types of condensers. 1 

In a single-dial-control radio receiver it is necessary .to tune several 
circuits simultaneously. This is accomplished by using a variable con
denser having several sets of rotating plates all mounted on a common 
shaft, with a set of insulated stator plates to go with each rotor section. 
When the various circuits involved are all to be resonant at the same 
frequency, the different sections of the condenser are made as nearly alike 
as possible, and then any residual inequalities are eliminated by bending 
the plates and by using small auxiliary " trimmer " condensers which are 
associated with each section and which can be adjusted by a screw 
driver. When the different sections are to tune circuits to different but 
related frequencies, as in the case of the superheterodyne receiver, one can 
either make all sections alike and then design the associated circuits to 
give the required frequency difference, or can make the plates of the 
different sections of different shape. This is discussed further in Sec . 1 10. 

Electrolytic Condensers.-The electrolytic condenser makes use of the 
fact that aluminum (and certain other materials) , when placed in a suita
ble solution and made the positive electrode, will form a thin insulating 
surface film which will withstand a considerable voltage and which at the 
same time will have a high electrostatic capacity per unit area of film 
because of the extreme thinness of the film. This film is the result of 
electrochemical action and is formed by applying positive voltage to the 
aluminum electrode. The thickness of the film and hence the capacity 
obtained depend largely upon the voltage used in this forming process, 
with the lower voltages giving the greatest capacity. The maximum 
voltage that the film can be made to withstand depends somewhat upon 
the electrolyte used, and can be as great as 600 volts . The composition 
of the electrolyte varies with different types of electrolytic condensers, 
and may be a liquid, a highly viscous fluid, or a paste, giving so-called 
wet, semidry, and dry condensers, respectively. The negative electrode 
is commonly supplied by the metal container, and is sometimes, although. 
not always, of aluminum. 

Electrolytic condensers are characterized by a high capacity per unit 
volume. They also have much higher leakage current than do other 
condensers, and their power factor is high and dependent upon frequency. 
The capacity, power factor, leakage, etc., are not particularly stable, 
changing with age, applied voltage, and temperature. When excessive 
voltage is applied, the insulating film breaks down, but tends to reform 
when the voltage is lowered as a result of electrochemical action. If 

1 Formulas for calculating the shape of plates in straight-line-frequency and wave
length condensers are to be found in O. C. Roos, Simplified S.L.F. and S.L.W. Design, 
Proc. I.R.E. , vol. 14, p. 773, December, 1926. 
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voltage is applied to the condenser in the reverse polarity, the condenser 
acts as a low resistance and passes current freely. 

Electrolyti� condensers are widely used in radio work for filter and 
by-pass purposes. In such applications they are subjected to a steady 
direct-current voltage, and are then called upon to short-circuit any super
imposed alternating potential. Under such conditions the exact capacity 
and the losses are unimportant . In proportion to capacity and voltage 
rating, electrolytic condensers are the least expensive condensers avail
able, but they have the disadvantage of deteriorating with time as a result 
of destructive chemical action. 

Voltage Rating of Condensers.-The voltage that can be safely, applied 
to condensers having solid dielectrics such as paper and mica depends 
upon the insulating strength of the dielectric used and upon the electrical 
losses in the dielectric. If the applied voltages exceed the dielectric 
strength, the dielectric will spark through and the condenser will be 
destroyed. However, if the losses in the condenser are sufficient to cause 
a moderate amount of heating, the allowable voltage will be something 
less than the dielectric strength of the material because of the fact that all 
dielectrics deteriorate rapidly when heated. As the condenser losses 
are proportional to frequency, the voltage rating of a particular condenser 
will be highest on direct-current potentials, somewhat less at low fre
quencies, and increasingly lower as the frequency is increased, until at 
high radio frequencies the allowable voltage is inversely proportional to 
the square root of the frequency and is only a small fraction of the insula
tion strength to direct current . It is therefore very important. that 
condensers which must withstand high radio-frequency voltages have low 
losses. Otherwise the heat that is generated in the dielectric will raise the 
temperature to a point where deterioration and eventual destruction will 
take place. 1 

1 The importance of losses in determining the voltage rating is illustrated by the 
following ratings of a particular 0.001 J.'f mica condenser as given by I. G. Maloff, 
Mica Condensers in High Frequency Circuits, Proc. I.R.E., vol. 20, p. 647, April, 
1932 : 

Frequency, 
kc 

Direct current 
1 

100 
300 

1 ,000 
3 ,000 

10 ,000 

Rated effective 
voltage, volts 

10 , 000 
10 , 000 
3 , 000 
3 , 000 
1 , 780 

605 
178 
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Mica, because of its very low losses and high insulation strength, 
is the dielectric universally used for high-voltage service at radio fre
quencies. It is very important that high-voltage condensers with solid 
dielectrics be thoroughly impregnated to eliminate corona and the losses 
resulting from moisture. Transformer oil and some other types of 
oil can be used as a dielectric for high-voltage service but these have the 
disadvantages of picking up moisture from the atmosphere and of possess
ing an insulating strength in bulk that is relatively low compared with the 
value in small quantities. Variable condensers with air dielectric are 
occasionally used in high-voltage radio-frequency service. Such con
densers are extremely bulky in proportion to their capacity because the 
spacing between plates must be very large if the volt- = 
age rating is to be reasonably high. The result is that ' 
high-voltage air condensers are used o�ly at high radio 
frequencies where the ca?acity is v�ry . small: The �����W 
voltage that may be apphed to an aIr-dIelectnc con- FIG. 14.-Some 
denser is proportional to the air pressure ; so enclosing of the coil capacities 
h d ·  . fill d . h . 

t that contribute to t e con enser III a contaIner e WIt aIr a a pressure the distributed ca-
of from 10 to 20 atmospheres gr_eatly increases the pacity of a' single-
potential that may be safely applied. layer coil. 

Inductance of Condensers.-All condensers have a certain amount 
of inductance in their circuit because of the fact that the current flowing 
through the condenser produces magnetic flux. The major part of this 
inductance occurs in the lead wires of the condenser, but a certain amount 
results from magnetic flux set up by the current in the condenser plates. 
The inductance of condensers is very small even under the most ullfavor
able conditions ,and is therefore important only when the frequency is 
extremely high. Condenser inductance can be minimized by properly 
arranging the lead wires and the connections to the condenser plates. 

Distributed Capacity of Coils.-Every electric circuit and every piece 
of electrical equipment has capacity associated with it because there 
are always dielectrics separating conductors between which voltage exists. 
These capacities are very often quite small, but at very high frequencies 
even a small condenser has a low reactance and so becomes important. 
The stray capacity of an inductance coil is 'an important example of this. 

In an air-core inductance coil there are small capacities between 
adjacent turns, capacities between turns that are not adjacent, and 
capacities between terminal leads. In addition there can be capacities 
to ground from each turn. Some of the different capacities that may exist 
in a typical coil are shown in Fig. 14. It is to b� noted that every turn 
has a capacity to every other turn and also a capacity to ground. Each 
of these capacities stores a quantity of electrostatic energy that is deter
mined by the capacity and the fraction of the total coil voltage that 

I 
I 
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appears across the turns involved. The total effect which the numerous 
small coil capacities have can be represented to a high degree of accuracy 
by assuming that these many capacities can be replaced by a single 
condenser of appropriat

'
e size shunted across the coil terminals. This 

equivalent capacity is called either the distributed capacity or the self
capacity of the coil . 

In multilayer coils the distributed capacity tends to be high because 
the layer arrangement of the winding causes turns from different parts 
of the winding to be located near each other. Thus in the two-layer wind
ing shown at Fig. l5a, in which the turns are numbered in order, the first 

5 1 9 11 and last turns are adjacent, which causes 
1)(1 4 6 6)('0 h 1 b h b 1 t e vo tage etween t ese turns to e arge 

and hence greatly increases the effect of the 
shunting capacity. An improvement over 
the simple layer winding of Fig. l5a is 

(OI) LOIyer Winoling (b) Bomk Windln9 obtained by using the type of winding 

®@>®@ 
6 1)lG 5 
1 2 � 

X 

(c) Oeep NOIrrow (d) Spr;lcecl lOlyer 
Wi nding Winol i ng 

FIG. I5.-Several types of multi
layer windings. 

shown in Fig. l5b, known as a bank wind
ing, in which adj acent turns represent 
parts of the coil that are close together, 
while the ends of the windings are fairly 
far apart. Another method of keeping 
down the self-capacity of a multi layer coil 
is to use many layers with only a few turns 
per layer, as in·, Fig. l5e, which has the 
effect of separating the ends of the coil. 
Still another device for reducing self
cap�city is shown in Fig. l5d, in which the 

. layers are spaced to reduce the capacity from turns in one layer to turns 
in adj acent layers. Many ingenious methods have been devised for 
incorporating these principles into types of construction having desirable 
mechanical rigidity, and several types of multilayer coils with low 
capacity are produced commercially. 

The various coil capacities that contribute toward the distributed 
capacity include as part of their dielectric the wire insulation and the 
form upon which the coil is wound. Since these materials have appre
ciable dielectric hysteresis, there is a loss associated with the distributed 
capacity of the coil which is referred to as the dielectric loss of the coil 
and which has the effect of increasing the effective coil resistance. In 
order to �eep the dielectric loss small, the coil form should be of material 
having low dielectric lbsses and should be no thicker than mechanical 
considerations make advisable. It is also important that the winding be 
covered with a moistureproof binder such as collodion to prevent absorp
tion of moisture by the cotton or silk insulation of the wire . The dielectric 
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losses are low and often negligible in well-constructed coils but may reach 
an undesirable magnitude if no attention is paid to them. 

9. The Effective Resistance of Coils and Conductors at Radio Fre
quencies.-The effective resistance offered by conductors to radio fre
quencies is considerably more than the ohmic resistance measured with 
direct currents. This is because of an action known as skin effect, which 
causes the current to be concentrated in certain parts of the conductor 
and leaves the remainder to contribute little or nothing toward carrying 
the current. As a result of this effect it is necessary to generalize the 
concept of resistance when dealing with 
radio frequencies by considering the resist
ance to be that quantity which when multi
plied by the square of the current will give 
the energy dissipated in the circuit. 

Skin Effect in an Isolated Conductor.
A simple example of skin effect, and one 
which makes its nature clear, is furnished 
by an isolated round wire. When a 
current is flowing through such a con
ductor, the magnetic flux that results is 
in the form of concentric circles as shown 
in Fig. 16. It is to be noted that some 
of this flux exists within the conductor 
and therefore links with, i. e., encircles, 
current near the center of the conduc
tor while not linking with current flowing 
near the surface. The result is that the 
inductance of the central part of the con

, Distribution or 
/' currenf density 

ROIoI i Ol I  D i stance 
FIG. 16.-Isolated round conductor. 

showing flux paths and current dis
tribution at radio frequencies. Note 
that the current density is highest for 
parts of the conductor encircled by the 
fewest flux lines. 

ductor is greater than the inductance of the part of the conductor near the 
surface because of the greater number of flux linkages existing in the cen
tral region . At radio frequencies the reactance of this extra inductance . 
is sufficiently great to affect seriously the flow of current, most of which 
flows along the surface of the conductor where the impedance is low rather 
tha� near the center where the impedance is high. The center part ot 
the conductor therefore does not carry its share of the current and the 
effective resistance is increased, since in effect the useful cross section 
of the wire is very greatly reduced. The actual type of current distribu-
tion obtained in the case of a round wire is as shown in Fig. 16. 

. 

The ratio that the effective alternating-current resistance bears 
to the direct-current resfstance of a conductor increases with frequency, 
with conductivity of the conductor nlaterial, and with the size of con
ductor. This results from the fact that a higher frequency causes the 
extra inductance at the center of the conductor to have a higher reactance, 
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while a greater conductivity makes the reactance of the extra inductance 
of more importance in determining the distribution of current, and a 
greater cross section provides a larger central region. It is to be noted, 
however, that a larger conductor always has less radio-frequency resist
ance than a smaller one because, although the ratio of alternating-current 
to direct-current resistance is less favorable, this is more than made up 
by the greater amount of conductor cross section present . The actual 
value of the ratio of alternating-current to direct-current resistance for a 
solid round conductor can be calculated with the aid of tables and 
formulas found in every electrical handbook. 

When skin effect is present, the current is redistributed over the conductor 
cross section in such a way as to make most of the current flow where it is 

(a) FI OIt stri p 
(b) 5quOI re 801 r 

FIG. 17.-Isolated strip and bar conductors, showing approximate flux paths and 
current distribution. The current density is indicated by the density of shading and is 
seen to be greatest for those parts of the conductor encircled by the fewest flux lines. 

encircled by the smallest number of flux lines. This general principle con
trols the distribution of current irrespective of the shape of the conductor 
involved. Thus with a flat-strip conductor, such as shown in Fig. 17, 
the current flows primarily along the edges, where it is surrounded by 
the smallest amount of flux, and the effective resistance will be high 
because most of the strip carries very little current. T�is illustration 
makes clear that it is not the amount of conductor surface that deter
mines the resistance to alternating current but rather the way in which � 
the conductor material is arranged . Another example is formed by the 
square-bar conductor of Fig. 17, in which the current is concentrated 
along the four corners as indicated in the figure because the flux link.ages 
are. least for this portion of the cross section. 

Where it is important that an isolated conductor have very low resist
ance to radio-frequency currents it is preferable to use thin tubular 
conductors instead of round wire of the same cross section, since the 
central part of the wire carries very little curr)nt while all the material 
·of a tube is effective. Another way of making more effective use of 
the conducting material is to form the conductor from a large number of 
small enameled wires connected in parallel at their ends but insulated 
from each other throughout the rest of their length, and thoroughly 
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interwoven. If the stranding is properly done, each conductor will, 
on the average, link with the same number of flux lines as every other 
conductor, and the current will divide evenly between the strands. If 
each strand is small, it will have relatively little skin effect over its cross 
section, with the result that all the material is effective in carrying 
the current and a radio-frequency resistance approximating the direct
current resistance results. A stranded cable of this type is called a litz 
(or litzendraht) conductor. 

Skin Effect in Coils.-The same principle that governs the current 
distribution in an isolated conductor also determines the distribution of 
current in the conductors of a coil ; that is, the current density is greatest 
in those parts of each coil conductor encircled by the smallest number of 
flux lines. The skin effect in coils i� however, much more complicated 
and much greater in magnitude than in isolated conductors because 
each turn . of the coil produces flux that causes skin effect in adjacent 
turns. 'As a result the radio-frequency resistance of coils may be as 
much as several hundred times the resistance to direct currents. The 
approximate current distribution in the conductors of a typical radio coil 
is indicated by the shading in Fig. 6, which also shows the flux paths and 
so brings out the relation between current density and flux linkages. 

� 

The losses in a coil are most conveniently expressed in terms of the 
ratio of the coil reactance wL to the effective coil resistance R. This ' 
ratio approximates the reciprocal of the coil power factor and is so 
important in the theory of resonant circuits that it is considered as a 
fundamental coil property and is usually referred to by the symbol Q ;  
that is 

Q = coil reactance = wL 
coil resistance R (20) 

The effective coil resistance R includes any dielectric loss that the coil 
may have. 

It is convenient to express the characteristics of a coil in terms of the 
ratio of coil reactance to effective resistance because this ratio Q is approxi
mately constant for the same coil over a wide range of frequencies as a 
result of the fact that the effective radio-frequency resistance of a coil 
is roughly proportional to frequency. Furthermore, the value of Q 
for equally well-designed coils intended for use at different frequencies 
is approximately the same, that is, a value of Q which is considered as 
denoting an efficient coil of a size suitable for use at 100 kc also represents 
the Q of an efficient coil for 1000-kc service. The values of Q actually 
obtained with coils used in receiving equipment range from fifty to 
several hundred, with values somewhat greater than these frequently 
encountered in transmitter inductances. 

'I 
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Factors Influencing the Q of a Coil.-The actual value of wL/R depends 
primarily on the coil construction and is determined by complicated 
'factors for which a complete mathematical solution has never been made. 
In spite of this there are a number of general principles that can be used 
as a guide in the design of coils. To begin with, if coils differing only 
in wire diameter are compared, it will be found that for each frequency 
there will be a particular size of wire that will give the lowest radio
frequency resistance and hence the highest Q. This best size of wire 
will be different for different frequencies and is often, a�though not neces
sarily, the largest wire that can be wound in the space available . As 
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FIG. IS.-Curves showing values of Q as a function of frequency for three coils differing 
only in wire size. The largest size wire has over six times the cross section of the smallest, 
and yet the latter has a value of Q only about 35 per cent less. 

long as the wire is not too small, changes in wire size have surprisingly 
little effect on coil alternating-current resistance because the increased 
skin effect of the larger conductors offsets in large measure the greater 
cross section . It is only when the frequency is so low or the wire so 
small as to give little skin effect that the radio-frequency resistance of 
the coil becomes markedly influenced by the direct-current resistance. 
These effects of wire size are graphically shown by the curves of Fig. 18, 
which give Q as a function of frequency for several coils differing only 
in wire size, and in which increasing the direct-current resistance over 
six times reduces the coil Q by about 35 per cent. 

Increasing the size of a coil while maintaining the inductance, pro
portions, and direct-current resistance constant tends to reduce the 
effective radio-frequency resistance and hence give a larger Q. Further
more the larger coil provides a winding space for larger wire than the 
smaller -coil, which if utilized will still further increase the Q as the dimen
sions are increased. A large coil can utilize a large conductor to better 
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advantage than a small coil because the increased space over which the 
flux is distributed reduces the flux density in the vicinity of the conductors 
and hence reduces the skin effect to reasonable values even with large 
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FIG. 19.-Curves showing values of Q as a function of frequency for three coils having 

the same inductance and same ratio of length to diameter, but differing in size. Increas
ing the size of the coil increases the Q at the frequency where the Q is highest and tends to 
lower the frequency at which the coil ilS most efficient. 

wire. The effect that changes in size can have on the Q of a coil IS 

demonstrated by the curves of Fig. 19. 
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FIG. 20.-Curves giving values of Q as a function of frequency for three coils having 

the same inductance but differing in ratio of length to diameter. These show how there is 
a best shape. 

The best shape for a coil having a given inductance is neither a very 
long coil with a small diameter nor a short coil with a large diameter 
but 0 rather one of intermediate proportions. The curves of Fig. 20 are 
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typical examples of the differences that can be expected from different 
shapes. 

The types of conductors most commonly used in coils are round wire, 
litz, tubing, and flat and edgewise-wound strip. Ordinary wire repre
sents one of the best shapes and finds use at all frequencies, although litz 
wire is preferable at broadcast frequencies under some conditions and is 
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very markedly superior to solid wire 
at lower frequencies (see Fig. 21) . 
Tubing and strip conductors are used in 
transmitter coils that must carry large 
currents. 

The resistance of coils is normally 
obtained by measurements on the actual 
coils. Efforts to predict the resistance 
by calculation have been made by a 

o 200 400 600 800 1000 number of investigators, with rather good FreCl.uency - Ki locycles 
0 

FIG. 21.-Curves giving values of 
Q as a function of frequency for two 
coils identical in every way except 
that one is wound with solid wire and 
the other with litz of approximately 
the same cross section. The litz coil 
has an exceptionally high Q. 

success in some instances. !  The difficulty 
is, however, that the theoretical formulas 
all involve some simplifying assumptions 
and also ignore dielectric losses, and so 
give results that are at best only approxi
mate. Furthermore, the theoretical for

mulas are restricted to certain ranges of coil proportions, which reduces 
their usefulness. 

Large quantities of data giving coil resistance in countless specific 
cases are to be found scattered throughout the literature, but no attempt 
has oeen made here to summarize the published results because they 
represent a huge mass of figures which have as yet defied organization 
in any systematic manner.2 The important things to keep in mind are 

1 The most noteworthy work on this subject is that of Butterworth. See S. Butter
worth, Effective Resistance of Induction Coils at Radio Frequency, Exp. Wireless 
and Wireless Eng., vol . 3, pp. 203, 309, 417, and 483, April, May, July, and August, 
1926. Explanatory discussions which are of value in applying Butterworth's results 
are given by . B. B. Austin, Effective Resistance of Inductance Coils at Radio Fre
quency, Wireless Eng. and Exp . Wireless, vol. 1 1 , p. 12, January, 1934 ; A . •  T. Palermo 
and F. 'V. Grover, Supplementary Note to Study of the High-frequency Resistance 
of Single Layer Coils, Proc. I.R.E. , vol. .19, p. 1278, July, 1931. 

A review of other work that has been done, together with some original contri
butions, is given by A. J. Palermo and F. W. Grover, Study of the High Frequency 
Resistance of Single Layer Coils, Proc. I.R.E., vol. 18, p. 2041 ,  December, -1930. 

2 Useful information of this sort is to be found in the following publications :  
August Hund and H. B .  De Groot, Radio-frequency Resistance and Inductance of 
Coils Used in Broadcast Reception, Bur. Standards. Tech. Paper 298 ; E. L. Hall, Resist
ance of Conductors of Various Types and Sizes .as Windings of Single-layer Coils at 
150 to 6000 Kilocycles, Bur. Standards Tech. Paper 330 ; J. H. Morecroft, " Principles 
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the general principles discussed above and the fact that the effective 
resistance of a coil to alternating current.s is determined primarily by 

the flux distribution in the cOIHJueton'; alld haH very little relation to thf� 

direct-current resistance of the wire. 
10. Types of Coils Used in Radio Work. CoiZ.� fO?' 'l'uncd Circuits of 

Radio Receivers.--Coi1:-; lliied in reHonullt eir(�uitK of radio l't-�eeivers must 

have 10\\0' losses (i.e., a hip;h Q), Rl11al1 :;i7.(" and J"ctLtlOllttbly small distributed 
capaeity. The type of {'oil useu to Il1pd these )"('qllil'(�m(mt.s depends upon 

.the frequency. At frequencies above nbout 1500-1\.(· sillglt!-layer l'olenoids 

(Tdio freq(..'ency choke wtfh f"tlPdlilq 
f"stntl/I wire af the bottom of t.';e slots 

Sil'?g/e layer Oovblc. D 
solenoid coil 

, 
Basket 

l'Ie(.)'v€, co:'/ 

roro'�1cil coil 

FIG. 22.-Represent.ative coils of different type� design9d for use in radio receivers. 

of solid wire are universally employed. The tUI'llS !l;J'e n�al'ly aiways 
spaced and are pref{�rably wound upon �1. forl11 !-inch :lH a. t.hin lmkclit.e t.ul)(�. 

Coils for circuits rCI-:iOUallt at Lroadcast frpquellci('s are ll:-;n�lly Hingle
layer solenoids wound with solid wire. Bank-wound or Cl univcrsal " 

(honeycomb) wound muItiIaycr coils lLsing litz wire are Hometirnes 
employed, and 'when properly designed will give 3. higher Q in the same 

volume than a single-layer coiL 
Coils for frequencies below the broadcn.st range llrc nearly always 

bank-wound or universal multilayer coils, preferably UI;;ing lit? wire. 
Single-layer coils at t.hese lower frequencies al'e scldom employed beeanse 
of the large bulk necessary if the required inchwtmlC'fl is to bt! obtained 
with reasonable size wire. Litz wire iH much more :·m.ti:.;fact.ory than solid 
wire at the lower frequencies and so is generally employed. Incr{�flsi))g 
use is also being made of iron dust. in eoih.; de:-;igned for frequC'lleiel:l below 

of Radio Communication"; Coil Dcsigl1 for Short. Wllvn H,l'CeiV('I'H, L�l�clf'(J1t1:(;Ii, vo1. 7, 
p. 174, Junc, 1934; A . .  1. PalCrIIHl fUU! F. W. GwYcr, A SI udy of Ih� lIigh .... 1'l·qllclICY 
Resist.ancc of Single Layer Cuib. Proc. I.R.N., vu!. IS, p, 2041, DtH:. Inao; David 
Gl'inms and 'V. S. Ba,rd(�I\, A Rt udy of Lit,z \Vir!! Coihi, m(1c1-ronic,�, vo\. n. pp. a()� nnd 
342, N OVP.llllwl' and De(:ellllwl', t {l:�:i. 



42 RA DJO ENGINEERING [CrrAP. I T  

.'lOO kC', and sueh ( l l l � to-cored coilR arp often superior to ai r-cored coi ls 
occupying tlH> ::mme volume. 

Smal l si ze is n. very defiuite advantage in coBs int.ended for radio 
receivers. Smal l eoil:-; makp for compactnesH and also simplify greatly 
the Hh ieldi llg problem . Sm all Hiz(' means increased losHes, but it ha� been 
possible to dPRigll ('oi l :-:  of nwy small l"izn ",'hieh havc� mo(lPratdy high 
vahwl-i of Q. 
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Fw . za . - Rcpro::lcnhlti ve (:uils of d j ji'ercllt type� dcsip;ned for U:5C ill radio t nmHm i t t er8. 

A gl'<'at m any difl'cren t typP;-; of coil:; have been u:-;p,d at Ol l C'  t ime 01' 

allot-he l' i n  radio receivers.  In Honw of t lw:-:c, :-iuch a:-; t.lH� hasket-weave 
eoiI , the aim ha� becn to reduce thl' �ol id dielectric prC�CJl t.. It has been 
fOllnd,  how(!\rcl', t.hat a thin :-:olid form will not introdnep appJ'(�ei u.blD 

l o:-:�e:-: ,l Ild will grea.tly inc rease the coil rigidity, . Other type::; of comltnw
tion, tlueh as the turoid a.nd dou ble D coil ilIustrat.ed in Fig. 22, h ave a,<;j 
thei\' object tlw elimination or reduction of th(' extt'l'l lul  magn etie field .  
Better n�Hul b; are obtained, hc)\vever, by uHi ll g a, single-Ia.yer solen oid 
ill a {'opper shielding ca n ,  si nce tb is al'rangcmen t gi y e s  both electrostat.ic 
an d I I1ngndie  :-;hi dc1il lg; and l'c:-; ultl; in a high er Q for t1w same bul k .  

Coil.'! fur 'Prafu:nnitte1's .-The methou of coil l'ol lstn u:Liou aud type 
of eO l l d udol' elllployed ill tral1�l1littcI'� depend upun llw frequency and 
pu we r invol ved. Coi ls  for Hhort-wave transmitter;; are ahvay:; m ad e  iu 
t lw form of  a si ngle-l ayer :::lolenoid. The cOl lductor may l>e h eavy wire, 
tubi l lg, or a f lat. :-:t.ri p .  Coill"' mad e of tubing tU'(-' normally a.rralll.!J'd to he 
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self-supporting as illustrated in Fig. 23, while those with wire and strip 
are either wound on a form, usually isolantite, or held in position with 
insulating strips as shown in the lower left-hand corner of Fig. 23 . When 
the transmitter power is very high, the heat dissipated in the coil is 
considerable, and it is not uncommon to use coils constructed of tubing 
through which cooling water is passed. 

Coils for broadcast transmitters are usually large single-layer solenoids 
wound with wire, copper tubing, or edgewise-wound copper strip. 
Pancake inductances of copper strip, large wire, or tubing are occasionally 
employed. 

At the lower frequencies multilayer coils .are usually employed in 
order to obtain the necessary inductance in a reasonable space, and 
litz wire, although much more expensive than large copper tubing, is 
very much better and so is rather generally preferred. 

Some use is also being made of radically different types of inductances 
and tuned circuits to obtain very low losses. One method of approach 
is to use toroidal coils made with flat conductor so arranged that the flat 
side is parallel to the flux lines, thereby reducing the skin effect . l  Another 
means of achieving low losses is to employ tuned circuits utilizing resonant 
transmission lines (see Sec . 15) . 

. There are numerous design problems encountered in coils that are to 
handle large radio currents. In particular, the high voltages developed 
across such coils have a tendency to produce corona at the points where 
the electrostatic stress is highest. Since even the slightest trace of 
corona at radio frequencies results in high energy loss, great care must be 
used in arranging the details of the construction.2 

Radio-frequency Choke Coils.-Certain types of radio circuits call for 
an inductance coil having a very high impedance to radio-frequency 
currents lying within a certain range of frequencies. The losses of 
such coils are quite unimportant, but the impedance, when taking into 
account the distributed capacity as well as the inductance, must be 
very high. Coils of this type are called radio-frequency choke coils and 
must have extremely low distributed capacity. The two methods 
commonly used in constructing such coils are shown at· a and b of Fig. 24. 
In the first method the coil is very long in proportion to its diameter and 
has a large number of turns of small wire. The great length insures 

1 See F. A. Kolster, Generation and Utilization of Ultra-short Waves in Radio 
Communication, Proc. I.R.E., vol. 22, p. 1335, December, 1934 ; F. E. Terman, Some 
Possibilities for Low Loss Coils, Proc. I.R.E. , vol. 23, p. 1069, September, 1935. 

2 An excellent discussion of the problems involved in the design of large inductances 
for use in high-power transmitting stations is to be found in W. W. Brown and J. E. 
Love, Design and Efficiencies of Large Air Core Inductances, Proc. I.R.E. , vol. 13, 
p. 755, December, 1925. 
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a small distributed capacity, and the many turns of small wire give a 
large inductance. In the second method the coil is wound in a series 
of spaced sections as shown in the figure. The over-all distributed 
capacity of the coil is kept small by making the multilayer winding in 

-

"-

I'.. 
.......... 
1'-. 

each section deep and narrow and by employing 
a number of sections in series. For best results 
the choke should behave as nearly as possible as 
an inductance shunted by a single capacity, in 
spite of the fact that the actual capacity is a 
combination of distributed and lumped elements. 
The desired mode of operation can be very 

(oi) Long Norrow ( b) Sectlonco',zec4 closely approximated by a careful balance between 
So[el1oiol Coil 

"'":-

FIG. 24.-Radio-frequency the various capacities and the inductances of 
choke coils. the various. sections. 1 The resistance of radio-

frequency coils is unimportant, and the size of wire is selected from the 
point of view of current-carrying capacity. 

Variable Inductances.-Inductances that are continuously variable 
can be constructed by connecting two coils in series and then varying 
the total inductance L1 + L2 + 2M of the combination by changing the 
mutual inductance. Such variable inductances are called variometers 
and have many uses. When each of the two coils has an inductance 
of L and the maximum coefficient of coupling that 
can be obtained is k, the inductance can be varied 
from 2L(1 - k) to 2L(1 + k) . The construction 
of a typical variometer is shown in Fig. 25, where 
the two coils can be adjusted from series aiding 
to series opposing by rotating the inner coil, and 
where the maximum coefficient of coupling is 
made high by arranging the two inductances so FIG. 25.-Construc-

tional details of a typ-
tha t they coincide as nearly as is physically ical variable inductance 
possible. (variometer) . 

11. Electrostatic and Electromagnetic Shielding of Coils.-U nder 
many conditions it is necessary to confine substantially all electrostatic 
and electromagnetic flux to a limited space in the neighborhood of the 
c?il. This result can be accomplished by completely enclosing the 

1 Thus, where neither terminal is grounded and where there are more than two 
sections, it is desirable to make the self-inductance of the sections decrease from the 
ends toward the center, as shown in Fig. 24b and pointed out by Herman P. Miller, 
.Jr . ,  Multi-band R-F Choke Coil Design, Electronics, vol. 8, p. 254, August, 1935. 
Similarly with two section chokes, the desired type of behavior can be very closely 
realized by properly adjusting the spacing and relative inductance of the sections 
as outlined by Harold A. Wheeler, The Design of Radio-frequency Choke Coils, 
Pror. I.R.E. vol. 24, p . 850, June, 1936. 
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coil in a container made of material having low electrical resistivity, 
such as copper, aluminum, or brass, or by use of a conductor made of 
magnetic material. ' Such an arrangement acts as an electrostatic 
shield because it is a conductor and so constitutes a Faraday cage that 
screens the space external to the cage from electrostatic effects within. 
As far as electrostatic shielding is concerned, the exact nature of the 
shielding material is not highly important, and the shielding is sub
stantially perfect. if the container in which the coil is located is water
tight or if its joints are lapped. 

When the magnetic flux that is to be shielded is unidirectional or of 
audio frequency, shields composed of 
magnetic material of high permeability 
are employed. Such material acts as a 
magnetic short circuit which prevents the 
magnetic . flux lines from extending to ElectromOlgnetic the space outside the con.tainer in which Flu� - No Shield ElectrostOltic 

Flu� -No Shield 
the coil is located and thus gives a shield- II., 

'�.�:l.' 

ing effect with magnetic flux that is 
analogous in all respects to the effect 
that a Faraday cage has on electrostatic 
fl I d t bt · I t h· Id ElectromAgnetic Flu�' ElectrostAtic Flux With UX. . n or er 0 0 aln comp e e s le - NJn-MA9"etic Shield Conllluding Shield 
ing it is necessary that the magnetic 

R] material of the shield be ·sufficientlY thick 
to give a low reluctance to the flux . 

entering the shield at one point and ElectromA!!l!'etic Flult- -
departing from it at another, so that MCIIgnetic 5hield 

there will be negligible magnetomotive FIG. 26.-Paths of electrostatic 
and electromagnetic flux lines about 

force developed between different points the same coil with and without 
on the shield. Otherwise some magnetic magnetic and non-magnetic shields. 

flux will not be intercepted by the shield . The best magnetic shields are 
those made of magnetic materials having high permeability at low flux 
densities, such as permalloy. 

Where the frequency of the magnetip field is high, more satisfactory 
shielding can be obtained by the use ·of shields having high electrical 
conductivity. The magnetic flux in attempting to pass through such a 
shield induces voltages that set up eddy currents which in large measure 
prevent the magnetic flux from penetrating through the shield. The 
shielding effect produced by eddy currents increases with frequency and 
with the conductivity of the shielding material. This is because the 
voltage induced by a flux line is proportional to frequency and because the 
eddy currents produced by a given induced voltage are proportional to 
the conductivity of the shield. At radio frequencies the result is that 
non-magnetic shields of low electrical resistance, such as copper and 
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aluminum, are better than high-resistance magnetic materials, such as 
iron. The effect that a non-magnetic shield has on the electrostatic 
and electromagnetic flux of a coil is shown in Fig. 26. . Non-magnetic 
shields have no shielding effect on unidirectional fields. " ,  

When perfect electrostatic and magnetic shielding is' required, it is 
necessary to employ several concentric shields separated by appreciable 
air gaps. These shields should be as nearly continuous electrically as is 
possible, and great care must be employed with leads that enter or leave 
the shields. 1 

Effect of Shielding on Coil Properties .-Placing a coil within a shield 
increases the coil's distributed capacity and the effective resistance, 
while the coil inductance is reduced with non-magnetic .shields and 
increased when the shield is magnetic. The distributed capacity is 
increased as a result of the capacity between various parts of the coil 
and the shield. Restricting the magnetic-flux lines to the space within 
the shield by the use of non-Inagnetic material of high electrical con
ductivity increases the reluctance of the magnetic circuit (i .e . ,  decreases 
the amount of flux produced by a given coil current) and hence reduces 
the effective inductance of the coil by an amount that depends on the 
extent to which the shield interferes with the normal flux paths. When 
the shield IS so large in comparison with the coil size as to interfere with 
only a small portion of the £lux paths, the effect on the inductance will 
be small , whereas a close-fitting shield interfe�es with many flux lines 
and has the effect of greatly lowering the effective coil inductance . If 
the shield is of magnetic material, the effect on inductance is just the 
opposite, since the magnetic nlaterial supplies a low-reluctance path to 
the magnetic flux which increases the flux (and hence the inductance) 
the closer the shield is to the coiL 

The energy consumed by the eddy currents flowing in the shield 
and by the iron losses if a magnetic shield is used must be supplied by 
the coil ; this will have the effect of increasing the effective coil resistance 
by an amount that depends primarily upon the extent to which the 
shield interferes with the nor{llal flux paths. If high-conductivity 
shielding material is used and if the shield is not too close to the coil, the 
added losses will not be excessive. 

The shielding obtained by inclosing a coil in a copper or aluminum 
can is very good, and, if a reasonable clearance is provided between 
shield and coil, the properties of the coil are not seriously impaired. 
Thus with the mmal coil, if the shield clears the coil everywhere by a 
distance at least equal to the coil radius, the coil inductance will not be 

1 A more complete discussion of the problems involved in obtaining complete 
shielding of radio-frequency fields is given by F. E. Terman, "Measurements in 
Radio Engineering," pp. 218-221 ,  McGraw-Hitl Book Company, Inc. 
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reduced by more than 10 to 15 per cent and the Q will be reduced even 
less . 1  A properly shielded single-layer or universal-wound coil will, in 
fact, have not only better shielding but also higher Q than a self-shielded 
coil, Ruch as a toroid, of equal size. 

Electrostatic Shielding without M G.{Jnetic Shielding. � Electrostatic flux 
can be shielded without affecting magnetic fields by surrounding the 
space to be shielded with a conducting cage that is made in such a way 
as to provide no low-resistance path for the flow of eddy currents, at 
the same time offering a metallic terminal upon which electrostatic 
flux can end. One way of accomplishing this is to use a .cage formed 
from a wire having one terminal grounded and the other free. Such a 
cage acts as a fairly good electrostatic shield but has very little influence 
on the magnetic field since there are no closed loops around which eddy 
currents can circulate. Another type of electrostatic shield commonly 
employed to shield primary and secondary :windings in transformers 
consists of metal foil so arranged that its surface is approximately 
parallel with the magnetic field, with an insulated gap provided where 
necessary to prevent the shield from becoming a short-circuited turn. 

12. Radio-frequency Coils with Magnetic Cores.-The use of mag
netic cores in coils intended for radio-frequency service is limited by the 
fact that the eddy-current losses in magnetic material are proportional 
to the square of the frequency and so become excessively great when the 
frequency is high. The large eddy currents produced in the core also 
set up flux of their own which is in opposition to the main flux and there
fore causes the effective inductanoe of the coil to become lower as the 
frequency is increased. This phenomenon is known as magnetic skin 
effect, since it is equivalent to preventing the magnetic flux from pene
trating very deeply into the magnetic material of the core and so is 
analogous to skin

· 
effect in conductors. 

The eddy currents can be reduced by subdividing the magnetic core 
material and by using magnetic material of high electrical resistivity. 
This can be accomplished in a fairly satisfactory manner at the If>west 
radio frequencies by the use of extremely thin laminations of magnetic 
materials such as silicon steel. A still better method of dividing the 

1 For further discussion of effect of shields upon coil properties, see G. W. o. 
Rowe, The Effect of Screening Cans on the Effective Inductance and Resistance of 
Coils, Wireless Eng. and Exp. Wireless, vol. 1 1 , p.  1 15, March, 1934 ; RCA Application 
Note 48, " Graphic Determination of the Decrease in Inductance Produced by 1'1. Coil 
Shield, "  obtainable from RCA Radiotron Corporation ; W. G. Hayman, Inductance 
of Solenoids in Cylindrical Screen Boxes, Wireless Eng. and Exp. Wireless, vol. 1 1 , 
p. 189, April, 1934. 

Also see Sec. 17 for a qualitative analysis of the effect produced by a non-mag-. 
netic shield, based on coupled circuits. 

;& ji··or further discussion see Terman, op. cit. ,  pp. 341-343, 345. 
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core consists of reducing the core material to a fine dust, mixing this 
powder with .an insulating compound that will surround the particles, 
and then forming the mixture under high pressure into solid cores, pref
erably of toroidal shape. This construction produces a core that is 
subdivided to a much greater extent than can be realized with lamina
tions, and at the same time there are distributed throughout its length air 
gaps that prevent the core from saturating or changing its inductance with 
moderate flux densities. 
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FIG. 27.-Curves showing values of Q as a function of frequency for various coils having 
dust cores. 

Dust cores have been successfully used with coils intended for fre
quencies below about 500 to 1000 kc. The construction and design of the 
cores depends primarily upon the frequency range. In particular, coils 
intended for use at the high f;equencies must be made from finer particles 
and the individual particles must be more thoroughly insulated from 
each other, which means a larger amount of insulating compound and 
a lower effective permeability when the resulting air gaps are taken into 
account. Iron- and permalloy-dust cores are used extensively in tele
phone work for audio and carrier frequencies. !  These are constructed 
in the form of rings which haye permeabilities ranging from 13 to 75, 
with the lower values obtained in rings designed for higher frequency 
serVICe. More recently iron-dust cores suitable for use at intermediate 

1 A description of the method of preparation of Cores made of permalloy dust and 
iron dust and their outstanding mechanical and electrical properties is to be found 
in the following articles ; Buckner Speed and G. W. Elmen, Magnetic Properties of 
Compressed Powdered Iron, Jour. A .T.E.E. , vol. 40, p. 596, July, 1921 ; W. J. Shackel
ton and 1. G. Barber, Compressed Powdered Permalloy, Trans. A .I.E.E., vol. 47, 
p. 429, April, 1928. 
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and lower broadcast frequencies have been developed. 1  These cores 
are made from chemically produced iron-dust particles of about 5 J.I. 
diameter. The particles are insulated by a varnish, mixed with bakelite 
powder, and then molded under pressure to the final shape. The effec
tive permeability obtained is of the order of 10 and can be controlled by 
varying the amount of bakelite. The cores are usually employed in the 
form of cylindrical slugs upon which a universal-wound coil is directly 
mounted. Such coils have been found to be extremely satisfactory at 
the intermediate frequencies used in broadcast receivers, and will have a 
fair Q even at the lower broadcast frequencies. 

The performance of several types of dust-cored coils is given in Fig. 
27. These results do not necessarily represent optimum designs, but 
they give an idea of what can be expected. It will be noted that in ' 
every case the Q drops off at high frequencies. This is because of 
increased eddy-current losses at the higher frequencies. The falling off 
in Q at low frequencies is ' caused by the increasing importance of the 
copper loss as the reduction in frequency reduces the eddy-current loss 
and the inductive reactance. The Q is maximum at the frequency where 
the best balance exist§ between copper and eddy losses. 

Problems 

1. If in Fig. 6 the flux shown is produced by a current of 0.1 amp., estimate the 
coil inductance. (Assume that Fig. 6 gives a two-dimensional representation of the 
flux lines in the three-dimensional coil. )  

2. Design the winding of a coil to have 200 JLh inductance, when the diameter is 
2 in. and the ratio of length to diameter is 1 .5. . Use a standard-size wire. 

3. Calculate the inductance of a coil consisting of 60 turns wound on a 3 Yz-in. 
diameter cylinder with a pitch of 20 turns to the inch. 

4. In iron-cored coils subjected to a direct-current magnetization it is found that, 
with a given direct current in the winding, there is an optimum-length air gap for 
which the incremental inductance at low alternating flux densities is maximum, and 
this air gap is greater the larger the direct current. Explain. 

6. Assume that the coil of Prob. 3 is the secondary and that the primary is 
wound at one end of the seconda.ry with 20 turns of fine wire having a pitch of 40 turns 
to the inch. 

a. Calculate the inductance of the primary. 
b. Calculate the mutual inductance between primary Ipld secondary. 
c. Calculate the coefficient of coupling. 
6. A primary coil having an inductance of 100 JLh is connected in series with a 

secondary coil of 240 JLh, and the total inductance of the combination is measured as 
146 Jill. 

a. Determine the mutual inductance. 
b. Determine the coefficient of coupling. 
c. Determine the inductance that would be observed if the terminals of one of the 

coils were reversed. 

1 See W. J. Polydoroff, Ferro-Inductors and Permeability Tuning, Proc. I.R.E. , 
vol. 21, p. 690, May, 1933. 
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7. A variable condenser with air dielectric is to have a, total capacity of 350 p,p,f. 
If the spacing betwe�n plates is 0.07 cm, calculate the total area of dielectric required. 
If the rotating plates are semicircular with a radius of 3 cm, calculate the number of 
rotating plates required, assuming both sides of every plate are active. 

8. A mica condenser with power factor 0.0004 has a capacity of 0.001 ruf. 
a. What are its equivalent series and shunt resistances at frequencies of 1000, 

100,000, and 10,000,000 cycles? . b. What are its phase angles at these same frequencies? 
9. The condenser of Prob. 8 is able to stand a direct-current potential of 5000 

volts and is capable of dissipating safely 3 watts of heat. What is the highest fre
quency at which the heating will begin to limit the voltage rating, and what is the 
voltage rating at frequencies of 1, 100, 1000, and 10,000 kc ? 

10. A certain variable condenser havIng air dielectric with bakelite supports 
obtains 10 p,p,f of its capacity through the bakelite dielectric having a power factor of 
4 per cent and the remainder of its capacity from the air, which has no losses. What 
is the equivalent-series resistance at 100 and 10,000 kc when the total capacity is 
100 mmf (90 mmf from air and 10 mmf from bakelite) ? 

11. It is desired that a particular fixed condenser have the lowest possible induc
tance. Describe constructional features that will cOhtribute to this result. 

12. Explain why the distributed capacity of a coil is always increased by the wax 
or other coating used for protection against moisture. 

13. Explain why moisture in the insulation is very detrimental to the properties 
of a coil. 

14. Derive an equation giving the exact relation between the Q of a coil and the 
coil power factor, and from this calculate the error in the approximate relation :  
Power factor = l/Q, when Q = 50. 

16. In Fig. 18, calculate and plot : Ca) the resistance as a function of frequency for 
the No. 20 wire case ; (b) the ratio of alternating-current to direct-current resistance 
for the same coil. 

16. Explain how the skin-effect phenomenon causes the true inductance of a coil 
to be slightly less at radio frequencies than at very low frequencies. 

17. In transmitter inductances explain why copper tubing gives a resistance just 
as low as solid copper conductor of the same diameter, and why it is superior to 
conductor in the form of flat strip. 

18. Transmitter inductances wound with bare copper tubing are sometimes plated 
to prevent corrosion and improve the appearance. Discuss the relationship between 
resistivity and thickness of the plated layer and the radio-frequency resistance of the 
coil. 

19. It is observed in a non-magnetic shield can surrounding a solenoidal coil that 
the shielding is not affected appreciably by a joint in the shield provided this joint 
is in a plane perpendiCUlar to the axis of the coil, but is very seriously reduced if the 
joint is in a plane that contains the axis of the coil. Explain. 
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CHAPTER III 

PROPERTIES OF RESONANT CIRCUITS 

13. Series Resonance.-When a constant voltage of varying frequency 
is applied to a circuit consisting of an inductance, capacity, and resistance, 
all in series, the current that flows depends upon frequency in the manner 
shown in Fig. 28. At low frequencies the capacitive reactance of the 
circuit is large and the inductive reactance is small, so that most of the 
voltage drop is across the condenser, while the current is small and leads 
the applied voltage by nearly 90° . At high frequencies the inductive 
reactance is large and the capacitive reactance low, resulting in a small 
current that lags n�arly 90° behind the applied voltage, and most of the 
voltage drop is across the inductance. In between these two extremes 
there is a frequency, called the resonant frequency, at which the capacitive 
and inductive reactances are exactly equal and consequently neutralize 
each other, leaving only the resistance of the circuit to oppose the flow of 
current. The current at the resonant frequency is accordingly equal 
to the applied voltage divided by the circuit resistance, a�d is very large 
if the resistance is low. 

The characteristics of a series resonant circuit depend primarily upon 
the ratio of inductive reactance wL to circuit resistance R, i.e. , upon 
wL/R. This ratio is frequently denoted by the symbol Q and is called 
the circuit Q. In the usual resonant circuit the radio-frequency resistance 
of the circuit is made up almost solely of coil resistance because the losses 
in a properly constructed condenser are negligible in comparison with 
those of the coil. The result is that the circuit Q can ordinarily be taken 
as the Q of the coil alone, which was discussed in Sec. 9. 

The general effect of different circuit resistances, i.e., different values 
of Q, is shown in Fig. 28. It is seen that, when the frequency differs 
appreciably from the resonant frequency, the actual current is practically 
independent of the circuit resistance, and is very nearly the current that 
would be obtained with no losses. On the other band the current at the 
resonant frequency i:::; determined solely by the resistance. The effect 
of increasing the resistance of a series circuit i:; accordingly to flatten 
the resonance curve by reducing the current at resonance. This broadens 
the top of the curve, giving a more nearly uniform current over a band 
of frequencies near the resonant point , but does so by reducing the 
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selectivity of the tuned circuit (i.e., the ability to discriminate between 
voltages of different frequencies) . 

: J 

0.01 

960 Q70 960 QQO 1000 1010 1020 1030 Kiloc.yc.les 
FIG. 28.-Magnitude and phase angle of current in series-resonant circuit as a function 

of frequency for a constant applied voltage. Curves are given for three values of circuit 
resistance and also for zero resistance. 

Analysis of Series Resonant Circuit.-In deriving the relations that 
exist in a series resonant circuit� the following symbols will be used. 

E = voltage applied to circuit ; 
I = current flowing in circuit 
f = frequency in cycles 
w = 27rf 
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Q ,= wL/R 
R = effective series resistance of tuned circuit 
L = inductance in henrys 
C = capacity in farads 
Z = impedance of series circuit 
(J = phase angle of impedance 

Subscript 0 denotes values at resonant frequency . 
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The resonant frequency is the frequency at which the inductive and 
capacitive reactances are equal ; thus it is given by the expression 

or 

1 wL = wC 
1 Resonant frequency = fo = VLC 

2'Jr LC 

(2Ia) 

(2Ib) 

Equation (2Ib) shows that the resonant frequency depends only upon the 
product Le. 

The impedance of the circuit is 

Z = R + j( ",L - "'�) 
,. 

and accordingly has a magnitude of 

I ZI = �R' + (",L - ",�)' 

and a phase angle (J given by 

(wL _ _  I ) , wC tan (J = ""':"'-_-=---'-R 
The current flowing in the circuit is 

I = E = E Z � + j( ",L _ "'�) 

(22) 

(23a) 

(23b) 

(24a) 

At resonance Z = R, giving a current in phase with the applied voltage 
and having a magnitude 

E Current at resonance = 10 = R (24b) 

This is the maximum current that can flow in the circuit . 
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In the series-resonant circuit the voltages across the condenser and 
the indu ctance will both be very much greater than the applied voltage 
whf'n t lw fn'quency is in the vicinity of resonance. This is possible 
becal lRP t h (' voltages across the condenser and inductance are nearly 
1800 out of phAAe with each other and so add up to a value that is much 
smaller than either voltage alone. Since the current at resonance is 
E / R, the voltage across the inductance at resonance is wL times the 
current, or 

wL 
Voltage across L at resonance = ER = EQ (25) 

The voltage across the condenser a\so has this same value since, at reso
nance, wL = l/wC. Equation (25) shows that at resonance the voltage 
across " the inductance (or condenser) is Q times the applied voltage (i .e . ,  
there is a resonant rise of voltage in the circuit amounting to Q times) . Since 
Q can be expected to have a value in the neighborhood of 100, a series
resonant circuit will develop a high voltage even with small applied 
potentials. Thus, if the applied voltage is 50 and Q = 100, the potential 
developed across the condenser is 5000 volts and, unless the condenser is 
built for high-voltage service, the insulation will break down. 

Universal Resonance Curve.-Equations (24a) and (24b) can also be 
rearranged to express the rati<? of current actually flowing to the current 
at resonance, in terms of the circuit Q and the fractional deviation of the 
frequency from resonance. When this is done the result isl 

1 The derivat.ion of t.his equation follows : The ratio of Eq. (24a) t.o (24b) gives : 

Actual current 
Current at resonance 

By the definition of 0, 
R + .(w2LC - 1) 

J wC 
w = wo( 1  + 0) 

Substituting this value of w and remembering that woL = l/woC, one obtains 

Actual current 
Current at resonance 

R + j[ (1 � �2 
0
- 1 ]w.,£ 

1 � + .Qo(2 + 0) 
Ro J 1 + 0 

When Q is constant, the radio-frequency resistance is proportional to frequency so 
�hat R/Ro = w/wo = ( 1  + 0) , which when substituted yields Eq. (26) .  
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where 

PROPERTIES OF RESONANT CIRCUITS 

Actual current 1 
Current at resonance - ------------�--� 

1 + H iQoG! !) 
Q = w;L/Ro = circuit Q at resonant frequency 

o = 
(actual frequency) - (resonant frequency) 

(resonant frequency) 
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(26) 

The quantity 0 represents the ratio of the number of cycles by which 
the actual frequency is off r�sonance to the resonant frequency ; this can 
be caIJed the fractional deviation of the frequency from resonance. Thus 
a value 0 = 0.01 means that the actual frequency differs from the resonant 
frequency by 0.01 of the resonant frequency. The value of 0 is positive 
or negative as the actual frequency is greater than. or less than resonance, 
respectively. By expressing 0 as 0 = a/Q, it is possible to plot the 
universal resonance curves of Fig. 29, from which the exact resonance curve 
of any series circuit may be obtained without calculation when Q is known. 
These curves are extremely useful because they are independent of .the 
resonant frequency of the circuit and 'of the ratio of inductance to capac
ity. It is to be noted that they are practically symmetrical about 
the resonant frequency and are substantially independent of Q. 

The use of .Fig. 29 in practical calculations can be illustrated by two 
examples. " 

Example i.-It is desired to know how many cycles one must be off resonance to 
reduce the current to one-half the value at resonance when the circuit has a Q of 125 

and is resonant at 1000 kc. 
. 

Reference to Fig. 29 shows that the response is reduced to 0.5 when Q. = 0.86. 

Hence 

0.86 X 1000 
Cycles off resonance = 

125 
= 6.88 kc 

The phase angle of the current as obtained from the curve is 60°.  

Example 2.-With the same circuit as in the preceding example, it  is desired to 
know what the response will be at a frequency 10,000 cycles below resonance. 

To solve this probl€m it is first necessary to determine Q.. 

Q. = 1 9{ooo X 125 = 1 .25 

Reference to Fig. 29 shows that for Q. = 1 .25 the response is reduced by a factor 0.36, 

and that the phase of the current is 68° leading. 

The only assumption involved in Eq. (26) is th�t Q is the same at 
the frequency being c

'
onsidered as at the resonant frequency. When 

this is true, Eq. (26) and the universal resonance curve involve no approxima
tions whatsoever . Oyer the limited range of frequencies near resonance, 

J .... - -. 

. . 
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where the universal resonance curve finds its chief usefulness, the varia
tions in Q are so small as to introduce negligible (i.e . ,  less than 1 per cent) 
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FIG. 29.-Universal resonance curve from which the exact ratio of actual current to 
current at resonance, as well as exact phase angle, can be determined for any series circuit 
in terms of the detuning from resonance. This curve can also be applied to the parallel 
resonant circuit by considering the vertical scale to represent the ratio of actual parallel 
impedance to the parallel impedance at resonance. When applied to parallel circuits, 
angles shown in the figure as leading are lagging, and vice versa. 

errors from the use of the curve provided the value of Q existing at reso
nance is used in determining the fractional deviation from resonance. 
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The voltage developed across the inductive or capacitive reactance 
of a series-resonant circuit is equal to the product of the current and the 
reactance. For m,ost practical purposes the voltage developed across the 
inductance or capacity can be considered as varying with frequency in 
exactly the same way as does the current in the circuit . This. is because 
the part of the resonance curve in which one is normally interested 
occupies a very narrow frequency band extending only a few per cent on 
either side of resonance, and for this limited range of frequencies the 
reactance of the inductance or capacity is substantially constant . 

Working . Rules for Estimating Sharpness of · Resonance.-8ince the 
curves for different values of Q are almost identical in Fig. 29, particularly 
in the neighborhood of the resonant frequency, it is possible to state 
several easily remembered working rules that will enable one to estimate 
the sharpness of any resonance curve with an error of less than 1 per 
cent when only the Q of the circuit is known. l  These rules follow : 

Rule 1 .  When the frequency of the applied voltage deviates from the 
resonant frequency by an amount that is 1/2Q of the resonant frequency, 
the current that flows is reduced to 70.7 per cent of the resonant current, and 
the current is 450 out of phase with the applied voltage. 

Rule 2. When the frequency of the applied voltage deviates from the 
resonant frequency by an amount that is l/Q of the resonant frequency, 
the current that flows is reduced to 44.7 per cent of the resonant current, and 
the current is 63720 out of phase with the applied voltage. 

Thus in the circuit considered in the above examples the current would 
be reduced to 70.7 per cent of the value at resonance when the frequency 
is 7250 of 1000 kc, or 4000 cycles off resonance, and to 44.7 per cent of the 
resonant current for a frequency deviation of 7i 25 of 1000 kc, or 8000 
cycles. Since the resonant rise of voltage in this circuit is 125 times, the 
rise of voltage is very nearly 0.7 X 125 = 87.5 times when the frequency 
is 4000 cycles off resonance, and is very close to 0.45 X 125 = 56.25 
times at a frequency 8000 cycles from resonance. 

Practical Calculation of Resonance Curves.-When a complete reso
nance curve is to be determined, it is necessary to supplement the above 
working rules by additional calculated points. The p:roper procedure 
is to start by calculating the current at resonance, using Eq. (24b) . 
The working rules can then be applied to obtain the response at fre
quencies 1/2Q and l/Q on either side of resonance. This gives a picture 
of the resonance curve and is sufficient for many purposes. Additional 
points as needed in the vicinity of resonance can be calculated with the 

1 An .error of 1 per cent is nearly always permissible in calculations of radio
frequency circuits. This is because the effective circuit constants at radio frequencies 
are very seldom known to an accuracy that involves an error of less than 1 per cent. I 

• I 



58 RADIO ENGINEERING [CHAP. III 

aid of the universal resonance curve of Fig. 29. Currents at frequencies 
too far off resonance to come within the r_ange of the universal r��onance 
curve can be obtained with an accuracy suB;icient for all practical pur
poses by neglecting 'the resistance. This introduces an error of only 
1 per cent when the number of cycles off resona:qce is equal to the resonant 
frequency multiplied by 3.5/Q, with rapidly diminishing error still 
farther off resonance. When this simplification is made, 1 

Actual cu�rent when far off resonance 
Current of resonance 

(27a) 

where 
, actual frequency 

l' = resonant frequency 

The phase angle of the current is usually not important, but if desired it 
can be calculated without error by the use of Eq. (23b) , which can also 
be rewritten 

(27b) 

. The�'above procedure for calculating resonance curves is much superior 
to making calculations based directly upon Eq. (24a) . The use of the 
universal resonance curve in the vicinity of the resonant frequency not 
only reduces the amount of labor involved but also greatly improves the 
aGcuracy under ordinary conditions. This is because resonant circuit 

formulas such as Eq. (24a) contain a term (",L - "'�) which involves the 

difference �f two large and nearly equal quantities. In order to obtain 
this difference without mo're than 1 per cent error, five-place logarithms 
must ordinarily be employed. Slide-rule calculations are never per-

1 Equation (27a) is derived as follows : WheI?- resistance is negiected, Eq. (24a) 
becomes 

I = 
E 

= 
_--:-_E_I_--:o--:-

J'(wL - 1-) iwL( l _ __ 1 ) wC w2LC 

Dividing both numerator and denominator by Ro, the resistance at resonance, and 
substitut�ng w = 'YWo gives ' 

'Y��( 1 - 'Y2w�2LC) I II 
E/Ro 

Equation (27a) follows when it is remembered that 1 /wo2LC = 1 because at resonance 
w� = l /woC. 
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missible. Neglecting the. resistance at frequencies '·too far off resonance 
to come within the range of the universal resonance curve reduces the 
labor enormously and introduces an error of less than 1 per cent' of the 
magnitude at resonance. ,This aocuracy is ample for all ordinary pur
poses and the error is undetectable when resonance curves are plotted. , 

The resonance curve of voltage developed across the inductance or 
capacity of a series circuit is obtained in much the same way as the 
current. For precise results one calculates the current resonance curve 
and then multiplies the result by the reactance across which the volt�ge 
is developed. However, for ordinary purposes the recommended 
procedure is to determine the voltage at resonance, which has already 
been shown to be Q times the appli-ed voltage. The universal resonanc� 
curve is then applied to determine the way this voltage drops off on 
either side of resonance for frequencies ' in the vicinity of resonance. 
For frequencies too far off resonance to come within the range of the 
universal resonance curve, calculations of magnitude can be made 
satisfactorily by neglecting the resistance. When this is done, a little 
manipulation based on Eq. (24a) gives : 

ror voltage across the inductance : 

Actual voltage when far off resonance _ 1 
Voltage at resonance - ( 1 ) Q l - -'Y2 

For voltage across the condenser :  

Actual voltage when fa� off resonance 1 
-

Voltage at reSQn.ance Q('Y2 - 1) 

where Q and 'Y have the values as defined above. 

(28a) 

(28b) 

14. Parallel Resonance.-A parallel circuit consisting of an inductance , 
branch in parallel with a capacity branch offers an impedance of the 
character shown in Fig. 30. At very low frequencies the� inductive 
branch draws a large lagging current while the leading current of the 
capacity branch is small, resulting in a large lagging line current and a �: 
low lagging circuit impedance. At high frequencies the inductance has 
a high reactance compared with the capacity, resulting in a large leading 
line current and a correspondingly low circuit impedance that is leading 
in phase. In between these two extremes there is a frequency at which 
the lagging current taken by the inductive branch and the leading c�rr�nt ' 

entering the capacity branch are equal ; and being 1800 out of phase, 1 
tmey neutralize, leaving only a small resultant in-phase current flowing :1 , . ' '" ' f , '  

, , �  1 
1 
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in the line. The impedance of the parallel circuit will then be a very high 
resistance, as is brought out in Fig. 30. 1 

The effect of circuit resistance upon the impedance of the parallel
resonant circuit is very similar to the influence that resistance has 
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FIG. 30.-Magnitude and phase angle of impedance of a parallel circuit as a function 
of frequency. Curves are given for three representative values of circuit resistance and also 
for zero resistance. 

upon the current flowing in a series-resonant circuit, as is evident when 
Figs. 28 and 30 are compared. Increasing the resistance of a parallel 

I In obtaining a parallel-resonance curve experimentally by measurements of 
applied voltage and line current, extreme care must be taken to insure that the 
applied voltage contains no harmonics. This is necessary because at rpsonance the 
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circuit lowers and flattens the peak of the impedance curve without 
appreciably altering the sides, which are relatively independent of the 
circuit resistance. The dotted curve of Fig. 30 represents the impedance 
of the parallel circuit as a function of frequency when the circuit has 
no losses. It is apparent that at frequencies that differ from the resonant 
frequency by at least several per cent the resistance has little effect 
on the magnitude of the impedance. 

The resonant frequency of the parallel circuit is sometimes taken as 
the point of minimum line current, sometimes as the condition that 
makes the impedance a pure resistance, and sometimes as the £requency 
for which wL = l/wC. These three definitions of resonance in parallel 
circuits lead to resonant frequencies that are different by such a very 
small fraction of 1 per cent when thR circuit Q is at .all large that for 
all practical purposes the resonant frequency of a parallel circuit can be 
taken as the frequency that satisfies the relation 

or 

1 wL = wC 

1 Resonant frequency = .yrc 21r LC 

(29a) 

(29b) 

With this definition the parallel resonant frequency of a tuned circuit 
is exactly the same as the series-resonant frequency of the same circuit. 

Analysis of Parallel Resonance.-In the analysis of the paraHel-
resonant circuit of Fig. 30 the following notation will be used : 

E = voltage applied to circuit 

Zc = Rc .- ;C = impedance of capacitive branch 

ZL = RL + jwL = impedance of inductive branch 
Z 8 = Z C + Z L = series impedance of circuit 
Z = parallel impedance of circuit 

R8 = Rc + RL = total series resistance of circuit 
w = 21r times frequency 

w; = 271'" times resonant frequency 

Q = wL 
R/f 

The quantities L, C, RL, and Rc refer to the inductance, capacity, and 
resistance components of the circuit as indicated in Fig. 30. 
circuit impedance is extremely high to the fundamental component of the applied 
voltage and very low to the harmonic components, with the result that even a small 
harmonic-voltage component will cause line currents that mask the small fundamental 
component. 
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The impedance of the parallel circuit is the impedance formed by the 
capacitive and inductive branches connected in parallel : 

P . d Z Z cZ L Z cZ L arallel lmpe ance = = Zc + Z L = -z. (30a) 

It will be noted that the denominator of this expression is the impedance 
that the same circuit offers when connected in series, as given by Eq. (22) . 
Equation (30a) is the fundamental equation of the parallel circuit and 
applies fol' all conditions, irrespective of the circuit Q, the frequency, 
or the division of resistance between the branches. 

When the circuit Q is reasonably high, as is nearly always the case 
in actual practice, the exact expression of Eq. (30a) can be simplified 
by neglecting the resistance components of the impedances ZL and Zc' 
in the numerator. When this is done, 1 

(woL) 2 Parallel impedance = Z = --'--;..---=ZB (30b) 

The error involved in Eq. (30b) depends upon the Q of tl1e circuit and 
the division of resistance between the branches. Under the most 
unfavorable condition, which is when all the resistance is in one branch, 
the magnitude of the parallel impedance as calculated by Eq. (30b) has 

an error of one part in 2Q2, whi�e the error in phase angle is tan-1 �. 
These errors are entirely negligible for ordinary calculations if the circuit 
Q is at all high. Thus for Q = 100 the error in magnitude is Y200 of 
1 per cent, and the error in phase is 0.5°. 

Examination of Eq. (30b) shows that the parallel impedance is equal 
to a constant divided by the series impedance of the circuit. This 
means that the resonance curve of parallel impedance of a circuit has 
exactly the same shape as the resonance curve of the series current in the 
same circuit, since in Eq. (24a) the current of a series circuit is a constant 
divided by the series impedance. Consequently the universal resonance 
curve and the working rules that were applied for estimating the sharp
ness of resonance of the series circuit also apply to the case of parallel f 
resonance. The only difference is that the signs of the phase angles 
are now reversed, the phase now being leading at frequencies higher than 
resonance and lagging at frequencies below resonance. 

1 This' transformation is carried out as follows : If the resistance components are 
neglected, the product Zz.Zc becomes wL/wC = L/C. One can now eliminate the 
capacity C in this expression by multiplying both numerator and denominator by 
Wo and then noting that l /woC = woL. That is, 

ZzAC = L = woL 
= (woL)2 

C woC 
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Calculation of Parallel I mpedance .-The proper procedure for cal
culating the impedance of a parallel-resonant circuit is similar to that 
used with a series circuit. The first step is the determination of tpe 
impedance at resonance. At the resonant frequency the series imped
ance Za becomes the series resistance Ra of the circuit, so that Eq. (30b) 
becomes 

, _ (woL) 2 Parallel impedance at resonance = Ra 
= (woL)Q 

(3Ia) 
(3Ib) 

The next step is to apply the working rules to obtain the 70.7 per cent 
and 44.7 per cent points on either side of resonance. This gives the 
general picture of the sharpness of resonance, and is sufficient for many 
purposes. If a more complete resonance curve is desired, however, 
one can make use of the universal resonance curve of Fig. 30 to calculate 
additional points in the region around resonance. Finally, points too 
far off resonance to come within the range of the universal curve can be 
calculated with an accuracy sufficient for all ordinary purposes by 
neglecting the circuit resistance. With this simplification, Eq. (30b) 
becomes 

Impedance at frequencies far from resonance _ I 
Impedance at resonance - ( I) Q'Y I - "12 

(32a) 

where "I is the ratio of the actual to the resonant frequency. The 
phase angle at all frequencies is ve�y nearly the negative of the angle 
of the current for series operation, and from Eq. (27b) is found to be 

tan 0 = QC, - 1) (32b) 

c' Miscellaneous Features of Parallel Resonance.-It will be noted from 
Eq. (3Ia) and (3Ib) that at resonance the impedance of the parallel 
circuit is a resistance that is Q times the impedance of one of the branches. 
It can therefore be said that the parallel ' arrangement of inductive 
and capacitive branches causes a resonant rise of impedance of Q timeE 
the impedance that would be obtained from either branch alone. It is 
thus apparent that very high impedances can be developed by parallel 
resonance, and this is one' of the' most important properties -of parallel 
resonance. 

The line current that ilows when a voltage' js applied as in Fig. 30 
is relatively small at the resOnant frequency because of the high circuit 
impedance, but, as the frequency departs from resonance, becomes 
rapidly larger as the result of the Jowered circuit impedance . The 
currents in the individual branches do not go through any resonance 

• i I i 
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action, however, since the current in a branch is equal to the applied 
voltage divided by the branch impedance, and this impedance varies 
on)y very slowly with frequency. The resonance phenomenon arises 
from the fact that at the resonant frequency both capacitive and induc
tive branches draw large currents, but these currents are reactive and 
add up to a very small resultant. This means that at resonance there 
is a large current circulating . between the inductance and capacity, 
with the line current being just large enough to supply the circuit losses. 
Inasmuch as the resistance of a tuned circuit is low, the energy losses 
and hence the line current will be correspondingly small at resonance. 
At frequencies off resonance, the line current increases because the 
reactive currents drawn by th� capacitive and inductive branches are 
not equal, which makes it necessary for the line to supply considerable 
reactive current along with the power component of current. 

The quantitative relations between line and branch currents follow : 

L. E Ine current = Z 

Inductive branch current = ffL = RL ! jwL 
C .

. b h 
E E 

apaCltlve ranc current = Z = . c Rc - L  wC 

(33a) 

(33b) 

(33c) 

At re.sonance the two branch currents are substantially the same, and 
have a value that is very nearly E/wOL, while the line current is E/(wOL)Q. 
At resonance the branch currents are Q times the line current, giving what 
'might be thought of as a resonant rise of current from line to branch of Q 
times. 

When the voltage is applied across only part of the inductive or part 
of the capacitive branch of a parallel resonant circuit, as illustrated in 
Fig. 31, the only effect on the impedance near -the resonant frequency 
is to reduce the magnitude of the parallel impedance curve without chang
ing its shape. The magnitude actually obtained will be approximately 
proportional to the square of the branch reactance between the points 
of voltage application. Thus the curve of parallel impedanceJor the case 
in Fig. 3la when the voltage is applied across only one-half' of the coil 
will have exactly the same shape as thol).gh the voltage has been applied 
across the entire inductance, but the impedance values will be only one
fourth as great. Tapping in at intermediate points on a branch of a 
parallel circuit accordingly serves to step down the parallel impedance 
to lower values without changing its characteristics near the parallel 
resonant frequency. 

r 
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Parallel Circuits with Low Q.-Wp.en the circuit Q is low, the approxi
mations made in deriving Eq. (30b) will introduce an error that depends 
on the division of resistance between the inductive and capacitive 
branches. If the resistances are divid ed so that 'wL/RL and l/wCRc are 
approximately equal, the error is at a minimum. The parallel impedance 
then very accurately follows the behavior discussed above. If, on the 
other hand, the resistances in the two branches are decidedly unequal, 
as is commonly the case since the losses are usually concentrated in the 
inductive branch, the� Eq. (30b) and 
the discussion based upon it are only 
approximately true. The principal 
modification produced under such 
conditions is that the frequency at 
which the parallel circuit has maxi
mum impedance is not the frequency 

, for which it has unity power factor. 

Applied fJ. Applied t I VO'l�� voJfage 
(A) (b) 

FIG. 3l .-Parallel resonant circuits con
nected to make the parallel impedance at 
the circuit terminals less than th'e imped
ance across the complete circuit. 

This behavior begins to appear when the circuit Q drops below 10 
with the resistance largely concentrated in one branch. The exact 
behavior for low circuit Q's can be calculated from Eq. (30a) by using the 
exact expressions for Z L and Ze in determining the numerator. The 
division of resistance between the inductive and capacitive branches of a 
parallel circuit has relatively little effect on the circuit behavior provided 
the Q is not too low. The most important thing is then the value of total 
resistance Ra and the resulting value of wL/Ra. 

Components of Parallel Impedance.-The parallel impedance as 
calculated by Eq. (30a) can be thought of as equivalent to a resistance 
in series with a reactance. These resistance and reactance components 
will be found to vary with frequency in the manner shown in Fig. 32. 
The resistance component varies in much the same way with frequency 
as does the parallel impedance, and it reaches a magnitude at resonance 
equal to the parallel impedance. The sides of the resistance curve fall 
away faster than does the resonance curve, however . The reactance 
of the parallel circuit is inductive at low frequencies, reaches a maximum 
value at a frequency slightly below resonance, passes through zero at 
resonance, and then becomes a capacitive reactance at higher frequencies . 
The maximum values of inductive and capacitive reactance are both 
almost exactly one-half the impedance of the parallel circuit at resonance) 
and the reactance maxima occur at a number of cycles off resonance 
equal to the resonance frequency divided by 2Q. 

Parallel Resonance Effects in Inductance Coils.-The self-capacity 
associated with an inductance coil is in shunt with the inductance and 
thus makes the coil equivalent to a parallel-resonant circuit. The 
result is that the apparent coil inductance as measured between the 

.. - ... , 
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terminals increases with frequency until a maximum is reached.just below 
the frequency at which the self-capacity is resonant with the coil induc
tance. The apparent inductance becomes zero at the parallel-resonant 
frequency, while for higher frequencies the coil has a capacitive reactance 
and is therefore equivalent to a small condenser. The apparent resistance 
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FIG. 32.-Resistance and reactance components of the parallel impedance of Fig. 30 shown 
as a function of frequency. 

of the coil increases with the frequency until a maximum is reached at the 
resonant frequency, beyond which the r�sistance rapidly diminishes. 
These 'effects are all direct consequences of the properties of paraHel
resonant circuits and can be readily deduced by an examinatiOIl' of Fig. 32 
or of Eqs. ' (30a) and (30b) . 
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The behavior of an inductance coil with self-capacity can be cal
culated just as ' one would determine' the characteristics of any parallel 
.circuit. , The frequency at which the self-capacity .and coil. inductance 
are in parallel resonance is called the natural frequency of the inductance 
coil and represents the highest frequency at which the coil acts as an I 
inductance. At frequencies that do not exceed 80 per cent of the natural 
frequency, Eq. (30a) can be rearranged to yield the following approxi-
mate results :1 - , ' 'I 

L Apparent inductance of coii with, 
self-capacity - ---,:: 1 - ")'2 

R 
Apparent resistance of coil with self�capacity = -;-

(
1�-

")'''72)''-:2 

(34) 
(35) 

where ,,), is the ratio of actual frequency -to natural resonant frequency 
of the coil while L and - R are the true coil inductance 'and resistance, 
respectively. The apparent inductance and resistance given by these 
equations are the values one would find '9Y actual measurement and they 
represent the apparent but not the true qtiantities. Thus at a frequency 
one-half the natural frequency of the coil, ")' = % and (1 -

")'2
) = %" 

and as a result of the coil capacity the apparent inductance and resist
ance as measured are, respectively, :%' and 1�-9' of the actual values. 
It is to be noted that the apparent Q of a coil is decreased by self-capacity. 
Because of the parallel-resonance effects resulting 'from self-capacity, 
it is customary to determine the , inductance of radio coils at audio 
frequencies, where ")' is very small. 

This discussion of the effect , of self-capacity in indu'ctance coils is 
approximate in that it assumes the self-capacity is lumped across the 
terminals of the coil as a single condenser, whereas it is actually dis
tributed throughout the coil as shown in Fig. 14. The principal effect 
of assuming the self-capacity lumped instead of distributed is to make 
the calculated natural frequency in error, but for frequencies that are 
appreciably lower than the natural period the approximation is very gQod. 

15. Voltage and Current Distribution in Circuits ' with Distributed 
Constants. 2-When the inductance, capacity, and resistance of a circuit 

1 Equations (34) and (35) are derived by rationalizing the denominator of Eq. 
(30a) and then neglecting the resistance term of the denominator as being small 
compared with the terms involving only the inductspce and capacity when the 
frequency is not too close to resonance. The real part of the result is , the apparent 
resistance given in Eq. (35) , and the reactive part can be simplified to give Eq. (34) . 

2 The subject of circuits with distributed constants is so extensive as to require 
an entire book devoted to this one topic if the treatment is to be adequate. - The 
remarks made in this section should be considered as giving only a superficial treat
ment of those properties of such circuits which are of fundamental importance in ra,dio 
communication. :For further information relative to circuits with distributed con
�tants, the reader is referred to any good book on t he theory of telephone or power 
��. ' 

I, , ! 1 
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are mixed together rather than being in separate lumps as in the case of 
the simple series and parallel circuits that have been considered, it is said 
that the circuit has distributed constants. Examples of circuits with 
distributed constants include telephone, telegraph, and power lines, 
as well as most types of radio antennas. 

The distribution of voltage and current along a circuit with distributed 
constants, such as a transmission line, depends upon the impedance 
at the receiving �nd of the circuit and upon the distance from the receiv
ing e'nd to the point at which the voltage is applied to the circuit . The 
distributions with open- and short-cir�uited receivers are shown in Fig. 
33 and are seen to involve very pronounced re�onances. In considering 
these resonances it is convenient to measure distances along the circuit 
in terms of wave lengths. One wave length is twice the distance between 
adjacent minima and is given with high degree of accuracy by the 
equation 

Distance along circuit corre-} _ 
1 

sponding to one wave length - fv'W (36) 

in which L and C are the series inductance and shunt capacity, respec
tively, per unit length of circuit, and f is the frequency of the applied 
voltage. Where ,the circuit consists of one or more straight wires in 
space, as is the case with an antenna or a 60-cycle power line, the dis
tance corresponding to one wave length found from Eq. (36) will always 
be almost exactly the same as the wave length of radio waves of the 
same frequency. 

V oltages and Current Distribution with Open- and Short-circuited 
Receiver.-When the receiving end of a circuit with distributed constants 
is open, the voltage distribution is such that the voltage goes through 
minima at distances from the receiver corresponding to an odd number of 
quarter wave lengths and goes through maxima at distances correspond
ing to an even number of quarter wave lengths, always measured from 
the receiver. The CUTI"ent distribution for the open-circuited receiver 
has its minimum values where the voltage is maximum and its maximum 
values where the voltage is smallest. The ratio of these maximum to 
minimum values in a distribution curve, such as Fig. 33a, depends on 
the resistance per unit length of circuit and is greater the lower the resist
ance. Changing the frequency alters the distance representing one 
wave Jength and so changes the number of maxima and minima obtained 
in a given line length but does not otherwise affect the general character 
of the line behavior. The sending-end impedance of a circuit with 
distributed constants having ,an open receiver will be low when the 

• line is an odd number of quarter wave lengths long because then the 
sending-end voltage is small and the current is high, while the impedance 
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will be high when the line is an even number of quarter wave lengths in 
length. 

The voltage that must be applied at the sending end of a circuit with 
distributed constants to develop a given receiving-end voltage (Er in 
Fig. 33a) on open circuit depends upon the length of the line in wave 
lengths. The ratio of receiver voltage to sending-end voltage is equal 
to the ratio of Er in Fig. 33a to the height of the voltage curve in Fig. 33a 
at a distance from the receiver corresponding to the length of the line. 
Thus, if the line is a quarter wave length long, the sending end is at A 

(b) Receiver terminals short circuitecJ 

<c) Receiver terminOlls closed throu9h 
_ charaderistic im peolomce 10001 
----- ..1.  - - r - - -- -

},. 3}" .A. A 4 2 "4 
Distance to Receiver in Wove Lengths 

(cl) Receiver terminals dosed through 
01 t-esistOlnce greCllter thom the 
characteristiC. jmpedCllnce 

I E ,-.. , 

(e) Receiver terminals closeol thro'!9h 
an includive reactomce equohn 
magnitude to characteristic 
impeolcmce 

,'f', E . ,�"', 

(f) Rec.eiver terminals closed through 
01 capoci tive reo.ctance e(.Jual in 
magni tude to characteristic impedOlnc� _ .. , ,'I ", E ' .. 

FIG. 33.-Typical voltage and current distributions for circuit with distributed constants. 
showing conditions existing with widely different receiver end conditions. 

and an applied voltage Ea' will produce an open-circuit receiver voltage 
Er ; if the . line is three-eighths wave 1engths long, the sending end is 
at B and an applied voltage Ea" will be necessary to give a receiver 
voltage of Er. The currents that will flow into two such lines will be 
I a' and I.If ,  respectively, as shown in the figure. I t is seen, therefore, that, 
when the circuit is exactly some odd number of quarter wave lengths in 
length, there will be a resonant rise of -.oltage in the line, while, if it is 
exactly an even number of quarter wave lengths long, there will be no 
place along the line where the voltage exceeds the sending-end potential. 

When the receiving end of a circuit with distribufted constants is short
circuited, the voltage and current distribution are as shown in Fig. 33b. 
It will be noted that the voltage distribution in the short-circuited case is 
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of exactly the same character as the current in the open-circuited receiver 
case, and the current distribution with the receiver shorted is exactly the 
same as the voltage distribution with open receiver terminals . By 
making allowances for this interchange of voltage and current, everything 
that was said about the open-circuited receiver also applies to the case of 
the short-circuited receiver. Thus, when the receiving terminals are 
short-circuited, the voltage along the line is low at points that are an 
even number of quarter wave lengths from the receiver and the current 
is low at all odd quarter wave lengths from the receiver. The sending-end 

E 
impedance is low when the line length is an 
even number of quarter wave lengths long 
and is high at lengths that are an odd 
numher of quarter wave lengths distant 
from receiver. 

In the cases of both open- and short
circuited receivers the voltage and current 

Di�to,"ce to Receiver in W(llVe length& are substantially 900 out of phase at all 
FIG. 34.-Schematic method of 

representing voltage and current dis- places along the line 'except in the vicinity 
tribution of Case a in Fig. 33. This of the qua.ter-wave-Iength points, where 
diagram indicates the 1800 phase '

th h I ·dl h·ft f I shift on opposite sides of the minima e p ase ang e rapl y S 1 S rom near y 
and is an accurate representation 900 on one side of unity power factor to 
of the conditions existing along the I 90° th th ·d f . 
circuit except where the voltage and near y on e 0 er SI e 0 unIty 
c�rrent are shown going through power factor. The volt ages on opposite 
zero. sides of a voltage minimum are therefore 
substantially 1800 out of phase, as are also the currents on opposite sides 
of a current minimum. In order to show this change of phase, the voltage 
and current distributions in circuits with distributed constants are fre
quently drawn as shown in Fig. 34, which corresponds to a of Fig. 33 
except that adjacent maxima are shown on opposite sides of the base 
line to indicate the reversal of phase. It will be noted that, while this 
method of representation gives the distribution along most of the line 
accurately, it fails to show the conditions actually existing at the minima 
since the curves ' of Fig. 34 go through zero where the axis is crossed, -· 
whereas in reality the minima never reach zero if the line has any losses, 
and where there are losses, the 1800 phase shift takes place gradually, 
instead of all at one spot. In many circumstances, notably in the 
calculation of r.adiation from a circuit with distributed constants, the 
small amplitude at the minima � of negligible importance and the con
venient approximate representation of Fig. 34 yields results that are 
entirely satisfactory from a quantitative point of view. It will be noted 
that the distribution curves at a and b of Fig. 33 would be. half sine waves 
if' the mmima reached zero . As a result the curves of Fig. 34 are sine 
wave in character, and this fact' can'be used in solving problems involving 
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distributions in circuits with distributed constants, provided, of course, 
that the effect of the finite though small minima can be,neglected . .  

Voltage and Current Distribution with Any Type of Load ,Impedance.-
When the receiving end- of a circuit with distributed constants is closed 
through

·
a resistance of VLfC ohms, where L and C are, respectively, the 

inductance and capacity per unit length of circuit , the voltage and current 
distribution is as shown in Fig. 33c and the impedance at the sending end is 
a constant resistance of VLfC ohms for all frequencies. This particular 
value of receiver resistance is called the characteristic impedance of the 
line and destroys all resonances, no matter what line length Qr frequency 
is being considered. 

When the load at the receiving end of the line is a resistance that is 
greater than the characteristic impedance, but is not infinite, the type of 
voltage and current distribution that can be expected is shmy:p.�in Fig. 33d. 
The resonances 

'
that now exist are similar in general character to those 

with open ci�cuit at the receiver but differ in that the variation that takes 
place between adjacent quarter-wave-Iength points is not so great. If 
the load at the receiver is a resistance which is less than the characteristic 
impedance, but is not a short circuit, the distribution obtained is similar 
in its general character to the short-circuit case, but the resonance effects 
at the quarter-wave-Iength points are not so pronounced. The voltage 
and current distributions are now similar to those shown for current and 
voltage, respectively, in Fig. 33d. 

With reactive loads the first resonance, point comes closer to the 
receiver than a quarter of a wave length, as shown in Figs. 33e and 33f. 
With capacitive loads the distribution is essentially of the same character 
as with open circuit, except that the curves are all shifted bodily toward 
the receiver py an amount that becomes greater as the capacitive reactance 
is reduced. With inductive loads the distribution is essentially of the 
same char�cter as with short circuit, except that everything is shifted 
toward the receiver by an amount that increases as the load reactance 
approaches an open circuit. These· displacements in position with 
reactive loads are clearly brought out in Fig. 33. 

Transmission lines that are either open- or · short-circuited at the 
receiving end have many of the properties of ordinary resonant circuits. 
Thus, if the line is open at the receiver and is an odd number of quarter 
wave lengths long, tlfe receiving voltage is much higher than the sending� 
end voltage, giving a resonant rise of voltage similar to that obtained with 
a series circuit. Also, if the line is an e�en number of quarter wave lengthf\ 
long and is open at the receiver, the sending-end current is low and the 
line offers a high impedance at its sending end that has the same general 
characteristics as the impedance of an ordinary parallel-resonant circuit. 
When properly designed, resonant transmission lines have very high 

" 

I J 

I 
I I 
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effective Q's at high frequencies and are superior to tuned circuits consist-
ing of an ordinary coil and condenser. 1 

. 

16. Inductively Coupled Circuits ; Theory.-When mutual induc-
. tance exists between coils that are in separate circuits, these circuits 
are said to be inductively coupled .  The effect of the mutual inductance 
is to make possible the transfer of energy from one circuit to the other 
by transformer action. That is, an alternating current flowing in one cir
cuit produces magnetic flux which induces a voltage in the coupled circuit, 
resulting in induced currents and a transfer of energy from the first or 
primary circuit to the coupled or secondary circuit . Several types of 
inductively coupled circuits commonly encountered in radio work are 
shown in Fig. 35. 

��P�CP [MO' Ra .... � 
Lp .Ls Cs 

(c) 
FIG. 35.-Various types of inductively coupled circuits commonly encountered in radio 

work. 

The behavior of inductively coupled circuits is somewhat complex, 
but it can be readily calculated with the aid of the following rules. 

Rule 1 .  As far as the primary circuit is concerned, the effect that the. 
presence of the coupled secondary circuit has is exactly as though an imped
ance (wM) � / Z 11 had been added in series with the primary, 2 where 

_� = mutual inductance 
w = 27rf 

Z8 = series impedance of secondary circuit when considered by itself. 

1 For a complete discussion of the properties of resonant transmission lines used 
to perform the functions of ordinary resonant circuits, see F. E. Terman, Resonant 
J,.ines in Radio Circuits, Elec. Eng., vol. 53, p. 1046, July 1934. 

• 2 This can be demonstrated by writing down the circuit equations for the primary 
and secondary. These equations are 

E = JpZp + jwMI. 
Induced voltage = -jwMI p = I.Z. 
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The equivalent impedance (WM) 2jZ8 which the presence of the secondary 
adds to the primary circuit is called the coupled impedance, and, since Z8 
is a vector quantity having both magnitude and phase, the coupled 
impedance is also a vector quantity, having resistance and reactance 
components. 

Rule 2. The voltage induced in the secondary circuit by a primary 
current of I p has a magnitude of wM I p and lags the current that produces it 
by 90°. In complex quantity notation the induced voltage is -jwMIp. 

Rule 3. The secondary current is exactly the same current that would 
flow if the induced voltage were applied in series with the secondary and if the 
primary were absent. 1 The secondary current therefore has a magnjtude 
wMIpjZB' and in complex quantity representation is given by -jwMIpjZB. 

These three rules hold for all frequencies and for all types of primary 
and secondary circuits, both tuned and untuned. The procedure to 
follow in computing the behavior of a coupled circuit is, first, to determine 
the primary current with the aid of Rule 1 ;  second, to compute the voltage 
induced in the secondary, knowing the primary current and using Rule 2; 
finally, to calculate the secondary current from the induced voltage by 
means of Rule 3. The following set of formulas will enable these 
operations to be carried out systematically. 

• 
Impedance coupled into primary } _ (WM) 2 (38) circuit by presence of the secondary Z8 
Equivalent primary impedance '= Zp + (WM) 2jZB • (39) 

where Zp is the series impedance of the primary and E is the voltage applied to the 
primary. Solving this p.air of equations to eliminate I. gives 

(37) ,-

This relation shows that the effective primary impedance with secondary present is 

Zp + (w�')2, of which the second term represents the coupled impedance arising 

from the presence of the secondary. 
1 Some readers may wonder why it is that, although the secondary circuit couples 

an impedance into the primary, the primary is not considered as coupling an imped
ance into the secondary. The explanation for this is as follows : The effect that the 
secondary really has upon the primary circuit is to induce a back voltage in the 
primary proportional to the secondary current. This back voltage represents a 
voltage drop occurring in the primary circuit which is equivalent to the voltage drop 
produced acr9SS the hypothetical coupled impedance considered as being in series 
with the primary. The impedance that the secondary couples into the primary is 
hence a means of taking into account the voltage the secondary current induces in the 
primary. The voltage that is induced in the secondary circuit by the primary 
current is taken into account by Rule 3, so that no coupled impedance need be postu
lated as present in the secondary to take into account the effect of the primary . 

• 
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Primary mlfrent =. Ip = �wM)2 (40) 
. Zp + ZB 

Voltage indur.ed in secondary = -jwMlp (41) 
-jw�flp _ -jwME Secondary current = - (42) ZB ZpZs + (WM)2 

In th&se equations : 
j! -

, mutual inductance between primary and second9,ry 
w = 27rf 
�8 = series impedance of secondary circuit considered as though 

primary were removed 
Zp = series impedance of primary circuit considered as though second

ary were removed 
E = applied voltage. 

Thf primary and secondary impedances Zp and ZB, respectively, are 
rectm quantities, so that Eqs. (38) to (42) are consequently all vector 
equations. Thus in the case of the coupled circuits of Fig. 35c one ha.s : 

• 
Zp = Rp + i( wLp - w�.) 
Z. = R. + i( wL. - w�.) 

For other circuits the impedances Zp and Zs are given by expressions 
similar to these, but differing in detail . 

Action of the Coupled Impedance.-Many of the important'properties 
of coupled circuits can be determined by examining the nature of the 

� coupled impedance (wM) 2jZ8. When the mutual inductance M is very 
small, the impedance coupled into the primary by the presence of the 
secondary is correspondingly small, and the primary current is very 
nearly the same as though no secondary were present. The coupled 
impedance is also very small when the secondary impedance Zs is large 
because, even when a large mutual inductance induces a high voltage 
in the secondary, the secondary current produced is small as a result of 
the high impedance, and little energy transfer takes place . When the 
secondary impedance Zs is low and the mutual inductance is not too 
small, the coupled impedance (WM)2jZB is large and the voltage and 
current relations in the primary circuit are affected to a considerable 
extent by the presence of the coupled secondary. In particular, when 
the secondary is a series-resonant circuit, as in Figs. 35c .and 35d, the 
secondary impedance ZB will be very low at the resonant frequency of the 
secondary, so that at this frequency the coupled impedance will be 
very high, and the presence of the secondary wil1 bf- an important factor 
in determining the primary current. 
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The coupled impedance has the same phase angle as the secondary 
impedance Zs, with the exception that the sign of the angle is reversed ;  
that is, if the secondary impedance is inductive and has an angle of 30° 
lagging, the impedance coupled in series with the primary circuit by the 
action of the secondary has a phase angle of 30° leading. The physical 
significance of this change from lagging to leading is that coupling a 
secondary circuit having an inductive reactance to a primary circuit is 
equivalent to neutralizing some of. the inductive reactance already 
possessed by the primary, and this is done electrically by postulating a 
capacitive reactance of suitable magnitude in series with the inductance to 
be neutralized. l When the secondary impedance Zs is a pure resistance, 
the coupled impedance will also be a resistance. This is a very important 
special case because, when the secondary is a tuned circu�t, as in Figs. 35c 
and 35d, the secondary impedance will be a resistance at resonance . 

. The energy consumed by the secondary circuit is the energy repre
sented by the primary current flowing through the resistance component 
of the coupled impedance. In the same way the reactive volt-amperes 
transferred from the primary to the secondary are the volt-amperes 
developed by the primary current flowing through the reactive part of 
the coupled impedance. By expressing the secondary impedance Zs in 
terms of its real and reactive components Rs and X8, respectively, one can 

. rewrite Eq. (38) in the following form : 

C I d . d (wM) 2R8 . (WM) 2X8 oup e Impe ance 
= Rs2 + Xs2 - J Rs2 + Xs2 (43) 

in which the resistance component of the coupled impedance is ����:2 
d h . . (WM) 2X8 The ff h h an t e reactance component IS -J R82 + X1

/ e ect t at t e 

secondary has on the primary circuit is then exactly as though this resist
ance and this reactanc� had been inserted in series with the primary 
circuit and as though this resistance and reactance had, consumed the 
energy and the reactive volt-amperes transferred to the secondary. 

It will be noted that, although two inductance coils between which 
mutual inductance exists constitute a transformer, the inductively 
coupled circuit is not treated here in terms of leakage reactances, turn 
ratio, magnetizing .current, and so on, as are power transformers. The 
reason for this is that in transformers used for radio work the leakage 
reactances are very high, causing the ratio of voltage transformation to 
be entirely different from the turn ratio. 

1 Although the coupled impedance is capacitive and so neutralizes part of the 
primary inductance, it is impossible to obtain a resultant capacitive reactance in the 
primary circuit by very large coupling since, with the maximum coupling that can 
possibly exist (k = 1 ) ,  it will be found that the coupled capacitive reactance will just 
neutralize the inductive reactance of the primary and no more. 

, 

. ! 
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The conventional equivalent circuit of a transformer in terms of the 
inductance and coefficient of coupling is shown in Fig. 36. Here the total 
primary inductance is broken up into a leakage inductance L' and a 
coupled inductance Le', while the secondary is likewise broken up into 
leakage inductance L" and a coupled inductance Le" . The leakage 
inductance is considered as having no coupling wh�tsoever to the other 
winding, while the coupled inductances Le' and Le" are taken as having a 
coefficient of coupling equal to unity. The values of these inductance 
components in tenus of the coefficient of coupling and the primary, 
secondary, and mutual inductances are given in the figure. It will be 
noted that, when the coefficient of coupling is low, for example, 0.01, 
then practically all the primary and secondary inductances are leakage 

(a) Actu OI I  circu it 
(b) Eq ui valent transformer circuit 

Lec¥kClg� inctucfClnces 
L''''(I- K) Lp H L" = ( \-K) L 

�- _ _  � .. - -7 

L'C=KLp ---->- �-L!c- KLS 

Coupled /nducfances 
M - K 'Vlp Ls -VKLpKLs "'Vl?Ct'[ 

FIG. 36.-Equivalent circuit of a transformer expressed in terms of primary and secondary 
inductances, mutual inductance, and coefficient of coupling. 

inductances and the power-transfonuer method of representation is not 
particularly convenient. 

17. Analysis of Some Typical Coupled Circuits.-In this section the 
types of coupled circuits most commonly encountered in communication 
work will be anaiyzed by the principles given' above. 

Coupled Circuit with an U ntuned Secondary Consisting of a Resistance 
and I nductance.-This arrangement is illustrated by Fig. 35a and is the 
type of coupled circuit encountered when the secondary is � mass of metal 
such as a shield can, a metal panel, screw, mounting bracket, etc .,  which is 
near the coil representing the primary circuit. Such a secondary is 
essentially an inductance in series with a resistance and so has a lagging 
reactance. As a consequence the secondary couples into the primary a 
resistance component and also a capacitive component. The effect of 
the coupled resistance is to increase the effective resistance that appears 
between the primary terminals. The effect of the coupled capacitive 
reactance is to neutralize a portion of the primary inductance, thereby 
reducing the equivalent inductance that is observed between the terminals 
of the primary coil. With perfect coupling (k = 1 .0) , the primary induc
tance would be completely neutralized, while with lesser degrees of coupling 
the effect of the secondary upon the primary inductance is correspondingly 
less. 

. 
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When the impedance of the secondary is largely reactive, that is to 
say, when the secondary is a metal obj ect of low-resistance material, the 
resistance component of the coupled impedance is small and the principal 
effect upon 'the primary coil is the reduction in effective inductance which 
is produced by the coupled reactance. Consequently, if a coil must 
be located near a metal object such as a shield can or a panel, the metal 
used should be the best possible conductor, preferably copper or alumi
num, since in th�s way the added losses will be small. If the resistance of 
the secondary can be assumed to be zero, the coupled impedance is a 
capacitive reactance having no resistance component, and the equivalent 
primary inductance is 

�quivalent primary inductance} = L (1  _ k2) (44) In presence of secondary p 

vvhere Lp is the primary inductance with the secondary removed and k is 
the coefficient of coupling between the coil and the secondary. In order 
to calculate the reduction in effective inductance which is produced by a 
shield or a metal panel, one needs to know only the coefficient of coupling. 
The number of primary turns, etc. ,  is not important. -

Coupled Circuits with Untuned Primary and Tuned Secondary.-A 
circuit of this type is shown in Figs. 35d and 37 and is the fundamental cir
cuit of the transformer-coupled tuned radio-frequency amplifier. 

As the circuit is ordinarily encountered, the primary resistance Rp 

represents the plate resistance of a tube and is much larger than the react
ance wLp of the primary inductance. A curve showing the variation of 
secondary current with frequency in a typical case is shown by the solid 
lines in Fig. 37 for the case where the primary resistance is much higher 
than the primary reactance. The resulting curve is seen to have the same 
shape as an ordinary resonance curve with the maximum at the resonant 
freguency of the secondary, but upon close inspection it will be found to 
correspond to a somewhat lower Q than that of the secondary circuit. 

When the reactance UJLp of the primary inductance is not negligible 
compared with the primary resistance, the curve of secondary current as a 
function of frequency still has the shape of a resonance curve, but the 
frequency at which the secondary current is maximum has been shifted 
to a frequency higher than the resonant frequency of the secondary. 
This is shown by the dotted lines in Fig. 37 for a typical case . 

A quantitative analysis of the circuit arrangement shown in Fig. 37 
can be obtained by the use of Eqs. (38) to (42) . The coupled impedance 
is given by the expression 

(WM)2 (wM) 2 Coupled impedance = . z. = 

( 1 ) 
Ra + j wLa 

- wC. 

. 1  
, I 
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An examination of this expression shows that in the limited frequency 
range in which the resonance effects take place the .numerator is sub
stantially constant, whereas the denominator represents the series imped
ance of the secondary circuit. This is therefore an equation, bf the same 
general type as Eq. (30b) for parallel resonance. The coupled impedance 
produced by a tuned secondary circuit consequently varies with frequency 
according to the same general law as does the parallel impedance of the 
secondary circuit. The absolute magnitude of the curve, hQwever, depends 
upon the mutual inductance . 

Rp Rs 
16" E={VO!f3 8CS 

'. .' M 
R p =IO,OOOn. 
Rs = 9.44 Jl.. 

Ls : 0. /5 mh 0:;:Q. 
Cs = /69 I-LIlJds. � Qs: lOO � M � O. OS mh +' c 

0.8 � \.... I.... 
0.7 :J v 
0.6 � 0 
0.5 1:5 c 0 
0.4- v � <f) 
0.3 
0.2 
0. 1 

960 970 980 990 1,000 1,010 
Frequency,  K i l ocycles 

FIG. 37.-Secondary current when �he secondary is a resonant circuit and the primary 
is untuned . The solid lines are for the case where the primary inductance has negligible 
reactance, while the dotted lines are for a large primary inductance but the same mutual 
inductance. It will be observed that in both cases the secondary current follows a reso
nance curve, but the shape corresponds to a lower Q than that of the secondary cireuit 
taken alone. 

. 

Two Resonant Circuits Tuned to the Same Frequency and Coupled 
Together.-When two resonant circuits that are tuned to the same 
frequency are coupled together, the resulting behavior depends very 
largely upon the degree of coupling, as seen from Fig. 38. When the 
coefficient of coupling is small, the curve of primary current as a function 
of frequency is substantially the series-resonance curve of the primary 
cir?uit considered alone, while the secondary current is small and varies 
with frequency in such a way as to be much more peaked than the reso
nance curve of the secondary circuit considered as an isolated"circuit. As 

. the coefficient of coupling is increased somewhat, the curve of primary . 
current becomes broader, as a result of a reduction in the primary current 
at resonance and an increase in the primary current at frequencies slightly 



SEC. 1 7] PROPERTIES OF RESONANT CIRCUITS 79 

off resonance. At the same time the secondary current peak becomes 
larger and the curve of secondary current somewhat broader. These 
trends continue as the coefficient of coupling is increased until the coupling 
is such that the resistance which the secondary circuit couples into the 
primary is equal to the primary resistance. This is called the critical 
coupling, and it causes the secondary current to have the maximum value . 
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� 

/ 
it can" attain. The curve of secondary current is then somewhat broader 
than that of the resonance curve of the secondary circuit considered 
above. . The primary current now has two peaks since the primary current 
is slightly more at frequencies just off resonance than at the resonant 
frequency. As the coefficient of coupling is increased beyond the critical 
value, the double hQmps in the primary current become more prominent 
and the peaks spread farther apart . The curve of secondary current also 
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begins to display double humps, with the peaks becoming more pro
nounced and spreading farther apart as the coupling increases. The 
value of the primary current at the peaks becomes smaller the greater the 
coupling, but in the secondary circuit the peaks have substantially 
the same value irrespective of· the coefficient of coupling provided the 
coupling is not less than the critical value. 

The reason for the above behavior follows from the theory of coupled 
circuits and centers around the way in which the coupled impedance 
(WM) 2/Z8 varies with frequency. Consider first the total primary circuit 
impedance. This consists of the actual self-impedance of the primary 
plus whatever impedance the secondary circuit couples into the primary. 
The type of coupled impedance produced by a tuned secondary has already 
been discussed ; it is substantially a parallel-resonance curve having a 
shape corresponding to the Q of the secondary circuit and an amplitude 
determined by the mutual inductance . The coupled impedance is hence 
maximum at resonance and is then a resistance. At frequencies below 
resonance the coupled impedance is inductive and at frequencies above 
resonance it is capacitive, as shown in Fig. 32. 

When this coupled impedance is added to the self-impedance of the 
primary circuit, the effect at resonance is to increase the effective primary 
resistance above the value that would exist in the absence of the secondary. 
At frequencies somewhat below resonance the coupled impedance is 
largely inductive whereas the primary self-impedance is capacitive, so 
that the coupled inductive reactance neutralizes some of the primary 
capacitive reactance, lowering the primary circuit impedance and increas
ing the primary current. The situation is somewhat similar for fre
quencies above resonance except that now the coupled reactance is 
capacitive and neutralizes some of the inductive reactance which the 
primary circuit otherwise has at frequencies above resonance . Conse
quently the net effect of the coupled impedance is to lower the primary 
current at the resonant frequency and raise the current at frequencies 
somewhat off resonance. The magnitude of this effect depends upon the 
coefficient of coupling, being naturally small when the coupling is loose . 
When the coupling is of the order of magnitude of the critical value or 
greater, the coupled impedance becomes sufficient to be the major factor 
in determining the impedance of the primary circuit. In particular, at 
resonance the primary current tends to be small because of the very 
large coupled resistance, while there is a frequency on each side of 
resonance at which the coupled reactance exactly neutralizes the 
primary reactance, giving zero reactance for the total primary circuit 
impedance and causing the flow of a large current. This is the cause of 
the double-humped curves of primary current for high couplings, such as 
shown in Fig. 38. 
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The curve of secondary current is determined by the secondary 
impedance, and by the voltage induced in the secondary by the primary 
current. The induced voltage varies with frequency in almost exactly the 
same way as does the primary current, since the induced voltage is equal 
to wM I p ;  and in the limited frequency range in which the resonance effects 
take place, w changes very little. As a result of this the curve of second
ary current has a shape that is almost exactly the product of the shape of 
the curve of primary current and the shape of the resonance curve of the 
secondary circuit. Since the latter curve is sharply peaked, the secondary 
current is much more peaked than the primary current, as is clearly evi
dent in Fig. 38. At low coefficients of coupling the curve of secondary 
current is particularly sharp, being substantially the product of the reso
nance curves of the primary and secondary circuits. As the coupling 
increases, the primary-current curve becomes broader, thereby making the 
secondary curve less sharp. At the same time the peak amplitude of 
the secondary current increases because of the increased coupling. When 
the coefficient of coupling reaches the critical value, the secondary current 
has the maximum value it can attain, and the curve of secondary current 
in the immediate vicinity of resonance is somewhat broader on top than 
the secondary resonance curve because of the double-humped curve of 
primary current that exists with critical coupling. As the coupling is 
increased beyond the critical value, the secondary-current peak splits into 
two peaks which have amplitudes substantially the same as the secondary
current peak at critical coupling. The separation between- these peaks 
increases with frequency, and is substantially the same as the separation 
of the peaks of primary current. 

The exact shape of the curves shown in Fig. 38 can be calculated with 
the aid of Eqs. (38) to (42) . In practical work the most important 
quantity is the secondary current, and it is often desirable to rearrange 
Eq. (42) to express the secondary current in terms of the circuit Q's, 
the coefficient of coupling, and the ratio of the actual frequency to the 
resonant frequency. When this is done, one obtains1 

1 The rearrangement of Eq. (42) to give Eq. (45) is accomplished by starting with 
the final form of Eq. (42) and making the following substitutions :. 

Zp = Rp + j( wLp - w�J = Rp + jwLp( 1 - w2ipcJ = Rp + jwLp( 1 - �2) 
Z. = R. + j(wL. - w�) = R. + jwL.( 1 - w2Lc) = R. + jwL" ( 1 - �2) 

This gives 

I = 
-jEwM 

• RpR" - (1 - �2rw2LP£8 + (wM) 2 + j( 1 - �2) (wLpR" + wL"Rp) 

Di.viding both numerator and denominator by w2Lp£8, noting that Qp = wLp/ Rp, 
Q. co wL./R", M2/LpL. = k2, and w = ")'wo, results in Eq. (45) .  
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Secondary current = I a = 

-jEk 

where 
Wo = 211" times resonant frequency 

actual frequency 
l' = resonant frequency 
E = voltage applied in series with primary 

Qp = wLp/ Rp for primary circuit 
Q8 = wLa/Ra for secondary circuit 
k = coefficient of coupling 

Lp = total inductance of primary circuit 
L8 = total inductance of secondary circuit . 

(45) 

Since this equation is too complicated to permit qualitative analysis by 
inspection, it is convenient to derive special formulas giving the most 
important features involved in the curves .of secondary ·current . The 
points that are of greatest interest are the conditions required for critical 

. coupling, the secondary current at resonance, the secondary current at 
the peaks of the secondary current curves if the coupling is more than the 
critical value, and the separation of these peaks of secondary current. 

The secondary current reaches its maximum possible value when the 
circuits are in resonance and when the coupled impedance is a resistance 
equal to the resistance of the primary circuit. This condition exists when 
(wM) 2/R8 = Rp, or 

(46) 

The coefficient of coupling k required to give the critical coupling can be 
expressed in terms of the ratios Qp = wLp/Rp and Qa = wL8/Rs of the pri
mary and secondary circuits, respectively, by using these two relations to 
eliminate Rp and Rs which appear in Eq. (46) . When this is done, the 
critical coefficient of coupling is fouIid to be 

Critical k = vi 1 (47) 
QpQ8 

The critical coefficient of coupling is usually very small since, if the 
circuit Q's are 100, the corresponding coefficient is only 0.01 .  

The secondary current at resonance is the current given by Eq. (45) 

when l' equals unity : 

S d t . Eok econ ary curren at resonance = -J-----:-----
"'r v"L"L.( k' + Q:Q) (48a) 
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When the coefficient of coupling has the critical value, the secondary cur
rent is at a maximum and can be found by substituting Eq. (47) into 
Eq. (48a) , giving 
Secondary current at resonanc�} = _jEo-v1'ilis = _j Eo (48b) with critical couplip.g 2wo� 2VRpRs 

When the coupling is greater than the critical value, the secondary
current curve has two humps. The current at these peaks is the same as � 
the resonant current with critical coupling, as has already been mentioned, 
and is given by Eq. (48b) . The spacing of the humps depends primarily 
upon the coefficient of coupling, but it is also influenced somewhat by the 
rati� of this actual coefficient of coupling to the critical coupling. When 
the coupling is considerably greater than the critical value, the peaks occur 
at practically the same frequencies as if the circuit resistances were zero. 
One then hasl 

Frequency at secondary peak 1 
-

Resonant frequency of tuned circuits VI ± k 

(49a) 

The plus sign denotes the lower frequency and the minus' sign the higher 
frequency peak. 

The voltage developed across the secondary condenser is equal to the 
reactance of this condenser times the secondary current ; thus it can readily 
be calculated once the current curve is known. For most purposes it it:· 

1 Equation (49a) is derived by starting with Eq. (45) and assuming Qp and Q, 
are infinite (i.e. assuming zero losses) . This gives 

Secondary current -jEok 

The secondary current becomes infinite (assuming Zf'ro losses) when the denominator 
is zero, or when 

Solving this for 'Y gives Eq. (49a) , since the value of 'Y obtained is the ratio of frequency 
required to give maximum secondary current t{) the resonant frequency. 

If the effect of (he resistance upon the location of the peaks is taken into acccunt, 
a complicated manipulation based on Eq. (45) gives 

Frequency at secondary peak 
Resonant frequency of tuned circuits 

Equation (49b) is the general equation while Eq. (49a) is a special form for the casp 
where Qp and Q. are infinite (i.e. ,  for zero losses) .  The latter equation is commoll}:r 
used for all cases, however, because of its much greater simplicity and 1 he fact t ht..t. 
it still gives a general idea of the width between the peaks of secondary r.urrent. 
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sufficient to assume that the curve of voltage developed across the con
denser has the same shape as the curve of secondary current. One is 
interested primarily in the behavior about resonance, and in the limited 
frequency range consequently involved the condenser reactance changes 
very little. 

The calculation of complete. curves of secondary current, such as given 
by Fig. 38, is rather involved and usually not worth the trouble . For 
many practical purposes it is sufficient to calculate only a few critical 
characteristics. The first of these are the actual coefficient of coupling 
and the critical coefficient of coupling, the latter obtainable by Eq. (47) . 
A comparison of these two will give the type of behavior to be expected. 
One can then calculate the response at resonance, using Eq. (48a) ; 
if the coupling exceeds the critical value, one can determine the location of 
the peaks of secondary current by Eq. (49a) or (49b) and the magnitudes 
of these peaks by Eq. (48b) . 

Two Resonant Circuits Tuned to SlighUy Different Frequencies and 
Coupled Together.-This differs from the case just discussed in that the 
primary and secondary circuits are adjusted to have slightly different 
resonant frequencies, i.e., are detuned. The behavior then depends upon 
both the amount of detuning and the degree of coupling. Curves show
ing the variation of primary and secondary currents as a function of 
frequency for some typical cases are shown in Fig. 39. Examination" of 
these shows that the secondary current curves are symmetrical about a 
frequency midway between the individual resonant frequencies, and that 
the curves have the same general shape as though the circuits were 
tuned to the same frequency and had a somewhat higher coupling than 
used in Fig. 39. Quantitative analysis confirms this, and shows that to a 
good approximation the shape of the secondary current curve that is 
obtained ,with de tuning is the same as the shape that would be obtained 
if the circuits were both tuned to the same frequency and the coefficient 

of coupling were increased to �k2 + {J.Y' where k is the actual coell!

cient of coupling, � is the difference between the resonant frequencies of 
the primary and secondary circuits, and fo is the frequency midway 
between the primary and secondary resonant frequencies. I Hence detun
ing primary and secondary circuits slightly has approximately the same 
effect on the shape of the secondary current curve as increasing the coejficient 
of coupling when there is no detuning. The only essential difference 
between the curves of secondary current obtained by detuning and the 

1 See Harold A. ,Wheeler and J. Kelly Johnson, High Fidelity Receivers with 
Expanding Selectors, Proc. I.R.E. , vo!. 23, p. 594, June, 1935. The principal assump
tions involved are that 1)./10 is small compared with unity and that the primary and 
secondary circuits have the same value of Q. 
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curves obtained by use of increased coupling is that in the latter case the 
absolute magnitudes �ay be greater. 

The primary current obtained when the primary and secondary cir
cuits are detuned is unsymmetrical, as shown in Fig. 39. There is always 
a peak at a frequency that is very nearly the resonant frequency of the 
primary circuit, and in addition one can expect a certain amount of defor
mation in the curve near the frequency at which the secondary is resonant.
This latter effect occurs as a result of the impedance that the secondary 
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FIG. 39.-Effect of symmetrically detuning the primary and secondary circuits. Note 

the similarity in the curves of secondary current in this figure and in Fig. 38, showing how 
detuning has the same effect on the shape of the secondary current curve as increasing the 
coefficient of coupling. 

couples into the primary, which is maximum at the secondary resonant 
frequency but small as in -Fig. 39 unless the mutual inductance is large. 

18. Miscellaneous Coupling Methods.-Energy can be transferred 
from one circuit to another by a variety of coupling methods, in addition 
to the inductive coupling just considered. Thus in Fig. lOb the coupling 
consists of an inductance common to two circuits while in Fig. 10e _ the 
coupling is provided by a capacity common to two circuits . Still other 
coupling methods of a relatively simple nature are illustrated in Fig. 40, 
while complex coupling networks are given in Fig. 124. The behavior of 
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all these coupled circuits follows the same general character as that 
discussed for inductive coupling. Thus the secondary circuit can be 
considered as producing an equivalent coupled impedance in the primary 
circuit while the primary circuit can be considered as inducing in the 
secondary a voltage that gives rise to the secondary current. The 
analysis may become relatively complicated, however, particularly in the 
case of complex coupling networks such as shown in Fig. 124. 

The simplest method of analyzing these various forms of coupled 
circuits is to take advantage of the fact that all of them can be reduced to 
the simple coupled circuit of Fig. 40g, provided suitable values are assigned 

(c;,) 

(e) 

C '  11  m 

(f) 

c'ir, 
(c) (01) Circuit e)(Clctly 

equivc;,lent to b otncAc 
Clt Cl I I  freOl.uencies 

(9) EquivOIlen+ circuit 
FIG. 40.-Some of the methods that may be used in coupling circuits. 

to Zp, Zs, and M. The rules that determine the values of these quantities 
in the simple equivalent circuit are as follows : 

� .  The equivalent primary impedance Zp of the equivalent circuit is the impeda.nce 
that is measured across the primary terminals of the actual circuit when the secondary 
circuit has been opened. 

2. The secondary impedance· Z. of the equivalent circuit is the impedance that is 
measured by opening the secondary of the actual circuit and determining the imped
ance between these open points when the primary is open-circuited. 

3. The equivalent mutual inductance M is determined by assuming a current 10 
flowing into the primary circuit. The voltage which then appears across an open 
circuit in the secondary is equal to -jwM 10• 

In making use of the equivalent circuit of Fig. 40g it is to be remem
bered that the values of Zp, Zs, and AI may all vary with frequency, so 
that it is generally necessary to determine a new equivalent circuit for 
each frequency at which calculations are to be made. 

Mter the actual coupled circuit has been reduced by the above pro
cedure to its equivalent form shown in Fig. 40g, one can then apply the 
formulas that have already been derived for inductively coupled cir
cuits, using the appropriate values M, Zs, Zp as determined for the equiv
alent circuit. This procedure has the advantage of using the same 
fundamental formulas to handle all types of coupling, and makes it possi-
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hIe to carry on the analysis in the same manner for all cases. The method 
is particularly convenient in the handling of complex coupUng networks 
such as illustrated in Fig. 124. 

The quantity M that appears in the equivalent circuit represents the 
effective coupling that is present between the primary and secondary 
circuits. It is not necessarily a real mutual inductance of the inductive 
type, but rather a sort of mathematical fiction that gives the equivalent 
effect of whatever coupling is really present. If the actual coupling is 
capacitive, the numerical value of M will be found to be negative ; if the 
coupling is of a complex type representing both resistive and reactive 
coupling, the numerical value of M will be found .to have both real and 
imaginary parts. This need introduce no uncertain.ty, however, since 
the proper procedure is to take the value of M as it comes and substitute 
it with its appropriate sign and phase angle whenever M appears in the 
expressions previously derived for inductively coupled circuits . 

When this analysis is applied to the capacitively coupled circuits of 
Figs. lOe, 40b, 40e, and 42c the results are essentially the same as for 
inductive coupling, since the coefficient of coupling is independent of 
frequency. Thus, when primary and secondary are both tuned to the 
same frequency in Fig. 42c, the secondary-current characteristic has two 
humps if the coupling is large, i.e. , if condenser Cm is small, while 
there is only one peak of secondary current when the coupling is small, 
i.e., when condenser Cm is large . 

Circuit.s having combined electromagnetic and electrostatic coupling, 
such as those at e and j of Fig. 40, behave as ordinary coupled circuits 
except that the coefficient of coupling varies with frequency. Thus in the 
case of circuit e the circuit is capacitively coupled .at low frequencies and 
inductively coupled at high frequencies be�ause the coupling combination 
of Cm in series with Lm has capacitive and inductive reactance under these 
respective cOll.ditions. In between, at the resonant frequency of Lm 

and Cm, there is no coupling and k = O. The arrangement shown at j 
acts similarly as a circuit with a coefficient of coupling that varies with 
frequency. Depending upon the relative direction in which primary and 
secondary are wound in j, the mutual inductance M may introduce an 
inductive coupling that either aids or opposes the capacitive coupling. 
Circuits having combined electrostatic and electromagnetic coupling find 
application where it is desired to obtain a coefficient of coupling that 
varies with frequency, as is commonly the case in tuned amplifierR and 
antenna-coupling circuits of radio receivers. 1 

1 For further information see : Harold A. Wheeler and W. A. MacDonald, Theory 
and Operation of Tuned Radio-frequency Coupling Systems, Proc. I .R.E. , vol. 19, 
p. 738, May, 1931 ; Edwin H.  Loftin and S. Young WhIte, Combined Electromagnetic 
and Electrostatic Coupling, and Some U�es of the Combination, P,·oc. I.R.E., vol. 14, 
p. 605, October, 1926. . 
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19. Band-pass Filters. 1-Examination of Fig. 38 shows that it is 
possible, by suitably coupling together two circuits tuned to the same 
frequency, to obtain a curve of secondary current which is substantially 
constant over a limited range of frequencies around resonance and which 
then falls off rapidly at frequencies farther off resonance. When this 
result is obtained, one is said to have a band-pass filter. Such band-pass 
characteristics are particularly desirable in handling modulated waves 
because the response is practically the same to all side-band frequencies 
contained in the wave as to the carrier. In contrast with this, ordinary 
resonant circuits have a rounded top and so discriminate against the 
higher side-band frequencies in favor of the lower side-band frequencies 
and the carrier. 

The most important characteristics of a band-pass filter are the width 
of the band of frequencies which is transmitted and the uniformity of the 
response within this band. When the band-pass filter is properly designed 
the width of the pass band is approximately the distance between the 
coupling humps when the circuit resistance is low. By making use of 
Eq. (49a) one gets 

Width of pass band 
=----�---���----���-- -Resonant frequency of tuned circuits 

VI + k - VI - k 
VI - k2 (50a) 

Under all ordinary conditions k is small so that this can be reduced to the 
approximate relation 

Width of pass band = k (50b) Resonant frequency of tuned circuits 

The width of the pass band given by Eq. (50b) is slightly greater than the 
actual separation of the peaks of secondary current when the circuit has 
losses, but it represents relative�y accurately the extreme limits over which 
the transmission is approximately uniform. 

The uniformity of response within the pass band of frequencies 
depends on the circuit Q in relation to the coefficient of coupling. If the 
Q is high, the pass-band will have two peaks with a pronounced dip in the 
center ; if the Q is low, the top will be rounded off and will look much like 
a broad resonance curve. For best results the circuit Q should be about 
50 per cent greater than the Q that would give critical coupling with the 
value of k required to give the desired band width . 

1 This section is limited to a consideration of the types of band-pass filters encount
ered in radio work. These filters are very special cases of much more general filters 
which are used extensively in telephone work.. For further information on telephone 
wave filters see F. E. Terman, " Measurements in Radio Engineering,"  Chap. IV, 
McGraw-Hill Book Company, Inc. ; T. F. Shea, "Transmission Networks and Wave 
Filters," D. Van Nostrand Company, Inc. ; E. A. Guillemin, " Communication Net
works," vol. 11 ; O. J. Zobel, Theory and Design of Uniform and Composite Wave 
Filters, Bell System Tech. Jour., vol. 2, p. 1 ,  January, 1923. 
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In designing a band-pass filter the procedure is to select first the 
coefficient of coupling to give the desired band width, making use of 
Eq. (50b) . The circuit Q's are then made about 50 per cent greater than 
the Q required for critical coupling. Hence 

(51) 

I t will be noted that the proper Q's are inversely proportional to the band 
width. 

. 

In most band-pass filter applications the useful output is the voltage 
developed across the condenser in the secondary circuit. The ratio of 
this voltage to the voltage acting in series with the primary circuit can be 
thought of as the resonance rise of voltage in the circuit, and it depends 
upon the coefficient of coupling and the Q's. When the primary and 
secondary circuits have the same Q, this resonance rise is equal to Q/2 
times. Inasmuch as the resonant rise depends upon the circuit Q's, 
and since these must necessarily be made inversely proportional to the 
width of the pass band, it is seen that the resonant rise of voltage that can 
be realized from a band-pass filter becomes less the wider the pass band, 
and is only ab9ut half the resonant rise of voltage that would be obtained 
from one of the circuits taken alone as a simple series resonant circuit . 
This is the price that must be paid to secure a resonance curve having a 
substantially flat top combined with sides somewhat steeper than those 
obtained by using series resonance with a single circuit. 

The effect that the circuit Q has on the uniformity of response within 
the pass band is brought out by Fig. 41a. The reduction in response 
caused by widening the pass band while maintaining Q 'at the proper value 
is similarly shown in Fig. 41b. 

The results discussed in connection with Fig. 41 and Eqs. (50) and 
(51)  are exactly the same irrespective of the method of coupling employed 
to give the coefficient k. The most commonly used methods are the 
inductive-, direct-, and capacitive-coupled arrangements shown in 
Fig. 42, and inductively coupled circuits which also possess capacitive 
coupling as a result of stray capacities. The only differences in the 
performances of these circuits arise from variations in the coefficient of 
coupling as the common resonant frequency of the two tuned circuits is 
changed to alter the location of the pass band. 

Where a band-pass filter is used for tuning purposes instead of the usual 
simple series-resonant circuit, the position of the pass band is ordinarily 

• controlled '  by the use of identical primary and secondary variable con
densers, which are either geared together or mounted on a common shaft, 
so that the capacities of the two circuits remain identical as the common 
resonant frequency is changed. It would be possible to adjust the loca-
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tion of the pass band by varying the circuit inductances, but this is seldom 
done because of the difficulties involved in obtaining variable inductances 
having low radio-frequency resistance. When tuning is accomplished by 
varying the circuit capacity, the coefficient of coupling is independent of 

Cb) Effect I of �":Jl ng 1 . L (\11' -�' QJ05. b:3JO-r-- coefficient coupl ing r--
of band pass fi Iter 

...... � , -K"iO' , 0:'[0-r--

L �K�002, O='75 I-
-K·o.OJ 0-50 
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FIG. 4 1.-Characteristics of band-pass filter, showing (a) effect of circuit Q on uni
formity of response within the pass band, and Cb) effect of coefficient of coupling upon the 
width of the pass band and the response within the pass band when the proper circuit Q 
is used. 

the frequency to which the circuits are tuned if inductive or direct coupling 
is used, but is inversely proportional to the square of the frequency with 
capacitive c

'
oupling. 1 Band-pass filters that are tuned by variable con-

fJJ1 rl] 
(0) Inductive Coupl ing (b) Di rect Coupl i ng (c) Capacity Coupl i ng 

FIG. 42.-Various types of coupling employed in band-pass circuits. 

densers will therefore have a width of pass band that is approximately 
proportional to the resonant frequency of the circuits when inductive 

1 This is readily checked by observing that the circuit capacity, varies inversely 
as the square of the resonant frequency, so that with a constant capacity of coupling 
condenser the definItion of coefficient of coupling leads to the result stated. 

• 
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or direct coupling is nsed and a band width approximately inversely 
proportional to the resonant frequency when capacitive coupling is 
employed. These conclusions follow directly from Eq. (50b) , which 
shows that the width of the pass band is nearly proportional to the 
frequency at the center of the band and also to the coefficient of coupling. 

If the width of the pass band is to be constant irrespective of the fre
quency at which the band is located, it is necessary for the coefficient of 
coupling to be inversely proportional to the resonant frequency. Such a 
coefficient can be obtained by varying the coupling with the same control 
that adjusts the primary and secondary circuits, or can be approximated 
by a combined inductive and capacitive coupling, such as shown at e and 
f in Fig. 40. The effective Q required to give uniform response to the 
different frequencies in the pass band is seen from Eq. (51) to be inversely 
proportional to the coefficient of coupling. When the pass band has a 
constant width, the required Q will henc-e be proportional to the resonant 
frequency, which results in a resonant rise of voltage that is also inversely ' 
proportional to frequency. It is, accordingly, impossible to obtain a 
constant-width flat-topped pass band that has a resonant rise of voltage 
independent of the frequency at which the band is located. This is true 
irrespective of the type of coupling used or the method employed to change 
the location of the pass band. 

Band-pass effects can also be obtained when the primary and seco�d
ary circuits are detuned slightly, as shown by the curve for 
v'k2 + (f:t./fO) 2 = 0.015 in Fig. 39. The shapes of band-pass curves 
obtained in this way are substantially identical with those obtained in the 
manner described above" provided the amount of detuning and the 
coefficient of coupling are so related that the quantity v'k2 + (f:t./fO) 2 is 
equal to the value of k called fo.r by Eq. (50b) . The circuit Q's required 
are then the same as those called for by Eq. (51),  and the general behavior 
is the same as though the band-pass effect was developed without detun
ing. The only -essential difference is that detuning causes the absolute 
magnitude of the secondary current curve to be reduced. This makes it 
preferable to obtain band-pass action without resorting to detuning. 

Another method of obtaining band-pass action is to combine a double
humped resonance curve with an ordinary series-resonance circuit . If the 
circuit Q's of a band-pass filter are much higher than the values called for 
by Eq. (51 ) ,  the result is a double-humped resonance curve as shown in 
Fig. 38 for large values of k. This causes frequerrcies near resonance to be 
discriminated against in favor of frequencies at the peaks on either side of 
resonance. It will be observed that this is the opposite from the type of 
response that a simple series circuit produces. Hence by combining a 
double-humped curve such as shown in Fig. 38 with a series-resonant cir
cuit having a '  suitable Q, a much more uniform over-all response is 
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obtained. It has been discovered 1 that, when the ·Q's of the primary and 
secondary circuits are the same and are high enough to give a pronounced 
double-humped action, combining the resulting response with the response 
of a simple resonant circuit having one-half the Q of the individual resonant 
circuits in the coupled combination gives a substantially flat-topped band-pass 
characteristic over the entire pass band irrespective of the coefficient of 
coupling. This action is clearly brought out by the curves of Fig. 43 . 
This fact makes it possible to devise a system of circuits in which the band 

(0) Two similar resonant circuits 
tuned to same frequency and coupled together ,' K= o.O/5 

Qs= Q p = IOO 

CII '" &: &. IJ) CII D:: CII > += o 

, 

". K= 0.03 

& L..:::::s;;;;;;::.=:::::::::=--______ .::::S= 

CII '" c o 0.. '" 
& 
� 
� 

Frequency 
(b) Single resonant circuit, Q = 50 

& L.-______ ---------
( ) P d + r--.,....,....r-.� Note: the curves for � c ro uc the different values of g of a and b K have all been re-:;r eluced to a common � amplitude to show 

� the re/afive shapes 
+= � cv 
D:: L-����_���_�==� __ 

Frequency 

FIG. 43.-Diagram illustrating how a band-pass action can be realized by combining 
the double-humped curve of a pair of coupled circuits with a simple resonance curve. By 
using proper proportions the band-pass effect is realized irrespective of the coefficient of 
coupling between the pair of coupled circuits. 

width can be varied by changing the coupling without the necessity of 
making a simultaneous adjustment of the circuit losses. 

20. The Analysis of Complex Circuits.-Complex networks made up 
of combinations of inductances, resistances, and condensers are most 

" satisfactorily handled by being reduced to simpler equivalent networks. 
This simplification is carried out by adding impedances that are in series 
to obtain an equivalent impedance of the series combination and by add
ing the admittances of parallel impedances in order to obtain an equivalent 
admittance of the parallel combination. The procedure is ·exactly the 

1 800 Harold A. Wheeler and J. Kelly Johnson, High-fidelity Receivers with 
Expanding Selectors, Proc. I.R.E., vol. 23, p. 594, June, 1935. 
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same as used in the analysis of low-frequency alternating-current circuits 
and need not be considered in detail at this time. 

The ..1-Y Transformation .-Bridge circuits of the type shown in Fig. 
44a cannot be simplified by the usual method of combining impedances 
and admittances ; they are most easily analyzed by replacing one of the 
A's of impedances in the circuit by an equivalent Y of impedances. 
Thus the impedance, triangle ZlZ2Za of Fig. 44a, which cannot be cal
culated by combining networks in series and parallel, can be replaced 
by the Y of impedances shown at Fig. 44b, which can be made exactly 
equivalent to the original network as far as the terminals 'A , B, and C are 
concerned ; that is, the currents and volt ages at A, B, and C are the same 
with the equivalent Y of impedances as in the original network. l 

8 a 

c 
(Of) Ci rcuit with an tmpedQlnce Triangle A8C 

A z· 

(b) Electrically EquivOIlent 
Circu it in Which the DeltCII 
of Im�dCllnces Has Been Replaced by an EquivCllJent Y 

FIG. «.-Circuits showing how an impedance triangle ABC can be replaced by an equiva
lent Y of impedances. 

The Y that is equivalent to a
' 
given A can be obtained by giving the ' 

impedances composing the Y the following values : 

Z' _ ZlZa � 
- Zl + Z2 + Z3 

Z" 
-

ZlZ2 (52) - Zl + Z2 + Z3j 
Z'" = Z2Z3 

Zl + Z2 + Zs 
The notation is given in Fig. 44. 

It is als� possible to analyze complicated networks, including bridge 
circuits such as shown in Fig. 44a, by means of Kirchhoff's laws, which 
when applied to alternating-current circuits state : (1) the vector sum of 
all currents flowing into a junction is zero, and (2) the vector sum of the 
voltages acting around any closed loop is equal to the vector sum of the 
voltage drops around the loop. The number of independent equations 

1 This transformation was originated by A. E. Kennelly and published in his 
paper, The Equivalence of Triangles and Three-pointed Stars in Conducting Net-
works, Elee. World and Eng., vol. 34, p. 413, 1899. It will be noted that a .1 of �I 
impedances is the same thing as a 7r section and that a Y of impedances can be drawn 
as a T-section. Hence the .1-Y transformation is equivalent to a transformation 
from a 7r to a T-section. 
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that can be written according to law 1 is one less than the number of 
junctions because the equation for the last junction can be obtained by 
combining the other current equations. The number of these current 
equations plus the number of voltage equations for the independent 
loops always equals the number of unknown currents, thus enabJing these 
currents to be determined by a simultaneous solution. The use of Kirch
hoff's laws has the disadvantage of requiring the simultaneous solution of a 
number of vector equations, each of which may be rather complicated ; 
this makes the computations long and increases the likelihood of errors. 
It is ordinarily preferable to solve a network by combining impedances 
and admittances rather than by Kirchhoff's laws, and this can always be 
done except in some circuits involving mutual inductance. 

I 
, 
E 
I 
I 

11 - �'l -, Circuif 1l having " � series impedance Z2 

� tM'l3 " Circuit JIl having � series impedance Z3 

� 
M13 

Circuit I having 
{Series impedance Zz 

FIG. 45.-A complex coupled circuit involving three mutual inductances. 

Circuits Containing Two or More Mutual Inductances .-Circuits 
involving complex arrangements of mutual inductance must ordinarily 
be analyzed by means of Kirchhoff's laws. When these laws are applied 
to coupled circuits, it must be remembered that every current flowing 
through an inductance induces a voltage in every other coupled induc
tance. Thus, in Fig. 45, 11 induces volt ages in circuits 2 and 3, 12 induces 
volt ages in circuits 1 and 3, and 13 induces voltages in circuits ,1 and 2. 
These induced voltages have a magnitude -jwMl where M is the mutual 
inductance and 1 the current involved. The way in which the analysis 
of complex circuits with mutual inductance is carried out can be seen from 
the following three equations which determine the behavior of the circuit 
of Fig. 45 : 

E - (jwM1212 + jwM1J3) = Zdl 
( -jwM1211 - jWM2J"3) = ZJ2 
( -jWMIJl - jwM2J2) = ZJ3 

In each of these equations the term in parenthesis represents the induced 
voltages, and it will be noted that each equation states that the sum 
total of volt ages acting in a circuit is equal to the voltage drop resulting 

I from the circuit current flowing through the circuit impedance Z},  Z2, 
I "  
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and Z3, aB the case may be. Simultaneous solution of these equations 
will give expressions for each of the three currents. The various mutual 
inductances M 12, M 23, and M 13 involved in Fig. 45 may be either plus or 
minus depending upon the relative direction in which the turns are 
wound. 

Complex circuits may frequently be analyzed qualitatively by inspec
tion. Thus with the circuit of Fig. 46 there will be two frequencies at 
which the line current will be very great, namely, the frequencies at which 
one or the other branch is series resonant. In between these two fre
quencies the ' reactance of one branch is inductive while that of the other 
is capacitive, so that there is some frequency in this intermediate range 
where parallel resonance exists and the line current is extremely small. 

When several volt ages are simultaneously applied to a circuit, the 
simplest procedure is to determine the currents and voltages resulting 
from each compo�ent of the applied potential just as though this com
ponent existed alone, and then to add the separate effects of the different 
parts of the applied voltage. This procedure can be followed both when 
the applied force is composed of components having different frequencies 
and when there are several voltages of either the same or different fre-
quencies applied at different points in the network. 

. 

21. Thevenin's Theorem.-According to Thevenin's theorem, any linear 
network containing one or more sources of voltage and having two terminals 

E 
l I 

L 

li� currtmt 

1 

FIG. 46.-Complicated parallel circuit together with sketch showing the current entering 
the circuit when a constant voltage of varying frequency is applied. 

behaves, insofar as a load impedance connected across these terminals is 
concerned, as though the network and its generators were equivalent to a 
simple generator having an internal impedance Z and a generated voltage E, 
where E is the voltage that appears across the terminals when no load imped
ance is connected and Z is the impedance that is measured between the ter .. 
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minals when all sources of voltage in the network are short-circuited. 1 This 
theorem means that any network and its generators, represented sche
matically by the block in Fig. 47 a, can be replaced by the · equivalent 
circuit shown in Fig. 47b. The only limitation to the validity of The
venin's theorem encountered in ordinary practice is that the circuit 
elements of the network must be linear, i.e., the voltage developed must 
always be proportional to current. 

Thevenin's theorem offers a very powerful means of simplifying net
works, particularly when a load impedance is connected across the output 
terminals of a complicated network. This theorem will be used repeat
edly to assist in the analysis of vacuum-tube amplifier circuits. 

(a) Actual arrangement 

Network wilh generators 
L-_�r--' 

( b) Equivalent arrangement 
Z 

Load c :  t load 

FIG. 47.-Schematic diagram illustrating how Thevenin's theorem can be used to simplify 
a complicated network containing generators. 

Problems 

1. Check one or two of the current and phase-angle curves of Fig. 28 by calcu
lating and replotting, using Eq. (27) and the universal resonance curve. 

2. A variable condenser having a maximum capacity of 350 p.p.f, and a minimum 
capacity of 20 J.lJ.lf is used for tuning in a broadcast receiver : 

a. What size inductance coil is required to make the lowest frequency 530 kc, 
assuming the coil and associated wiring have a capacity of 20 p.J.I,f? Also calculate 
the exact tuning range with the coil selected. 

b. It is also desired to cover the short-wave bands by the use of additional coils 
to which the condenser can be switched . Assuming these coils and wiring also have 
20 p.p.f of capacity, (1) determine the number of coils required to cover frequencies up 
to 30,000 kc, (2) specify a suitable inductance value for each coil, and (3) calculate the 
exact tuning range for each coil chosen. 

3. Assume that a series-resonant circuit employs the coil of No. 24 wire shown in 
Fig. 18 and that the tuning condenser has a power factor of 0.0001 .  Calculate and 
plot the current that flows for 1 volt applied when the resonant frequency is 1000 kc, 
carrying the curve to 50 kc on each side of resonance. In mak.ing out these calcu
lations, use the universal resonance curve and Eq. (27) . 

4. a. Using a series circuit employing the same coil aft in Prob. 3, and assuming 
that the losses in the tuning condenser are negligible, calculate anil plot upon a 
common coordinate system the voltage across the condenser as a function of frequency 
when the applied voltage is 1 mv and when the resonance frequency of the circuit is 
600, 1000, and 1400 kc . Carry the curves to 50 kc on each side of resonan(!e, and 
make use of the universal resonance curve and Eq. (28) . 

1 When the sources of energy in the network are constant-current g�nerators 
instead of constant-voltage generators, the internal impedance Z is the impedance 
observed between the terminals when all constant-current generators are open
circuited. This is due to the fact that a constant-current generator is equivalent to 
an infinite voltage source having an infinite internal impedance, so that short-circuit
ing the ultimate source of voltage of the constant-current generator still leaves an 
infinite impedance in the circuit. 
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b. From the curves obtained in Ca) , discuss : (1) the effect of the resonant fre
quency upon the ability of the circuit to discriminate against frequencies that are 
50 kc off resonance; (2) the tendency to distort a modulated wave having side-bands 

. extending 5000 cycles on either side of the carrier (corresponding to ordinary broad
cast signals) ,  when the circuit is tuned to different carrier frequencies in the broadcast 
range of frequencies (550 to 1500 kc) ;  (3) the relative response when tuned to differ
ent frequencies in the broadcast range. 

6. a. What is the highest effective Q which a tuned circuit may have when it 
must respond to a band of frequencies 10,000 cycles wide with a response alwaY3 at 
least 70 per cent of the response at resonance, assuming carrier frequencies of 50 kc, 
500 kc, 5000 kc, and 50,000 kc. 

b. Discuss the significance of the results in Prob. 5a with regard to the reception 
of radio-telephone signals. 

6. Check one or two of the impedance and phase-angle curves of Fig. 30 by calcu
lating and replotting, using Eq. (32) and the universal resonance curve. 

7. The coil of No. 24 wire in Fig. 18 is tuned to resonance at 800 kc with a con
denser of negligible loss. Calculate and plot as a function of frequency : (a) magnitude 
and phase angle of parallel impedance; (b) line current, and current in each branch, 
when the applied potential is 10 volts ; (c) reactance and resistance components of 
the impedance of (a) . Carry these calculations up to 40 kc on either side of resonance, 
and make use of Eqs. (31) ,  (32) , and (33) and the universal resonance curve. 

8. A particular coil having an inductance of 0.18 mh has a distributed capacity 
of 10 p,p,f. Calculate and plot the factors by which the actual inductance, actual 
resistance, and actual Q must be multiplied to give the apparent or observed values, 
carrying out these calculations to a frequency closely approaching the point where 
the coil is in resonance with the distributed capacity. (Note that the results at fre
quencies in the vicinity of' resonance are only approximate because the distributed 
capacity is assumed to be lumped.) 

9. Sketch the types of current and voltage distribution that would be expected 
on a line 1 %  wave lengths long when the receiver is : (a) an open circuit, (b) a short 
circuit, (c) a resistance equal to the characteristic impedance. 

10. Two identical coils each having Q = 100 and an inductance of 200 ' p,h are 
coupled together with a mutual inductance of 50 /lh. If the secondary coil is short
circuited, calculate : (a) the coupled resistance and reactance at a frequency of 600 kc� 
(b) the total resistance and reactance of the primary circuit, (c) the effective Q of 
the primary circuit including the effect of the coupled impedance. 

11. Describe a procedure for experimentally determining the coefficient of coupling 
between a coil and its shield can, assuming that the shield has negligible resistance. 

12. Discuss the effect that a copper shield has on the inductance and resistance 
of a coil as compared with the effect of a shield of identical dimensions but having a 

. higher resistivity, such as a brass shield. 
13. In the circuit shown in Fig. 37, assuming wLp < < Rp, calculate and plot 

curves up to 40 kc on either side of resonance showing : (a) magnitude, phase angle, 
resistance component and reactance component of impedance coupled into the 
primary ; (b) magnitude of total primary impedance; (c) magnitude of primary current; 
(d) magnitude of voltage induced in the secondary ; (e) voltage across the secondary 
condenser. In drawing these curves use one set of axes for (a) and another for the 
curves in (b) to (e) . 

14. Recalculate the curves for k = 0.03 of Fig. 38 by going through the following 
steps: 

a. Calculate and plot the resistance and reactance components of the coupled 
impedance. 

0 "  4' :;-. 
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b. Calculate and plot the resistance and reactance ccmponents of the primary 
circuit when the secondary is removed. 

c. Add (a) and (b) to obtain the curve of total primary-circuit resistance and 
reactance, and convert the results into curves giving the magnitude and phase of the 
primary impedance. 

d. Calculate and plot magnitude of primary current and of secondary induced 
voltage. 

' 

e. Calculate and plot the secondary-current curve. 
Carry these calculations to 40 kc off resonance, and plot the various sets of curves 

above one another. 
16. Two identical tuned circuits with L = 180 ",h and Q = 100 are coupled 

together and both tuned to a resonant frequency of 800 kc. 
a. Calculate and plot the secondary current at resonance as a function of mutual 

inductance when 1 volt is applied in series with the primary. 
b. For couplings greater than the critical values calculate and plot width between 

humps of secondary current as a function of mutual inductance. 
16. Calculate and plot the coefficient of coupling as a function of frequency ill the 

circuit of Fig. 40e when L1 = L2 = 180 ",h, Cl = C2 = 169 ",,,,f, Cm = 3380 ",,,,f, and 
Lm = 9 ",h. Carry the curves over the frequency range of 700 to 1300 kc. 

17. Derive formulas for the equivalent mutual inductance of the circuits of Figs. 
40a and 4Of. 

18. A particular band-pass filter for use as an intermediate-frequency transformer 
in a radio receiver must have a band width of 7000 cycles centering about a frequency 
of 456 kc. If the primary and secondary inductances are both 2 mh : 

a. Specify the tuning capacities, the proper coefficient of coupling, and the proper 
circuit Q. 

b. Calculate the shape of the response curve obtained when 1 mv is considered as 
applied in series with the primary circuit. 

19. Signals in the frequency range of 550 to 1500 kc are to be tuned by means of a 
band-pass filter for which a constant band width of 8000 cycles would be ideal. The 
circuits are assumed to have Q = 100 over this frequency range. If the adjustment is 
such that k = 0.013 at 550 kc, discuss how the width and shape of the pass band will 
vary with resonant freq�ency when the tuning is obtained by varying the primary 
and secondary condensers simultaneously and when the coupling is (a) inductive as 
I3hown at Fig. 42a and b, (b) capacitive as shown at Fig. 42c. ' Illustrate the discussion 
with the aid of sketches showing types of response curves to be expected under various 
conditions. 

20. Assume that the circuit of Fig. 44a represents a bridge not perfectly balanced 
and that arm BC represents the galvanometer, while a direct-current voltage of 10 
volts is applied to AD. If Zl = 1000 ohms, Za = 10,000 ohms, Z2 = 5000 ohms, 
BD = 1000 ohms, and DC = 9000 ohms, calculate the current through Z2, using 
both the L\-Y transformation and Thevenin's theorem. 

21. The two inductances in the circuit of Fig. 46 are both 10 mh, while the capaci
ties are 0.005 and 0.003 mf, respectively. Neglecting the circuit resistance. calculate 
and plot the following as a function of frequency : 

a. Reactance of the individual branches. 
b. Current in the individual branches. 
c. Total reactance of the parallel combination. 
d. Line current for the parallel combination. 
22. By means of Thevenin's theorem, derive a formula for the secondary current 

i n  a circuit of the type shown in Fig. 37. 



CHAPTER IV 

FUNDAMENTAL PROPERTIES OF VACUUM TUBES 

22. Vacuum Tubes.-Vacuum tubes are used to generate the radio
frequency power n�quired by a radio transmitter, to control the energy 
radiated, to amplify the weak radio-frequency signals obtained at the 
receiver, to rectify the signal, to amplify this rectified signal, and so on. 
The amplifying properties of vacuum tubes have also made possible the 
long-distance telephone, the talking picture, the modern phonograph, 
public-address systems, television, and so on. Altogether it may be 
said that the vacuum tube is probably the most important single piece 
of equipment that has come into electrical engineering since'the beginning • 
of the century. 

In its usual form the · vacuum tube includes a cathode capable of 
emitting electrons when heated, an anode (often called the plate) that 
attracts the electrons emitted from the cathode, and some means of 
controlling the flow of electrons from the cathode to the anode. These 
electrodes are enclosed in a gas-tight space, evacuated to a degree which 
usually represents the highest vacuum that it is practicable to obtain, 
in order to permit the electrons to flow unimpeded from cathode to 
anode. There are, in addition, modified forms of vacuum tubes, such 
as those having only a cathode and anode, tubes with more than three 
electrodes, and tubes into which small quantities of gas have been 
intentionally introduced to produce certain operating characteristics. 

Tubes are classified as diodes, triodes, tetrodes, pentodes, Etc. ,  accord
ing to whether there are two, three, four, five, etc . ,  electrodes present. 
Thus a tube with only cathode and anode is a diode, while the addition 
of a control electrode (a grid) converts it into a triode. 

23. Electrons and Ions.-Electrons can be considered as minute 
negatively charged particles which are constituents of all matter. They 
have a mass of 9 X 10-28 gram, which is 71840 that of a hydrogen atom, 
and a charge of 1 .59 X 10-19 coulomb ; they are also always identical irre
spective of the source from which derived. 1 Atoms are composed of 
one or more such electrons associated with a much heavier nucleus which 
has a positive charge equal to the number ·of the negatively charged 

1 Recent studies have shown that, in addition to the usual properties of a moving 
charged body, electrons in motion possess wave characteristics, which, however, are 
not of practical importance as far 'as vacuum-tube technique is concerned, 
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electrons contained in the atom, so that an atom with its full quota of 
electrons is electrically neutral. The differences between chemical 
elements arise from differences in the nucleus and in the number of asso
ciated electrons but not from variations in the character of electrons, 
which are always the same. 

Positive ions represent atoms or molecules that have lost one or more 
electrons and so have become charged bodies having the weight of the 
atom or molecule concerned and a charge equal to that of the lost elec
trons. Unlike electrons, positive ions are not all alike and may differ 
in charge or weight, or both. They are much heavier than electrons 
and resemble the molecule or atom from which derived. Ions are desig
nated according to their origin, such as mercury ions, hydrogen ions, etc. 

Electrons and ions are produced by separating the constituent parts 
of the atom or molecule in such a way as to produce molecules that are 
deficient in electrons, and free electrons. There are a number of ways in 
which this separation may be accomplished. Thus in a gas, when a 
swiftly moving ion or electron collides with a molecule, th� impact may 
be sufficiently intense to knock one or more electrons out of the molecule, 
producing one or more free electrons and leaving a positive ion. This 
method of producing ions and electrons is known as ionization by collision 
and occurs in all vacuum tubes in which gas is present. Again, if a solid 
body is sufficiently hot, some of the electrons that make up the solid 
material will escape from its surface into the surrounding space, thus 
giving free electrons which are said to be obtained by thermionic emission. 
When ultra-violet light or x-rays strike a solid body or a gas, electrons 
will be emitted even at normal temperatures ; with certain substances, 
notably potassium, caesium, and other alkaline earths, visible light will 
cause electrons to be emitted into the space surrounding the material. 
Electrons obtained in this way by the use of light radiation are said to 
result frOI/the photoelectric effect. Electrons can also be obtained from 
solid materials as a result of impact of rapidly moving electrons or 
ions, which can knock electrons out of a solid body when striking with 
sufficient velocity. Electrons obtained in this way are said to result from 
secondary electron emission because it is necessary to have some primary 
source of electrons (or ions) before the secondary electron emission can be 
obtained. Finally, it is possible to pull electrons directly out of solid 
substances by an intense electrostatic field at the surface of the material. 

24. Motions of Electrons and Ions.-Electrons and ions are · charged 
particles and so have forces exerted upon them by an electrostatic field 
in the same way that other charged bodies do. The electrons, being 
negatively charged, tend to travel toward the positive or anode electrode 
while the positively charged ions travel in the other direction toward 
the negative or cathode electrode. The force exerted upon a charged 
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particle by an electrostatic field is proportional to the product of the 
charge e of the particle and the voltage gradient G of the electrostatic 
field. Expressed in the form of an equation this relation is 

. ( gradient G in ) . . Force In dynes = 
It t· t (charge e In coulombs) 107 (53a) vo s per cen Ime er 

= Ge X 
'
107 

This force upon the ion or electron is in the direction of the electrostatic
flux lines at the point where the charge is located and acts toward or away 
from the positive terminal, depending on whether a negative or positive 
charge, respectively, is involved. The force that the ' field exerts on 
the charged particle causes an acceleration in the direction of the field 
at a rate that can be calculated by the ordinary laws of mechanics where 
the velocity does not approach that of light. That is 

A I . . . d d force in dynes cce eratlOn In centImeters per secon per secon = . ht . weIg In grams 
(53b) 

It is to be noted that, as long as there is an electrostatic field acting in 
the direction in which the electron or ion is moving, the velocity will 
increase because an acceleration will be produced even when the field is 
weak. 

The velocity that an electron or ion acquires in being acted upon 
by an electrostatic fi�ld can be calculated in the usual way by the laws 
of mechanics provided the velocities involved are well below the velocity 
of light. The amount of energy that a body with a charge of e coulombs 
gains in traveling between two points between which a difference of poten
tial of V volts exists is equal to Ve joules, as can readily be proved by 
integrating Eq. (53a) . This energy is all converted into kinetic energy of 
motion, so that the velocity can be obtained from the formula 

or 
Kinetic energy in ergs = Vel07 = �mv2 

v = velocity in centimeters per second corre-
. �2Vel07 sponding to voltage V = m 

(53c) 

The velocity with which electrons and ions move in even moderate
strength fields is very great. Thus an electron in falling through a 
potential difference of 10 volts will gain a velocity of 1160 miles per 
second. These velocities are so great that from a practical point of view 
it is much simpler to express the velocity in terms of the difference of 
potential through which the electron (or ion) has fallen in gaining its 
speed. Thus, when it is stated that an electron has a velocity of 10 volts, 
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one means the velocity that an electron would obtain in falling through 
a voltage drop of 10 volts . Since the velocity that a charged particle 
gains in falling through a difference of voltage is inversely proportional 
to the square root of the weight of the particle, the velocity represented 
by a given voltage will depend upon the weight of the charged body 
and will be much greater with electrons than ions, particularly the heavy 
ions . Thus a mercury ion having a charge equal to that of an electron 
will move less than one six-hundredth as fast as an electron in the same 
electrostatic field. 

Effect of a Magnetic Field on a Moving Electron.-Since · a moving 
charge represents an electrical current, an ion or electron in motion has 
all the properties of an electrical current. Most important of these, 
so far as vacuum tubes are concerned, is the force which a magnetic field 
at right angles to the direction of current flow (i.e . , line of travel of elec
tron or ion) exerts on a moving charge and which is exerted at right anglei 
to both the magnetic field and the line of flow of current (i.e . , charge) .  
Since the current represented by a moving charge is equal to the product 
of the charge and its velocity, a charge of Q coulombs moving with a 

Inif/p./ rH"cfi0f7 offfllPIJ/ 

. . . . . . '.,.: . . . . . 
M4.gnefic/ field 

velocity v represents a current Qv, and the 
force that is exerted upon this moving charge 
by a magnetic field having an intensity of H 
gausses is HQv /10 dynes in a direction at right 
angles to the motion of the charge. In the 
case of an electron which has a charge of e, 
the force is accordingly 

F . d Hev orce In ynes = 10 (54) 

FIG. 48.-Path of electron in An electron shot with high velocity into a magnetic field. 
magnetic field will follow a path similar to 

that shown in Fig. 48. The acceleration that the forces of the 
magnetic field produce on such an electron are always at right angles to 
the direction in which the electron is traveling and will result in a circular 
path when the field is uniform. The radius of this circle is smaller the 
greater the strength of the magnetic field and the more slowly the electron 
is moving through the field. When electrons or ions are under the simul
taneous influence of both electrostatic and electromagnetic fields, the 
resultant force that acts upon the moving charge at any instant is the 
vector sum of the two component forces. 

It can be shown that an electron or ion that is being accelerated will 
radiate a certain amount of energy in the form of electromagnetic waves. 
Thus, when an electron moving at high velocity is suddenly stopped by 
impact against a metallic surface, x-rays of a wave length depending 



SEC. 25] FUNDAMENTAL PROPERTIES OF VACUUM TUBES 103 

upon the velocity of the electron will be produced. An alternating 
acceleration, such as can be produced by an alternating voltage, will 
cause an electron to radiate electromagnetic waves of the type employed 
in radio communication. It is this property of electrons to radiate 
energy when accelerated that accounts for many of the effects produced on 
radio waves by ionization in the upper atmosphere. 

26. Thermionic Emission of E�ectrons.-The electrical conductivity 
of metals is the result of electrons wlthin the material which for the 
moment are not definitely attached to any particular molecule. These 
free electrons move about inside the conductor with a velocity that 
increases with temperature and they exert a pressure just as does ' an 
ordinary gas. This pressure does not cause electrons to escape from the 
metal into the neighboring space, however, because there are attractive 
forces at the surface that tend to keep the electrons in the substance and 
these forces are much greater in magnitude than the pressure of the 
"electron gas. " 

In order to escape from the surface of a conductor, an electron must 
therefore do a certain amount of work to overcome the surface forces, 

. and this energy can be obtained only from the kinetic energy possessed 
by the electron as a result of its motion. Unless the kinetic energy of an 
electron exceeds the work that the electron must perform to overcome the surface 
forces of the conductor, the electrO)1, �annot escape. For all known substances 
this energy which a free electron must have in order to be emitted from 
the material is so related to the kinetic energy possessed by the electrons 
that practically none escape at ordinary room temperatures. It is 
only at high temperatures, where the average kinetic energy possessed 
by the free electrons is large, that an appreciable number will have suffi
cient kinetic energy to escape through the surface of the material. 

The process of electron emission from a solid substance is very similar 
to the evaporation of vapor from the surface of a liquid. In the case of 
the vapor the evaporated molecules represent molecules that obtained 
sufficient kinetic energy to overcome the restraining forces at the surface 
of the liquid, and the number of such molecules increases rapidly as the ' 
temperature is raised. The thermionic emission of electrons from hot 
bodies is seen to represent the same process and can be considered as an 
evaporation of electrons in which the energy the electron must give up in 
escaping corresponds to the latent heat of vaporization of a liquid. 

The number of electrons evaporated per unit area of emitting surface 
is related to the absolute temperature T of the emitting material and a 
quantity b that is a measure of the work an electron must perform in 
escaping through the surface, according to the equation 

b 
I = AT2E-"T (55) 

. 1  1 
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where I is the electron current in amperes per square centimeter and 
A is a constant, the value of which may vary with the type of emitter. 
The temperature at which the electron current becomes appreciable is 
determined almost solely by the .quantity b, which is accordingly the 
most important characteristic of an electron-emitting material. The 
emission is very sensitive to changes in b and the temperature, for these 
quantities appear in the exponent of Eq. (55) ; slight variations in the 
value of either change the magnitude of the exponential term enormously. 
The value of A is therefore of secondary importance, for the effects of 
wi�e variations in A can be compensated for by small temperature 
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FIG. 49.-Variation of electron emission with absolute temperature for the three 

w-' ncipal types of electron emitters, showing the extreme sensitiveness of the emission to 
temperature and to the value of the constant b. 

changes. The relationship between electron emISSIon per unit area of 
emitter and the emitter temperature is given in Fig. 49 for several typical 
electron-emitting materials commonly used in vacuum tubes and shows 
how extremely sensitive electron emission is to temperature and to the 
value of the work function b, while being much less dependent on A.  

26. Electron-emitting Materials.L-The properties of - matter are 
such that thermionic emission of electrons does not become appreciable 
until temperatures of the order of 700 to 2500oK. are reached, the exact 
value depending upon the material involved. The high temperatures 

1 This section is a very brief summary of the principal characteristics of the types 
of electron emitters employed in commercial vacuum tubes, For further information 
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required limit the number of substances suitable for use as thermionic 
electron .emitters to a very few, of which tungsten, thoriated-tungsten, 
and oxide-coated emitters are the only ones commonly used in vacuum 
tubes. 

Tungsten.-While a relatively poor emitter, tungsten can be operated 
at temperatures so high as to give good emission in spite of the large value 
of. work function b which it possesses. Tungsten is extensively used 
as the electron-emitting cathode of high-power vacuum tubes because 
of its durability under the exacting conditions encountered in such tubes. 
The essential characteristics of tungsten emitters are shown in Table IV. 

Thoriated Tungsten.-Thoriated-tungsten emitters have an electron 
emiss.ion that is many thousand times that of pure tungsten operated at 
the same temperature, and begin to emit an , appreciable amount at 
temperatures 5000 to 6000K. lower than for pure tungsten. This increased 
electron emission is the result of a layer of thorium one molecule deep 
that forms on the surface of the thoriated tungsten and reduces the work 
that an electron must do to escape. l  Thoriated-tungsten emitters 
consist of tungsten containing a reducing agent (ordinarily carbon) 
and a small quantity (1 to 2 per cent) of thorium oxide. Such cathodes 
must be activated by heating the emitter to approximately 26000 to 
28000K. for Qne or two minutes, which is called flashing, and then glowing 
for some minutes at an activating temperature of 21000 to 22000K. 
The flashing raises the temperature to the point where the impregnated 
carbon reduces some of the thorium oxide to metallic thorium, and the 
subsequent treatment at the activating temperature allows this thorium 
to diffuse to the surface, where it forms a layer one molecule deep which is 
the seat of the high electron emission. During operation of a thoriated
tungsten emitter, thorium is being continuously evaporated from the 
surface layer but is replenished by diffusion from the interior of the tung
sten. The important characteristics of thoriated-tungsten emitters are 
given in Table IV. 

The performance of thoriated-tungsten emitters can be improved by 
carbonizing the tungsten. This is done by glowing the filament a:t a 
temperature exceeding 16000K. in a hydrocarbon atmosphere. Hydro
carbon molecules striking the ' hot filament are then dissociated and the 
free carbon thus produced combines with the tungsten to form tungsten , 

consult Saul Dushman, Thennionic Emission, Rev. Modern Phys., vol. 2, p. 381 l  
October, 1930; Saul Dushman, Electron Emission, Elee. Eng., vol. 53, p .  1054, July, 
1934; E. L. Chafi'ee, " Theory of Thennionic Vacuum Tubes," Chap. IV, McGraw
Hill Book Company, Inc. 

I For further information relative to thoriated-tungsten emitters, the reader is 
referred to Irving Langmuir, The Electron Emission from Thoriated-tungsten Fila
ments, Phys. Rev., vol. 22, p. 357, 1923. 
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carbide. The mono-molecular thorium layer clings much more firmly 
to this carbide surface than to p�re tungsten, permitting Qperation 
at higher temperatures than is otherwise possible without evaporating 
off the thorium surface. This increases the thermionic emission and also 
the rate at which thorium diffuses to the surface to become available for 
maintaining the mono-molecular surface layer. 

Oxide-coated Emitter.-The oxide-coated emitter consists of a mixture 
of barium and strontium oxides coated on the surface of a suitable metal, 
such as a nickel or a platinum alloy, and when suitably activated will 
emit large numbers of electrons at temperatures of the order of 1 150oK. 
The electron emission of elnitters of the oxide-coated type appears to 
arise from a layer of alkaline-earth metal, i.e., metallic barium and 
strontium, which forms (;m the surface of the oxide coating ; emission is at a 
maximum when this layer covers the entire surface of the oxide to a depth 
of approximately one molecule. During operation of the emitter at its 
normal working temperature the surface metal that is evaporated is 
replenished by diffusion of additional molecules from the interior of the 
oxide coating. 

Oxide-coated emitters when :first formed must be activated (or 
" formed ")  before the full thermionic activity is realized. One method 
consists in glowing the emitter for several minutes at a temperature 
of approximately 1500oK. and then applying a strong positive electro
static potential gradient for a period of from 2 to 30 min. During this 
period the electron emission increases, and, when it has reached a rather 
large value, the electrostatic field and emitter temperature are readjusted 
to lower values, which are maintained for an additional period. The 
exact procedure for activating oxide-coated emitters is in the nature of an 
art which varies greatly under different circumstances but which com
monly follows the broad outline that has been given. The object of the 
activation process is to break down a fraction of the oxide coating into the 
alkaline-earth metal and to use this metal to build up a l�yer of metallic 
molecules on the surface of the oxide. The high temperature that is 
used at the start of the activation process causes some of the oxide 
coating to dissociate into ions, and the positive or metal ions so produced 
migrate inward when electrons are drawn from the emitter and are trans
formed into metal molecules at the interface between core and oxide. 
These molecules' then diffus; to the surface through the porous oxide 
coating. The increase in electron emission which takes place during the 
forming process is caused by the gradual building up of the surface layer 
of alkaline-earth metal. The high thermionic activity of oxide-coated 
cathodes appears to be caused by this surface layer becoming positively 
charged as a result of losing electrons and then acting as a positively 
charged screen or grid which .  covers th� surface of 'the oxide coating and 
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helps pull electrons from its surface. 1  The essential characteristics of 
properly formed oxide-coated emitters are to be found in Table IV. 

T ABLE IV.-CHARACTERISTICS O F  ELECTRON EMITTERS 

Constants in equa- Efficiency at. oper-
b Normal oper- ating temperature 

Type of emitter tion i = A T2e -If a ting tern pera- in milliam peres 
ture,. OK. emission per watt 

A *  b* of heating power* 

Tungsten . . . . . . . . . . .  ' "  60 . 2  52 , 400 2450 to 2600 3 to 15 
Thoriated tungsten . . . . . 3 . 0  31 , 500 1900 62 . 5  
Oxide coated . . . . . . . . . . .  0 . 01 to 0 . 001 12 ,000 1 100 t<> 1170 50 to 125 

* The values of A, b, and efficiency vary greatly with different oxide-coated cathodes and to a lesser 
extent with thoriated tungsten. The values given in this table are typical for good emitters but do not 
necessarily apply to every oxide-coated and thoriated-tungsten cathode. 

Power Required to Heat Emitter.-The electron-emitting cathodes of 
vacuum tubes are heated electrically, either by forming the emitter into a 
filament that is raised to the necessary temperature by the passage 
through it of a suitable current, or by using a cylindrical cathode that is 
heated either by conduction or radiation from an internal heater con
sisting of an incandescent tungsten filament. Filament cathodes may 
be- of the tungsten, thoriated-tungsten, or oxide-coated type, while 
heater-type cathodes always employ an oxide-coated emitter because of 
the impossibility of obtaining by indirect heating the high temperatures 
required by other emitters. 

Most of the ' power required to maintain the cathode at a given 
temperature represents energy sent out from the cathode in the form of 
radiant heat. A small amount 'of power is lost by heat energy conducted 
away from the cathode along the support and lead wires, but other than 
this the loss of heat by conduction is negligible because the cathode is in a 
very high vacuum. When an object is at a temperature considerably 
higher than surrounding objects, the heat energy radiated is proportiona� 

1 The exact mechanism of electron emission from an oxide-coated el�ctrode is not, 
yet completely understood, although considerable progress in this direction has been 
made in recent years. An easily readable qualitative discussion is given by J. A. 
Becker, The Role of Barium in Vacuum Tubes, Bell Lab. Record, vol. 9, p. 54, October, 
1930. For more comprehensive and scientific discussions, See Saul Dushman, Ther
mionic Emission, Rev. Modern Phys. ,  vol. 2, p. 381, October, 1930; J. A. Becker, 
Phenomena in Oxide-coated Filaments, Phys. Rev., vol. 34, p. 1323, November, 1929; 
J.  A. Becker and R. W. Sears, Phenomena in Oxide-coated Filaments n. Origin 
of Enhanced Em'ission, Phys. Rev., vol. 38, p. 2193, December, 1931 ; J. A. Becker, 
Thermionic Electron Emission, Rev. Modern Phys., vol. 7, p. 95, April , 1935 (also 
reprinted in Bell System Tech. Jour., vol. 14, p. 413, July, 1935).  
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to the fourth power of the a.bsolute temperatu�e, and so is given by the relation 
. 

Radiated energy per square centimeter of surface = KT' (56) 
where T is the temperature in degrees Kelvin and K is a constant, the exact value of which depends on the surface conditions. As a consequence of this relation the electrical power required to heat the cathode 
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FIG. 50a.-Relation between cathode heating power and electron emission for three representative cathodes, plotted on power-emission paper. These curves are straight lines and so can be drawn when only three points are known, and can be extrapolated as far as desired. 

increases .very rapidly with temperature, and emitters such as those of tungsten, which must operate at high temperature, require considerably more heating power in proportion to electron emission than do the lowtemperature emitters of the oxide-coated type. These differences are demonstrated by the column of milliamperes electron emission per watt of cathode heating power given in Table IV for different emitters. Equation (56) can be substituted in Eq. (55) to give an equation relating electron emission to the cathode heating power. From this 
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equation the curvilinear system of coordinates shown in Fig. 50a can be 
derived on which the electron emission plots as a straight-line function 
of the heating power. Coordinate paper of this type,! which is known 
as power-emission paper, is very useful in the comparison of different 
cathodes because the cathode heating power required to give three values 
of electron emission, such as 0. 1 ,  1 .0, and 10 ma, suffices to determine the 
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representative cathodes, plotted in rectangular coordinates. The very sudden rise in these 
curves as contrasted with ·the same data plotted on Fig. 50a emphasizes the usefulness of 
the power-emission paper. 

straight line on the power-emission paper and to permit accurate extra
polation to emissions that could not be maintained for even a few seconds 
without damage to the tube. Power-emission curves for the cathodes of 
Fig. 49 are shown on power-emission paper in Fig. 50a ; when contrasted 
with similar curves on rectangular coordinates, as shown in Fig. 50b, they 
illustrate the usefulness of the curvilinear coordinate system in straighten
ing out the plotted emission characteristic .  

Operating Temperature and LiJe.-The temperature at which tungsten 
emitters are operated is a compromise between high electron emission 

1 This paper is obtainable from Keuffel and Esser, under the name " Power 
Emission Chart. "  

- · 1 I 
I 
1 
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per watt of heating power, which means a high operating temperature and 
a short life, and a low emission per watt of heating power, which goes 
with a low operating temperature · and a long life. The actual tempera
ture selected is the highest value that will give a life expectation of 1000 
to 2000 hr. The life is determined by the rate at which tungsten evapo
rates from the su�face of the filament, and, since a given depth of evapora
tion is less important when the filament is thick, large-diameter filaments 
can be operated at slightly higher temperatures than thin filaments and 
so give greater electron emission per watt of heating power. 

The life of thoriated-tungsten filaments is determined by the supply 
of thorium in the tungsten and by the rate at which the thorium is 
evaporated from the surface layer . Filaments of this type never burn 
out, as do those of tungsten, except as a result of an accident. The 
proper operating temperature for thoriated tungsten is very close to 
1900oK. , at which the total life expectancy is at least several thousand 
hours of service. If the operation is at a temperature much above 
2000oK. , the thorium evaporates from the surface layer faster than this 
layer is replenished by diffusion of thorium from the interior of the tung
sten, with the result that the surface is soon denuded of its thorium 
layer and the electron emission becomes that of pure tungsten. A 
thoriated-tungsten filament that has been in service for many hours 
will begin to show low electron emission as a result of exhaustion of the 
metallic thorium produced in the tungsten at the time of activation. 
The original electron emission can be restored by flashing the filament for 
20 to 30 sec. at three to four times normal voltage and then burning for 
30 to 60 lllin. at an overvoltage of 25 to 40 per cent . This process, 
which is often termed rejuvenation, reactivates the filament by reducing 
additional thorium oxide to metallic thorium and reforming the surface 
layer of thorium ; and it can be repeated until the supply of thorium 
oxide is exhausted. 

The life of oxide-coated cathodes is limited by the supply of active 
· electron-emitting material in the cathode. The life of these cath
odes is very great, often in excess of 5000 hr. ,  and many tubes with 
oxide-coated cathodes have been operated continuously for more than 
three years before the electron emission became seriously reduced. Oxide
coated filaments do not require occasional rejuvenation because the 
activation process of electrolysis and diffusion goes on in them continu
ously during use . The operating temperature is a compromise between 
life and efficiency of emission (i.e . ,  electron emission per watt of heating 
power) and is not so critical as in the case of tungsten and thoriated- I 

tungsten cathod�s. 
.. 

The life of thoriated-tungsten and oxide-coated cathodes is very I 
adversely affected by the presence of small traces of gas within the tube, 
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particularly when there is a high anode voltage. This is due to the fact 
that emitted electrons in flowing to an anode will ionize residual gaR by 
collision, producing positive ions which are attracted toward the cathode 
and bombard its surface. In the case of thoriated-tungstf'n emitters, 
these positive ions strip off the mono-molecular layer of thorium on the 
tungsten surface that causes the high emissivity. Carbonizing the 
thoriated-tungsten filament reduces greatly the · detrimental action 
of positive-ion bombardment by causing the thorium nlOlecules to stick 
more tenaciously to the carbonized surface than to pure tungsten. Car
bonizing also permits operation at a higher temperature than is otherwise 
possible without evaporating off the thorium layer, and this higher tem� 
perature increases the rate at which thorium molecules diffuse to the sur
face to replace the losses caused by gas-ion bombardment. In the case of 
oxide-coated emitters, bombardment by positive ions having a velocity 
greater than about 15 to 25 volts will cause the cathode to disintegrate 
mechanically. 

Uses of Different Emitters.-Tungsten, thoriated-tungsten, and oxide
coated cathodes have special fields of usefulness. Oxide-coated emitters · 
have longer life and greater emission per watt of heating power than other 
types and so are used wherever possible. All heater-type tubes as well as 
practically all other tubes used in radio receivers have oxide-coated emit
ters. Oxide-coated emitters are not satisfactory where the anode poten
tial exceeds 500 to 2000 volts because of the detrimental effects of 
positive:ion bombardment, together with the fact that tubes with oxide
coated cathodes cannot be de gassed so thor�ughly as other types of tubes. 
The high temperatures required to accomplish complete degassing will 
destroy the cathode activity. 

Thoriated-tungsten emitters are used in tubes operated at moderate 
voltages, particularly in the range of anode potentials between 500 and 
5000 volts . Such emitters, while less efficient than those of the oxide
coated type, are still much more efficient than tungsten and, when carbon
ized, will stand up satisfactorily under these potentials provided the 
tubes are thoroughly de gassed at the time of evacuation. 

Tungsten emitters will withstand a positive-ion bombardment that 
would quickly make other types of emitters inactive, but they are rela
tively inefficient from the point of view of the milliamperes of emission 
per watt of heating power. Consequently tungsten filaments are used 
only in tubes where the anode voltage is so high or the gas conditions are 
such that thoriated-tungsten and oxide-coated cathodes are out of the 
question. 

Velocity of Emission.-The electrons emitted from a hot cathode come 
out with a velocity

' 
that represents the difference between the kinetic 

energy possessed by the . electron just before emission and the energy 
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that must be given up to escape. Since the energy of the different elec-
. trons within the emitter is not the same, the velocity of emission will 
be different for different electrons, and will commonly range from 
zero up to over 1 volt. Experiment shows that the velocities of emission 
are distributed according to Maxwell's law for the distribution of velocities 
in a gas composed of electrons and having the temperature of the emitting 
cathode. 1 The average velocity of emission accordingly increases with the 
cathode temperature, just as does the average velocity of gas molecules . 

27. Current Flow in a Two-electrode Tube ; Space-charge Effects.
When an electron-emitting cathode is surrounded by a positive anode 
(i.e., plate electrode) to form a two-electrode vacuum tube (or diode), 
the relation between the plate current (i.e., the number of emitted elec
trons that are attracted to the anode) and the plate potential has the 
character shown in Fig. 51, which gives the results obtained in a typical 
tube for several cathode temperatures . It is seen that at high anode 
voltages the electron current is largely independent of anode voltage, 
being determined primarily by the cathode temperature, while at low 
anode volt ages the current is controlled by the anode voltage and is 
independent of cathode temperature. ' When the plate is negative, it 
repels electrons and the plate current is then zero. 

The behavior observed at high anode voltages is a result of the fact 
that a high anode potential draws the electrons away from the filament 
as fast as they are emitted, which makes the anode current equal the 
total electron emission from the cathode. Under these conditions the 
anode current is given by Eq. (55) and the tube is said to be operating 
at voltage saturation. 2 

Space-charge Effects.-At low plate (i.e., anode) voltages the anode 
current is limited by the repelling effect that the negative electrons 
already in the space between anode and cathode have on the electrons 
just being emitted from the cathode. The electrons in the interelectrode 
space constitute a negative space charge (i.e., a negative charge dis
tributed in space) , and at any instant the number of electrons that are 
in transit between electrodes cannot exceed the number that will produce 
a negative space charge which completely neutralizes the attraction that 

1 See L. H. Germer, The Distribution of Initial Velocities among Thermionic 
EJectrons, Phys. Rev., vol. 25, p. 795, 1925. 

2 The sharpness with which voltage-saturation effects appear differs greatly with 
the type of emitter. Thus the anode current with cathodes of tungsten or thoriated 
tungsten has a characteristic such as shown by the dotted lines in Fig. 51, in which 
the saturation effect is almost complete, while in emitters of the oxide-coated type I 

the saturation effect takes place more gradually, as shown by the solid lines of Fig. 51. I 
The sharpness with which voltage saturation appears is alSG reduced by the cooling 
of the ends of the cathode by the support wires, and by the voltage drop along the I 
cathode of filament-type tubes. 
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the positive plate exerts upon the electrons just leaving the cathode. 
All electrons in excess of the number necessary to neutralize the effect 
of the plate voltage are repelled back into the cathode by the negative 
space charge of the electrons in transit, so that the anode current will be 
independent of the electron-emitting power of the cathode, provided the 
cathode is capable of emitting enough electrons to produce a full space 
charge. When a full space charge is present, the plate current depends 
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FIG. 51 .-Anode current as a function of anode voltage in a two-elecb:ode tube for three 
cathode temperatures. The solid lines are the characteristics actually obtained using an 
oxide-coated cathode, while the dotted lines show the type of curve that is given by tung
sten and thoriated-tungsten cathodes. 

upon the plate voltage, since with higher volt ages the electrons travel 
from cathode to anodj more rapidly, making the rate of arrival greater in 
proportion to the total number in the space between anode and cathode 
at any instant ; furthermore, it takes more space charge to neutralize the 
effect of the higher voltage. Increasing the plate voltage thus causes the 
electr.on flow to increase until a pOInt is reached where the total electron 
emission of the cathode is being drawn to the plate, after which further 
increases in anode voltage will produce practically no additional current 
because of voltage saturation. 
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The energy that is delivered to the tube by the source of anode voltage 
is first expended in accelerating the electrons traveling from cathode to 
anode and so is converted into kinetic energy. When these swiftly 
moving electrons strike the anode, this kinetic energy is then transformed 
into heat as a result of the impact and appears at the anode in the form 
of heat that must be radiated to the walls of the tube. 

When the anode current is limited by space charge, the negative 
charge of the electrons in transit between ' cathode and plate will be 
sufficient to give the space in the immediate vicinity of the cathode a 
slight negative potential with respect to the cathode. The electrons 
emitted from the cathode are projected out into this negative field with 
an emission velocity that will vary with different electrons. The 
negative field next to the cathode causes the emitted electrons to slow 
down as they move away from the cathode, and those having a low 
velocity of emission are driven back into the cathode. Only those elec
trons having the highest velocities of emission will be sent out with 
sufficient force to penetrate through the negative field nnar the cathode 
and reach the region where they are drawn toward the positive plate. 
The remainder, i.e . , those electrons having low emission velocities, 
will be brought to a stop by the negative field adjacent to the cathode 
and will fall back into the cathode. 

Anode Current When Limited by Space Charge .-When limited by 
space charge, the anode current received from any portion of the cathode 
is proportional to the % power of the voltage between the plate and 
that part of the cathode contributing the current . In heater-type 
cathodes where the cathode is an equipotential surface, the total plate 
current for positive plate voltage is given by the equation 

Plate c�rrent = KE/-2 (57) 

where K is a constant determined by the geometry of the tube and 
Ep is the anode (plate) voltage with respect to the cathode. 1 

1 When the anode voltage is low and when very precise results are to be obtained, 
the voltage Ep appearing in Eq. (57) must be interpreted to mean the actual anode 
voltage plus a correction to take into account the contact potential existing between 
plate and cathode and also the effective velocity of emission of the electrons. Each 
of these correetions ordinarily amounts to less 'than 1 volt and can be neglected 
where the anode voltage is moderately high unless precision results are desired. 

The equations giving the anode current when limited by space charge have 
been wor�ed out for various structures by Langmuir, Child, Schottky, and others, and 
have been found to differ only in the value of the constant K appearing in Eq. (57) .  
Derivations of these equations are to be found in numerous books on therm ionic 
tubes, as E. L. Chaffee, " Theory of Thermionic Vacuum Tubes, "  Chap. IV, McGraw
Hill Book Company, Inc . ;  L. R. Koller, " Physics of Electron Tubes," Chap. "VIII and 
Appendix C, McGraw-Hill Book Company, Inc. 
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, For negative plate voltages the plate current is of course zero. In 
filament-type tubes the voltage drop produced in the cathode by the 
heating current causes different parts of the filament to have different. 
potentials with respect to the anode, so that, while the current from each 
part of the filament is proportional to . the �� pow.er of the voltage with 
respect to that part, the total current is not proportional to the % power 
of the potential of the anode. In filament-type tubes it is customary to 
refer the plate voltage to the negative side of the filament so that the 
plate is considered to be at a potential which, with respect to most of 
the cathode, is less than the anode voltage as measured with respect to the 
negative end of the filament. The result is that, when limited by space 
charge, the total anode current varies at a power of the anode voltage, 
as measured with respect to the negative side of the filament, 
greater than the % power but which approaches the �� power as the 
voltage drop in the cathode becomes small compared with the anode 
voltage . l  

28. Action of the Grid.-The flow of electrons to the plate can be 
controlled by placing a screenlike electrode, or grid, between the cathode 
and plate. This gives a three-electrode or triode tube. The grid is 
normally operated at a negative potential with respect to the cathode 
and so attracts no electrons, but the extent to which it is negative affects 
the electrostatic field in the vicinity of the cathode and so controls the 
number of electrons that pass between the grid wires and on to the plate. 

1 The way in which the total anode current varies with anode voltage when the 
potential drop in the filament cathode is taken into account can be readily worked 
out" .by setting up a simple differential equation based on Eq. (57) .  The results of 
such a solution give the following : 

Case 1 .  Anode voltage less than voltage drop E, in filament : 

(58a) 

Case 2. Anode voltage greater than voltage drop E, in filament : 

} (58b) 

This series converges so rapidly that, when the plate voltage exceeds twice the filament 
drop, one can with close approximation write 

. 

(5&) 

The presence of voltage drop in the cathode has the effect of causing the plate current to 
increase faster than the % power of the voltage but at a rate that never exceeds the 
% power. The departure from the % power becomes less as the ratio E,/E:v is 
reduced. 

, 1 
1 I 
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The grid may consist of any type of open-mesh structure which pro
vides holes of ample size for the passage of electrons and which at the 
same time has an influence on the electrostatic field near the cathode. 
The most common form of grid is a coil of fine wire with widely spaced 
turns, as shown in Figs. 52a and. 52b. The cross section of this coil is 
circular when a straight filament cathode or a heater cathode is used, but 
is usually oval when a filament in the form of a V or W is used. Several 
other types of grid construction in common use are also shown in Fig. 52. 
All these forms of grid construction function in the same way, and the 
choice between them is determined by such design considerations as 
mechanical rigidity, cost of construction, etc. 

(a) 

[It,plcde 
- Grid 
.... Ccdhode 

�Plafe 
\STCafhode 

' -Grid 

(b) (c) 

[It/Plafe .� Gr;d 
- Grid 'Plafe 

- .... Cafhode _--Cafhocle 

j- Plafe ($g?£- Grid 
'- - Cafhode 

�- Plafe 
--yz- ;';6rid 

' - Cafhode 

(d) 
Plafe 
Grid 

FIG. 52.-Grid, plate, and cathode structures of a number of typical tubes. It will be 
observed that in every case the grid is a screen-like electrode that affects the electrostatic 
field near the cathode while permitting electrons to flow to the plate. 

The grid electrode controls the flow of electrons to the plate because 
the electrostatic field between the plate and cathode, and particularly 
near the cathode, is affected by the grid potential. This is shown in 
Fig. 53, which gives the electrostatic field that exists between plate and 
cathode for several values of grid voltage (no space charge present) . 
When the grid is at zero potential with respect to the cathode, the positive 
potential of the plate produces a stray electrostatic field near the cathode, 
which, while somewhat weaker than would be the case with the grid 
removed, is still not zero because the grid is not a perfect shield. As the 
grid is made negative, it produces an electrostatic field between cathode 
and grid which opposes the stray field produced by the plate potential, 
and thereby weakens the electrostatic field in the vicinity of the cathode, 
as shown at b in Fig. 53. When the grid is made sufficiently negative, 
the stray electrostatic field produced between the cathode and grid by 
the positive anode is entirely neutralized by the negative grid, as shown 
at c in Fig. 53. In this last case there is no electrostatic field to draw the 
emitted electrons away from the cathode, and the space current will be 
zero . 

The number of electrons that reach the anode is determined almost 
solely by the electrostatic field near the cathode and is affected hardly 
at all by the field in the rest of the interelectrode space. This is because 
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t.he electrons near the cathode are moving very slowly compared with 
the electrons that have traveled some distance toward the plate, with the 
refmlt that the volume density of electrons in proportion to the rate 
of flow is large near the cathode and low in the remainder of the inter
electrode space. The total space 
charge of the electrons in transit to
ward the plate is therefore made up 
almost solely of the electrons in the 
immediate vicinity of the cathode ; 
once an electron has tra veled beyond 
this region, it reaches the plate so 
quickly as to contribute to the space 
charge for only a brief additional time 
interval. The result is that the space 
current in a three-electrode vacuum 
tube is for all practical purposes deter
mined by the electrostatic field that 
the combined action of the grid and 
plate potentials produces near the 
cathode. 

When the · grid structure is sym-
metrical, it can be shown from the 
theory of electrostatics that the field 
at the surface of the cathode is pro-

portional to the quantity ( E, + �p} 
where Eg and Ep are the grid and 
anode (plate) voltages, respectively, 
with respect to the cathode and where 
J.I. is a constant that is determined by 
the geometry of the tube and is inde
pendent of the grid and plate voltages. I  
The constant J.I. is known as the ampli

p 

G 

F (c) Eg 01+ Cut-off' 
p 

p 

Eg = O  
FIG. 53.-Electrostatic field pro

duced between plate and cathode with 
different grid potentials, showing how 
the electrostatic field in the vicinity 
of the cathode can be controlled by 
the potential of the grid. These curves 
take into account only those fields 
produced by the electrode potentials, 
and do not include the field developed 
by the space charge of electrons which is 
superimposed upon the fields shown. 

fication factor of the tube and is a measure of the relative effectiveness 

1 The quantity ( Eg + �) represents the �rid voltage that will produce the same 

electrostatic field at the surface of the cathode when the plate is at zero potential as is 
actually produced by the combined action of the plate and grid potentials Ep and Eg; 
thus it can be considered as the effective anode voltage. The combined effect of 
anode and grid voltages is also the same as though the grid were the only anode 
(i.e., plate removed instead of being at the same potential as the cathode) and were 

. (Ep + J.l.Eg) 
at a potentIal of . 

1 + .u 
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of grid and plate voltageR in producing electrost.atic fields at the sur
face of the cathode. 

Quantitative Effect of Grid Potential on Space Current.--The space 

current in a thrpe-olpctrode tube varies with (E, + �p) in exactly the 

same way that the space current in :1 two-electrode tube varies with the 
plate voltage, since in both cases the current flow is determined by the 
electrostatic field near the cathode, and this electrostatic field is in turn 

proportional to (E, + �) when a grid is present and to Ep when there 

is only a plate present . With no voltage drop in the cathode the space 

current is therefore proportional to (E, + �p Y', and when the grid is 

• negative all this current goes to the plate, so that for positive values of (Ed �p) 
( E )% 

Plate current = K Eg + 
J.L
p (59) 

where K is a constant determined by the tube dimensions. 1 For negative 

values of (E, + �p) the plate current is zero. It will be noted that 

this equation is analogous in all respects to Eq. (57) and that by inter

'preting (E, + �) to be the effective anode voltage they are identical. 

In filament-type tubes there is a voltage drop in the cathode so that 
different parts of the cathode are at different potentials with respect to 
the grid and plate. The result is that with filament-type cathodes (E, + �p) must be corrected, exactly as Eq. (57) was modified to 

take into account the effect of the voltage drop in the filament of two
electrode tubes. I t is customary to measure the grid and plate potentials 
with respect to the potential of the negative side of the filament, and 
in ternlS of this notation the space current of three-electrode tubes 
with filament-type cathodes is given by Eq. (58) provided Ej and Ep 
in Eq. (58) are replaced by Ef(l + l/J.L) and (Eg + Ep/J.L) , respectively. 

A grid maintained negat.h e with respect to all parts of the cathode 
draws no electrons and so controls the plate current without consuming 
any power, It is this property which gives the three-electrode vacuum 

1 For highest accuracy, the parenthesis on the right-hand side of Eq. (59) must be 
corrected for contact potentials and velocity of emission, exactly as Eq. (57).  This 
correction ordinarily amounts to less than 1 volt, and so is small unless the value of 
the parenthesis is small. 
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tube the ability to amplify and to generate oscillations. If the grid of 
the vacuum tube is allowed to go positive, it attracts large numbers of 
electrons and consumes a considerable amount of power, with the result 
that when the grid is positive the ratio of energy controlled in the plate 
circuit to energy consumed at the grid is small, and th� amplification 
is reduced. 1 

29. Characteristic Curves of Triodes.-The most important charac
teristics of vaGuum tubes with grid, p1ate, and cathode electrodes are 
the relationships between : (1)  plate current .and plate voltage with con-
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FIG. 54.-Relationahip between grid voltage and plate current for several values of 

plate voltage in a typical three-electrode tube. Note that the only effect of changing the 
plate voltage is to displace the curves without changing the shape. 

stant grid voltage, and (2) plate current and grid voltage with constant 
plate voltage. Examples of such curves are shown in Figs. 54, 55, and 
56. It is to be noted th,at the curves showing plate current as a function 
of grid voltage have the same shape as those showing plate current with 
varying plate voltage, the only difference being in the scales involved 
and in the location of the curves with reference to the axes, Further
more, the individual curves in the family showing plate current as a 
function of grid voltage for different values of plate voltage are of the 
same shape, differing only in that the curves for different plate voltages 
are displaced along the grid-voltage axis . The same is true of the plate 

1 The plate current appearing in Eq. (59) represents the total space current, which 
is the sum of t.he grid and plate currents. When the grid is negative, the space current 
is then the plate current ; but when the grid is posi tive. thf' current. giVf'll b�' Eq. (59) 
represents t.he f'lum of t.he �rid and plat.e currents, 
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current-plate voltage family, where the only effect of changing the grid 
voltage is to displace the curve along the plate-voltage axis. It will 
also be noted that all these curves have the same general shape as the 
plate voltage-plate current curves of the two-electrode tube. 

These various properties of the characteristic curves of three-electrode 
v�cuum tubes result from the fact that the plate current is the same 
function of (Eg + Ep/ J.L) that the plate current of a two-electrode tube 
is of plate voltage. This means that the plate current is determined 
only by the value (Ey + EpJJ.L) and not by the particular combination of 
grid and plate voltages involved. A voltage of AEg added to the grid 
potential therefore produces the same plate-current increment as would 
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FIG. 55.-Relationship between plate voltage and plate current for several values of 
grid voltage for .the tube used in Fig. 54. Note that the only effect of changing grid 
voltage (provided the grid is at least slightly negative) is to displace the curves without 
changing the shape ; note also that these curves have the same shape as those of Fig. 54. 

be produced by an increment in the plate potential of J.LAEg, and the 
effect of a grid-voltage increment AEg can be ·neutralized by a plate
potential increment of -J.LAEg. In a similar manner it can be shown 
that changing the plate voltage AEp has the same effect on the plate 
current as an increment AEp/ J.L in the grid voltage. 

The range covered by Figs. 54 and 55 lies in the region where the 
anode current is limited by space charge. Under these circumstances 

the space current varies "" a power of (E, + �) which ranges from %, 
when the effective anode voltage is  large compared with (1 + .;) times 

the voltage drop in the filament, or when a heater-type cathode is used, 
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to % when the effective anode voltage is less than (1 + �) times the 

voltage drop in the filament. Figure 56 shows the situation that exists 
when the electron emission is sufficiently low to bring in voltage satura-

tion. It is seen that the anode current is still a function of (Ea + �p) 
exactly as in Fig. 54, but the shape of the curves is now different as a 
result of voltage saturation. The curves of Figs. 54 and 55 would Rhow 
similar saturation effects if extended to higher values of lp. 
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FIG. 56.-Grid-voltage plate-current curves differing from those of Fig. 54 only in 
that the cathode temperature has been lowered to the point where voltage saturation begins 
to appear at the larger plate currents, causing the tops of the curves to bend over. 

The plate current of a three-element vacuum tube becomes zero 
when the grid is at a sufficiently negative potential barely to neutralize, 
the stray electrostatic field produced at the surface of the cathode by 

_ the positive plate act!ng through the meshes of the grid. The grid 
potential at which this condition is reaJized is known as the cutoff grid 
potential and is equal to -Ep/Ji. volts, i. e. , it is the potential that makes (Ea + ;) equal to zero. 

I 30. Constants of Triode Tubes.-1"he most important characteristics l '  of a triode tube can be expressed in ' terms of three coefficients or con-
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stants termed the amplification factor JL, the dynamic plate resistance Rp 

(generally called plate resistance) , and the mutual conductance Gm. 

With the aid of these constants it is possible to ma�e quantitative cal
culations of the tube performance under many conditions without resort 
to the complete characteristic curves. 

Amplification Factor.-The amplification factor JL' has already been 
defined in Sec. 28 as the ratio of the effectiveness of the grid and plate 
volt ages in producing electrostatic fields at the cathode surface. It is 
determined by the geometry of the system comprising the grid, plate, 
and cathode electrodes, and its calculation in terms of the dimensions 
involved is a problem of pure electrostatics. Where the geometrical 
proportions can be readily introduced into an equation, as, for example, 
is the case when the plate and cathode are concentric cylinders and the 
grid is composed of a s�ries of bars parallel to the central axis as in Fig. 
52d, it is possible to derive formulas that will give the amplification 
factor with accuracy. Such ideal conditions are never completely real-' 
ized in practice, however, because of supporting elements that distort 
the electrostatic field. The amplification factor in practical tubes is 
accordingly obtained by empirical formulas based upon modifications of 
the ideal cases. 1  The amplification factor depends primarily upon the 
grid structure and will be increased by anything that causes the grid to 
shield the cathode more completely from the plate. Thus larger grid 
wires or a closer spacing of the grid wires will increase the amplification 
factor, as does also increasing the distance' between the grid and plate. 
The amplification factor of ordinary three-electrode tubes ranges from 
about 3 as the minimum to about 100 as the practical maximum, the 
exact value depending upon the purpose for which the tube was designed. 

If the relative effects of the grid and plate voltages in producing 
electrostatic field at the cathode were the same for all parts of the cathode, 
the amplification factor JL would be absolutely independent of plate, 
grid, and filament voltages. In commercial tubes various mechanical 
requirements, such as the necessity of supporting wires and the inevitable 
imperfections in construction, result in dissymmetry that causes different 
parts of the tube to have somewhat different amplification factors. The 
over-all amplification factor of such a combination will vary with plate, 
grid, and filament volt ages and will tend to become lower as cut-off 

1 A comprehensive treatment of amplification-facto: computations is given by 
Yuziro Kusunose, Calculation of Characteristi�s and the Design of Triodes, Proc, 
I.R.E., vol. 17, p. 1706, October, 1929. For additional inf')rmation the reade r is 
referred to the following : R. W. King, Calculation of the Constants of Three-electrode 
Thermionic Vacuum Tube, Phys. Rev., vol. 15, p .  256, April, 1920; John M .  Miller, I 

The Dependence of the Amplification Constant and Internal Plate Circuit Resistance 
of Three-electrode Vacuum Tubes upon the Structural Dimensions, Proc. I.R.E . . vol. 
8, p. 64, Fehruary, 1920. 
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is approached because, as the grid becomes more negative, those parts 
having the highest value of J1. will reach cut-off first, leaving only the 
low J1. parts of the tube contributing to the space current. The way in 
which the amplification factor varies over the characteristic curves of a 
typical tube is shown in Fig. 57. It is seen that over the main part of 
the characteristic, which also represents the usual operating range, the 
amplification factor does not vary by more than 10 to 15 per cent, but 
that at very low plate currents the variation in the amplification factor 
is greater, The results shown in this figure are typical of a large number 
of tubes that have been investigated. l 

./ 
� --

1-
-20 -16 

20 

J J 
/ � ,; I \1 I 

16 

A �): 
\8 I �/ 

'�I-
��'l \��� V ) �\ �t,; 

1/ " I \ I ,;i 
8 

/ V��/ \ �� �ko l/ � )( \. �..-a=8.!i ::-� � l\' =6. 01 ,.r 
-12 -8 -4 0 0  
Grid VO l tOlge 

FIG. 57.-Curves showing variations in amplification factor in a tube having no voltage 
drop in the cathod� (heater-type cathode) . The amplification faoctor is relatively con
stant over most of the region of negative grid potential but tends to become less as the plate 
current becomes less, particularly when the grid is highly negative at the same time. 

In the practical case where the amplification factor is not a pure 
geometrical constant, it is defined as the relative effectiveness of grid and 
plate voItages in controlling the plate current, and so is expressed by the 
following mathematical relation : 

A l'fi . f . alp/aEg dEpl mp 1 catIOn actor = JJ. = aI / aE = - dE p p g I p constallt 
(60) 

1 A more complete discussion of the causes of the dependence of the amplification 
factor upon electrode vo] tages is to be found in F. E. Terman. and A. L. Cook, Note 
on Variations in the Amplification Factor of Triodes, Proc. I.R.E. , vol. 18, p. 1044, 
June, 1930. 

. · 
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Dynamic Plate Resistance.-The dynamic plate resistance of a vacuum 
tube represents the resistance that the plate circuit offers to a small 
increment of plate voltage. Thus,. when an increment of plate voltage 
flEp produces an increment in the plate current of flip, the dynamic plate 
resistance is given by the relation 

Dynamic plate resistance = R -
�Ep 

-
aEp 

(61) p - �lp - alp 

The plate resistance is t�erefore the reciprocal of the slope of the plate 
current-plate voltage characteristic shown in Fig. 55 and depends upon 
the grid and plate voltages at the operating point under consideration. 
It is important to remember that the plate resistance is determined by 
the slope of the plate voltage-current curve, being lowest at points where 
the slope is greatest, and is not equal to the ratio of total plate voltage to 
total plate current. 

In any particular tube the dynamic plate resistance depends primarily 
upon the plate, current and only to a small extent upon the combination 
of grid and plate voltages used to produce this current. Furthermore, 
the dynamic plate resistance becomes progressively . lower as the plate 
current is increased. This behavior is a result of the fact that the differ
ent plate voltage-plate current curves in Fig. 55 differ primarily in being 
displaced along the plate-voltage axis and in that the slope of each curve 
increases as the plate current becomes greater. l  The result is that the 
plate resistance Rp tends to be the same for all curves with a given current 
and becomes less as.the current is increased. This ideal is not entirely real
ized in practical tubes as a result of the same irregularities that prevent the 
amplification factor from being constant, so that in commercial tubes the 
plate resistance is to a certain extent affected by the combination of grid 
and plate voltages involved, as well as by the value of plate current. The 
characteristics of an actual commercial tube are shown in Fig. 58 for a 
representative case. 

1 This can also be demonstrated by use of Eq. (59) . Thus 

1 

Expressing (Eg + �p)� in terms of (�) from Eq. (59) gives 

Hence the plate resistance is approximately inversely proportional to the cuue root 
of the plate current . 
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The plate resistance of a triode tube depends upon the dimpnsions 
and relative positions of the cathode, plate, and grid. It becomeR less 
as the effective cathode area is increased, i.e., as the cathode is made 
longer or of larger diameter and as the distance between the cathode and 
the other electrodes is reduced. The dynamic plate resistance can be 
computed with accuracy by theoretical formulas only for the same simple 
and symmetrical geometrical conditions for which the amplification factor 
can be determined by exact methods. In commercial tubes it is necessary 
to use empirical modifications of these formulas to take into account the 
effect of dissymmetries in the geometry. This is usually done by devel
oping empirical rules for defining an effective cathode area which, when 
substituted in the theoretical formula, 
will give results in agreement with 
those actually observed. 1  Since the 
power required to heat the cathode 
depends upon the surface area of the 
cathode, it may be said in a general 
way that the plate resistance is 
dependent upon the cathode heating 
power and is' lowered by employing a 
larger cathode. 

The plate resistance of tubes dif
fering only in grid structure decreases 
as the amplification factor is lowered. ,..., """'" 
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produced near the cathode by a given 
plate voltage is inversely proportional 
to the amplification factor. As a 
consequence a given increment of 
plate voltage produces an increment 
in the electrostatic field at the sur-

GriQl VoftCllge 
FIG. 58.-Curves showing variations 

in the plate tesistance of a tube having no 
voltage drop in the cathode. The re
sistance is approximately the same for 
a given plate current irrespective of t.he 
combination of plate and grid voltages 
used to produce this current. 

face of the cath�de (and consequently an increment in the plate current) 
which varies inversely with the amplification factor. Tubes having no 
voltage drop in the cathode and differing only in the grid structure will 
have a plate resistance that is approximately directly proportional to the 
amplification factor of the tube when compared at operating points 
having the same plate current. 

Mutual Conductance (or Transconductance) .-The mutual conductance 
Gm (or, as it is often called, the transconductance Sm) is defined as the 

. rate of change of plate current with respect to a change in grid voltage. 
Thus, if the grid voltage is changed by tJlg, the resulting plate-current 

1 For further information regarding such calculations see Yuziro Kusunose, wc 
cit.; R. W. King, wc. cit. 
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change ill p is related to the mutual conductance by the equation 

Aip = AEgGm 

G 
_ alp _ dIp I ' 

m - aE g - dE g Ep constant. 
(62a) 

By combination of Eqs. (60) and (61 )  it is also found that the mutual 
conductance is the ratio of amplification factor to plate resistance. 
That is 

(62b) 

The mutual conductance is a rough indication of the design merit of a 
tube. This is because a low plate resistance and a high amplification 
factor are desired, and the mutual conductance measures the extent to 
which this feature is attained. Tubes of equal design merit · but with 
slightly different values of amplification factor will have substantially 
the same value of mutual conductance under normal operating conditions. 
When tubes with widely different values of J.I. are compared, the tendency 
is for the mutual conductance to be less for the high-amplification-factor 
tubes, and this effect is especially pronounced when there is a voltage 
drop in the cathode. 

In a particular tube the mutual conductance depends primarily 
upon the plate current, and to only a small extent upon the combination 
of grid and plate voltages used to produce this current. The 

'
mutual 

conductance also increases as the plate current is increased. This 
follows from the fact that Gm = J.I./Rp, so that, as the amplification factor 
is substantially constant, the mutual conductance varies inversely as Rp. 

31. Pentodes.-A pentode is a five-electrode tube consisting of 
cathode, plate, and three grids which are concentri cally arranged between 
cathode and plate as in Fig. 59. The inner grid is called the control 
grid and corresponds to the grid of a trio de tube. The next grid is 
termed the screen, or screen grid, while the outer grid is called the sup
pressor. In normal operation the control-grid is maintained negative 
at all times with respect to the cathode. · The screen grid is operated 
at a fixed positive potential while the suppressor is normally connected 
directly to the cathode. The plate is operated at a positive potential. 

The main differences between the pentode and triode tubes are the 
two extra grids of the pentode and the fact that there are two positive 
electrodes. These differences modify the relationship that exists between 
plate current, control-grid voltage, and plate voltage in a way that is 
very desirable for many purposes. The two extra grids also provide 
electrostatic shielding, which eliminates substantially all capacity 
coupling between the plate and the control grid. In radio-frequency 
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amplifiers this shielding is extremely desirable, and, in order that it 
may be as nearly perfect as possible, pentode tubes for radio-frequency 
work �re constructed as shown in Fig. 59. Here the control-grid lead 
IS brought out through the top of the tube and there is in addition a 

---Shield . connected to screen grid 

External shield--

(�) (b) (c) 
FIG. 59.-Schematic diagrams of typical pentode tubes, showing the electrode arrange

ment and how the control grid is completely shielded from the plate in tubes intended for 
use at high frequencies. Audio-frequency power pentodes are similar, except that the 
shield is omitted. 

metallic shield connected to the top of the screen for the purpose of 
providing additional 'electrostatic shielding between the control-grid 
lead and the plate. In metal tubes this shield cooperates with the 
metal envelope to give substantially complete shielding between control 
grid and plate, as shown in Fig. 59b, while in 
glass tubes an external metal shield is arranged 
to accomplish substantially the same result, as 
illustrated in Fig. 59c. In audio-frequency 
power pentodes this shield is omitted. 

Factors ' Controlling Voltage and Current 
Relations.-The nature of the voltage and 
current relations existing in a pentode tube 

Cofhtxk eoJfrol .soJ.n Sbl • PIoIe can be worked out by studving the electro- 'J 'J 1jJ� .J � gnu gnu gnu 
static fields that exist between the electrodes. 
These fields are shown in Fig. 60 for a typical 
case . The strength of the field at the surface 
of the cathode determines the number of 
electrons that are drawn away from the 

FIG. 60.-Schemati c dia
gram illustrating the nature of 
the electrostatic fields existing 
in a pentode tube. The arrows 
indicate the direction in which 
the electrons are accelerated. 

space charge about the cathode, exactly as in the case of the triode 
tube. This field is determined by the screen-grid and control-grid 
potentials and by the geometry of the tube. I t is not affected by the 
plate potential because the screen and suppressor grids effectively 
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shield the plate, with the result that the number of electrons drawn 
away from the space charge is substantially independent of the plate 
voltage. The electrons drawn from the space charge pass between 
the control-grid wires and are accelerated to a high velocity as the screen 
grid is approached. At this high velocity the electrons travel in sub
stantially straight lines, so very few except those which happen to be 
going directly toward the screen-grid wires are intercepted by the screen. 
The remaining electrons then pass through the screen grid and travel 
on toward the suppressor. As the suppressor is approached, the electrons 
slow down because of the retarding field between suppressor and screen ; 
but if the plate is reasonably positive, they will pass on through the 

spaces between the suppressor grid wires and 
reach the plate without stopping. This is 
because the positive plate is able to produce 
appreciable electrostatic field on the screen 
side of the suppressor grid so that, when the 
electrons reach the influence of this field, 
they are drawn through the spaces between 
the suppressor grid wires and are accelerated Cofhode Control Screen / SvppreS[ 7 Plofe grit:! griel ( grid toward the plate. The only electrons 

Virtwl cofhotle actually reaching the suppressor are there-
FIG. 61 .-Schematic diagram 

of electrostatic fields existing in fore an occasional few which were emitted 
a pentode tube when a virtual from the cathode witli unusually high velo
cathode is formed in front of the 
suppressor. The arrows indicate city of emission and ' which happened by 
the direction in which the elec- chance to be directed exactly toward the 
trons are accelerated. 

middle of the suppressor wires. 
When the plate voltage is very low, and particularly when the total 

space current is large at the same time, the above behavior is modified 
because the plate is then not capable of producing sufficient electrostatic 
field on the screen side of the suppressor to draw off the electrons as, 
rapidly as they arrive. The result is that a space charge forms in front of 
the suppressor, as shown in Fig. 61 .  This space charge is called a virtual 
cathode, and, when the accumulation of electrons is sufficient, it acts in all 
respects as does the space charge surrounding the actual cathode. In 
particular, the virtual cathode in conjunction with the plate and suppressor 
grid forms the equivalent of a triode tube in which the suppressor is the 
grid. The number of electrons that reach the plate under such condi
tions is a function of the suppressor and plate volt ages, and tends to be 
independent of the control-grid and screen-grid potentials provided the 
virtual cathode has a complete space charge. The excess electrons which 
the plate is not capable of attracting from the virtual cathode return 
toward the emitting cathode and are collected by the cathode and screen 
electl'"0des. 
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It follows from the above discussion that, when no virtual cathode is 
formed, the total space current in the case of an equipotential (heater) 
cathode is given by the equation 1 

where 

Total space current = Ip + Iso = K(Eo + Eso)% J.Ls 0 

I p a.nd I so = plate and screen currents, respectively 
K and J.Lso = constants determined by the tube construction 

(63) 

Eo and Eso = control-grid and screen-grid potentials, respectively . .  
The plate voltage has practically no  effect and so does not appear in the 
relation. 

· 

Equation (63) results from the fact that the space current is pro
portional to the % power of the electrostatic field at the cathode surface. 
This field is determined only by the control- and screen-grid potentials,2 
with the screen grid serving the same function as the plate of the triode in 
Eq. (59) . The quantity J.LS" is analogous to the amplification factor of the 
triode, and with perfect symmetry is a constant determined solely by the 
geometry of the tube. The numerical value of J.Lso is a measure of 
the extent to which the control grid is able to shield the cathode from 
the screen-grid potential, and is greater the finer the mesh of the control
grid structure. It is apparent from Eq. (63) that the total space current 
can be controlled by means of the control grid and that this current 
becomes zero, or is cut off, when the control-grid bias is 

Cutoff bias = - Eso 
J.Lsg (64) 

Because . of this relation one can think of J.Lso as the " cutoff " amplification 
factor. 

The total space current given by Eq. (63) is divided between the posi
tive electrodes, i.e. , betw�en the screen and the plate. With plate volt
ages that are sufficient to prevent the formation of a virtual cathode in 
front of the suppressor, the ratio of plate to screen currents is very 
nearly equal to the ratio of the area of the spaces between the wires of the 
screen-grid structures to the projected area of the wil"es themselves, and is 
to a first approximation independent of the plate and screen potentials. 3  

1 For highest accuracy the quantity inside the brackets on  the right-hand side of 
the equation must be corrected to take into account contact potential and velocity 
of emission, exactly as discussed in connection with Eq. (59) for the case of triodes. 

2 This assumes that the suppressor is connected to the cathode. If the suppressor 
grid is not connected to the cathode, its potential has an effect which, though very 
small, is still detectable. 

3 The only effects that can alter the division of space current between plate and 
screen, when the plate volt.stge is adequate to prevent the formation of a virtual cathode 

- --" ' -� -

. j 
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Characteristic Curves of Pentodes.-The actual voltage and current 
relations of pentode tubes can be shown in characteristic curves, of which 
those shown in Figs. 62 to 64 are typical. These are consistent in every 
detail with the theoretical explanation given above. The total space 
current tends to be independent of plate voltage and to vary with screen
and control-grid potentials in exactly the same way as the plate current of 
a triode tube. The division of this total space current between plate and 
screen is also seen to be to a first approximation independent of plate, 
control-grid, and screen potentials provided the plate potential is not too 
low. As a consequence the plate current and also the screen-grid current 
vary with control-grid and screen-grid voltages in the same way as does the 
total space current (except when the plate potential is low) . At plate 
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FIG. 62.-Curves showing total space current of a pentode as a function of control

grid potential for various screen potentials. Note the similarity of these curves to those 
of Fig. 54 for triodes. 

volt ages so low that an effective virtual cathode is formed in front of the ' 
suppressor, the plate current tends to be independent of control-grid and 
screen-grid potentials and to be determined by the plate voltage, 3..'; 
theory indicates should be the case. . The screen and cathode then divide 
between them the part of the total space current th�t does not go to the 
plate, so that the screen current increases and the total net space current 
decreases as the plate voltage is reduced. 

in the front of the suppressor grid, are : (1) the fact that an increased plate potential 
may divert a few of the

· 
small number of electrons that would otherwise go to the 

suppressor; (2) the fact that an increased plate potential will ' modify the electrostatic 
fields existing at the screen grid, and hence may divert to the plate a few electrons 
that would otherwise be intercepted by the screen; and (3) the fact that the attraction 
of the screen-grid wires does deflect slightly the paths of the approaching electrons, 
causing the screen potential to have a small influence on the number of electrons that 
are intercepted. All these effects are relatively small, however, so that to a first 
approximation the division of current between plate and screen is roughly inde
pendent of the cont�ol-grid, screen, and plate potentials provided the plate potential 
is not too low. 



SEC. 31]  FUNDAMENTAL PROPERTIES OF VACUUM TUBES 131  

In some circumstances the suppressor grid is biased negatively and is 
used to control the plate current. When this negative bias is sufficient to 
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FIG. 63.-Curves showing plate and screen currents and total space current of a pentode 
as a function of plate voltage for various control-grid potentials. Note that when the 
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permit the formation of an effective virtual cathode in front of the sup
pressor, the plate current behaves in much the same way as it would in a 
triode tube in which the suppressor grid was the control grid and the 
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virtual cathode the actual cathode. This is clearly apparent in Fig. 65. 
In order to have an effective virtual cathode, it is necessary that the total 
space current be appreciably greater than the number of electrons that 
the plate is able to draw from the virtual cathode. When the virtual 
cathode is not able to provide a complete space charge, saturation effects 
appear which correspond to those observed in a triode with insufficient 
cathode emission, as is evident by a comparison of Figs. 65 and 56. 
For any given total space current this saturation effect first appears at a 
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FIG .. 65.-Curves showing plate and screen currents and total space current of a pentode 
as a function of plate voltage for various values of suppressor-grid potential. It will be 
noted that for low plate voltages where a virtual cathode forms, the curves of plate current 
are somewhat like those of a triode as shown in Fig. 56. 

value of plate current which is proportional to the total space current, but 
which is roughly independent of the combination of plate and suppressor 
voltages used to draw the plate current. Hence the tendency toward the 
formation of a virtual cathode increases as the total space current is 
increased and as the plate current becomes smaller. Examination of 
Fig. 65 shows that, as the suppressor potential is varied, the total space 
current also vades. At plate volt ages high enough to prevent the forma
tion of a virtual cathode, this effect is small and arises from the fact that 
the suppressor potential has some effect on the field near the cathode 
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in spite of the shielding action of the screen grid.- At plate voltages low 
enough to allow a virtual cathode to form, the total space current decreases 
rapidly as the suppressor is made more negative. This is because many 
of ·the excess electrons which the virtual cathode turns back toward the 
screen pass on between the control-grid wires and are collected by the 
emitting cathode, and so are not counted in the total space current. 

One may wonder why the suppressor grid is necessary in the pentode 
tube. Actually the suppressor has a very important function because, 
with the electrostatic fields as shown in Fig. 60, secondary electrons pro
duced at the plate and screen grid by the impact of the electrons arriving 
from the cathode will be immediately drawn back to the electrode produc-

, Con-ffol g�i'd--.. \ 
Top petrfof. In � 
screen flrid I ° 

I : I : 
I JO :  I· ° I ° Inner petrf I 0 

of' .screen grid-

Confral grid connecfion 

° j �i' -OuTer part of 
° : screen gri« o g I o !! I : IS J.- Plorfe 
o g I 0 0  I o g I o g I. S g I 
-- Cafhode (Heater f,ype) 

FIG. 66.-Section taken through a screen-grid tube to show the electrode arrangement. 

ing them. If the suppressor grid is omitted, however, there will be strong 
electrostatic fields existing between the plate and screen electrodes, and 
whichever of these electrodes is the most positive will attract the second
ary electrons produced at the less positive electrode. This introduces 
undesirable characteristics and is the reason that the screen-grid tube, 
wh�ch can be thought of as a pentode with the suppressor grid omitted, 
has been displaced in nearly all applications by the pentode tube. 

32. Screen-grid Tubes.-A screen-grid tube is essentially a three-
. electrode tube to which there has been added a second grid located between 
the plate and the first grid. This extra electrode is called the screen grid, 
and it serves as an electrostatic shield that eliminates substantially all 
capacitive coupling between the inner grid and plate. In order that this 
shielding may be as complete as possible, small screen-grid tubes are 
commonly constructed as shown in Fig. 66, with the control-grid lead 
coming out through the top. The extension of the screen grid that pra(;
tically surrounds the plate assists in reducing the direct capacity between 

. 1 I 
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control grid and plate to the lowest possible value. The screen is nor
mally operated at a fixed positive potential somewhat less ,tha:v. the plate 
voltage, but most of the electrons that the screen attracts pass through its 
meshes and go to the plate, so that, while the screen grid serves as an 
almost perfect electrostatic shield, it intercepts only a relatively small 
proportion of the total electron flow. 

The voltage and current relations existing in a screen-grid tube can be 
derived by considering the electrostatic fields that exist in the tube and 
the effect that these have upon the behavior of the primary and secondary 
electrons. The electrostatic fields for two typical cases are shown sche
matically in Fig. 67 . The number of electrons drawn from the space 
charge surrounding the cathode is determined by the electrostatic Jield 
in the immediate vicinity of the cathode, and this in turn is determined by 

(a) Ep > Esg ( b) Ep < Esg 

Cathode Coh/roJ Scleen Hole Cufhode CbnfmJ Sckn PloIe grid grid grid gtid 
FIG. 67.-Schematic diagram illustrating the nature of the electrostatic fields exist

ing in a screen-grid tube. The arrows indicate the direction in which the electrons are 
accelerated. 

the control-grid and screen-grid potentials exactly as in the case of the 
pentode tube. The potential of the plate has negligible effect upon this 
field because of the effective electrostatic shielding exerted by the com
bined action of screen and control grids. The electrons drawn from the 
space charge pass between the meshes of the control grid and are acceler
ated to a high velocity on approaching the screen. Most of these electrons 
also pass between the meshes of the screen grid and go on to the plate. 
The total number of electrons drawn from the space charge surroundIng 
the cathode, and the division of these electrons between the plate and 
screen-grid electrodes, are determined by exactly the same factors that 
control the total space current and its division in pentode tubes. 

The actual plate and screen-grid currents of the screen-grid tube are 
not, however, determined solely by the number . of electrons that these 
electrodes receive directly from the cathode. This is because the electrons 
upon arriving at the screen grid and plate produce secondary electrons 
by impact (secondary emission) . These secondary electrons are. then 
attracted to the electrode having the highest positiye potentiaL with the -
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result that there is an electron flow between spreen grid and plate which is 
superimposed upon the flow of primary electrons to these electrodes from 
the cathode. The more positive electrode consequently receives a larger 
current and the less positive electrode a smaller current than would be the 
case if there were no secondary emission. Thus, when the plate potential 
is appreciably less than the screen potential, as in Fig. 67b, the screen 
attracts all the secondary electrons produced at the plate. The net 
plate current is then the number of primary electrons received minus the 
number of secondaries lost, and ' it will be negative when each arriving 
primary electron produces on the average more than one secondary 
electron. Similarly, when t.he plate is more positive than the scr�en grid, 
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FIG. 68 .-Typical curves showing the effect of electrode voltages on the total space 
J'lUTent (ip + i8g) of a screen-grid tube. This total current is relatively independent of the 
plate potential and varies with control- and screen-grid potentials in exactly the 'same way 
as the plate current of a triode "Varies with grid and plate voltages, respectiv�ly. 

as in Fig. 67a, the plate attracts secondary electrons from the screen, but 
this effect is not so pronounced since most of the secondaries at the screen 
are produced on the side away from the plate. The screen, therefore, 
largely shields these secondaries from the attraction of the plate which 
enables the screen to recapture most of them. 

The number of secondary electrons produced at an electrode is propor
tional to the number of arriving primary electrons, increases as the voltage 
·of the electrode becomes greater� . and is particularly sensitive to the sur
face conditions. Secondary emission commonly becomes appreciable 
at potentials of 25 to 75 volts, and at these voltages it is not unusual 
for each primary 

·
eleGtron to pro,duce one or two secondary eledtrons� 

. 

With surfaces treated in such a way as to enhance secondary emissi�n, as 
many as ten secondary electrons may be produced �or each primal!Y ele�-

.- ""\ : 
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tron, while surfaces prepar.ed to resist secondary emission will on the 
-average have only one secondary electron for perhaps five or ten primary 
electrons. 

Characteristic Curves of Screen-grid Tubes.-The abov.e factors cause 

\ \ \ 

I I 

the screen-grid tube to have char
acteristic curves such as shown in 
Figs. 68 to 71 .  The curves of  total 
space current in Fig. 68 are similar to 
the corresponding curves for the 
pentode tube shown in Fig. 62 and 
are similar to . the characteristic 
curves of a trio de with the screen 
grid serving the same function as the 
triode plate. For an equi-potential 
cathode one hence has! 

Total space current = ( E )�� Ip + 180 = K Eg + --.!!!!.. f.'s(J (65) 

The notation is identical with that 
used in Eq. (63) for pentodes. The 
plate potential has negligible effect 
on the total space current because 

o 10 40 60 80 100 110 140 160 180 'lOO '2'10 240 of the effective shielding provided 
PI OIte VoltOlge, Volts by the screen grid. 2 FIG. 69.-Variation of plate and screen-

grid currents and of total space current, The division of the total space 
with plate voltage (screen-grid voltage current between the plate and screen constant) . It will be noted that changing 
the control-grid voltage alters the magni- electrodes depends upon the relative 
tu de of the curves without changing their and absolute volt ages of those shape (i.e. , the control-grid potential affects 
the total space current but does not alter its electrodes as shown in Figs. 69, 70, 
division between the plate and screen grid) . and 71 . When the plate is appreci-
ably more positive than the screen electrode, the plate retains all the 

1 For greatest accuracy, corrections for contact potential and velocity of emission 
must be included in the parenthesis on the right-hand side of Eq. (65), as was the 
case in Eqs. (59) and (63) . 

2 To take into account the effect of the plate potential, Eq. (65) can be written 
in more exact form as follows : 

Ip + 1811 = K(EII + E'II + Ep) �� 
MSII Mp 

where Mp is a constant that is a measure of the relative effectiveness of the co'ntrol 
grid ana the plate in producing electrostatic fields at the surface of the cathode. 
This constant Mp is consequently a measure of the shielding, and will be so large as to 
make the term Er'; Mp negligible if the shielding is of the order of magnitude obtained 
with ordinary screen-grid tubes: 
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primary electrons that it receives and in addition receives a small number 
of secondary electrons from the screen, with the result that the plate 
current is then very nearly equal to the total space current and will be 
substantially independent of plate voltage. 1 When the plate voltage is 
less than the screen potential and is still not extremely low, the plate 
current decreases as the plate voltage increases, as in Fig. 69. This 
represents a negative resistance characteristic, and the tube, when used 
in this way as a negative resistance device, is termed a dynatron. The 
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FIG. 70.-Variation of plate and screen-grid currents and total space current with 
plate voltage for several values of screen-grid voltage (control-grid voltage constant) . 
The total space current is nearly independent of plate voltage, but the way in which this 
current divides between screen grid and plate depends upon the potentials of these elec
trodes, the one which is the most positive receiving the major fraction of the current. 

negative resistance is a result of the fact that, while the number of primary 
electrons that the plate receives is independent of the plate voltage, the 
number of secondary electrons produced at the plate increases with in
creased plate voltage ; and with the screen more positive than the plate 
all these .secondary electrons flow to the screen. Hence the plate current 
decreases with increasing plate voltage, and will reverse in polarity if on 

1 When the plate voltage is appreciably greater than the screen voltage, the plate 
current will vary slightly with plate voltage because increasing the plate voltage 
( 1 )  increases the total electron flow very �lightly as a result of imperfect shielding by 
the screen grid, (2) increases slightly the fraction of the total spaee current that the 
plate receives as a result of the electrostatic fields which the plate produces at the 
screen, and (3) increases that fraction of the secondary electrons produced at 
the screen grid which the plate is able to attract. 
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the average each primary electron produces more than one secondary 
electron. The transition between this region of decreasing plate current 
with increasing plate voltage and the region where the plate current 
equals substantially the total space current and is independent of the 
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FIG. 71.-Variation of plate and screen-grid currents and total space current with 
Jontrol-grid voltage for several values of screen-grid voltage. These curves bring out how, 
.or a given plate and screen-grid voltage, the absolute magnitude of the current received 
ay each of these electrodes varies with control-grid voltage in much the same way as the 
plate current of a triode varies with gr�d voltage. 

plate voltage occurs when the screen and plate are at approximately the 
same potential. 

At very low plate volt ages the number of secondary electrons produced 
at the plate becomes very small and at the same time there is a tendency 
for a space charge (virtual cathode) to form in front of the plate that turns 
back some of the arriving electrons to the screen. The plate current then 
devends on the plate voltage and is much less than the total space current. 
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The screen grid gets whatever current does not go to the plate, since 
the arithmetic sum of plate and screen currents must equal the total 
space current. As a result. the screen current varies with plate voltage in 
a manner that is the exact inverse of the way in which the plate current 
varies with plate voltage. 

Increasing the screen voltage increases the total space current and 
raises to a higher value the plate voltage at which the plate current first 
becomes substantially independent of plate voltage. At the same time 
the region where the plate current decreases with increasing plate voltage 
is lengthened. This is clearly evident in Fig. 70. 

The control-grid potential alters the magnitude of plate and screen 
current curves but does not affect their general shape. This is because 
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ary emission. The power tetrode is a screen-grid tube in which the plate has a ribbed 
structure and is treated to reduce the production of secondary electrons. 

the control-grid potential affects the number of primary electrons drawp 
from the space charge around the cathode but does not appreciably affect 
the factors that control the division of current between the screen and 
plate. The result is that the plate and screen currents, as well as the 
total space current (1 p + 16g) , vary with control-grid voltage in much 
the same\ way as does the plate current of a triode. This is illustrated 
in Fig. 71 and is true even when the absolute magnitude of the current 
to one electrode is negative. 

Miscellaneous Considerations.-A comparison of screen-grid and 
pentode tubes shows that the differences between them arise primarily 
from the fact that the suppressor grid of the pentode prevents secondary 
electrons from being interchanged between plate and screen. This 
eliminates the fold that appears in the plate-current curves of Fig. 69 , 
makes the plate current somewhat more independent of plate voltage, and 

• 
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3JsO makes possible slightly better shielding between plate and control 
grid. The result is that for most purposes the pentode tube is superior 
to the screen-grid tube. 

The characteristics of screen-grid tubes in the region where the plate 
voltage is less than the screen voltage are very sensitive to the surface 
conditions at the plate electrode. These conditions vary greatly from 
tube to tube, and also often change during the life of a single tube. It is 
possible to prevent almost all loss of secondary electrons at the plate by 
treating the plate surface in such a way as to reduce the tendency toward 
secondary emission, and by providing the plate with a ribbed structure · 
that serves to shield the plate surface from the screen-grid potential and 
so enables the plate to retain a considerable fraction of the secondary 
electrons produced at its surface . The characteristic curve of a tube of 
this type is shown in Fig. 72 (power tetrode curve) , together with the 
corresponding characteristics of two other screen-grid tubes having 
different amounts of secondary emission, and the characteristics of a 
pentode tube . .  

33. Coefficients of Screen-grid and Pentode Tubes.-The important 
coefficients of screen-grid and pentode tubes are the mutual conductance 
(or transconductance) , plate resistance, and two amplification factors . . 
The first amplification factor of importance is the constant /J.80 which 
appears in Eqs. (63) and (65) and which represents the relative effective
ness of the control and screen grids in producing electrostatic fields at the 
surface of the cathode. A definition of this constant in terms of the 
notation of Eqs. (63) and (65) is 

dE801 /J.80 = - --dEo Ip + I'a constant 
(66) 

The amplification factor /J.80 is analogous to the amplification factor /J. 
of triode tubes, and can be termed the cut-off amplification factor since it 
determines the screen- and control-grid potentials giving cut-off. It can 
be calculated in the same manner as the amplification factor of a triode 
by assuming that the screen corresponds to the plate electrode of the 
triode. If the tube has perfect mechanical symmetry, the amplification 
factor /J.so is determined only by the geometry of the tube and is completely 
independent of electrode voltages. However, the dissymmetry introduced 
by supporting wires causes different parts of the control grid to have 
different values of fJ,so, so that the resulting value of this constant for the 
entire tube is a sort of average that decreases in numerical value as cut-off 
is approached, exactly as is the case with the amplification factor of triodes. 
The numerical value of fJ,IJO in receiving screen-grid and pentode tubes is 
commonly in the range 6 to 15, with slightly lower values sometimes being 
employed in screen-grid transmitting tubes. 
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The second amplification factor of importance in screen-grid and 
pentode tubes represents the relative effectiveness of control-grid and 
plate potentials in varying the plate current. This constant is commonly 
termed the amplification factor, is designated by the symbol p" and is 
defined quantitatively by the equation 

p, 
= 

- ��:lIp constant 
(67) 

where Ep and Eg are plate and control-grid potentials, respectiveJy, and 
I p is the plate current. Over that part of the characteristic curves of 
pentodes and screen-grid tubes where . the plate current is substantially 
independent of plate voltage, the amplification factor p, will be extremely 
high because the plate potential then has very little effect upon the plate 
current, whereas the control grid will have a very large effect. In radio
frequency pentodes the value of p, commonly encountered exceeds 1000 
except at very low plate voltages, while, even in audio-frequency pentodes 
where the shielding of the plate electrode is far from perfect, the value of IJ. 
is commonly several hundred. Values for screen-grid tubes are normally 
slightly less than with radio-frequency pentodes when the plate potential 
is appreciably higher than the screen voltage. When the plate voltage is 
very low in pentodes, or is equal to or less than the screen voltage in 
screen-grid tubes, the amplification factor IJ. becomes low and will vary 
greatly with electrode voltages. The amplificatitm factor IJ. is not a 
geometrical constant as is IJ.sg ,but rather depends upon the electrode 
voltages. 

Plate Resistance.-The plate resistance of screen-grid and pentode 
tubes represents the resistance that the plate circuit offers to an incre
ment in plate potential, exactly as in the case of triodes. Thus it is 
defined by the equation 

Plate resistance - R _ aEp 
- p - aI p 

(68) 

The plate resistance is the reciprocal of the slope of the plate-voltag� 
plate-current curve, and hence is very high when the plate current is 
nearly independeIl:t of plate voltage. In radio-frequency pentodes the 
plate resistance exceeds 1 megohm except at very low plate voltages, and, 
even in audio�frequency pentodes where the effect of the plate potential is 
not so completely shielded, the plate resistance will normally exceed 
50,000 ohms. In the ca::-;e of screen-grid tubes operated with the plate 
considerably more positive than the �creen, the plate resistance is high, 
but less than in the corresponding radio-frequency pentode. 

With low plate voltages the plate resistance of a pentode tube drops 
considerably and corresponds to the plate resistance of an ordinary triod� 
tube. In a screen-grid tube with plate voltage less than the screen 
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voltage, the plate resistance will vary widely in value, as is apparent 
from the fact that the slope of the plate-current curve in Fig. 69 varies 
greatly. In particular it is to be noted that, when the secondary emission 
at the plate is considerable, the plate resistance may be negative. 

Mutual Conductance (or Transconductance) .-The mutual conductance 
(or, as it is sometimes called, the transconductance) of screen-grid and 
pentode tubes is defined in the same way as in triodes and is given by the 
equation 

G 
vI p }J-Mutual conductance = m = 
!lE 

= If V g p 
where 

1 p = plate current 
Eg = control-grid voltage 

p, = amplification factor given by Eq. (67) 
'. Rp = plate resistance as given by Eq. (68) . 

(69) 

The mutual conductance represents the rate of change of plate current 
with control-grid voltage, or, what is the Same thing, the ratio }J-/R;� 
The mutual conductance is the most important single constant of screen
grid and pentode tubes when operated in the usual manner with sufficient 
plate voltage to make the plate current substantialJy independent ot 
plate voltage. Under such conditions the plate current is very nearly 
equal to the total spp.ce current, and is also proportional to the total 
space current. The mutual conductance will then depend primarily 
upon the magnitude of plate current, but not upon the combination of 
control-grid, screen, ana plate potentials required to produce the current. 
The mutual conductance of screen-grid and pentode tubes under such 
conditions is analogous to the mutual conductance of triodes and, in fact, 
has about the same numerical value as the mutual conductance of . a 
corresponding triode at the same plate current. 

At plate voltages so low that the plate current is not independent of 
plate voltage, the mutual conductance depends very greatly upon the 
plate potential as well as upon the total space current, and will vary ovet 
wide limits with changes in plate voltage. In particular, with screen
grid tubes operated at potentials that give a negative plate resistance, the 
mutual conductance will be negative. 

Miscellaneous Constants.-Screen-grid and pentode tubes possess 
numerous other constants which may under special circumstances be 
useful in expressing properties of the tube. Thus each positive electrode 
has its own dynamic resistance defined in the same way at; the plate resiHt
anre except that the expression is in terms of the voltage and current of 
the electrode involved. Likewise, each positive electrode possesses a 
mutual conductance or transconductance with respect to every other 
electrode ; in the general case this is defined by the relation 
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Mutual conductance 
= aE2 

(70) 

where I I is the current to the electrode for which one desires a mutual 
conductance and E2 is the potential of the electrode with respect to which 
one desires the mutual conductance. Finally, there are numerous 
amplification factors, each of which is defined in terms of the relative 
effectiveness of some particular pair of electrodes upon some current in 
the tube. Thus in the pentode tube one could define amplification factors 
giving the relative effectiveness of control-grid and suppressor-grid poten
tials upon the plate current, upon the screen-grid current, and upon the 
total space current Ip + Isg. 

33a. The Beam Tube.-The beam tube is a special type of screen-grid 
tube in which the effect of a suppressor grid is obtained by means of the 
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FIG. 73.-Characteristics and constructional' features of beam power tube. 

space charge in the space between plate and screen. This is accomplished 
by using a large plate-screen distance and by concentrating the electrons 
traveling toward the plate into a well-defined beam. These modifications 
increase the space-charge effects eXIsting in the plate-screen space to the 
point where there is a pronounced potential minimum in the interelectrode 
space even when the ' plate potential is low. This potential minimum 
produced by the space charge is illustrated in Fig. 73a and performs the 
same function as a suppressor grid in that it causes secondary electrons 
emitted from the plate to encounter an opposing field which returns them 
to the plate. In spite of this potential minimum, the plate still collects • 
all the electro·ns that pass the screen provided the minimum potential in 
the lnterelectrode space exceeds zero. The characteristic that results is 
shown in Fig . 73b- and is the same as a pentode characteristic except that 
the transition between the region where the plate current is substantially 
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independent of plate voltage and where the plate current is determined 
primarily by plate voltage is more abrupt and takes place at a lower plate 
potential. The gradual tramlition of the pentode is caused by the fact 
that the spaces between the wires of the suppressor grid tend to produce 
a variable-mu action not present in the beam tube. 

The construction of a practical beam, tube is shown in Fig. 73c. The 
beam-forming plates are internally connected to the cathode and serve to 
concentrate the electrons in a beam as indicated. This increases the 
space-charge effect sufficiently so that, when coupled with the large screen
plate distance, the I?pace charge will produce the required potential mini
mum. The beam-forming plates also serve to keep the electrons away 
from the ends ' of the control-grid structure where pronounced dissym
metry exists. The control-grid and screen-grid wires are carefully 
aligned so that the screen-grid wires are in the shadow cast by the control 
grid. This reduces to an unusually low value the fraction of the total 
space current which is intercepted by the screen. 

The beam tube is equivalent to a pentode as far as fundamental char
acteristics are concerned, but its abrupt transition characteristic at low 
plate volt ages makes it superior to the pentode as a p.ower amplifier. 

34. Variable-mu Tubes.1-Variable-mu tubes (also called remote 
cut-off tubes and supercontrol tubes) are screen-grid and pentode tubes in 
which the design has been modified in such a way as to cause the total 
space cutrent of the tube to tail off at very negative control-grid poten
tials rather than to have a well-defined cut-off point. A typical character
istic of such a tube if! shown in Fig. 74a, together with the characteristic of 
an ordinary screen-grid tube. A variable-mu characteristic is obtained 
by using a non-uniform control-grid structure, so that the amplification 
factor JLsg is different for different parts of the tube. Such an arrange
ment makes the grid potential required for cut-off different for different 
parts of the tube, and those parts having the lowest value of JLsg will hence 
require an extremely negative grid bias to cut off all plate current. The 
usual method of obtaining the variable JLsg is illustrated in Fig. 74b, and 
consists in varying the pitch of the control-grid structure. The coeffi
cients of variable-mu tubes are defined in the same way as for other pen
tode and screen-grid tubes, and, except for the variable character of JLsg 
and the fact that at very low plate currents the mutual conductance 
changes less rapidly with grid bias, are similar in all respects to the con
stants of sharp cut-off screen-grid and pentode tubes. 

Variable-mu tubes are used where it is desired to control the amplifica
tion by varying the control-grid potential of the tube. The characteristic 

1 See Stuart Ballantine and H. A. Snow, Reduction of Distortion and Cro�s-talk 
in Radio Receivers by Means of Variable-mu Tetrodes, Proc. I.R.E., vo!. 18, p. 2102, 
December, 1930. 
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curves of ordinary screen-grid and pentode tubes possess considerable 
curvature where the plate current (and hence mutual conductance) is 
low, whereas the characteristic curves of a variable-mu tube are only 
slightly curved under these same conditions, as is apparent from Fig. 74a. 
The low curvature of the variable-mu characteristic at low plate currents 
(and hence at low mutual conductance) minimizes cross-talk interference� 
and distortion that would otherwise be produced. 
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FIG. 74a.-Characteristic curve of a typical 
variable-mu tube-compared with the charac
teristic curve · of a corresponding tube of 
ordinary construction. 
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FIG. 74b.-Cut-away illustration 
of a variable-mu screen-grid tube, 
showing the variable pitch of the 
control-grid structure that gives the 
variable-mu characteristic. 

36. Effect of Positive Control Grid.-Throughout the discussion given 
above for different types of tubes it has been assumed that the control 
grid is operated at a negative potential. If the control grid becomes 
positive, the total space current is still determined by the strength of the 
electrostatic field at the surface of the cathode, just as with the grid 
negative, but part of this current is diverted away from the other positive 
electrodes to the control grid. Hence Eqs. (59) , .(63) , and (65) become 

For triodes: 

(71) 

For screen-grid and pentode tubes : 

(72) 

where I g is the control-grid current and the remaining notation is the same 
as before. 

The division of this total space current between the control grid and 
the remaining electrodes depends upon the type of tube and the electrode 
potentials. In the case of trio des the control-grid current increases as the 
control grid becomes more positive. The grid current is relatively small, 
however, and the rate of increase is slow until the grid voltage equals or 
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exceeds the plate p otential, at which point the grid current suddenly 
begins to increase very rapidly. This is because the grid then attracts 
secondary electrons from the plate. The grid current also increases with 
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FIG. 75.-Characteristics of a small-power triode (type 800) in the positive control-grid 
region. It will be noted that the control-grid current tends to increase rapidly as the plate 
becomes less positive than t'he grid. 
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FIG. 76.-Characteristics of a small-power screen-grid tube (type 865) in the positive 
control-grid region. 

reduction in plate voltage, particularly when the plate voltage is low 
enuugh to permit the formation in front of the plate of a virtual cathode 
that turns some electrons back toward the grid. The characteristics of a 



SEC. 36] FUNDAMENTAL PROPERTIES OF VACUUM TUBES 147 

triode tube in the positive grid region are of especial importance in con
nection with Class C amplifiers and power oscillators. A typical set of 
tube characteristics in this region is shown in Fig. 75. The control-grid 
current of screen-grid and pentode tubes increases with control-grid 
voltage, but tends to increase less rapidly at low plate voltages than in the 
case of triodes because the presence of the screen reduces the oppor
tunity for the control grid to attract the secondary electrons produced at 
the plate. Characteristics of a screen-grid tube in the positive grid region 
are shown in Fig. 76. 

36. Miscellaneous Tubes and Tube Applications.-The following 
paragraphs describe miscellaneous tube types and also a number of special 
circuit arrangements for ' standard triode, screen-grid, and pentode 
tubes. 

Duplex Tubes.-A duplex tube is essentially two separate tubes in the 
same glass envelope. These tubes may be entirely independent, with 
separate leads for all electrodes, or they may be interrelated by having a 
common cathode. Duplex tubes are commonly used in radio receivers, 
and have the advantage of economy of space and a somewhat tower cost 
than two separate tubes to accomplish the same purpose. It is always 
possible, however, to use two tubes to accomplish the result of a single 
duplex tube. 

Dual-grid or Clas8 B Tubes .-Dual-grid or Class B tubes are char
acterized by the fact that they can be arranged to functioh as a triode 
tube which has either a very high or a moderately low amplification factor, 
and also by the fact that with the arrangement giving a high amplifica
tion factor the current that is drawn by the control grid when this grid. is 
less positive than the plate is much smaller than is the case with an ordi. 
nary high-amplification-factor tube. 

Dual-grid tubeB consist of a cathode, two concentric grids, and a plate. 
For operation with low amplification factor, the outer grid is connected to 
the plate, while the inner g,Tid serves as the control electrode. To obtain 
a high amplification factor the two grids are connected together and used 
as the control grid. This arrangement shields the cat�ode very effec
tively from the effect of a plate voltage, so that the amplification factor is 
extremely high. At the same time this high amplification factor is 
obtained with a relatively coarse structure for each grid, so that the total 
proj ected area of the grid wires is much smaller than the projected area of 
the wires of a single grid tube with sufficiently close mesh to give the same 
high amplification factor. As a consequence, the grid current of the dual- ' 
grid high-amplification-factor tube is unusually small when the grid id 
positive . 

Dual-grid tubes are used in Class B audio amplifiers, and are disGuss�d 
further in Sec. 61 .  
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Space-charge-grid Tubes.-In space-charge-grid tubes there is an 
auxiliary grid called the space-charge grid located between the cathode and 
the control 'grid and operated at a low positive potential. The effect of 

FIG. 77.-Details of  space
charge grid tube. The inner 
grid is the space-charge grid and 
is operated at a moderate posi
tive potential. 

the space-charge grid is to increase the number 
of electrons drawn out of the space charge 
near the cathode. Some of these electrons are 
immediately attracted to the space-charge 
grid, but many of them pass through its meshes 
into the space in front of the control grid, 
where they are slowed down by the retarding 
field and form a second space charge as shown 
in Fig. 77. This represents a virtual cathode 
which serves as the actual cathode for the 
remainder of the tube, which may be a triode, 
screen-grid tube, etc. The characteristic 
curves that result are similar to those for con

ventional tubes, as is apparent from Fig. 78. 
The advantages of the space-charge-grid arrangement arise from the 

fact that the virtual cathode has a large area and is located very close to 
the control grid. This gives a very high 
mutual conductance in proportion to the 
plate potential. The disadvantages of the 
arrangement · are that the characteristic 
curves tend to have excessive curvature 
when considered over an appreciable range 
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Any tube with more than one grid can 
ordinarily be arranged to function as a 
space-charge-grid tube. Thus the curves 
of Fig. 78 were obtained by using a con
ventional screen-grid tube with the 

·5 ordinary control grid functioning as the -4 -3 -2 
Grid VQ itClge -Volts -\  o 11) 

space-charge grid and with the ordinary 
screen grid serving as the control grid. 
The result is then a space-charge-grid 
triode tube. A pentode tube can be like
wise rearranged to serve as a space-charge
grid screen-grid tube, as in Fig. 79. 

FIG. 78.-Characteristic curves of 
space-charge grid tube. The plate 
current varies with control-grid and 
plate voltages in much the same way 
as in a triode, while the space-charge 
grid current is much larger than the 
plate current and decreases as the
plate current increases. 

Special Connections .for Conventional Tubes.-It is possible to operate 
conventional tubes to give special characteristics either by employing 
sp ecial connections or by using the proper combination of electrode 
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voltages. Several such examples have already been considered. Thus 
the dual-grid tube can be arranged as a triode having either a moderate 
or a high amplification factor, depending upon the way in which the gridR 
are connected. Likewise, it was seen that any tube with two or more 
concentric grids could be made to operate as a space-charge-grid tu be. 
The number of such arrangements is very great, particularly when the 

As +rioae with 
medium p 

As triode with 
h igh p 

As screen-
9Yid +ube 

T 

As spoce -charge -grid 
screen -grid -tuoe 

FIG. 79.-Pentode tube arranged in various ways_ 

number of electrodes at one's disposal becomes large. Thus an ordinary 
pentode tube can be connected as a ttiode having either a very high or a 
moderate amplification factor, as a screen-grid tube, or as a space�charge
grid. screen-grid tube, as shown in Fig. 79. 

Another way in which an ordinary tube can be rearranged is to inter
change the functions of the grid and plate by making the grid the anode 
electrode and by using the plate as the negative 
control electrode, as shown in Fig. 80. 1  The operation 
of such an inverted tube rests on the fundamental fact 
that the space current flowing to the anode, which in 
this case is the positive grid, depends almost sol,ely 
upon the electrostatic field in the vicinity of the 
cathode and is substantially independent of how this 
field is produced. Since both plate and grid potentials 
affect the intensity of this electrostatic field, it is 
possible to use a negative plate as a control electrode to 
serve the same purpose as the negative grid in the usual 
triode. The principal differences in the result are that 

FIG. 80.-Circuit of 
i n v e r t e d  v a c u um 
tube. The tube is an 
ordinary t r i 0 d e i n 
which the plate is the 
control electrode and 
is operated at a neg
ative potential, while 
the grid acts as the 
positive anode. 

the amplification factor is low, being approximately 1/,u., where ,u. is the 
amplification factor of the tube operated in the normal manner, and that 
the dynamic anode resistance is much lower than in the corresponding 
tube operated in the normal manner because changes in grid, i.e . , anode, 
voltage produce large changes in the electrostatic field near the cathode 
and hence large changes in anode, i .e . ,  grid, current. The inverted 
vacuum tube is a useful laboratory tool when it is necessary to control a 
C'Nrrent by a very high voltage without at the same time consuming any 
energy from the high potential source. 

1 See F. E. Terman, The Inverted Vacuum Tube, a Voltage-reducing Power 
Amplifier, Proc. I.R.E., vol. 16, p. 447, April, 1928. 
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Co planar Grid Tubes; W underlich Tube . -The coplanar grid tube can 
be thought of as an ordinary tube to which there haR been added a second 
grid wound between the meRheR of the usual grid. Such a double grid 
tube obviously introduces a number of possibilitieR not present in simpler 
tubes ·and has been found useful in a variety of circumstances. 

If one of the coplanar grids is made positive, it is possible to produce a 
strong electrostatic field at the surface of the cathode even if the other 
grid is operated as a negative control grid, so that the result is a much 
larger space current than could be obtained in a corresponding triode tube. 
At the same time, if the plate is more positive than the positive co planar 
grid, the latter will intercept only a small fraction of the total space cur
rent. A tube operated in this way has characteristics that are very 
suitable for power amplification. 1  

Another use of the coplanar grid tube is as a power grid-leak detector 
tube. This application is discussed in Sec. 85, and it is the purpose for 
which the Wunderlich coplanar grid tube was first developed, although 
this tube has since found a "ride variety of other uses, mostly of a 
laboratory charact�r. . 

Mixer Tubesjor Superheterodyne Receivers.-Several types of multigrid 
tubes have been developed for use as the first detector of a superhetero
dyne radio receiver. The most important examples of these are the 
pentagrid converter tubes and the hexode mixer, both of which have 
five concentric , grids. Inasmuch as the operation of these tubes is 
intimately related to the operation of the detector, they are considered 
in Sec. 88 in connection with detectors. 

Tubes jor High Frequencies.-At very high frequencies, such as 100 mc 
and more, ordinary tubes either become inoperative or function in a 
very unsati�factory manner. This is partly due to the increasingly 
important role played by the interelectrode tube capacities and the 
inductance of the lead-in wires and partly due to the fact that at these 
high frequencies the length of time required . for an electron to travel 
from the cathode to the plate is not negligible in comparison with the 
time represented by a cycle. The finite transit time causes changes in 
plate current to lag behind changes in grid potential. This gives 
rise to a number of very detrimental effects, such as cathode bombard
ment by electrons trapped in the interelectrode space at the instant the 
grid potential becomes greater than cut-off, and high grid loss. This 
grid loss occurs even when the grid is maintained negative, because 
of the fact t4at the variation in grid potential during the time an electron 
is in transit causes the grid and the electron stream to interchange 
energy. This effect is discussed further in Sec. 53 . 

1 See H. A. Pidgeon and J. O. McNally, A Study of the Output Power Obtained 
from Vacuum Tubes of Different Types, Proc. I.R.E., vol. 18, p. 266, February, 1930. 
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The natural solution for these limitations at high frequencies is to 
reduce the size of the tube as far as possible. It can be readily demon
strated that, if all dimensions are varied in the same proportion, the 
mutual conductance, amplification factor, and plate resistance will be 
unaffected but the interelectrode capacity, the lead inductance, and the 
transit time for the same electrode voltages will vary directly with the 
linear dimension. Miniature triode and pentode tubes (commonly 
called acorn tubes.) based upon this principle are commercially available. 
These have substantially the same static characteristics as standard 
receiving tubes, but the detrimental effects 
of interelectrode capacity, lead inductance, 
and transit time are reduced by a factor 
of two to five over standard tubes. 1 

The disadvantage of small tubes is that 
the heat-dissipating ability of the anodes 
and the available thermionic emission both 
decrease with size, so that small tubes are 
inherently unsuited for handling appreciable 
power. Various expedients have been sug
gested for increasing the allowable dissipa
tion at small anodes, and a number have 
been tried and found to show considerable 
improvement over standard tubes. 2 There 
is still room for improvement, however, 
and, although considerable . progress has 
already been made, the ultimate solution 
of the ultra-high-frequency high-power tube 
does not appear to have been reached. 

M agnetrons.-A magnetron is a vacuum 
tube in which the flow of electrons from the 
cathode to the plate is affected by a magnetic 

FIG. 81.-Split-anode mag
netron. This consists of a filament 
surrounded by two semi-cylindrical 
anodes, and placed in a magnetic 
field so arranged that the flux lines 
are parallel to the filament. 

field. A number of types of magnetrons have been suggested but the only 
one used to any extent in radIo work is the split-anode magnetron ' illus
trated in Fig. 81 .  3 This consists of a filamentary cathode and two semi-

1 See B. J. Thompson and G. M. Rose, Jr. , Vacuum Tubes of Small Dimensions 
for Use at Extremely High Frequencies, Proc. I.R.E., vol. 21 , p. 1707, December, 1933 ; 
Bernard Salzberg and D. G. Burnside, Recent Developments in Miniature Tubes, 
Proc. I.R.E., vol. 23, p. 1 142, October, 1935 . ' 

2 See C. E. Fay and A. L. Samuel, Vacuum Tubes for Generating Frequencies above 
One Hundred Megacycles, Proc. I.R.E. , vol. 23, p. 199, March, 1935. 

3 For information regarding other types of magnetrons, see Albert W. Hull, The 
Magnetron, Jour. A.f .E.E. , vol. 40, p. 715, September, 1921 ; The Axially Controlled 
Magnetron, Tram. A.f.E.E., vol. 42, p. 915, 1923; Frank R. Elder, The Magnetron 
AmDlifier and Power Oscillator, Proc. I.R.E., vol. 13, p. 159, April , 1925 . 
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cylindrical plates, with an axial magnetic field as illustrated. When 
the plates are positive, the electrons that are attracted to them follow 
curved paths as in Fig. 82. If the plates are very positive, the curvature 
of these paths is small, but at lower voltages the curvature becomes 
greater, until at a critical potential, determined by the strength of the 
magnetic field, the electrons follow a curved path (cardiod) back to the • 
cathode, as shown in Fig. 82c, and never get to the plate in spite of 
the positive plate potential. 

One of the chief reasons for the usefulness of the magnetron arises 
from the fact that, if the magnetic-field strength is slightly less than the 
cut-off value, and if a voltage is applied between the anodes in such a 
way as to make one anode less positive as the other is made more positive, 
the anodes will be found to offer a negative resistance to this superimposed 

(a) High anode Cb) Medium anode voliuQes 
vo Itages (just more than cutoff) 

�9 .� , I -- .... -.... \ 
, ,/ , I J 

... - / - "  �,..�_/ *, " .  -Electron -' 
-f ( \  � I \ pafhs'-- ,_ .... 

f \, 

Cc) Low anode 
voltuges 

FIG. 82.-Electron paths in split-anode ffifi gnetron under various conditions. I 
potential. This negative resistance arises from the fact that the electrons 
which are attracted from the cathode by the most positive plate follow 
such a curved path as actually to reach the least positive plate, and vice 
versa, so that the added current which the electrode receives as a result 
of its added potential has the opposite sign from the potential increment. 

Vacuum Tubes as Negative-resistance Devices. I-There are a number 
of ways in which a vacuum tube can be connected to give a negative 
resistance. The best known arrangement of this type is the dyn�tron, 
in which the negative resistance is obtained as a result of secondary 
emission at the plate as explained in Sec. 32. The dynatron is essentially 
a screen-grid tube operated with the plate less positive than the screen 
and having appreciable secondary emission at the plate. The plate 
circuit of the tube then offers a negative .resistance having a magnitude 
that can be varied by the control-grid potential, as is apparent from 
Fig. 69. The lowest negative resistance obtainable from commercial 
screen-grid tubes used as dynatrons is 10,000 to 20,000 ohms. 

Another convenient method of obtaining a negative resistance is to 
connect a pentode tube as shown in Fig'. 83 . 2  Here the screen-grid 

1 For further information about the dynatron and its uses see Albert W. Hull, 
The Dynatron, a Vacuum Tube Possessing a Negative Resistance, Proc. I.R.E. , 
vol. 6, p. 5, February, 1918. 

2 See E. W. Herold, Negative Resistance and Devices for Ohtaining It, Proc. 
I.R.E., vol. 23, p. 1201, October, 1935. 
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and plate electrodes are both positive, and the suppressor is sufficiently 
negative to produce a virtual cathode between the suppressor and screen. 
A high resistance is placed between the suppressor and its bias potential, 
and the suppressor and screen electrodes are tied together with a by-pass 
condenser. With this arrangement · the screen-grid circuit offers a 
negative resistance to alternating currents. This is because the screen 
and suppressor electrodes are at the same potential with respect to alter
nating currents, and, if the potentials of both electrodes vary together, the 
current to the screen will decrease with increasing potential, and vice 
versa. The reduction in screen current comes about because the screen 
current consists largely of electrons 
that have returned from the virtual 
cathode produced by the negative 
suppressor. As the suppressor-grid 
potential increases, more electrons are 
drawn from the virtual cathQde to the 
plate, leaving fewer to ·return to the 

_ Negative 
..r:-:-- resisfanc8 �(+l 
: 

screen and hence reducing the screen FIG. 83.-Retarding field method of pro-
ducing a negative resistance. 

current. The magnitude of the nega-
tive resistance obtained in this manner can be controlled by varying the 
control-grid potential. With ordinary tubes values as low as 3000 or 
4000 ohms are obtainable. 

' 

A number of other negative resistance arrangements using vacuum 
tubes have been proposed but none of these except the magnetron, which 
is discussed above, has had much practical use. 1 

Negative resistances obtained from tubes can be used as ordinary 
circuit elements, and make it possible to achieve circuit behaviors not 
realizable with positive circuit elements.  Thus it is possible to devise 
amplifiers, oscillators, etc., based upon circuits containing negative 
resistance elements,2  although none of these arrangements except the 
dynatron oscillator (see Sec. 69) have been used to any extent. 

37. The Mathematical Representation of Characteristic Curves of 
Tubes.-In carrying out the analysis of circuits involving vacuum tubes, 
it is often desirable to be able to express the characteristic curves of the 
tubes by means of a mathematical expression. The principal methods 
that have been employed to do this are the power-law method and the 
power-series method. 

Power-law Method of Expressing Tube Characteristics.-This method of 
representing tube characteristics has already been made use of in Eqs. 

1 A very thorough discussion of various means of using tubes to obtain a negative 
resistance is given by E. W. Herold, loco cit. 

2 See A. W. Hull, loco cit.; E. W. Herold, 'Wc. cit.; L. C. Verman, Negative Circuit 
Constants, Proc. I.R.E., vol. 19, p. 676, April, 1931. 

, : 
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(57), (59) , (63), (65), (71) , and (72) , which for the sake of convenience 
will be rewritten below : 

For diodes: 

For triodes: ( E )�� I p + I g = K Eg + JJ.
p 

For screen-grid and pentode tubes: Ip + Iso + 10 = K(Eo + EsO)�2 
JJ.s 0 

(73) 

(74) 

(75) 

Also in pentodes and screen-grid tubes, when the plate potential is 
sufficiently high to make the plate current substantially independent of 
plate voltage, the plate current is almost exactly proportional to the 
total space current, so that for these conditions one has ( · )32 Ip = K Eo + 

Eso 7 • }Lso (76) 

The notation in these equations is the same as that used when they were 
first developed. 

It is assumed in Eqs. (73) to (76) that the velocity with which the 
electrons are emitted from the cathode and also the contact potentials 
in the grid and plate circuits are negligibly small, and that there is no 
voltage drop in the filament. Equations (74) , (75), and (76) also assume 
that the amplification factors JJ. and JJ.80 are geometrical constants entirely 
independent of electrode voltages, which is equivalent to assuming that 
the control-grid structure has perfect symmetry. It is also assumed that 
there is a full space charge about the cathode and that an electron which 
has once been drawn out of this space charge will not return to it. Hence 
the equations do not necessarily hold when a virtual cathode is formed 
somewhere within the tube. 

The effect of the voltage drop in the filament of filament-type tubes 
and also the effects of velocity of emission and contact potentials can be 
taken into account in Eqs. (73) to (76) by methods discussed when these 
relations were first developed in Secs. 27, 28, 3 1, and 32. These cor
rections are quite small except when the field near the cathode is very 
weak, i.e. , when the space current is small. When the corrections are 
made, Eq. (73) gives a very accurate representation of the complete 
characteristic of a diode tube throughout the region where a full space 
charge exists. The remaining equations are still only approximate 
representations, however, because the lack of perfect symmetry .in 
actual tubes causes the amplification factors JJ. and JJ.80 to depend some
what upon the electrode voltages. 
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Because of this the characteristics of  triodes, screen-grid tubes, and 
pentodes can usually be more accurately represented by equations of 
the follo�ing types : 

For triodes: 

Ip + Ig
=

K(Eg + �)" 

. For screen-grid and pentode tubes: 

Ip + Isg + Ig 
= 

K(Eg + 
Esg)a 

\ J.L8 (J 

(77) 

(78) 

When the plate voltage is great enough so that the plate receives 
most of the space current, then Eq. (78) becomes : 

(79) 

In these equations the amplification factor J.L or J.LBg, as the case may be, 
is evaluated for a point near the center of the region in which the most 
accurate representation is desired; and the ex- 1 00 
ponent a is determined experimentally by plot- 80 
ting a curve of current against the parenthesis ; ro 
on the right-hand side of the equations, using "E 40 
logarithmic paper as shown in Fig. 84. The � 30 . 8 � value of a at any current is the slope of the � 20 
resulting curve at that point, and, although l 1 5 

the slope is not perfectly constant, a particular :2 1 0  
value of a will give a good approximation over t2 8 

/ / ,/ 

/ 
/ 

/ :/ I / 

a:n appreciable range. 6 8 10 15 20 30 40 50 60  
The power-law method of representing tube (Eg + �) 

characteristics will be applied in Secs. 61 and 63 
to the analysis of Class C amplifiers and 
harmonic generators. 

Power-series Method of Representing Charac

FIG. 84.-Plot of total 
space current as a function of 
(Eq + Ep/I-') for a triode, show
ing how to evaluate a in the 
equation lp = K(Eg + Ep/�)a. 

teristic Curves' of Tubes.-In the power-series method, the tube character
istics are expressed in terms of a Taylor's series, or power series. l  The 
details of this method can be understood by applying it to the case of a 
triode with equipotential cathode and assuming that over the limited range 
that is to be represented the amplification factor J.L can be considered 
constant. The method can then be extended to the general case in which 
variations in the amplification factor are taken into account . 

. 1 This method of analysis was first proposed by Carson; see John R. Carson, A 
Theoretical Study of the Three-element Vacuum Tube, PrOf;. I.R.E. , vo!. 7, :po 1871 
1919. . 

. 
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For the simplified triode case the plate current is some function of 

the quantity (E, + �p) That is : 

Jp = f(E, + �) (SO) 

This equation can be corrected for contact potential and velocity of 
emission in the usual manner, if desired. In obtaining results based 
upon Eq. (SO) , one is normally interested, not in the total plate and grid 
voltages and total plate current, but rather ' in variations of the plate 
current which result from variations of the electrode voltages about some 
operating point corresponding to a plate voltage Epo, 'grid voltage Ego, 

and a plate current Io. Hence one can write :  

Actual plate current = I p = Io + ip } 
Actual plate voltage = Ep = Epo + ep 

Actual grid voltage = Eg = Ego + eg 

(SI) 

The lower-case letters represent the variations from the operating point, 
such as might result when a small signal voltage is applied to the grid 
of the vacuum tube and produces changes in the plate current and plate 
vo�tage. A substitution of Eqs. (SI) into Eq. (SO) ,  and then expanding 
the latter into a Taylor series gives 

(S2) 

The subscript 0 denotes that the derivatives are to be evaluated at the 
point Eg = Ego, Ep = Epo, and I p = Ipo of the characteristic. 

The physical significance of Eq. (S2) can be made clearer by noting 
that 

(S3) 

where Rp is the plate resistance, Gm i5 the mutual conductance, and all 
derivatives are evaluated at the point Epo, EgO, I pO. SUbstituting the 
relation� of Eq. (S3) into Eq . (82) gives 
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Equations (82) and (84) express the characteristics of the vacuum 
tube about the operating point Epo, Ego, and Ipo at which the tube char
acteristics are evaluated, and they are exact provided a sufficient number 
of terms are included in the series and provided the plate current I p 

is greater than zero and is less than the saturation value. In actual 
practice the series converges very rapidly so that two or at most three 
terms are sufficient to explain all important aspects of tube be�avior. 

A more general form of Eqs. (82) and (84) can be obtained by express
ing the plate current in the form Jp = !(Eg, Ep) . Substituting Eqs. (83) 
into this expression gives a result that can be expanded as a Taylor 
series of two variables. 1 The method can also be extended to i:nclude 
screen-grid and pentode tubes. 2 

The power-series method of representing tube characteristics finds 
use in the analysis of the factors c�using amplitude distortion in ampli
fiers, in the analysis of detection, and in certain other phenomena such 
as automatic synchronization. Applications of the method to these 
specific problems are taken up in later chapters. 

38. Effect of Gas upon Tube Characteristics.-Very small traces of 
gas in vacuum tubes affect the characteristics adversely in a number of 
ways as a result of the positive ions produced in the tube by collisions 
between the gas molecules and the electrons flowing to the plate. The 
positive ions travel in the opposite direction from electrons and normally 
en� their 'existence by falling into the cathode or the negative control 
grid. Those which bombard the cathode tend to destroy the emission 
()f thoriated-tungsten and oxide-coated cathodes, as has already been 
discussed, and this effect is sufficiently serious to limit the usefulness of 
these types of emitters. The positive ions collected by the negative 
control grid also result 'in grid current that causes grid-circuit power 
loss and limits the resistance that may be inserted in series with the grid, 
as discussed below. Another serious effect of the positive ions is the 
irregularities that they produce in the space charge at the cathode. This 

1 This analysis, taking into account the variation of the amplification factor and 
also extended to include the effect of control-grid current, is due to F. B. Llewellyn, 
Operation of Thermionic Vacuum-tube Circuits, Bell System Tech. Jour., vol. 5, 
p. 433, July, 1926. 

2 See J. G. Brainerd, Mathematical Theory of Four-electrode Tubes, Proc. I.R.E., 
vol. 17, p. 1006, June, 1929. 

• 
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causes a shot effect that makes the tube " noisy " ; this will be discussed in 
Sec. 49. 

When traces of gas are present in a tube, the resistance that may 
safely be placed in series with the negative control grid of the tube is 
limited. This is because the voltage drop that the grid current produces 
across such a resistance has a polarity that makes the grid less negative. 
This increases the total space current, thereby increasing the number of 
positive ions and causing additional grid current ' and a still greater 
reduction in the negative grid potential. If the resistance in the grid 
circuit is high enough, this process can become cumulative, resulting 
in the control-grid potential suddenly becoming positive and causing the . 
destruction of the tube as a result of excessive plate current. As a 
conseque�ce there is a maximum resistance that it is permissible to 'place 
in series with the grid electrode, with the allowable value depending 
upon the tube characteristics and the conditions under which the tube is 
operated. 

When the gas pressure is increased somewhat, the voltage and current 
relations become seriously affected. The positive ions in drifting toward 
the cathode neutralize a portion of the negative space charge around the 
cathode and make it possible for more electrons to be drawn to the plate 
than would otherwise be possible. The velocity of the positive ions is 
soJow because of their large mass that the life of the average ion is much 
greater than that of an electron. Hence the rate of production of positive 
io�s need not be very great to increase the plate current appreciably. 
The characteristic curves of tubes containing small amounts of gas also 
tend to be irregular and to have sudden bends or kinks. 

When the amount of gas in a tube is quite large, the ivnization is 
sufficiently intense to produce a luminous glow, and the tube is then said 
'to be " soft ." The amount of gas required to produce a soft tube is q�ite 
small, since a pressure of one-millionth of an atmosphere will commonly 
give a visible glow and make the tube inoperative as a high-vacuum 
device. 

The amount of gas in a tube can be estimated from the amount of 
grid current present when the grid is negative. This current is pro
portional to the number of positive ions, which, with appreciable anode 
voltages, are proportional to the total space current and the gas pressure. 
This is the basis of the ionization gauge used to measure very low gas 
pressures. 

_ Hot-cathode Gas Diodes.-When the gas pressure in a tube is of the 
order of 1 to 30 jJ., as is the case when the tube contains mercury vapor in 
equilibrium with liquid mercury at room temperatures, the presence of 
the' gas profoundly affects the characteristics. In the case of a diode, 
the plate current starts to increase with plate voltage in exactly the Flame 
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way as in the high-vacuum tube of Fig. 51, �ut at some critical potential, 
which is just above the ionizing potential of the gas, there is a sudden 
break and the current increases to the full cathode emission with little 
or no increase in the plate voltage, as shown in Fig. 85. This is caused 
by the appearance of positive ions, which at these gas pressures will 
be produced in sufficient quantities at plate voltages just above the 
ionizing potential to neutralize completely the space charge of the 
negative electrons around the cathode. The result is that, as soon as 
positive ionization sets in, the full emission current can be drawn to 
the plate with just enough plate potential 
to keep the ionization process function
ing. This sort of characteristic finds 
practical application in the hot-cathode 
mercury-vapor rectifier tubes and is dis
cussed in Sec. 94. 

Gas Triodes (Thyratrons) .-When gas 
having a pressure of the order of 1 to 30 
J.I. is introduced into a triode (or any tube 
having a control grid), the control action 
exerted by the grid is changed in a very 
remarkable way. If one starts with a 
grid potential considerably more negative 
than the cutoff value, and then gradually 

Total elecfron 
emission of'cathoae 
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Characteristic that 
wot/lcI he ohtainea 
with no !JC1s-� 
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FIG. 85.-Characteristic of hot
cathode mercury-vapor diode. show
ing how the space-charge limitation 
to the space current is removed as soon 
as ionization begins. 

reduces this negative bias, it is found that, at the point where the plate 
current would just start to flow if the tube c�ntained no gas, the plate cur
rent suddenly jumps from zero to a very high value, which readily reaches 
the full emission of the cathode with anode volt ages as low as 15 to 20 
volts. After the flow of plate current has once been started, the control 
grid has no further effect, and the grid can be made much more negative 
than cutoff without , altering the plate current appreciably. To stop the 
plate current one ,must reduce the plate voltage below the ionizing poten
tial of th� gas in the tube. 

The above characteristic is caused by the fact that, as soon as the plate 
current starts to flow, positive ions are produced as a result of ionization , 
by collision. Some of these are attracted toward the negative grid, 
f>urrounding it with a sheath of positive ions that neutralize the electro
static effect of the grid and so destroy the normal �ontrol action of the ' 
grid. At the same . time other positive ions are attracted toward the 
cathode and neutralize the space charge. Hence, once ionization has 
started, th�re is no space charge to limit the current flow, and the control 
action of the grid has been lost. 

The result is a relay or trigger device that has numerous important 
practical uses, particularly in control work. It takes practically no 

, ! 
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energy at the negative grid to initiate the discharge, and at the same time 
the resulting energy turned on may be many kilowatts . Tubes of this 
character arc known as gas triodes, or thyratrons, or grid-glow tubes. 
\Vhell SHch tubes arc to be used in low-frequency circuits, as in association 
with 60-cycle power son rces, the gas employed is usu aHy mercury vapor 
in equili brium ,vith liquid mercury. In other cases ,,,-here the ionization 
and deioni zation must be extremely rapid, helium, argon, or neon is 
em ployed because the posi tive ions of these gases arc much lighter and 
hen ce more rnobile than mereury ions. 1 

39. Constructional Features of Small Tubes.-Tlt c  follm,yi n g  para

Spring hook for f'//�ttlenf su,o,oorf 
M/cC( d/sk 

Unverfecl 

Bv/b---

graphs cleseribe very briefly the 
principal cOllstru ctional features of 

the types of tubes com monly used 
ill radio rcceiv('r�. 'The details of 
l arger tubes an� dhwussed in Chap. 
VII ill <'onnection with power 
amplifi(�rs. 

Glass-envelope Tubes.-The out
sta nding fr�aturcs of gl ass-envel ope 
tube� are shown by Figs. 86a and 
8Gb. The eler trodn:-; arc supported 

FIG. 80u,-Phot.ograph showint! coustruc- from \\"i I'e� <'mbcdded il l  the press, 
tionrtl dcta ilii of tYl lictll thrcc-cic ctrode vac- with certain of the wire:; pa��ing 
uum tuhe.  I 1 th rong 1 the g u,::;s and acti ng aH 
leads. There is ah;o usually some meth od , ('ommon ly a llliea sheet, for 

holding the tops of the eleetrodC's in proper po:;ition with rcspeet to ea('h 
other. The technique of assembling a tube i" si milar to that employed 

in the manufacture of incandescent l ights. The electrodes arc formed to 

the proper shape and are spot-,velded to the supporting w;re8, which arc 
then held in position whi le the press is made at the end of the stem. Next 

the bulb is scaled to the stem, after which the t.ube is evacua.ted and based. 
The plates of small tubes arc usually formed of nickel or iron. 2 The 

most com mon constru ction uses sheet material in which Lhe rigidity is 
often increased by such expedients as crimping the flat surface and turn
ing over the edges to form a flange. The surface of the plate is someti mes 
blackened by carboni zation to facilitate the radiation of the heat prodllced� 

by the impact of electrons_ 
The grid structure is preferably of molybdenum,. but less expensive 

materials slleh as nichromeT iron, iron-niekcl alloys, and manganese-nickel 

I For furt her information on gas t.riodcs D.I ld t.heir uses: see J(ci lh Hcnney, " Elec
troIl Tuhci:l i n  Irl ( l ustry, " pp . 144-272, l\1cGraw-Hill Book Company, Inc. 

1 An ext.ensive discussion of mntcrinlti ent ering iuto the manufacture of receiving 
t.u Let5 hi given by E. R. Wagner, Raw Materials in Vacuum-tube Mnnufa,ctul'c, 
Electronics, vo1 . 7, p. 104, April, 1934. 
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alloys are commonly used . In the usual method of construction the grid 

is attached to its supporting wires by being wound in grooves cut in the 

sUPP9rt wires at suitable intervals, after which a swaging process is used to 
bold the grid wires in place mechanically. 

The filament in filament-type tubes is stnmg in the form of an inverted 

V or an inverted 'V upon hooks which keep it u nder tension .  In the case 

of heater-type tubes the heaters are usuaUy wound i n  a double spiral which 
is slipped into the hollow cathode sleeve after being first sprayed "with an 

FIG. 86b.-Photograph showing const.ructional features of u heater-type variable-mu. pentode. 

insulating compound that prevents short circuits between the heater' turns 
or between the heater and cathode sleeve. 

jl,-feial-envelope Tubes.-The metal-envelope tube differs from the glass 
tube primarily in t.hat the outer envelope consists of a metal shell rather 
than a glass bulb. This change alters the manufacturing technique in 
m any important respects, although the internal assembly of cathode, 
grids, and plate is essentially the same irrespective of the type of envelope 
employed. 

The principal featuTes of a metal-envelope tube are shown in Fig. 87.  
Instead of being mounted upon the press, t.he various electrodes are sup
ported from a metal " h eade r," as shown. The lead-in wire!:) arc brought. 
out through glass beads that are scaled to fernico or kovttr eyelets, which in 
turn are welded to the header. Fernico i� a nickel-iron alloy whi ch has the 
same coefficient of expansion as the glass bead and so maiws possible a 
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vacuum-tight. j oint. After the el ectrode structure is completely assembled 
u pon the hender, the metal shen i� ,veIded to the header a� indicated in 
Fig. 87, a n d  the tube is fin al ly evacuated, sealed off, and based . The 
eVHcuation is accoqlplished through a metal exhaust tube ,veIded to the 
header, and the scaling-off process consists in pinching this tube and \vcI d
i ng it closed . 

A� co mpared with glass tubc:-l, the metal tube has certain advantages. 
I t  is probable that better an(l a.t the same time less expensive tubes are 
possible by usin g the meta1 constructio ll .  In particular the e l imination of 

Glass hecl(::I�---' 
Fern/co .... '--

I eye/er ' -

Grids---
Me fClI •• -·· 

shell 

Glass bead 

Fernico 
eyelef--

Pinched secrl __ 

---Insuklfor 

Cathode 
and 
heater 

.--PI(7fe 
insula-ring supporf 

-. Exhaust fuhe 

FIG. 87.-Cut-away drn\\;ng sho\\;ng ('onstructional features of a mct.nl-cllvc1011e pellt-odc 
t ube. 

the glaol:i-bl owi n g  technique wi l l  probably make it posl:iible to maintai n 
improved toleranccl:I in clearances . 

Evacuation of T'ubes. 1-The air is removed frOln the tubc by the u�e of 
a motor-driven oil-imm ert'cd pUlllP supplemented by a molecular pump. 
If tho l'eq Ilired degree of vacuum is to be maintained for a,ny length of ti m c: ,  
i t  iH necessary to remove the gas adsorbcd and absorbed by the metal a l ld  
glal:i� parts a s  \vell as that con tained in  t.he space inelosed by t h e  envelope. 
In the eu;-;c of gla:-iK-PI l V(-,1 upc> tubefl, the removal of thc::ie oeduded gn.ses is 
(',alTil�d o u t  by baking the cll til'c tube at a t.cmperutul'c j Ul:it bel ow the ' 
�( ) ft(�l I ing poil lt  of gla.::;:o:; alld by heating the electrode:.; to 11 high temperu.-

! A Ji�cu�tii() 1 I  of some of the practical considerations iu volved in the evucu:Lt,ioll uf 
l-mml l \.l Ibcto.l i!;, given by E .  R. Waguer, Processes in Vacuum-tu be l\ll nll ldact.urc, 
Eleclronics, vol . 7, p. 2 1 3, .July, 1 934. 
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ture, usually by means of a radio-frequency furnace. As a final step, a 
small quantity of some substance called a " getter " is volatilized (or 
flashed) inside the tube to remove the residual gas either by chemical or 
by mechanical action. Magnesium is widely used for this purpose, but 
other materials such as barium, phosphorus, etc. ,  can also be employed, 
as well as various mixtures. Some getters also act as " keepers " in that 
they not only remove what gas is present in the tube at the time of flash
ing but also combine with any gas that may subsequently be liberated 
within the tube. 

With metal-envelope tubes, the occluded gases are removed by heating 
the metal ' shell with a gas flame. ' Gas can be removed from the plate, 

TABLE V.-CHARACTERISTICS OF TYPICAL VACUUM TUBES USED FOR VOLTAGE 

AMPLIFICATION 

Type 

56 
30 

2A6 § 
6C5t 
6F5t 

55 § 

24A 
32 

35t' 

6C6 
6D6t 

Mil t  

39/441\ 
6B7 § 

" 

Equivalent 
tubes* 

76 
. . . . . . . . . . . . 

75§, 6Q7 §t 
. . . . . . . . . . . . 
. . . . . . . . . . . . 

85 §, 27 

. . . . . . . . . . . . 

. . . . . . . . . . . . 

. . . . . . . . . . . . 

57, 6J7t. 77 
78t, 6K7tt, 58t 

. . . . . . . . . . . . 

. . . . . . . . . . . . 
2B7 § 

Heater or filament Normal electrode rating 

Type 

Heater 
Fila-

ment 
Heater 
Heater 
Heater 
Heater 

Heater 
Fila-

ment 
Heater 

Heater 
Heater 
Fila-

ment 
Heater 
Heater 

Volt-
age 

2 . 5  
2 . 0  

2 . 5  
6 . 3  
6 . 3  
2 . 5  

2 . 5  
2 . 0  

2 . 5  

Cur- Plate Grid 
rent volts volts 

Triode Tubes 

1 . 00 250 - 1 3 . 5  
0 . 06 180 - 1 3 . 5  

0 . 8  250 - 2 . 0  
0 . 3  250 - 8 . 0  
0 . 3  250 - 2 . 0  
1 . 0 250 -20 . 0  

Screen 
volts 

. . . . .  

. . . . .  

. . . . .  
. . . . . 
. . . . . 
. . . . .  

Screen-grid Tubes 

1 . 75 250 - 3 90 
0 . 06 180 - 3  67 . 5  

1 . 75 250 - 3 90 

Screen 
ma 

. . . 

. . . 

. . .  

. . .  

. . .  

. . .  

1 . 7  
0 . 4  

2 . 5  

Radio-frequency Pentode Tubes 

6 . 3  0 . 3  25(1 - 3  100 0 . 5  
6 . 3  0 . 3  250 - 3  100 2 . 0  
2 . 0 0 . 06 1 80 - 3  67 . 5  1 . 0  

6 . 3  0 . 3  250 - 3  90 1 . 4  
6 . 3  0 . 3  250 - 3  125 2 . 3  

Properties 

Plate Gm Rp ma JI. 

5 . 0  1 , 450 9 , 500 13 . 8  
3 . 1 900 10 , 300 9 . 3  

0 . 8 1 , 100 9 1 , 000 100 ' 
8 . 0  2 , 000 1 0 , 000 20 
0 . 9  1 , 500 66 , 000 100 
8 . 0  1 , 100 7 , 500 8 . 3  

4 . 0  1 , 050 • .  6 m,g· 1 630 
1 . 7  650 1 . 2  mag. 780 

6 . 5  1 , 050 O . 4 meg· 1 420 

2 . 0  1 , 225 1 . 5  meg, 1 , 500 
8 . 2  1 , 600 0 . 8  meg. 1 , 280 
2 . 8  620 1 . 0  meg. 620 

5 . 8  1 , 050 1 . 0  meg. 1 , 050 
9 . 0  1 , 125 0.65 meg. 730 

.* These tubes have similar (but' not necessarily identical) Normal Electrode Ratings and' Properties, 
and are suitable for performing the same functions. 

' , ' 

", t Metal envelope. � 
t Variable mu. , - :.. 
§ Tube with diode sections. 
11 Suppressor grid internally connected to cathode. 



164 RADIO ENGINEERING [CHAP. IV 

grids, etc . ,  by heating these electrodes, using electron bombardment to 
supplement the general heating of the outer envelope. , 

40. Table of Tube Characteristics.-The essential characteristics of 
different types of vacuum tubes in common use are given in Tables V, 
VIII, IX, XI, and XII. The first table covers tubes used for voltage 
amplification and other similar purposes. These tubes may be classified 
as triodes, radio-frequency pentodes, and screen-grid tubes, and they may 
be either of the sharp-cut-off or variable-mu types. Small-power tubes 
such as are used in radio receivers are listed in Table VIII (Chap. VII),  
while large-power tubes, such as are used in radio transmitters, are covered 
in Table IX (Chap. VII) . Rectifier tubes are given in Tables XI and XII 
(Chap. XI) . 

Problems 

1. In a two-electrode tube in which the cathode and plate electrodes can be con
sidered as plane surfaces 1 cm apart, the anode voltage is +200 volts. 

a. With what velocity do the emitted electrons strike the anode? 
b. How long does it take an electron to travel from cathode to anode if there is a 

uniform voltage gradient (i.e., if the space charge is negligible) ?  
2 .  In Prob. 1 there is an anode current of 100 ma. How many electrons arrive 

at the anode each second and what is the energy dissipation at the anode? 
3. In the tube of Prob. 1 it will be found that, when there is a strong magnetic 

field between the electrodes oriented so that the flux lines are parallel with the plane 
electrodes, the anode current becomes zero, but, if the flux lines are perpendicular to 
the plane electrodes, there is little or no effect on the plate current. Explain. 

4. In an oxide-coated cathode operating at 1150oK. and having A = 0.005, 
calculate the thermionic emission per square centimeter when the constant b has 
values 12,000 and 1 1,000. 

6. A certain water-cooled tube has a tungsten filament 19.5 in. long and 0.025 in. 
in diameter. 

a. What electron emission can be expected at 2450oK. and at 2600oK. ? 
b. What is the ratio of filament-heating powers required at the two temperatures? 
6. Calculate and plot a curve giving relative electron emission as a function of 

temperature for a typical oxide-coated emitter. 
7. Discuss the economic factors involved in the selection of the cathode operating 

temperature in a vacuum tube. 
. 8. In tubes employing thoriated-tungsten emitters it is found that the immediate 

effect of an accidental overheating is to cause the electron emission to drop to a low 
value, but that after further operation at normal or slightly above normal tempera
ture the emission is gradually restored to normal. Explain, and also explain why 
oxide-coated and pure tungsten emitters do not act in this manner. 

9. Explain why heater-type cathodes always use oxide-coated emitters. 
10. In a two-electrode tube it is found that at a plate voltage of +100 the plate 

current is 90 ma, while saturation begins to be pronounced at a plate voltage of +200 
volts. 

a. From this information calculate the plate current as a function of plate voltage 
where space-charge limitation exists, plotting the resulting curve and also sketching 
in the saturation region. 
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b. Calculate the plate voltage at which saturation would begin to occur if the 
electron emission were reduced to one-third of its initial value by lowering the cathode 
temperature, and sketch a dotted curve alongside of (a) to show the effect of the 
change. 

11. Derive Eqs. (58a) and (58b). 
12. Using the plate-current-plate-voltage characteristic curve of a two-electrode 

tube obtained from a tube manual (or assigned) , check the extent to which Eq. (57) 
holds by plotting Jp versus Ep on log paper. 

13. Derive equations analogous to Eqs. (58a) and (58b) , but taking into account 
the effect of voltage drop in the filament of a filament-type triode tube. 

14. Using the characteristic curves of a triode tube (either the tube of Fig. 54 or a 
tube from a tube manual) ,  check the extent to which Eq. (59) holds by plotting 

Jp versus (Efl + ;) on log paper. 

16. Explain how one could pl6t an entire family of grid-voltage-plate-current 
curves such as shown in Fig. 54, knowing the amplification factor of the tube and 
having available one curve of the family. 

16. Evaluate �, Gm, and Rp for the tube of Figs. 54 and 55 in the region of Ep = 135, • 
Jp = 17 ma. 

17. Two identical triode tubes are connected in parallel. How do �, Gm, and Rp of 
the combination compare with the values for the individual tubes. 

18. Assuming Eq. (59) holds, derive an expression giving the way in which the 
mutual conductance of a triode can be expected to vary with total space current. 

, 19. In a particular triode tube it is found by experiment that � = 10 and 
K = 0.0005. From this information : 

a. Calculate and plot a family of Eg - Jp curves similar to those of Fig. 54. 
b. Calculate and plot Rp and Gm as a function of total space current. 
20. If the tube of Prob. 19 is placed in parallel with a second tube for which p. = 20 

and K = 0.0005. 
a. Calculate and plot a curve giving the resultant Jp of the combination as a 

function of Eg for a plate voltage of 250 volts, and compare the shape with the shape 
of a corresponding curve of Prob. 19. 

b. Calculate and plot Rp, Gm, and � of the combination as a function of total space 
current, when the total space curr�nt is varied by means of the grid bias and when 
the anode voltage is 250 volts. 

c. Repeat (b) for a plate potential of 150 volts. 
d. Discuss the results of (b) and (c) as compared with the results of Prob. 19b, 

and from this draw conclusions as to the effect of dissymmetries in a tube which 
cause different parts to have different amplification factors. 

21. Explain why the suppressor grid in an ordinary pentode tube has a relatively 
coarse mesh compared with the screen and control grids (see Fig. 86b) . 

22. What would be the effect on the curves of Figs. 63 and 65 if the filament 
temperature were reduced to the point where saturation occurred at about 5 ma total 
space current ? 

23. If you were given a tube that might be either a pentode with the suppressor 
internally connected to the cathode or a screen-grid tube, but you did not know which 
and could not see through the glass bulb- well enough to make sure, what electrical 
tests could be used to determine which kind of tube it was? 

24. Under what conditions might the voltage and current relations of a screen 
electrode of a screen-grid tube show a negative resistance characteristic ? 

26. Discuss the effect that secondary emission at the screen grid has on the �oeffi
cients of screen-grid and pentode tubes. 



• 

. ......;-. ...--� -- � ,- ..... -- ..... 

166 RA DIO ENGINEERING , [Cw. IV 

26. Evaluate the coefficients Gm, Rp, 1-', and I-'Bg of the pentode tllbe of Figs. 63 and 
64 in the vicinity of Eg = - 1 .5, E8g = 100, Ep = 150 . ' ," : : : ' . 

27; lJnder some conditions it is found that the current dra�B by a positive con
trol grid is negative. Explain how this can happen in a high-vacuum tube and state 
the conditions favorable to the production of a negative control:-grid current. 

28. There are no variable-mu triodes manufactured. Explain how to obtain a 
tube having the characteristics of a variable-mu triode by a proper connection of the 
electrodes of some standard tube that is manufactured. 

29. Describe how a screen-grid tube could be .connected to function as : (a) high-mu 
triode ; (b) low-mu triode ; (c) 8pace-charge-grid tube ; (d) inverted tube. . 

30. Can a co planar grid tube be connected to function : (a ) as a triode ; (b) as a 
space-charge-grid tube; (c) as a screen-grid tube ? : 

31. Evaluate the negative resistance in the tube of Fig. 69 when Eg = 0, E8g = 83, 
and Ep = 40. 

32. a. To what extent can Eqs. (77), (78), and (79) be used to express the charac
teristics of variable-mu tubes? 

b. To what extent can the power series of Eq. (82) be used to express the charac� 
teristics of variable-mu tubes? 

33. a. Evaluate the first three coefficients of Eq. (82) in terms of lp, K, and 1-', 
assu�ing that the plate current accurately follows Eq. (59) . 

b. If K = 0.001 and I-' = 13, evaJuate the first three coefficients for I p = 0.005 amp. 
34. When a tube contains traces of gas, the grid 1 9  current varies with grid potential as shown in Fig. A . .  ' POS·V whel'l the voltage of the plate and other electrodes is 

constant. Explain the reason for this type of curve. 
_ . .  J 35. In ! evacuating tubes, the gas pressure is ---��---::::.I"'I---A-=-o.-'S. E9:  ordinarily .determined by sealing a triode tube to the Neg. exhaust manifold so that the gas pressure inside ·the Neg. tube is the same as that in the manifold. The tube 

FIG. A. 
, elements are connected to form an inverted vacuum 

tuhe, and the gas pressure is evaluated in terms of the current to the negative 
plate. (a) State how this determines the gas pressure. (b) Explain how the plate 
current, could be expected to vary with total space current and with gas pressure. 
(c) Would the nature of the gas within the tube have any effect on the calibration ? 

( ,  
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CHAPTER V 

VACUUM-TUBE AMPLIFmRS 

, , ' . 

'41. Vacuum-tube Amplifiers.-The amplifying property of a vacu�m 
tube results from the fact that the control grid draws no electrons when 
maintained at· a negative potential, while' at the same time variations in 
the negative grid potential cause corresponding variations in the space 
current. In this way it is possible for a voltage representing practically 
no energy to control a rel�tively large space current and to develop a 

(01) Triode 

Signal fo be 
l amplif/ed 
, I I , 

Load /mpedance 
fo which amplified energy is del/vered 

/ I 

t 
-:- F?lamenf supply vOlfcrge 

. (b) Pentode 
LOCldimpedance 
10 wh/qh amplified 

.---__ 
...,energ� is delIvered 

� /  

I l 
By-pass 
condenser 

FIG. 88.-Basic circuit of vacuum-tube amplifiers employing triode and pentode tubes. 

corresponding quantity of electrical energy in an anode circuit. The 
vacuum tube is capable, of amplifying voltages of all frequencies up to the 
highest used in radio , communication, and by employing a number of 
tubes in cascade almost any desired amount of amplification can be 
obtained. The , vacuum-tube amplifier is therefore one of the most 
important instruments in electrical engineering, having made possible the 
long-distance telephone, talking pictures, radio sets with loud-speakers, 
television, etc. 

. 

The basic circuits of two typical amplifiers are shown in Fig. 88. The 
voltage Ee is for the purpose of maintaining the control grid negative 
with respect to the cathode so that no electrons will be drawn to the grid ; 
it is known as the grid bias or C-voltage. The signal to be amplified is 
represented in the figure by es and is applied to the grid in series with the 
grid-bias voltage . . Under ordinary conditions the amplitude of signal is so 
related to the grid-bias voltage that the instantaneous control-grid poten
tial never becomes positive with respect to the cathode. Variations in 

, l.61 
I j 
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the plate current that results from the action of the signal voltage on the 
control grid must flow through the impe'dance Z L, which is in series with 
the plate supply voltage and is known as the load impedance. The energy 
that is . supplied to the load impedance by the variations in the plate 
current represents the useful part of the amplified energy. The signal 
voltage applied to the control grid supplies substantially no energy to the 
tube when the grid is negative because a negative grid draws no electrons, 
but at the same time it causes plate-current variations that deliver con
siderable quantities

. 
of energy to the load impedance. 1;he result is that 

«()) Tri ode 

Signal,to.be es 
amp"fied�' Bypass condenser�' 

loord impedance 
to which ampli-
Fied energy is 

ZL delivered 
...::-' 

- +  

�EB ::=: -k-Plafe supply 
-�Bias -=- voltage 

resistor -

Load impedance 
to, which omp(i
!'led energy 1,..5 

ZL delivered 
*' 

: Plate and : Ea screen supply 
.;. k''- voltage 

,-=-L--______ 4-��--���� - Bypass 
\ condenser 
'Heater supply voltage 

FIG, 89,-Vacuum-tube amplifiers similar to those of Fig. 88 except that the control 
grid is made negative with respect to the cathode by a self-bias resistance instead of a 
battery. 

the output energy of the tube, i.e. , the energy delivered to the load imped
ance, ' can be made many times that required to produce the signal applied 
to the grid. 

In some circumstances the control-grid potential of an amplifier is 
allowed to go moderately positive at the positive crests of the signal 
voltage. This .causes the grid to attract some electrons, and means that 
the signal to be amplified must supply some energy to the tube. However, 
if the grid is not allowed to go too far positive, the number of electrons 
attracted by the control grid is relatively small, and the energy that the 
signal is required to supply is still much less than the energy developed in 
the load impedance. Hence there is still amplification of energy, although 
to a lesser extent than when the control grid is always negative. 

In practical amplifiers it is usually desirable to obtain the bias voltage 
from the source of plate potential rather than from a sep�rate battery. 
This can be accomplished, as shown in Fig. 89, by connecting a resistance 
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between the cathode and ground and by-passing this resistance with a 
condenser large enough to be an effective short circuit to alternating cur
rents of the lowest frequency to be amplified. Such an arrangement 
places the cathode at a positive potential with respect to the control grid, 
and so gives the equivalent of a negative bias for the grid. The amount 
of bias obtained is the volti).�� drop of the total space current flowing 
through the bias resistance, and is controlled by the amount of resistance. 
Further discussion of bias arrangements is given in Sec. 93 . 

Methods of Classifying Amplifiets.�Amplifiers are classified in ways 
descriptive of their character and properties. The first classification is 
according to the frequency to be amplified, and leads to the four broad 
divisions known as audio-frequency, radio-frequency, video-frequency, 
and direct-current amplifiers. Audio-frequency amplifiers are intended 
for amplifying currents of audible frequencies, i.e. , from about 15 cycles 
per second to approximately 10,000 cycles. Frequencies higher than 
10,000 to 15,000 cycles per second are considered as radio frequencies, 
while video frequencies are those contained in television signals, and 
range from 5 to 10 cycles up to over 1 ,000,000 cycles. 

Amplifiers are also classified as to whether they handle a wide or 
narrow band of frequencies. A band of frequencies is considered wide 
or narrow in proportion to the ratio of the width of the band to the fre
quency at its center. Thus the group of frequencies lying between 100 
and 5000 cycles is said to represent a wide band, while the frequency 
band from 1,000,100 to 1,005,000 cycles, which extends over the same 
frequency range, is narrow. When substantially equal amplification is to 
be obtained over a band that is wide according to this definition, the 
amplifier is said to be untuned, while, when the amplifier is associated 
with sharply resonant circuits so arranged that only a narrow band of 
frequencies is amplified, it is spoken of as a tuned amplifier. 

Amplifiers can also be divided into voltage and power amplifiers 
according to whether the object is to produce as much voltage or as much 
power as possible in the load impedance. The reason that it is necessary 
to distinguish between these objectives can be understood by considering 
the problem of obtaining a large quantity of undistorted power output 
from a signal voltage that is so small as to require more amplification 
than can be obtained from a , single tube. Under such circumstances 
it is customary to use a number of amplifiers in cascade , each one of which 
amplifies the output of the preceding tube and delivers its output to 
another tube for additional amplification. In arranging such an amplifier, 
the best results are obtained by making all the amplifying tubes except the 
last one operate as voltage amplifiers, while the last tube functioIlH as a 
power amplifier. The power tube then has the maximum possible signal 
voltage applied to its grid and is therefore able to deliver the greatest 
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amount of power. There is no object in making the intermediate tubes 
function as power amplifiers, since the purpose of these tubes is to increase 
the signal voltage delivered to the last tube, the power output of which 
represents the output of the amplifier. 

Amplifiers, particularly power amplifiers, are also designated as Class A, 
Class AB, Class B,  Class C, or linear amplifiers according to the operating 
conditions. The term Class A is applied to an amplifier adjusted so 
that the plate current flows continuously throughout the cycle of the 
applied signal voltage. In the Class B and linear amplifiers the tube is 
biased approximately to cut-off so that the plate current in an individual , 
tube flows in pulses lasting approximately a half cycle, while the Class C 
amplifier is adjusted so the plate current flows in pulses that last less than 
a half cycle . The Class AB is intermediate be'tween the Class A and 
Class B adjustments. The linear amplifier and Class B amplifier differ 
only in that the former employes a tuned load circuit. 

The type of amplifier is fixed primarily by the constants of the 
associated electrical ciFcuits and by the grid and plate voltages employed. 
It is possible to make any particular tube function as any kind of amplifier, 
although the tube characteristics best suited for each type of amplifier 
are somewhat different. 

42. Distortion in Amplifiers.-An ideal amplifier produces an output 
that exactly duplicates the input in all respects except magnitude. An 
actual amplifier can fall short of this ideal by failing to amplify the 
different frequency components of the input voltage equally well, by 
giving an output that is not exactly proportional to the amplitude of the 
input, or by making the relative phases of the different frequency com
ponents in the output differ from the relative phase relations existing 
in the input. These effects are commonly referred to as frequency, 
amplitude (or non-linear) , and phase distortion, respectively. 

Frequency distortion (i.e . ,  unequal amplification of different fre
quencies contained in the signal) is particularly important in audio
and video-frequency amplifiers and is more difficult to eliminate the 
wider the band of frequencies that must be amplified with substantial 
equality. Frequency distortion tends to be greater as the amplification 
per stage is increased, so if low distortion is desired it is necessary to 
make some sacrifice in the amplification. An example of frequency dis
tortion is given in Fig. 90, in which the high-frequency component of the 
voltage to be amplified is discriminated against . 

Amplitude distortion results from a non-linear relation between 
voltage and current in either the input (i.e . ,  grid) or the output (i. e. , 
plate) circuits of the amplifier. Non-linearity of the input circuit results 
when the grid is allowed to go positive during a portion of the signal
voltage cycle. This is because the grid-cathode reRistance of the tube i� 
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relatively low when the grid is positive, and extremely high when nega
tive, with the result that the voltage actually applied to the grid tends to 
be diR-torted if the grid is not maintained negative at all timeR. Amplitude 
distortion in the output circuit occurs as a result of the non-linear rela
tion between grid voltage and plate current and, while not completely 
avoidable, can be kept small by proper attention to the conditions under 
which the amplifier operates. In r--------=----------, 
particular, the amplitude distortion OI) �i���rl 

introduced by the plate circuit will be I-----'-------+---r-----; 
least at points where the plate current- b) Oriqit1a l signal 

after suffering 
plate voltage characteristic as given in frequency distortion 

Fig. 54 has the least curvature, and 
when the signal voltage applied to the 
grid is small. 

Amplitude or non-linear d.istortion cl Origil101I signal after 
results in the production of frequencies clfs��;t?

o
�mplituc;fe 

in the amplifier output that are not 
present in the input voltage applied 
to the grid. The most important of 
these distortion frequencies are har-

�������r----�------� monics of the frequencies contained (01) Ori_qi�1 siql101I after 
sufferln!:! phOlse 

in the input, and sum and difference distort IOn 
frequencies formed by combinations 
of the signal components . An exam
ple of amplitude distortion is shown 
in Fig. 90. 

Phase distortion results when the 
relative phase relations of the different FIG. 90.-Series of waves showing the 
frequency components contained in effects produced by frequency, amplitude, 

the signal voltage are disturbed in and phase distortion. 

such a '  way as to make the wave form of the amplifier output differ 
from the wave shape of the signal without changing the magnitudes 
of the frequency components that are involved. This effect is illus
trated by the top and bottom waves in Fig. 90, which contain the same 
percentage of third harmonic in different phase relations with respect to 
the fundamental. The resulting wave forms are seen to be very differ
ent, although the amount of energy in the harmonic is the same in both 
cases. In order that the original wave shape may be maintained, it is 
necessary that the phase shift in the amplifier be exactly proportional 
to the frequency, and furthermore that the phase shift when extrap
olated to zero frequency be zero or some integral multiple of 7r. The 
phase shift of an amplifier is related to the time required for the transmis
sion of different frequencies through the amplifier, and when phase 
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distortion exists it means that different frequencies are transmitted with 
different speeds and hence do not arrive at the output at the same time. 
From a practical point of view, phase distortion is relatively unimportant 
in ordinary audio-frequency amplifiers because the phases can be altered 
over a wide range without producing an effect noticeable to the ear. 
It is only where the time of transmission has an order of magnitude 
comparable with the duration of the signal voltage applied that phase 
distortion becomes of importance. This situation is encountered in 
television circuits and in long telephone and telegraph lines. 

43. Equivalent Circuit of the Vacuum-tube Amplifier.-The variations 
produced in the plate current of a vacuum tube by the application of a 

(b) EquivOl lent ampl ifier 
ei feu i t (constant-voltage 
generator form) 

RP � t� · 

(c) Equiva lent amplifier circuii 
(constcmt-cu rrent gen erOltor fo rm) 

t=-Gm es 

3J 
FIG. 91.-Equivalent circuits of the vacuum-tube amplifier. In the constant-voltage 

form the effect that is produced in the plate circuit by the signal e8 acting on the grid is 
taken into account by postulating that the plate circuit can be replaced by an equivalent 
generator of voltage -fJ.es acting from cathode toward the plate and having an internal 
resistance equal to the plate resistance Rp. In the constant-current form the tube is 
considered as generating a current -Gme8 acting from cathode toward the plate and flowing 
through the impedance formed by the plate resistance of the tube in parallel with the load 
impedance. 

signal voltage to the control grid are exactly the same variations that 
would be produced in the plate current by a generator developing a 
voltage - }les acting inside the tube from cathode toward the plate, in a 
circuit consisting of the tube plate resistance in series with the load 
impedance. The effect on the plate current of applying a signal voltage 
es to the grid is therefore exactly as though the plate-cathode circuit of the 
tube were a generator developing a voltage - /.les and having an internal 
resistance equal to the plate resistance of the tube. This leads to the 
equivalent circuit of the vacuum-tube amplifier, which is shown in Fig. 
91 (b) and which is the basis of most amplifier designs and calculations. l  

I A rigorous proof of the equivalent amplifier circuit of the vacuum tube is given 
in Sec. 55. A somewhat less general demonstration is as follows : The plate current 
flowing from cathode to plate which a grid-voltage increment e. produces will be called 
ip. This plate current ip causes a voltage drop -Z Lip in the plate load impedance 
Z L, so that the application of e. to the grid reduces the voltage actually applied to the 
plate of the tube by an amount l1Ep = - ZLip, and the plate-current increment ip 
that flows is the result of the joint action of the voltage increment e8 applied to the 
grid and the reduction -ZLip in the plate voltage. Since the voltage e. produces. 
the same effect on the electrostatic field adjacent to the cathode as an added plate 
voltage of p.e., the current ip is the same current that would result from an increment 
in the plate voltage of (p.es + Z Lip), and when this increment is small the current 
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According t.o this equivalent circuit, it is apparent that the load 
current ip produced by the application of a signal potential ea to the con
trol grid is 

(86a) 

The signs are such that a positive value for ip means a current flowing 
in opposition to the steady direct current present in the plate circuit when 
no signal is applied. The voltage developed across the lo:;td Z L by the 
current ip is 

V I I d . Z - fJ.eaZ L ( b) o tage across oa = 'l,p L = Rp + ZL 
86 

It is sometimes convenient to rearrange Eqs. (86a) and (86b) by divid
ing both numerator and denominator of the right hand side by Rp. Doing 
this gives 

(87a) 

(87b) 

Here Gm = JI./ Rp is the mutual conductance of the tube. This form of the 
tube equation shows that the effect of applying a signal voltage ea to the 
control grid is the same as though the tube generated a current - eaGm 
flowing from plate toward cathode through an impedance formed by the 
plat,e resistance in parallel with the load impedance. This leads to an 
alternative form of equivalent circuit , which is shown in Fig. 91c and 
which can be called the constant-current generator form of the equivalent 
circuit, as contrasted with the constant-voltage generator form shown in 
Fig. 91b. 

The constant-current and constant-voltage forms of the equivalent 
circuit of the vacuum-tube amplifier lead to the same result as far as the 
load is concerned, and are, in fact, merely different ways of expressing the 
same relationship. The constant-voltage circuit of Fig. 91b is the most 

increment flowing toward the plate is the negative of the plate-voltage increment 
divided by the dynamic plate I:esistance Rp, so that 

or 

• (,.,.ea + ZLip) tp = -
Rp 

• - ,.,.e" 
� = =---'--=--Rp + ZL 

This last equation is simply $1, mathematical statement of the equivalent amplifier 
circuit of Fig. 91b. 
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convenient when triodes are involved, but with pentode and screen-grid 
tubes, where the plate resistance and amplification factors are very high, 
the constant-current arrangement of Fig. 91c is simpler to use. 

The equivalent circuits of the amplifier give only those currents and 
voltage drops that are produced as a result of the application of a signal 
voltage upon the amplifier grid . The actual currents and potentials 
existing in the plate circuit are the sum of the currents and pot�ntials 
developed in the equivalent circuit and those existing in the amplifier 
when no signal is applied. Since the steady values that are present when 
no signal is applied are of no particular interest so far as the amplifier 
performance is concerned, it is usually unnecessary to superimpose them 
upon the results calculated on the basis of tpe equivalent circuit . In 
particular, when the signal applied to the grid is an alternating voltage, as 
is usually the case, the equivalent circuit gives directly the a-c currents 
produced in the plate circuit by the signal voltage, which are the currents 
superimposed upon the direct-current quantities present when no signal is 
applied. 

The equivalent circuit gives the exact performance of the vacuum-tube 
amplifier to the extent that the plate resistance Rp and the amplification 
factor fJ" which are used in setting' up the equivalent circuit, are constant 
over the range of variations produced in control-grid and plate voltages 
by the signal voltage. Hence, when the signal is small, the equivalent 
circuit is almost exactly -correct because the changes produced by the 
signal are so small that the tube constants are substantially constant . As 
the signal voltage increases, the error involved in the equivalent circuit 
becomes larger . To obtain the exact behavior one must then modify 
the equivalent circuit to take into account the effects introduced by the 
variation in the circuit constants, as discussed in Sec. 55. However, for 
practical conditions the effects reHulting from variations in the tube con
stants are second-order effects even with rather large signal voltages, so 
that the equivalent circuit is found useful for all signal amplitudes . 

44. Audio -frequency Voltage Amplifiers. Resistance Coupling.-In 
voltage amplifiers the obj ect is to obtain from the amplifier output as 
much voltage as possible to be applied to the grid of the succeeding ampli
fier tube. One way of doing this is to place in the amplifier plate circuit 
a high-resistance load called the coupling resi:;;tance . 

The circuits of practical resistan ce-coupled amplifiers using triode and 
pentode tubes are shown in Fig. 92a, in which Rc is the resiRtance load 
aeross which the amplified voltage is dpveloppd . The grid-leak l"P:-;istau('p 
and the coupling or blocking condenser ShOWll ill Fig . 92 are for the 
purpose of preventing the direct-current voltage applied to the plate of the 
ampliHer tube from also being applied to the grid of the tube to which 
the amplified voltage is delivered. The coupling condenser should hF 

• 
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large enough to offer a low reactance to the frequencies to be amplified, 
while the grid leak should have a very high resistance in order that the 
shunting effect of the grid leak and coupling condenser upon the coupling 
resistance may be small. 

(01) A ctual circuit ofresista nce-coupled omplifiers 
Triode Penfode 

By·pass tondenser fJias resisfance 
(b) Exact equ ivalent circuits of ampl ifier 

ConstGlnt-voltage generatorcircuit Constant-cu rrent generator ci rcuit 
1 1 · -... I C� e' l t -Gmes I 

C'--'- - R 9.1.- e 
Rp 

p-r- c - T - , 0  
I RgI : � 

(c) Simplified circu its accu rcd-e for intermediate frequencies � 

Rgl �o 
, 

(d) Simplified ci rcu its accurate for high f�uencies 

��--�--������ _0.. 
Rgl u u'" �o , 

es '= Signal voltage C� .. PI Ofte-wthode tube ca�city 
eo = Amplified voltage pl u s  stray wiring wpacity 
Rp = Tu be plOlte resistance to left of coupl i n g  condenser 
Rc " Coupl ing resistance Ce = stt'OIY wiring capacity to 
Rgl- Grid-l ea k resistance ri ght of coupling condenser 
CC " Coupl i ng or blocki n9 condenser ��u����\���t�C��

i
�

h
tvbe 

p.'" AmplificCl+ion fuc+or of tu be vol tage is del ivere d .  
Gm: Mutual conciuctance oftu be Cs " Cp + C�, r TotCl I shunti ng capacity 

FIG. 92.-Circuits of resistance-coupled amplifiers, together with equivalent circuits 
and simplifications of the equivalent circuits useful in making amplifier calculations. The 
constant-voltage generator circuit is used with the triode tube, and the const�nt-current 
generator form of the equivalent circuit is used for the pentode tube. 

The �ost important property of the resistance-coupled amplifier is 
the way in which the amplification varies with frequency. Such a 
characteristic is shown in Fig. 93 for a representative case and has as its 
distinguishing feature an amplification that is sub8tantially constant over 
a wide range of frequencies, but which drops off at both very low and very 
high frequencies.  The falling off at very low frequencies is a result of the 
fact that the high reactance which the coupling condenser Cc offers to low 
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frequencies consumes some of the low-frequency voltage that would other
'wise be developed across the grid leak. The reduction in amplification 
at high frequencies is caused by the tube and stray capacities which shunt 
the coupling and grid-leak resistances, and which have low enough react
ance at high frequencies to lower the effective load impedance, with a 
consequent reduction in the voltage developed at the output. 

Analysis and Calculation of Amplification Characteristic.-In order to 
calculate the amplification and the way in which the amplification varies 
with frequency, the proper procedure is first to replace the tube by its 
equivalent electric circuit. This takes care of the tube characteristics 
and reduces the problem to the analysis of an ordinary electric circuit. 
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FIG. 93.-Variation of amplification with frequency in a typical resistance-coupled pentode 

amplifier. 

Either form of equivalent circuit can be employed, with the constant
voltage arrangement most convenient for trio de tubes and the constant
�urrent arrangement more satisfactory for pentode and other tubes having 
7ery high plate resistances. 

Equivalent circuits of a resistance-coupled amplifier showing all 
essential circuit elements are given in Fig. 92b for both methods of repre
senting the tube characteristics. The resulting circuits are quite com
plicated, but can be simplified by considering only a limited range of 
frequencies at a time. Thus in the middle range of frequencies the react
ance of the coupling condenser Cc in a properly designed amplifier will 
be so small as to be the practical equivalent of a short circuit as compared 
with the grid-leak resistance, whereas the reactance of the shunting 
capacities will still be so high as to be the practical equivalent of an open 
circuit. 1 Under such conditions the equivalent circuits take the form 

1 These assumptions fail only when the ratio of shunting to coupling capacities 
is unusually large, i.e. , when the coupling capacity is especially small and the shunting 
capacity is at the same time rather large. The error involved hence tends to become 
less the larger the frequency range which is to be amplified, and in practical cases it 
is negligible with amplifiers covering th� audio-frequency range. Thus in the ampli-
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shown in Fig. 92c. A very simple calculation based upon these circuits 
shows that the amplification in the middle range of frequencies is given 
by the equations : 

For cons�ant-voltage generator circuit (most suitable for triodes) : 

.Amplification in middle} _ eo _ R L  
range of frequencies - es - J.L R L + Rp 

For constant-current generator (most suitable for pentodes) . 

Amplification in �iddle} = eo = GmRe range of frequencIes es 11 

(88a) 

(88b) 

In these equations J.L is the amplification factor of the tube as defined in 
Secs. 30 and 33, Rp is the plate resistance, RL is the equivalent load resist
ance formed by the coupling resistance and the grid-leak resistance in 

parallel (RL = R�t�a.). while R,q is the equivalent resistance formed 

by the plate resistance of the tube, the grid-leak resistance, and the 
coupling resistance, all in parallel. 1 That is 

(89) 

At high frequencies it is necessary to take into account the effect of 
the capacities shunting the coupling and grid-leak resistances, leading 
to the equivalent circuit of Fig: 92d, which is applicable at high frequen-

fier of Fig. 93 the neglect of Cc and C. in the middle-frequency range introduces an 
error of about 0.5 per cent in the amplification. The ratio Cs/Cc in this cas� is 
7 %000 = 0.014, which is larger, and hence more likely to give er!or, than the average 
design of resistance-coupled amplifier. 

1 It is to be noted that in the case of pentode tubes, where the plate resistance is 
considerably larger than the coupling and grid-leak resistances, only sma.ll error is 
introduced by assuming that . 

R R RcRgl 
eq = L = Rc + Rgl 

Further, if the grid-leak resistance is much larger than the coupling resistance, as is 
often the case, then, to a good approximation, Req = RL = Re, and the middle-range 
amplification becomes GmR". 
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cies. A manipulation of the voltage and current relations involved gives 
the result! 

where 

Actual amPlification} 
at high frequencies 

Amplification in} 
middle range 

X8 = 1/27rfC8 = reactance of total shunting capacity C8 

(90) 

Req = resistance formed by plate, coupling, and grid-leak resistances, 
all in parallel as given by Eq. (89) . . 

The extent to which the amplification falls off at high frequencies is therefore 
determined by the ratio which the reactance of the shunting capacity C 8 bears 
to the equivalent resistance obtained by combining the plate resistance, 
coupling resistance, and grid-leak resistance in parallel. This loss of 
amplification at high frequencies can be estimated by the fact that at the 
frequency which makes the reactance of the shunting condenser Cs equal 
the equivalent resistance formed by Rp, Rc, and Rg

l 
in parallel, the amplifi

cation drops to 70.7 per cent of its middle-frequency range value. The 
amount of falling off at other frequencies, conveniently related to the 
70.7 per cent case, is given in Table VI. 

At low frequencies the shunting capacity CIS has such a high reactance 
as to be equivalent to an open circuit, but the reactance of the coupling 
condenser Cc becomes sufficient to cause a falling off in the amplification. 

1 Equation (90) is derived by applying Thevenin's theorem to the network to the 
left of the shunting capacity C8 in Fig. 92d. According to Thevenin's theorem this 
network can be replaced by an equivalent generator in series with a resistance, as 
shown in Fig. 94;. . The voltage of the generator is the voltage appearing across the 

ActU Q I circuit Equiva lent ci rcu it 

Rp Rc Rgl Cs �Cs 
-,uest1f�_4-----<�--' t� -es Gm R�q 

FIG. 94.-Simpiification of the circuit of Fig. 92d by the use of Thevenin's theorem. 

condenser terminals when the condenser is open-circuited, and so is the output 
voltage in the middle range of frequencies as given by Eqs. (88a) and (88b) . The 
internal resistance of the generator is the resistance formed by plate, coupling, and 
grid-leak resistances, all in parallel, and so is given by Eq. (89). Referring to Fig . 9'1:. 
; t is apparent that the amplification at high frequencies is 

High-frequency amplification = GmReq vi ;" 2 = GmReq _ / 1 
2 . X8 + Req v 1 + (Req/X8) 

Dividing this by Eq. (88b) gives Eq. (00). 
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The equivalent circuit under these conditions hence takes the form shown 
in Fig. 92e. A manipulation of the relations existing in this circuit shows 
that 

where 

Amplification at'} 
low frequencies 

Amplification in} 
middle range 

• 

(91)  

Xc - 1/21rfCc = reactance of coupling condenser Cc 
R R RcRp R + 

Rc . f d b 'd 
= g

l + R + R = 
g
l R = resIstance orme y gn c p l + _c 

Rp 
leak in series, with 'the combination of plate and coupling resist
ances in parallel. 

TABLE VI.-RELATIVE AMPLIFICATION OF RESISTANCE-COUPLED AMPLIFIERS 

Low frequencies High frequencies 

Frequency 
Relative 

Frequency 
Relative 

amplification amplification 

5jo 0 . 980 0 . 210' 0 . 980 
210 0 . 895 0 . 510' 0 . 895 
10 0 . 707 10' 0 . 707 

0 . 510 0 . 447 210' 0 . 447 
0 . 210 0 . 196 510' 0 . 196 
O · lJo 0 . 100 1010 ' 0 . 100 

10 = frequency at which coupling-condenser reactance equals the resistance formed by grid leak in 
series with parallel combination of plate and coupling resistances. 

1(/ = frequency at which, r.jlactance of shunting capacity equals the resistance formed by plate, 
coupling, and grid-leak resistances, all in parallel. 

' ' 

The extent to which the amplification falls off at low frequencies is therefore 
determined by the ratio of the reactance of the coupling condenser to the 
equivalent resistance obtained by combining the grid leak in series with the 
parallel combination of coupling resistance and plate resistance. This loss 
'of amplification at low frequencies can be estimated by the fact that, at 
the frequency that makes the reactance of the coupling condense!' 
equal the equivalent resistance· R, the amplification falls to 70.7 per cent 
01 its value in the middle range of frequencies. The amount of falling 
off at other frequencies conveniently related to the 70.7 per cent case is 
gi yen in Table VI. 

Universal Amplification Curve of Resistance-coupled Amplijier. -The 

simplicity 6f Eqs. (90)"and (91)  makes it possible to express the way in 
1 

' I  
I 
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which· the amplification of a resistance-coupled amplifier varies with 
frequency by means of the universal amplification curve shown in Fig. 95. 
This gives the actual amplification relative to the amplification in the 
middle range of frequencies, as well as the relative phase shift, and is a 
universal curve that applies to all ordinary resistance-coupled amplifiers. 

The procedure for obtaining the amplification characteristic by using 
the universal resonance curve (or Table VI) is : first, calculate the ampli
fication in the middle-frequency range�using Eq. (88a) or (88b) ; second, 
calculate Xci R for various frequencies in the low-frequency range (or, 
what is often more convenient, calculate the frequencies that give Xci R 
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FIG. 95.- Universal amplification curve, showing how the amplification of a resistance-
coupled amplifier falls off at high and low frequencies. 

cOllveuient values tabulated in Table VI) ,  and then use the universal 
amplification curve (or Table VI) to get the low-frequency falling off ; 
finally, estimate the total shunting capacity Cs and then calculate Xs/ Req 
at various high frequencies (or, what is often more cOIlvenient, calculate 
the frequency at which Xs/Rf-q has convenient values tabulated in Table 
VI) ,  and then get the high-frequency response with the aid of the universal 
amplification curve (or Table VI) .  

Example .-If the above procedure is applied to the circuit constants of Fig. 93, 
the amplification in the middle range of frequencies is found by substitution in 
Eqs. (88b) and (89) to be 

R.y = 5oo,�'OOO 
500,000 = 238,000 

1 + 500,000 -+ 5,000,000 
AI?plification in t 

= GmRe = 414 X 10-6 X 238,000 
= 98. 4 mIddle range ) q , 
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At low frequencies, referring to Eq. (91 ) ,  the amplification falls to 70.7 per cent o f  the 
middle-range value wheh the frequency is such a,s t.o make the reactance of the 

Rc 
coupling condenser equal to R = Rul + 

R 
= 955,000 ohms. This is when 

1 + �  
Rp 

f = 1/2rtJR = 33.4 cycles. From Ta,ble VI one finds that at frequencies of 66.8, \ 
16.7, and 6.7 cycles (which are, respectively, 2, 0.5, and 0.2 times 33.4 cycles) the 
amplification is 0.895, 0.447, and 0:196 times the middle-frequency range value of 
98.4, or 88. 1 , 43.9 and 19.3 times, respectively. At high frequencies the amplification 
falls to 70.7 per cent of its middle-range value when the reactance of the shunting 
capacity C. equals Req [sM Eqs. (89) and (90)1. This is at a frequency f such that 

1 1 

f = 27rC.Req r 27r X 70 X 10-12 X 238,000 = 9,560 cycles 

By use of Table VI it is found that at frequencies of 4,780, 19, 120, and 47,800 cycles 
the amplification is 0.895, 0.447, and 0. 196 times the middle-frequency range value 
of 98.4, or 88.1 ,  43.9 and 19.3 times, respectively. 

Factors Affecting the Design of Resistance-coupled Amplifiers.-The 
first consideration ipvolved in the design of a resistance-coupled amplifier 
is the selection of a suitable tube. Pentodes such as used in radio-fre
quency amplifiers, and having a sharp cut-off (not of the variable-mu 
type),  are generally 'favored because they give more amplification than 
triodes and also have a better frequency response at the high frequencies. 
Triodes are used to some extent, with high-mu tubes being preferred. 
This is because examination of the equivalent circuits of Fig. 92 shows 
that the amplification obtained with resistance coupling cannot exceed 
the amplification factor. 

The choice of the coupling resistance in audio-frequency amplifiers 
is normally made on the basis of obtaining the maximum possible amplifi
cation, although it is also often necessary to keep in mind the ' amount of 
output voltage obtainable without excessive distortion. If othe� 
things were equal, the higher the coupling resistance, the greater would be 
the amplification ; but under normal circumstances other things are not 
equal. Ordinarily there is available a fixed plate-supply voltage, and the 
problem is to make the best possible use of this potential. '  The greater 
the coupling resistance under such circumstances, the greater will be the 
voltage drop in this resistance, and hence the less will be the voltage 
actually left to apply to the plate of the tube. In the case of triodes this 
means that, as the coupling resistance is made greater, the plate current 
decreases, causing the plate resistance of the tube to increase, and thereby 
counteracting, at least partially, the benefits that would otherwise result 
from the greater coupling resistance . With pentodes, increasing the 
coupling resistance without changing the control-grid and screen poten
tials may reduce the plate voltage to the point where a virtual cathode 
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forms in front of the suppressor grid. The tube then fails to operate in 
the desired manner. It is hence necessary with pentode tubes to reduce the 
space current as the coupling resistance is increased. This reduces the 
mutual conductance of the tube, and therefore tends to counteract 
the increased amplification that would otherwise result from the greater 
coupling resistance. As a result of this situation, the amplification is not 
particularly critical with respect to coupling resistance. 

In audio-frequency amplifiers employing pentode tubes it is customary 
to operate the tube under conditions such that the voltage at the plate is 

�< " E� -+-+--+--+-+-+-+-+--t---t \1-' R� 14 r-�\-r����+-+-+-+-� 
1 2  

50 100 150 200 PIOIte Voltdge 
FIG. 96.-Graphical construction for 

determining the operating point of a tube 
when the plate-supply voltage EB and the 
load resistance Rc are known. 

either about loa volts or about 25 to 
50 per cent of the supply voltage, 
whichever gives the lower voltage at 
the plate. This ordinarily leads to 
coupling resistances of the order of 
100,000 to 500,000 ohms for pentodes. 
With triodes, the. coupling resistance 
will depend upon the amplification 
factor of the tube. With high-mu 
tubes it will commonly be approxi
mately equal to the plate resistance, 
and will ordinarily consume from one
fourth to one-half of the available 
plate-supply voltage, whereas with 
moderate-mu tubes the coupling resist
ance will be commonly two to four 
times the plate resistance. These 
proportions for pentodes and triodes 
correspond to a good corn promise 
between conditions that give maxi

mum amplification and conditions that are favorable for maximum 
undistorted output voltage. 

The determination of the exact operating point (i.e. , plate current and 
plate voltage) of a triode resistance-coupled amplifier is complicated by 
the fact that the plate current depends on the voltage at the plate, while 
at the same time the voltage at the plate depends on the voltage drop 
produced by the plate current in the coupling resistance. It is possible to 
determine the plate potential for any given plate-supply voltage and 
coupling resistance by the trial-and-error process of assuming various 
plate currents and calculating the resulting plate voltage until the plate 
voltage that will give the assumed plate current is obtai�ed. An alter
native procedure is the geometrical construction shown in Fig. 96. Here 
one starts with a set of plate-current plate-voltage characteristic curves 
of the tube and finds the operating point as the intersection of the appro-
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priate characteristic curve with a straight line that is determined by the 
load resistance as shown in Fig. 96. This line is drawn so that it intersects 
the horizontal axis at a plate potential equal to the plate-supply voltage 
and intersects the vertical axis at a current equal to the plate-supply 
voltage divided by the coupling resistance. Several such lines are shown 
in Fig. 96. 

The control grid must be biased sufficiently negative to prevent the 
grid from drawing current at all times. About 1 volt negative bias is 
required to overcome the velocity of emission and contact potentials, so 
that the actual bias must be at least 1 volt more than the crest amplitude 
of the signal. l  With triodes the bias should be no greater than necessary, 
and values of - 1 .3 to - 1 .5 volts are common for high-mu tubes. With 
pentode tubes somewhat higher values of bias, commonly - 2 to - 3 volts, 
are employed and the screen is then given the proper potential to draw 
the desired plate current with the bias used. The bias is commonly 
obtained as shown in Fig. 89 by the use of a resistance between cathode 
and ground having a value that gives the desired drop when the total 
space current flows through it. This bias resistor must be by-passed with 
a condenser large enough to have a reactance somewhat less than the bias 
resistance at the lowest frequenqy that is to be amplified reasonably well. 

The grid-leak resistance and coupling-condenser capacity are selected 
on the basis of the desired low-frequency response, since from Eq. (91) 
it is seen that the smaller the ratio Xc/R (or, what is the same thing, 
the larger the product RCc) , the better will be the response at low fre
quencies. As already pointed out, the amplification falls to 70.7 per cent 
of its middle-range value when R = Xc. If this is to take place at a 
frequency io, then one must have RCc = 1/27rio, where R is in megohms 
and C in microfarads. While there is an infinite number of resistance and 
capacity combinations that will make RCc have a particular value, the 
most satisfactory proportion is when the grid-leak resistance is as high as 
possible, since then the shunting effect of the grid-leak resistance upon the 
coupling resistance in the middle range of frequencies is smallest and the 
amplification is consequently high [see Eq. (88b)] . The maximum value 
of grid-leak resistance that can be used is limited, however, by the fact 
that under ordinary circumstances the output of a resistance-coupled 
amplifier is applied to another tube. The grid-leak resistance is then in 
series with the grid of this tube, and, as explained in Sec. 38, must not be 
too high if possible damage to the output tube as a result of traces of gas is 

1 The contact potential varies from tube to tube, and also changes during the life 
of any on.e tube. In the case of high-mu triodes these changes, even if only a few 
tenths of a volt, appreciably alter the plate current and the mutual conductance at 
the operating point. This is one of the reasons pentodes are more satisfactory for 
resistance-coupled amplification than high-mu triodes. 
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to be avoided. Permissible values of grid-leak resistance for different 
types of tubes are given in the tube manuals. l 

The coupling condenser must have a high leakage resistance. This is 
because the plate voltage of the tube is applied to the coupling 'condenser, 
and, if there is any leakage current, this will flow through the grid-leak 
resistance and produce a voltage across the grid leak which tends to bias 
the grid of the output tube positively. This effect can be counteracted by 
an additional negative bias, but such a procedure is not desirable because 
of the erratic behavior of the leakage currents through a condenser. 
Since the leakage resistance is inversely proportional to condenser 
capacity, changing the size of condenser while keeping the product 
RCc constant has no effect upon the voltage that the leakage currents 
develop across the grid leak. The practical ultimate limit of low
frequency response is hence determined by the leakage of the coupling 
condenser. Mica coupling condensers will permit extending the low
frequency response to below 1 cycle, while good paper condensers are 
satisfactory for frequencies below any of those important in audio-fre
quency work. Poor paper condensers should never be used. 

While it is a simple matter to maintain the full response to very low 
frequencies before appreciable falling off 9ccurs, it is generally undesirable 
to provide a better low-frequency characteristic than is absolutely 
necessary. This is because such improvement of the low-frequency 
response is of no benefit, and at the same time invites trouble from 
feed-back effects arising from common plate impedances (see Sec. 51) .  

The response at high frequencies is determined by the shunting 
capacity and by the plate, coupling, and grid-leak resistances ; it will be 
better the smaller the capacity and the lower the resistances. The 
shunting capacity is composed of the plate-cathode capacity (or output 
capacity) of the amplifier tube, a stray wiring capacity that is commonly 
from 4 to 10 p.p.f if the wiring is carefully arranged but which may be 
much greater if long leads are used, and the input capacity of the tube to 
which the amplified voltage is delivered. When the voltage is delivered 
to a pentode or screen-grid tube, the input capacity will be the sum of 
the grid-cathode and grid-screen tube capacities, and will commonly be 
2 to 10 p.p.f. When the output voltage is delivered to a triode tube, the 
input capacity of this tube will consist of the grid-cathode capacity plus 
an additional capacity that takes into account the effect of the grid-plate 

1 With all small tubes, other than power tubes, the permissible grid resistance is 
usually of the order 1 megohm. With power tubes the maximum allowable resistance 
varies with different types of tubes, and also depends on whether �r not self-bias is 
used. With self-bias it ranges from 100,000 for the 2A3 tube to 1 ,000,000 ohms 
for the 45 tube. With fixed bias the maximum permissible grid-leak resistance is so 
low that resistance coupling to power tubes with fixed bias is usually not recommended. 
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capacity of the triode. 1  This additional capacity depends upon the grid· 
plate capacity of the triode, upon the amplification factor, and upon the 
load impedance in the plate circuit, as explained in Sec. 50, and is usually 
much larger than all the other components of the shunting capacity put 
together. 

In amplifiers intended for handling the audio-frequency range, the 
shunting capacity obtained with a properly arranged circuit is ordinarily 
so small that the coupling and other resistances can be chosen on the 
basis of values that wlll give the maximum possible amplification. 2 The 
response will then generally be satisfa.ctory up to the highest audible 
frequencies without giving it any special consideration. If the high
frequency range is to be extended above the upper audible limit, as is 
necessary, for example, in television circuits, the equivalent resistance 
formed by the plate, coupling, and grid-leak resistance must be reduced. 
In the case of pentode tubes, which are normally used when high fre
quencies are involved, this means that the coupling resistanc� must be 
lowered. In the case of triodes, a tube with a lower plate resistance and 
hence a i9wer amplification factor is required. In either case the exten
sion 'of the frequency range is accomplished at a sacrifice in amplification, 
which is the price that must be paid for the improved response. 

-

- Curves illustrating the characteristics of a resistance-coupled amplifier 
employing a pentode tube under a variety of typical conditions are given 
in Figs. 97, 98, 99, and 100. In Fig. 97 is shown the effect upon the low
frequency response of varylng tte coupling capacity Cc. Figure 98 
shows how the high-frequency response becomes better as the shunting 
capacity becomes less. The effect of varying the coupling resistance, 
while leaving the o:ther circuit elements the same, is shown in Fig. 99. 
In this figure the combination of control-grid and screen-grid potentials 
is changed as the coupling resistance is changed, in order to give a higher 
plate current as the coupling resistance becomes lower. It will be noted 
that the coupling resistance has very little effect on the relative falling 

1 To a first approximation the input capacity of an amplifier tube is given by the 
equation 

Input capacity == Col + C op(l + A) (92) 

where CuI is the grid-cathode capacity, COP is the grid-plate capacity, and A is the 
ratio of the alternatin� voltage aeross the load impedance in .the plate circuit of the 
tube to the signal voltage applied to the control grid. A cannot exceed the ampli
fication factor I-' of the tube and will normally be at least one-half the amplification 
factor. Equation (92) is a simple form of Eq. (114) for the special case where the 
load is a resistance. 

' 

2 The only exception to this is when the output of the resistance-coupled amplifier 
is applied to a relatively large power tube, such as a Type 845 tube. In such a case 
the input capacity of the power tube is often large enough to spoil the response at 

I the higher' audio frequencies unless a low coupling resistance is used. 
I .  

.. 
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off at low frequencies, but that the relative falling off at high frequencies 
is less the lower the resistance, although the low resistance involves a 
sacrifice in amplification. The increased plate current, and hence 
increftsed mutual conductance, which go with a higher. plate-supply 
voltage, are seen from Fig. 100 to produce an appreciable increase in the 
amplification. 1 00 r:::;F;::::s;FBStii!iF:::$if"fl'i'i"f'FFF:::::::t::Tmmr-n 
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� ! :  : rH��-r� 
.... I I 

• TJP .� : ' ++t-tfld---t---t = . "":l:C$= I �o,ll}lfio++++tIfft--+---t 
I I 

l....L..----:;-'--........J..-=----..._L _ _  L++t-t+1I+-�-t 
Rp =$ megobms 
Gm= 4/4 micromhos 1.000 10.000 

Frequency 
FIG. 97.-Effect of varying the coupling-condenser capacity Cc on the characteristics of a 

typical resistance-coupled amplifier. 

Design Procedure and Typical Designs.-The steps that should be 
followed in designing a resistance-coupled amplifier based upon the above 
considerations will now be enumerated. I� the first place, one must 
ascertain the plate-supply voltage that will b�lav��able and the frequency 
range required. .The next step is to select a tube, which will normally 
be one of the pentode tubes having a sh�rp cut-off '(not variable-mu) used 
for radio-frequency a�plification. Under ' special conditions one may 
use a triode, generally a high-mu triode, but the pentode, ordinarily gives 

tOO'llmTTIlrc::::::PfTfffi��flmf+CITTmm 90��4-HH��-r4-HH������r-����� �cU'801--+-�� " 
g 101----+-� -r-_ . .:, 
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i .  

FIG. 98 .-Effect of varying the shunting capacity C. on the characteristics of a typical 
resistance-coupled �mplifier. 

a superior performance. The next step is the detez:mination of the proper 
coupling resistance. This will depend upon the plate-suppLy voltage 
available and the frequency range desired. When pentode tubes are used 
to amplify the audio-frequency range, the coupling resistance will com
mdnly lie between 100;000 and 500,000 ohms. With triode tubes the 
value will depend upon 'the amplification factor of the tube. With the 
coupling resistance tentatively selected, control-grid . and screen-grid 
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potentials that appear to be satisfactory are chosen, after which, the plate 
current, the voltage at the plate, and the mutual conductance are det�r
mined for the 'resulting operating point. It is then possible to determine 
the bias resistance required to give the assumed bias" and-.also the con-
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FIG. l OO:-Effects produced by designing a typical resistance-coupled amplifier for different 
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denser that will be required to by-pass this resistance. The next step 
. is to choose as the grid le,ak the highest resistance that can be safely 
inserted in the grid circuit '()f the tube to which the amplifier output i� to 
be applied. A coupling condenser is ! then used which will make the 
amplification hold .up reasonably well to the lowest frequency that is to 
be amplified, but which ,will allow a falling off at lower frequencies. 
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Finally the shunting capacities are estimated, and the high-frequency 
_ response is calculated to make sure that it will be satisfactory. 

In the case of resistance-coupled amplifiers which are required to 
amplify frequencies above the audio range, the above procedure is modi
fied by estimating the shunting capacities before the coupling resistance 
is selected and then selecting the highest coupling resistance that will give 
the required high-frequency characteristic with this capacity. 

Several typical designs of resistance-coupled amplifiers suitable for 
� udio-frequency work are given in Table VII ; they indicate what are 
reasonable proportions when employing pentodes or high ... mu triodes. 

TABLE VII.-TYPICAL DESIGNS OF RESISTANCE-COUPLED AMPLIFIERSt 

Pentode 57.77, and 6C6 tubes Triode section of 2A6 and 75 tubes 

Plate supply, volb! . . . . . . . . . . . . . .  lOO 180 250 lOO 180 250 

Screen supply, volb! . . . . . . . . . . . . .  20 20 30 30 50 52 

Control-grid bias, volb! . . . . .  , . . . .  - 1 . 05 - 1 .25 - 1 . 30 - 1 . 55 - 2 . 1  - 2 . 3  - 1 . 10 - 1 . 05 - 1 . 30 - 1 . 30 - 1 . 35 -- 1 . 35 
Cathode resistor, ohms . . . . . . . . . . .  3 ,400 7 , 250 2 , 600 4 , 850 3 , 500 6,200 11 ,550 1 5 ,000 5 , 450 9 , 000 3 , 380 5 , 600 
Plate resistor, megohms . . . . . . . . . .  0 . 25 0 . 50 0 . 25 0 . 50 0 . 25 ' 0 . 50 0 . 25 0 . 50 0 . �5 0 . 50 0 . 25 0 . 50 
Grid resistor, megohms . . . . . . . . . .  0 . 50 0 . 50 0 . 50 0 . 50 0 . 50 0 . 50 0 . 50 0 . 50 0 . 50 0 . 50 0 . 50 0 . 50 
Plate current, milliamperes . . . . . . .  0 . 23 0 . 13 0 . 38 0 . 24 0 . 48 0 . 30 0 .09 0 .07 0 . 24 0 . 14 0 . 40 0 . 24 
Plate voltage as per cent of plate 

supply . . . . . . . . . . . . . . . . . . . . . . .  42 . 5  35 . 0  47 . 2  33 . 3  52 . 0  40 . 0  77. 5  65. 0  66 . 6  61 . 1  60. 0  52 . 0  
Voltage amplification . . . . . . . . . . . .  54 53 92 93 100 , 110 36 37 56 55 59 58 

Output voltage (peak volb!) with 
36 11 ouly little distortion. , , , . . . . . . .  22 23 44 48 65 65 17 17 34 41 40 

1 These designs represent recommendations oillRCA Radiotron Company. 

46. Audio-frequency Voltage ' Amplifiers. Transformer Coupling.
In the transformer-coupled amplifier the load impedance connected in the 
plate circuit of the vacuum tube is the primary of a .transformer, the 
secondary voltage of which is applied to the grid of the succeeding tube, 
as shown in Fig. lOla. Transformer-coupled amplifiers are used primarily 
for supplying the exciting voltage of power tubes. Their principal advan
tages compared with resistance coupling for this purpose are that the 
direct-current resistance connected in series with the grid of the tube to 
which the amplified voltage is applied is small, and that the maximum 
amount of undist'orted voltage that can be developed is consid�rably 
higher in proportion to the plate-supply voltage than with resistance 
coupling. The transformer-coupled arrangement also adapts itself much 
more readily to the excitation of push-pull power amplifiers than does 
resistance coupling. The principal disadvantages of transformer coupling 
are the much higher cost as compared with resistance coupling and the 
fact that stray magnetic fields tend to induce voltages in the transformer. , 

Transformer coupling is generally used in connection- with triode tubes 
as shown in Fig. 101.  Pentode tubes can be used with transformer coup-
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ling by connecting a resistance across the transformer as shown in Fig. 109, 
but they are not generally recommended because the triode tube is less 
expensive and is also capable of giving more undistotted output. 

The most important characteristics of a transformer-coupled amplifier 
are the amount of amplification obtained and the way in which this 
amplification varies with frequency. A typical amplification curve is 

One sfage frelns. 
coup/ea amp tJ-------�·---� .. . J .""" 

Rc L'p Rh L's R� t 
==Cp Re Lp C; = F .• =i= Rg: 

Cg eo I 9 � 
(a) Cil'cuit of hansformer R' (b) Exact equivalent circuit of 

coupled amplifiel' �R _ 2 trO!nsfo rme r coupled amplifier �' s- n 2 

R '  p 
J • !.o 

" I , 

(c) Practical equivalent cn-cuit of (cl) Simpflifiecl equivalent circuit 
transformel' .cou�led amp'lifier accurate.fol' middle rangeof 
I'educed to unity urn �o rfreQUencl;s 1 

R; Lp � 
.�� R� L�� 

-pest l -)Lest _ _ 

' . (e) Simplified equivCllent circuit (t) Simplified equivalent circuit 
accurate at tow frequencies accu rate at high,freql'encies 

Notation 
R'J) = Plate resistance of tube Cp' = Capacity in shunt with primary (tube 
Rc = D.C. resistance of primary plus transformer capacity) 
L'J)' = Primary leakage inductance Cm = Capacity between primary and sec-
Re = Resistance representing eddy current ondary windings of the transformer 

loss C/ = Input capacity of tube to which volt-
Rh = Resistance representing hysteresis loss age eo is delivered 
Lp :;=: Incremental primary inductance Ra = Input resistance of tube to which 
J.'. ' = Resistance of secondary winding voltage Tt is delivered 
L/ = Secondary leakage inductance n = Ratio of secondary to primary turns 
Ca' = Secondary distributed capacity .J.' = Amplification factor of tube 
FIG. lOl .-Actual circuit of a transformer-coupled amplifier, together with exact and 

approxima�e equivalent circuits. 

shown in Fig. 102. . The distinguishing features of this curve are relatively 
constant amplification in the middle range of frequencies, but with a 
gradual falling off at low frequencies and a much sharper falling off at 
high frequencies. The loss in amplification at low frequencies results 
from the low reaCtance that the transformer primary has at low fre
quencies, while the fa�ing off at high frequencies is a result of the leakage 
inductance and distributed capacity of the transformer. The frequency 
limits of the amplifier depend largely upon the design of the trans
former, and can be readily made to cover the voice-frequency range. 
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Difficulties are encountered in amplifying very low and very high fre
quencies, however, and resistance coupling is usually preferred where 
very wide bands of frequencies are involved. 

Analysis of Transformer-coupled Amplifiers Used with Triode Tubes.
In analyzing the behavior of a transformer-coupled amplifier, the proper 
procedure is first t� draw an equivalent circuit in which t�e tube is 
replaced by its equivalent electrical circuit. The result for the case of a 
triode tube, taking -into account all essential features of the transformer, 
is shown in Fig. lOlb. The only approximation involved in this circuit 
is in assuming that the coil capacities can be re.presented as lumped when 

c o .� 20�-�+-��H+--+-4-+44++H--;--r�HHH+r--' 
(.) � 0. 

11 
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FIG. l02.-Variation of amplification with frequency in a typical transformer-coupled 
amplifier. 

�hey are distributed in fact. The transformer is seen to be a very compli
cated electrical network, the solution of which involves a great" deal of ' 
labor, but fortunately it is possible to reduce this exact circuit into the 
very much simpler network shown at Fig. lOlc without introducing 
appreciable errors. The t:ransition from the exact circuit of Fig. lOlb to 
the practical circuit shown at Fig. lOlc consists in neglecting the effects 
of the distributed capacity of the primary and the plate-cathode capacity 
of the amplifier tube, in neglecting the resistances resulting from eddy 
currents and magnetic hysteresis, in reducing the transformer to a unity
turn ratio, in lumping all the leakage inductance on the secondary side 
of the transformer, and in considering the primary to s'econdary (i.e., 
interwinding) capacity Cm as equivalent to a certain other capacity 
shunted across the secondary of the transformer. 1 

1 These approximations can be justified as follows : The primary capacity Cp' 
and the resistance Rh resulting from hysteresis have negligible effect on the behavior 
of the transformer because of their sinall size in ordinary circumstances. The 
reduction to a. unity-turn ratio can always be carried out -without introducing error 
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The resistance Re representing the losses from eddy currents is usually 
so high as to have negligible shunting effect, and so need not be considered 
unless extreme accuracy is required. The effect of Re can be readily 
taken into account by using Thevenin's theorem to combine the resistance 
Re with the plate resistance . Doing this shows that the effect of the eddy
current resistance Re can be taken into .account by using slightly reduced 
values of Rp and p, in Fig. lOle and Eqs. (94), (95), and (96), according to 
the relations : 

Effective ,." when taking} .= ��tual ,." of tube 
(93a) 

into account Re 
1 + 

Rp 
: R� 

Effective Rp when taking} = actual value of Rp (93b) 
into account Re 1 + 

Rp 
Re 

where Rp is defined as in Fig. 101. When the proper values are assigned 
to the circuit elements in Fig. lOle, this simplified equivalent circuit of the 
transformer-coupled amplifier will give calculated results that are in error 
by only a few per cent. 

The complexity of the equivalent circuit of the transformer-coupled 
amplifier can be greatly reduced if limited frequency ranges are considered 
at a time. Thus in the middle range of frequencies the reactance of the 
transformer primary inductance is so high as to be essentially an open 
circuit, while at the same time the small distributed and shunting capacity. 
Cs is substantially an open circuit. With these simplifications the equiva
lent circuit reduces to that shown in Fig. lOld, and the amplification then 
becomes the product of turn ratio and amplification factor. That is, 

Amplification in �iddle} = eo = p,n (94) 
range of frequencIes ea 

Somewhere in this middle range of frequencies the shunting capacity Cs 

is in parallel resonance with the primary inductance Lp, causing the 

provided all impedances on the secondary side of the transformer are divided by the 
square of the voltage step-up ratio when placed in the equivalent circuit . .  The leakage 
inductance can be considered as located entirely on the secondary side because this is 
where most of it actually is and because at the high frequencies where leakage induct
ance becomes important. its exact distribution between primary. and secondary is not 
important. The interwinding capacity Cm . can be replaced by a suitable capa,city 
located across the secondary as a result of the fact that the voltage difference across 
this condenser is almost exactly in phase'\.with the voltage developed acrOss the 
secondary of the transformer up to the frequency at which the secondary capacity is 
resonant with the leakage inductance ; furthermore this voltage is proportional to tpe 
voltage across the secondary but has a magnitude either (n + 1 ) or (n - 1 ) (depend
ing on the relative polarity of the two windings) times the voltage aCross the primary 
of the transformer. 

I 
1 
1 , 1 

. 1  
I 



192 RADIO ENGINEERING [CHAP. V 

impedance across the primary terminals of the transformer tc be extremel) 
high. 

At low frequencies the shunting capacity is still less important than in 
the middle range of frequencies, but the reactance of the priIT�ary induc
tance of the transformer tends to become low and so must be taken into 
account. This gives the equivalent circuit of Fig. 101e, which is applicable 
to low frequencies and from which a simple analysis shows : 

Amplification at IOW} eo 1 

frequencies , = eB = J.'
n[l 

+ 
(Rp' / wLp) 2]� 

(95) 

Here wLp/ Rp' is the ratio of the reactance of the primary inductance to 
the resistance formed by the plate resistance of the tube plus the direct-

J current resistance of the primary winding. It will be noted that the 
extent to which the amplification at low frequencies falls below the 
amplification J.'

n 
obtained in the middle-frequency range depends only 

upon the ratio wLp/ Rp' , and in general drops off with frequency according 
to the same general law as does the low-frequency amplification of a 
resistance-coupled amplifier. The extent of the falling off can be esti
mated from the fact that, when the frequency is such that wLp equals 
Rp', the amplification has dropped to 70.7 of its mid-range value. 

The primary inductance that is effective in the equivalent circuits 
of Fig. 101 and in Eq. (95) is the inductance to the alternating componept 
of the plate current that is superimposed upon the direct-current plate 
current of the tube. This inductance is hence determined by the incre
mental permeability that was discussed in Sec . 6, and will be greater as 
the direct-current magnetization decreases and as the alternating flux 
density increases. 

At high frequencies the reactance of the primary inductance is so high 
as to be an entirely negligible shunt, but the shunting capacity CB and the 
leakage inductance can no longer be ignored. This results in the equiva
lent circuit of Fig. 101/, which is a series-resonant circuit having a very 
low Q. A simple calculation based upon this circuit shows that 

Amplification at} eo l/wC. 

. 

high frequencies = eB 
= J.'n I , 

2 
( 1 )2 

(96a) 
� (Rp 

+ 
R8) 

+ 
wLB - -

C 

where 

W B 

1 = J.'
n[(-Y/

Qo) 2 + 
(
-y2 _ 

1) 2]�2 
(96b) 

actual frequency 
'Y 

= 
series-resonant frequency of CB and LB 

Qo = Rp

,

w�B

RB = circuit Q at the frequency for which CB and La are 

in series resonance. 



SEC. 45] VACUUM-TUBE AMPLIFIERS 193 

These equations show that the amplification at high frequencies depends 
both upon the plate resistance of the tube and upon the series resonance 
action between the leakage inductance and secondary capacity. For the 
best characteristic at high frequencies a careful balance must be realized, 
as discussed below. 

Universal-amplification Curve of Triode Transformer-coupled Ampli
fier.-The simplicity of Eqs. (94), (95), and (96b) makes it possible to 
express the relative amplification of a transformer-coupled amplifier in the 
universal amplification curve of Fig. 103. This gives the relative ampli-

2.6 

2.4 

2.2 

2.0 

. c fIB 
. 2 1:; 1.6 
.� � 1.4 0. � /.2 
QI � /.0 

.� as 

a6 

0:4 

a2 
o 

1 50 I 
Oi 

1 3 0  � '-' 
\ 1 0  ti> Q) 0 r- 90 -4-� 

.... f-70 � 
Q) 

f- 50 0 .J::. 
f-30 Il. Q) > ,-10 :;:: V-� ./ " 
f-.-1 0 Q!: L'r'" s",if! ... - '" 
1-30 ,...., / p��5:'" "'0 0 
f-SO �L ... '-' ...... � ... 
� ... F- - -

Q = 0.5" , 
M iddle Q< 2.0, :>' 

;;( range 
" - - - - "  ", ,,,- _  ... . _<t:. - -

wo ls 
Qo= R '  + R  P S 

I-'''� 
� 

v" ./ ./ / ./ '  I , 
, f ./ / 
I , / ��� Qo = 2.0 

L,: � I. 
/ Qo = 1. 5  

/11!' ,/Qo = 1. 25 

W'"' 
'" /po"lO 

� � "'?0= a 75 

� � ... Qo =QS 

" [.1<' \' !\. '" � 
I" 

0.1 0.2 0.5 1.0 2.0 5.0 0:1. 0.5 1.0 2.0 5.0 

� _ �eOlctcmce of primary Actual frequency 
. R p  Effective plate resistance '.= Series resonant frequency of Ls and CS 

FIG. l03.-Universal amplification curve of transformer-coupled amplifiers. 

fication and phase shift as a function of frequency, and applies to all 
transformers. The actual amplification at any frequency is the relative 
amplification obtained from the universal resonance curve of Fig. 103 
multiplied by the quantity J.m. 

The low-frequency part of the universal amplification curve is a plot 
of Eq. (95) showing the way in which the amplification falls off as a func.,. 
tion of UJLpjRp'. The frequency factor is introduced through its effect on 
the primary reactance ·UJLp. The high-frequency portion of the universal 
amplification curve is a plot of Eq. (96b) showing the variation of amplifi
cation as a function of the quantity 'Y for various values of Qo. The 
frequency is introduced in the high-frequency rap.ge through its effect 
upon 'Y .  

To use the universal amplification curve of Fig. 103, one first cal
culates the amplification in the middle range according to Eq. (94) . The 
next step is to determine the frequency at which UJLpjR/ = 1, and from 

t; 
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this the frequency at which wLp/ Rp' has other convenient values such as 
2, 0.5, 0.2, etc. The falling off in amplification at these various frequen
cies is then obtained directly from the low-frequency portion of the 
universal amplification curve. Finally the frequency at which the 
leakage inductance L8 and the shunting capacity C8 are in series resonance 
is calculated ; and also the value of the circuit Q at this. frequency, i.e . ,  
Qo. This frequency corresponds to a value 'Y = 1. The high-frequency 

. 
response can then be obtained readily from the high-frequency portion of 
the universal amplification curve for other frequencies simply related to 
the series-resonant frequency, such as 0.5, 2, 5 times the series-resonant 
frequency. 

Discussion of Amplification Characteristic.-A consideration of the 
factors involved in transformer-coupled amplification shows that these are 
relatively simple in spite of the complexity of the equivalent circuit of 
the transformer. At low frequencies the falling off in amplific1Aion is 
controlled by the ratio wLp/ Rp', which means that, in order to obtain a 
good low-frequency response, the incremental primary inductance of 
the transformer must be high and the plate resistance of the tube low. 
Hence for good low-frequency response the tube should not have too high 
an amplification factor, since the higher the amplification factor, the 
higher will normally be plate resistance. The primary winding of the 
transformer should also have a large number of turns, which with a fixed 
winding space leaves less space for the secondary, and hence results in a 
low step-up ratio and low amplification. 

Passing now to the characteristics at high frequencies, examination of 
Fig. 103 shows that the best response is obtained when the value of Qo is 
equal to or slightly less than unity, and that when this condition eXists 
the amplification is substantially constant up to the series-resonant fre
quency of L8 and C8, but falls off rapidly at higher frequencies . This 
means that for any particular transformer there is a proper value of plate 
resistance that should be used. If the plate resistance is lower than this 
optimum value, the response at low frequencies will be improved, but there 
will be a peak at the high frequencies. Conversely, if the plate resistance 
is much greater than the optimum value, both high and low frequencies 
will be adversely affected.

· 

It is apparent from the above discussion that the tube and transformer 
must be designed to cooperate With each other to produce the desired 
result. Most audio-frequency transformers are designed to operate in the 
plate circuits of triodes having plate currents of 2 to 8 ma and plate 
resistances of the order of .8000 to 15,000 ohms at the operating

' 
point. 

These conditions correspond to a general-purpose tube having an amplifi
cation factor of 8 to 20, and represent the situation that has been found 
to be most satisfactory with transformer coupling. The plate current is 
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low enough to ptevent excessive direct-current saturation in the trans
. former primary, the plate resistance is low enough to insure the poclsibility 
of a satisfactory low-frequency response, and large output voltages can be 
developed without distortion. 

The grid bias should be so chosen in relation to the available plate
supply voltage as to give the plate resistance with which the transformer 
should operate. Adjustments of the grid bias will enable the high-fre
quency response to .be changed appreciably. In addition, the plate
supply voltage should be great enough so that, when the proper plate 
resistance is realized, the bias will be sufficient to maintain the grid nega
tive at the crest of the largest signal voltage to be amplified. 

Transformer Characteristics.-From the above considerations it is 
seen that the ideal transformer has a high tUrn ratio, a high primary 
inductance, a very low leakage inductance, and the highest possible series 
resonant frequency (i.e., low shunting capacity as well as low leakage 
inductance) . In attempting to approach this ideal, a number of practical 
conflicts are encountered. With a given-size core, the total number of 

. turns is fixed ; so, if a high turn ratio is used, only a few of the turns can 
be allotted to the primary, which results in a low primary inductance. 
Increasing the size of the core and winding space to give a satisfactory . 
primary inductance with a high turn ratio will not remedy the situation 
since the leakage inductance will be increased as a result of the larger size, 
and this reduces the series resonant frequency and hence spoils the high
frequency response. The leakage inductance can be reduced greatly by 
interleaving the �rimary and secondary windings, but this increases the 
distributed capacity and so tends to neutralize the benefits obtained 
from the lower leakage inductance. 

In order to have a good response, a transformer must have a large 
core of high-quality magnetic material, with an air gap in the core 
sufficient to prevent the normal direct-current plate current of the 
amplifier tube from producing undue saturation, and yet not so large 
as to reduce the incremental inductance of the primary . winding. The 
step-up ratio n should be reasonably low, co'mmonly 2 to 4, and improved 
results can be obtained by a certain amount of interleaving of primary and 
secondary windings. The use of a large core of high-grade magnetic 
material with proper air gap provides a minimum of reluctance in the 
magnetic circuit. The low turn ratio makes it possible to obtain a 
relatively high primary inductance and also tends to improve the high
frequency response by increasing the series-resonant frequency of the 
transformer. The interleaving when properly done will also increase 
the series resonant frequen�y. 

If the secondary capacity Ca is to be kept small, it is important that 
the secondary terminal leading to the grid of the output tube be from the 

' I  I i I 
I 
I 
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outside of the secondary windjng. The proper arrangement is normally 
marked on the transformer. The arrangement of the primary terminals 
is relatively unimportant. 

The quality of the magnetic material in the core is of particular 
importance and, if unusually severe requirements must be met, high
permeability alloys such as permalloy should be used. The reason for 
this is that the primary inductance of a transformer is determined by the 
reluctance of the magnetic circuit provided by the core, while the leakage 
inductance and the series resonant frequency are caused by flux paths in 
air and so are independent of the core. Improvements in core material 
will therefore increase the primary inductance in proportion to leakage 
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inductance and distributed capacity. This permits a wider frequency 
range than would be possible with a transformer having the same bulk 
but using poorer magnetic material, or, conversely, for the same frequency 
range means that high-permeability core material makes the transformer 
smaller and lighter. When using magnetic alloys having high per
meability, it is necessary to employ a shunt-feed arrangement (see next 
section) since the incremental inductance of high-permeability alloys is 
very adversely affected by direct-current magnetization. 

It is possible to determine the characteristics of an amplifying trans
former with fair accuracy by calculation based upon design data. l While 
such calculations are empirical and so depend to a considerable extent 
upon the experience and judgment of the computer, they are extremely 
useful in aiding the designer of audio-frequency amplifier transformers 
to improve his product. By properly manipulating the factors, such as 

1 See Glenn Koehler, The Design of Transformers for Audio-frequency Amplifiers 
with Preassigned Characteristics, Proc. I.R.E., vol. 16, p. 1742, December, 1928. 
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core dimensions, shape, space, al)d arrangement of windings, �ir gap in 
the magnetic circuit, etc. ,  it is possible for a skillful designer to increase 
materially the frequency range of a transformer. 

Typical Characteristics.-The effect that various circuit elements have 
upon the amplification characteristic of a. transformer-coupled amplifier 
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are shown in Figs. 104 to 107. It will be observed that . varying the • 
primary inductance while leaving everything else the same affects only 
the low-frequency response. On the other hand, varying the effective 
plate resistance Rp' alters both the low- and high-frequency response, 
with a high plate resistance giving a falling off at both low and high 

4 0  
35 
30 
2 5  
2 0  
1 5  
1 0  

5 
°10 

./ 

I 

-
V 

�v . Rs-944 Ls=J!1l!!!!rr)/ ohms 1/ R '  vvu -+ 
p- =  le=t ' V 14 350 __ "r 4�

r
� Cs:� � ohms 1 1  henr tn 

1" "i · r " 1 1 I I I I I I I I I  
100 1,000 

I 
11 ,� 

� \\ :;.. �Q�i R 
l\� � � � 0 � K� � <b �  

� 'l" 1"\ ......... 
II� -

114000 
FIG. I06.-Effect of varying the effective secondary shunting capacity Cs in a transformer

coupled amplifier. 

frequencies, while a low· plate resistance improves the low-frequency 
response but introduces a peak at the high frequencies. 8hunting capac
ity across the transformer secondary, or in some other way altering the 
distributed capacity of the secondary, is seen tQ �ff�<!t Qnly the high-

. J 
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fr.equency response. Increasing the capacity reduces the series resonant 
frequency and also lowers the value of Qo, thereby causing a pronounced 
falling off at higher frequencies, whereas reducing the distributeq. capacity 
extends the high-frequency range, although at the �ame time producing 
a high-frequency peak unless the plate resistance is increased. Vary
ing the leakage inductance alters both the series-resonant frequency 
and the value of Qo. It will be noted that some leakage inductance is 
desirable, since with no leakage whatsoever the shunting .capacity causes 
a falling off of the high-frequency response much sooner than if the 
appropriaile amount of leakage were present. 
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leakage inductance is desirable in order to neutralize the detrimental effects of the effective 
capacity CB shunted across the secondary . . : 

Resistances are sometimes shunted across either the primary or 
secondary windings of a transformer in order to control the amplification 
characteristic. A resistance shunted across the primary has the effect 
of reducing the effective amplification factor J.I. and the effective plate 
resistance Rp. l This . reduces the amplification, improves the low
frequency response, and tends to make the high-frequ�ncy response 
peaked. _ 

. 

When the transformer has a peak at high frequencies and a poor 
response at low frequencies, considerable improvement in the frequency 

1 The behavior of the arrangement can be readily analyzed by using Thevenin's 
theorem to simplify the equivalent network that supplies power to the primary 
terminals of the transformer, exactly as was done in Eqs. (93a) and (93b) to te,ke into 
account the eddy-current resistance Re that is shunted across the primary terminals. 
In fact, these same equations can be used to take into account the action of a shu:rrting 
resistance by considering R. to be the shunting resistance. 
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response can be obtained at the expense of amplification by shunting a 
resistance across th� transformer secondary. Such a shunting resistance 
lowers the amplification but affects the high frequencies most and the 
low frequencies least so that, when the proper value of resistance is used, 
the response characteristic is more uniform, as illustrated in Fig. 108. 1 

Transformer-coupled Amplifier with Pentode Tubes.-Transformer 
coupling can be used with pentode tubes by shunting a suitable resistance 
across the primary of the transformer, as shown in Fig. J09a. The proper 
value of resistance to connect across the primary terminals can be determined 
from the fact that the frequency distortion in a pentode transformer-coupled 
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coupled amplifier, showing how a transformer having a high-frequency peak can be improved 
by making the resistance the proper value, but at the expense of reduced amplification. 

amplifier is exactly the same as the frequency distortion that wou'ld be present 
in a triode amplifier employing the same transformer and having a plate 
resistance equal to the equivalent resistance formed by the shunting resistance 
in parallel with the plate resistance oj the pentode. Since the plate resistance 
of the pentode tube is very large, this means that the resistance shunted across 
the primary shoukl approximate the plate resistance that would be used 
with the same transformer in a triode ' amplifier. . Thi� results from the 
fact that according to Thevenin's theorem the important thing ' as far 
as the transformer behavior is concerned is the resistance of the network 
that the transformer sees when looking toward the tube from its primary 
terminals. The equivalent circuit of the pentode transformer-coupled 
amplifier can accordingly be reduced by the use of Thevenin's theorem 
to the arrangement shown in Fig. 109b, which is identical with the equiva
lent circuit for the triode case� Hence a separate analysis of the pentodt 
transformer-coupled amplifier is not required. 

1 More complete discussion of transformer-coupled amplifiers having resistance 
shunted across the secpndary is given by Paul W. Klipsch, Design of Audio-frequency 
Amplifier Circuits Using Transformers, Proc. I.R.E. , vol. 24, p. 219, February, 1936. 
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The use of Thevenin's theorem also shows that the amplification 
obtained with both triodes and pentodes is proportional to the mutual 
conductance, provided the resistance that the transformer primary 
terminals see when looking toward the tube is the same for both types of 
tubes. Since the mutual conductance of pentodes and triodes is roughly 
the same for the same plate currents, there is no choice between the 
tubes from the point of view of amount of anlplification obtainable with 
transformer coupling. At the same time, the pentode amplifier tends 
to have more amplitude distortion in proportion to its output voltage, 
requires a more expensiye tube, and also demands means for supplying 
voltage to the screen as well as to the plate. For these reasons trio de tubes 
are normally preferred for transformer-coupled amplifiers. 

(a) Actual circuit (b) Equi va lent circuit 
" Shunting r�sisfance . . 

,...---1''"-. ..., 0 Req, '" RestSlcmce fOrmed by plate '- : ana shunting resisfances in para//ef 
�--t- eo r--.------, 

: t Req. 0:0 
� -esGm Req. ! .&...-_""---4-_--'"_---' 

FIG. l09.-Actual and equivalent �ircuit of pentode transformer-coupled amplifier. 

Experimental Determination of Transformer Characteristics.-The 
primary inductance Lp that is effective in the equivalent circuits of Fig. 
101 is the incremental inductance measured with low alternating flux 
density in the presence of the appropriate direct current. The results 
obtained will depend somewhat upon the previous magnetic history of 
the core, and usually cannot be duplicated more closely than within a 
few per cent unless the core is first carefully demagnetized. 1 

The eddy-current resistance Re can usually be ignored. It is to a 
high degree of accuracy equal to the impedance at the primary terminals 
when the frequency is such that the capacity C8 and the primary induc
tance Lp are in p�rallel resonance. 

The step-up ratio of the transformer may be most satisfactorily meas
ured by applying a known voltage to the primary and measuring the 
potential at the secondary terminals with a vacuum-tube voltmeter. 
This measurement must be carried out at a low frequency, i.e. ,  a few 
hundred cycles or less, since at higher frequencies incipient resonance 
between the capacity Cs and the leakage inductance L8 will make the 
voltage that appears at the secondary terminals higher than the voltage 
actually induced in the secondary winding. When measurements of 
step-up ratio at low frequencies are made, the actual voltage acting on 

1 For details as to incremental inductance measurements see the author's " Meas- ' 

urements in Radio Engineering," pp. 53-58, 1st ed. McGraw-Hill Book Company, Inc. 
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the primary inductance is less than the voltage applied to the primary 
terminals by the drop in the direct-current resistance of the primary 
winding. The error thus introduced can be allowed for by multiplying 
the apparent step-up ratio by the factor V1 + (Re/wLp)2, where Re and 
Lp are primary resistance and inductance, respectively. 

The leakage inductance L8 reduced to unity turn ratio can be readily 
determined by measuring the inductance between the primary terminals 
when the secondary is short-circuited. The leakage inductance is inde
pendent of frequency and of saturation effects in the core, since the 
leakage paths are in air ;  thus the measurement may be made at any 
frequency and without passing direct current through the primary. It 
is not permissible to measure leakage inductance from the secondary 
terminals by short-circuiting the primary since errors are then introduced 
as a result of the secondary capacity Cs. 

Several indirect methods can be used to obtain the effective secondary 
capacity Cs. One way is to determine the frequency wdZnr at which 
parallel resonance occurs across the secondary terminals when the 
primary terminals are short-circuited. This frequency is that at which 
C 8 and Le are in parallel resonance, so that 

1 
C8

= �
L (&) 1  8 

(97) 

Another way of getting at the same thing is to measure the ratio of 
secondary to primary voltage � a function of frequency at frequencies 
approaching the resonant frequency. This ratio will increase wi�h fre

. quency and reach a maximum when Ls and C8 are in resonance. At some 
frequency below resonance, C8 can be deduced from a knowledge of L8 
and the step-up ratio according to the relation 

Voltage ratio of transformer 
-

Step-up ratio of transformer 
(98) 

Other indirect methods of determining C 8 can be devised when the 
occasion requires. In measuring Cs it must be kept in mind that the 
capacity that is effective is the sum of the distributed secondary capacity 
of the transformer and the input capacity of the tube to which the 
secondary delivers its voltage. Consequently CB should be determined 
with the output tube actually present and operating with its normal 
load impedance. Any additional measuring equipment, such as vacuum
tube voltmeters, across the secondary must be so arranged as to introduce 
the minimum possible additional shunting capacity. 

Push-pull Transformers.-One of the chief uses of transformer 
coupling is to excite the grids of a push-pull power amplifier. The circuit 
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arrangement involved is shown in Fig. 110 and requires a center-tapped 
secondary· winding. When the two halves of the secondary are sym
metrical with respect to the primary, as in Fig. IlIa, the push-pull 
transformer behaves in exactly the same way as the ordinary trans
former, which has already been discussed. The only difference, then, 

is that the amplified voltage applied to 
each of the output tubes is half of the 
total voltage developed by the full sec
ondary winding. In analyzing the 
behavior of a symmetrical push-pull 
transformer, one uses the full secondary, 

FIG. l I O.-Circuit of push-pull trans- and . determines the equivalent leakage former-coupled amplifier. 
inductance, series-resonant frequency, 

etc. ,  just as though the center-tap did not exist. 
In the cheaper push-pull transformers, such as are . commonly used 

in radio receivers, the usual method of construction is shown in Fig. 111b. 
With this arrangement the two sides of the secondary are unsymmetri
cally located with respect to the primary. The half of the secondary 
next to the core has a higher shunting capacity Cs than does the other 
half, but likewise possesses a lower leakage inductance with respect to 

(0) Symmetrical secondary secondary 

�ji 
FIG. l I 1.-Typical winding arrangements in push-pull-amplifier transformers. 

the primary winding. As a consequence, the voltages delivered by the 
two halves of the secondary winding are not the same in the high-fre
quency range, although at medium and low frequencies the dissymmetry 
has no effect. 

46. Audio-frequency Voltage Amplifiers. Miscellaneous Coupling 
Methods.-Most audio-frequency amplifiers employ either resistance or 
transformer coupling, but other methods can be used and under some 
conditions have advantages. The most important of these other 
methods are described below. 

Resistance-inductance-coupled Amplifiers.1--This type of coupling is 
illustrated in Fig. 1 12a, and is the same as an ordinary resistance-coupled 
amplifier except for a small inductance Le placed in series with the 

1 For further discussion see G. D. Robinson, Theoretical Notes on Certain Fea
tures of Television Receiving Circuits, Proc. I.R.E., vol. 21 , p. 833, June, 1933. 
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coupling resistance. An arrangement of this type properly designed 
will give a more uniform response at high frequencies than is possible 
with plain resistance coupling. It is also characterized by a rather sharp 
cut-off at high frequencies, i.e. , the amplification falls off relatively 
rapidly beyond the flat region. These characteristics are illustrated 
by Fig. 1 13. 

( 0)  Act�al circwit 

, 
I I 

(b) Circuit in which tube has been replaced 
. bY. its eqwivalent circuit r tSF8s Gm K 

Rp Rgl C eo , 
, 
I 
t 

.L-__ -..._� _ _L__i___ ..... ---I _ _ i. -__ ......... _--'�_-4-_---J _ _  i 
FIG. 1 12.-Circuit of resistance-inductance-coupled amplifier. 

The equivaleIlt circuit of the resistance-inductance-coupled amplifier 
is shown at Fig. 1 12b. At medium and low frequencies the reactance 
of the inductance Le is so small as to be negligible, so that the character
istics are then the same as for the corresponding resistance-coupled case. 
At high frequencies, however, the inductance tends to resonate with th� 
stray capacities in such a way as to improve the amplification character
istic provided the proper inductance is employed. Analysis shows that, 
to obtain a flat response up to some particular frequency using pentode 
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FIG. 1 13 .-Characteristics of resistance-inductance-coupled amplifier, showing how the 
optimum value of cO\lpling inductance improves the response. 

tubes, the coupling resistance should equal the reactance of the shunting 
capacity at this frequency, and the inductance in series with the coupling 
resistance should at this same frequency have a reactance equal to 
half the coupling resistance. The grid-leak resistance should be much 
higher than the coupling resistance. With these proportions the amplifi
cation is substantially constant up to the desired frequency, as shown 
in Fig. 113, and the phase distortion at high frequencies is also negligible 

I I 
I 
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up to the same point . By using other values of coupling inductance, one 
can obtain either a rising or a falling characteristic at high frequencies, 
as illustrated in Fig. 113. 

Resistance-'coupled Amplifiers with Grid Choke.-In this type of cou
pling the usual grid-leak resistance of the resistance-coupled amplifier 
is replaced by a high-impedance choke, as illustrated in Fig. 1 14. This · 
arrangement has the advantage of reducing to a negligible value the 
resistance in series with the grid of the tube to which the amplified voltage 
is delivered, and so permits operation under conditions where the maxi
mum permissible value of grid-leak resistance is low. The grid choke 
must have a very high inductance, for otherwise it will act as a low-
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FIG. 1 14.-Circuit of resistance-coupled amplifier employing grid choke, together with 
typical amplification characteristics. Note that the character of the low-frequency 
response can be controlled by the grid choke and coupling-condenser proportions. 

impedance shunt at low frequencies. The necessary impedance is 
relatively easily obtained, however, since the chOKe carries negligible 
d-c current and so can be constructed with minimum possible air gap, 
thereby giving a very large inductance with a small amount of material. 

By a proper choice of coupling-condenser capacity and choke induc
tance in relation to the coupling and plate resistances, it is possible to 
control the low-frequency response. In particular, the low-frequency 
response can be made to be substantially constant (but with a slight 
hump) down to some frequency io, and then to fall off rapidly at lower 
frequencies. This is accomplished by making the inductance Lg of the 
grid choke such that the choke reactance at the frequency 10 equals 
the resistance R formed by plate and coupling resistances in parallel, 
and then employing a coupling-condenser capacity Cc such as to give 
series resonance at the frequency io with the inductance Lg• That is, 

R Lg = 27rfo 
1 Cc = (2Trfo) 2Lc (99) 
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A larger value of Cc will give a falling off at low frequencies similar to 
that . with ordinary resistance coupling, while a smaller value gives a 
decidedly peaked low-frequency response. 1 These effects are shown in 
Fig. 114. Similar characteristics can be obtained by varying the coupling 
resistan�e and leaving the remainder of the circuit unchanged. A 
low coupling resistance tends to give a low-frequency peak, w�ile a high 
coupling resistance causes a falling off. 

Transformer Coupling with Shunt Feed.-Transformer-coupled ampli
fiers are sometimes arranged as shown in Fig. 115a, with a choke2 and 
blocking condenser to prevent the d-c plate current from flowing through 
the transformer primary. This arrangement is known as a shuntJ�e<i 

(01) Actu a l  circuit 
Shunf fited choke (or refcrrd coil) , 

( b) Circuit with tube replaced ' 
l;y its equivalent circuit 

Cc 

FIG. 1 15.-Circuit of transformer with shunt feed, together with the equivalent electrical 
circuit. 

circuit and is required when the transformer has a permalloy or other 
high-permeability core. Shunt-feed arrangements also make it possiblf 
to obtain an improved frequency response from transformers using ordi
nary silicon-steel cores. 

The intprovement in characteristics obtained with shunt feed results 
from the fact that the transformer primary has no superimposed direct
current magnetization. This permits the use of a magnetic circuit with 
a minimum possible air gap, and also makes it possible to use high
permeability core material. Because of the resulting low reluctance 
of the magnetic circuit, the primary inductance can be made greater in, 
proportion to the physical size of the transformer than it can be when 
provision must be made for handling direct-current magnetization. 
At the same time, this improvement in primary inductance is obtained 
without affecting the leakage inductance or the distributed capacity, 
and hence without affecting the response at high frequencies. This is 
because the magnetic leakage paths are largely in air, and so are not 

1 The factor governing the character of the response at low frequencies is the ratio 
of grid-choke reactance to the resistance formed by plate and coupling resistances ill 
parallel, when the ratio is evaluated at the frequency at which the coupling condenseI' 

. is in resonance with the grid choke. If the ratio is unity, the conditions of Eq. (99) 
are realized ; if the ratio exceeds unity, the low-frequency response is more peaked; if 
it is less than unity, the amplification falls off at low frequencies . 

2 A choke used for this purpose is sometimes called a retard coil. 
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affected by the reluctance of the .core circuit, while the distributed 
capacity is likewise independent of core material. Consequently the 
shunt-feed arrangement gives a smaller leakage coefficient and a widened 
frequency band. 

The equivalent circuit of a shunt-feed transformer arrangement is 
shown in Fig. 115b. If the coupling condenser is . sufficiently large to 
be an effective by-pass at all essential frequencies , it _will be noted that 
the primary inductance of the transformer and the inductance of the 
shunt-feed choke are essentially in parallel, so that the low-frequency 
response is the same as though one had an ordinary transformer-coupled 
circuit in which the primary inductance is the equivalent inductance 
formeq by tlie actual transformer primary in parallel with the choke. 
The middle-range and high-frequency responses are the same with shunt 
feed as with ordinary transformer coupling. It will be observed, how
ever, that the shunting effect of the shunt-feed choke tends to counteract 
the increased primary inductance of the transformer which results from 
the elimination of the d-c' plate current from the transformer primary. 
With proper design there is, however, still a very great improvement, 
since the shunt-feed choke can be physically large, and so can be made to 
have a very high inductance even though carrying d-c current . At 
the same time the choke, even when large, contributes nothing to the 
leakage inductance, whereas a transformer large enough to handle the 
d-c current and still give a high primary inductance has a high leakage . 

The most satisfactory responRe at low frequencies is obtained by 
properly proportioning the coupling condenser Cc with respect to the 
primary inductance Lp of the transformer. A substantiall, flat low
frequency response down to a frequency /0 can be obtained . by making 
the primary inductance of the transformer such that the inductive 
reactance at the frequency /0 is equal to the plate resistance Rp, making 
the coupling condenser of such a size that it is in series resonance with 
the primary inductance of the transformer- at the frequency /0, and 
using a shunt feed inductance Le at least one and a half times the trans
former primary inductance. These requirements lead to : 

L Rp 
p = 27r/o 

1 
Cc = (27r/oFLp 
Le > 1 .5Lp 

(100) 

The resulting frequency- response for these proportions is shown in Fig. 
1 16, together with' the characteristics obtained with other values of 
coupling-condenser capacity. It will be noted that the low-frequency 
response is either peaked or falling, according to whether the react9.nce 
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of the transformer at the resonant frequency, of Cc and Lp IS greater 
or less than the plate resistance, respectively. 

Impedance Coupling.-An impedance-coupled amplifier is a resistance
coupled amplifier in which the coupling resistance has been replaced 
by a high-impedance choke coil, as shown in Fig. 1 17 a. This arrange
ment has the advantage over resistance coupling that 'there is negligible 
direct-current voltage drop in the coupling impedance, so that lower 
plate voltages and higher plate currents can be used. The cost is 
much greater, however, and the coupling impedance tends to pick up 
voltage from stray' magnetic fields, so the arrangement is used only in 
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FIG. 1 1 6.--,-Typical amplification , characteristics of shunt-feed circuit of Fig. 1 15 for 
various coupling-condenser capacities. The transformer has the same characteristics as 
in Fig. 1 02 except that the primary inductance is assumed to be tripled as a result of the 
elimination of direct-current magnetization. For purposes of comparison the curve of 
Fig. 102 is shown dotted. 

speQial circumstances. The equivalent circuit of an impedance-coupled 
amplifier is shown in Fig. 1 17b, and the way in which the amplification 
varies with frequency in a typical triode impedance-coupled amplifier 
is shown in Fig. 118. In the middle range of frequencies the amplification 
is high and relatively constant. At low frequencies the amplification 
falls off because of the drop in the impedance of the choke at low fre
quencies, while at high frequencies the amplification falls off as a result of 
the shunting capacities. Equivalent circuits for various frequency 
ranges are shown in Fig. 1 17, together with the resulting amplification 
equations. • , 

Examination of the equations in Fig. 1 17 shows that, when the plate 
resistance is very high, as is the case with pentode tubes, the grid-leak 
resistance must be of the order of magnitude of the coupling resistance 
that would be used with a resistance-coupted amplifier if a relatively 
fiat frequency response is

'
to be obtained. This is because with very high 

piate resistance the falling off at low frequencies is determined by the 
ratio of coupling-inductance reactance to RI ( =  resistance formed by 
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F"IG. 1 17.-Actual circuit of impedance-coupled amplifier together with equivalent electrical 
circuits. 
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Re and Rgl in parallel) , and at high frequencies by the ratio of shunting
condenser reactance to RI, with the response being better the lower the 
grid-leak resistance. This assumes that the coupling condenser is large 
enough so that the amplification begins to fall off as a result of insufficient 
coupling impedance some time before the falling off due to excessive 
condenser r�actance becomes appreciable. 

25r----r=:::::===r=:::::::::---,---, 
20 1----+�f-------If_---�1__--_I 

5 �----�---�1------1----� 
10 100 1,000 10.000 100,000 

Frequency. Cycles per Second 
FIG. 1 18.-Typical amplification curve of an impedance-coupled amplifier. 

(a)ActuaI circuit of input transformer 
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flTJl'll fronsf'ormer primory 

FIG. ·1 1 9.-Circuit of input transformer. 

Input Transformers.-Circumstances commonly arise where it is 
necessary to couple the grid of a tube to a transmission line. This is 
usually done with a step...,up transformer, which is termed an input trans
former. The line that excites the primary of the transformer can ' be 
thought of as being equivalent to a generator having a certain internal 
resistance, as shown in Fig. 1 19. It will be observed that this is similar in 
all essential respects to the circuit of an ordinary interstage transformer-
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coupled amplifier as discussed above, with the internal resistance of the 
power source replacing the plate resistance of the tube. Input trans 
formers therefore have characteristics that are similar to inter stage 
transformers, and they are analyzed on the same basis, the only difference 
in the design being that the primary winding must have a primary 
inductance in proportion to the line resistance. With low-resistance 
lines (or sources) the primary inductance and hence the primary turns 
will be small, and the transformer will have a large step-up ratio ; with 
lines (or sources) having an equivalent resistance of the same order of 
magnitude as the plate resistance of a tube, the input transformer and 
the interstage transformer will be interchangeable except for the fact that 
input transformers normally do not have to be designed to carry d-c 
current in their primary windings. 

The internal impedance of a source of power supplying an input 
transformer is co mmonly referred to as the line impedance. Thus an 
input transformer designed to operate with a microphone having an 
internal impedance of 4 ohms would be said to be designed to operate 
from a 4-ohm line, since the transmission line that connects the micro
phone to the transformer would appear to the primary of the trans
former to have 4 ohms impedance. Where energy is to be transmitted 
any distance, line impedances ranging from a few ohms up to 500 or 1000 
ohms are commonly used. Higher impedance lines are generally avoided 
because they are more susceptible to trouble from stray fields. 

(01 ) D i rect (b) TrClnsformer couplin g Cc) BOInoi POlSS coupl ing 

FIG. 1 20.-Typical tuned-amplifier circuits using pentode ·tubes. 

47. Tuned Voltage Amplifiers.-In a tuned amplifier the load imped
ance is supplied by a resonant circuit, using parallel resonance to obtain 
the necessary high impedance. Such amplifiers find their principal use 
in the amplification of radio frequencies. They are particularly satis
factory for such applications since they can utilize the stray and tube 
capacities inevitably present to help tune the resonant circuit . They 
are also selective with respect to frequency, giving an amplification tha,t 
varies with frequency in much the same way as does the response of an 
ordinary resonance curve, and thereby making it possible to amplify 
signals of a desired frequency while eliminating other signals. 

Tuned radio-frequency voltage amplifiers practically always employ 
pentode tubes of the type in which the control grid is very completely 
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shielded from the plate circuit, as shown in Figs. 59 and 86b. Tubes of 
this character are commonly �alled radio-f�equency pentodes ; they give 
more gain than triode tubes and also have negligible capacitive coupling 
between the plate and grid circ�its. Screen-grid tubes have many of the 
advantages of pentode tubes but are not Couplinfl. capacdy 

(negligible reactance 
at rcidio frequencies) 

so satisfactory. 
A number of typical tuned-amplifier Ls = -Gm es I I�' 

circuit arrangements are shown in Fig. 
120. The basic principle of operation in 
all these is the same, the chief difference 
between the circuits being the means 
used to couple the tuned circuit to the 
plate circuit of the amplifier tube. The 
analysis of all of these circuits is carried 
out in the same way, first replacing the 
tube by its equivalent circuit and then 

: I ': 

Rp _L e L; r- -� -;� I \ I \ 
Stray and fube 

capacifies 

: 

1 1  I I 
� I 

I _1._ -f-�. I 
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'\\ I 
Stray and output 

capacities 

FIG. 121 .-Equivalent circuit of 
tuned amplifier of Fig. t20a, in which 
the tube has been replaced by an 
equivalent constant-current generator 
circuit. 

calculating the behavior of the resulting electrical network. 
Analysis of Typical Tuned Amplifiers Using Pentode Tubes.-The 

simplest tuned-amplifier circuit is the direct-coupled arrangement shown 
in Fig. 120a, and this will accordingly be considered first because it 
illustrates the principal properties of tuned amplifiers. The exact equiva

Rp· 3 megohms Rgl- , megohms 
L - O.16 mh o = 50 Gm- 1 000 micro mhos Resonant freq. -IOOOKC 

o 

IS-- rncc ! 
: --

Z R I �o es - 9 , 
: � :  

lent circuit is shown in Fig. 121 . It 
will be noted that the stray wiring 
capacities and the plate-cathode 
capacity of the amplifier tube, as well 
as the grid-cathode capacity of the 
tube to which the output voltage is 
delivered, help tune the circuit and 
are therefore not particularly detri
mental. From this equivalent cir
cuit the amplification can be written 

940 960 980 \000 1020 Frequency, Ki loc::/cles 1040 1060 down at once as 

Amplification = eo = GmZ L (101) e8 ' 
FIG. 122.-Variation of amplification 

with frequency in a typical tuned amplifier. 
This curve has the shape of a resonance 
curve corresponding to a circuit. Q slightly 
less than the actual Q of the resonant 
circuit. 

where Gm is the mutual conductance 
of the amplifier tube an4 ZL is the 

impedance formed by the tuned circuit, the grid-leak resistance, and the 
�late resistance, all in parallel. 

The results in a typical case are shown in Fig. 122 in the frequency 
range around resonance. Examination of Fig. 122 and Eq. (101) shows 
that the amplification curve has the shape of a resonance curve, with the 

. maximum amplification occurring at the frequency at which the tuned 
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circuit is resonant when taking into account the stray shunting capacities . 
At this frequency the parallel impedance of the resonant circuit is wLQ, 
so that Eq. (101) becomes 

Amplification at} _ 

G 
wLQ 

resonance - m 
1 + wLQ + wLQ 

Rp Rgl 
(102a) 

The notation is as illustrated in Fig. 121. With ordinary circuit propor
tions the grid-leak resistance and plate resistance are both very much 
higher than the parallel impedance of the resonant circuit , so that to a 
good approximation one can rewrite Eq. (102a) as 

• 
Approximate amplification l = G wLQ at resonance f m (102b) 

The curve of amplification as a function of frequency will be found to 
have a shape corresponding to an effective Q lower than the actual Q of the 
resonant circuit. The ratio of this effective Q of the amplification curve 
to the actual Q of the tuned circuit depends upon the grid-leak and plate 

" resistances associated with the tuned circuit ; it is given by the equation 1 

Effective Q o{ amplification curve 1 
Actual Q of tuned circuit = 1 + wLQ + wLQ 

Rp Rgl 
(103) 

The transformer-coupled circuit of Fig. 120b behaves in much the 
same way as does the direct-coupled circuit of Fig. 120a, although 
differing in details of analysis. The exact equivalent circuit of the 
transformer-coupled arrangement is shown in Fig. 123a for both the 
constant-voltage and constant-current forms of the equivalent tube 
circuit . These equivalent circuits are relatively complicated as a result 
of the various stray and tube capacities. However, if the primary 
inductance is not too large and if the coefficient of coupling is reasonably 
high, then the principal eff�ct of these capacities is to assist in the tuning of 
the resonant circuit . Thi� gives the equivalent circuits of Fig. 123b . 
The constant-voltage generator form of this circuit has already been 
discussed in Sec. 17 as an example of a typical coupled circuit, and it waR 
found that the response in the secondary circuit had the shape of a 
resonance curve corresponding to an effective Q less than the actual Q 
of the tuned circuit . The amplification of the transformer-coupled 
circuit at reRonance is readily shown to be 

1 ThilS ratio is simply the ratio of the resonant impedallce of the tUlled circuit to 
the impedance formed by the combination of tuned circuit, grid-leak resistanee, alld 
plate resistance, all in parallel. . 
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Amplification at l _ G 
wMQ 

resonance f - m1 + (wM) 2/Rs 
Rp 

213 

(104a) 

In pentode tubes Rp is extremely high, so that to a good approximation 

Approximate amPlificatiOn} = G wMQ at resonance . m (104b) 

The ratio of the effective Q of the amplification curve to the actual Q 

of the tuned circuit is given byl 

Effective Q of amplification curve 1 
Actual Q of tuned circuit - 1 + (wM) 2/Rs 

Rp 

( 105) 

When the plate resistance is very large, as in the case of pentode amplifier 

(a) EY-act equivalent circuits of transfo rmer-couplecl tu.ned amplifier of Fig. I'ZO (b) 

Constant-voltage arrangement Constant-current arrangement 

Rp 

Cm R i.=-Gm es Cm 
.----+-Lp-. -to- 4. �...-t--r 

(b) Practical equivalent circuit when L p'  is not too large and 
the coefficient of coupling between Lp and Ls is high 

Constant-voltage arrangement Constant-current arrangement 
, Rs L=-Gm es Rs ��--r 

Rp 

FIG. 'l 23.-Exact and practical equivalent circuits of transformer-coupled amplifier of 
Fig. 1 20b. 

tubes, the effective Q of the amplification curve is substantially the same 
as the Q of the resonant circuit. 

( An examination of Eq. (104a) shows that the mutual inductance 
controls the equivalent impedance which is coupled into the plate circuit 
of the tube by the tuned circuit and hence controls the amplification. 
In the case of tuned amplifiers employing trio de tubes, the transformer 

1 This equation results from the fact that the response curve has the shape of a 
d· d '  f R 

(wM)2 . d f resonance curve correspon mg to a secon ary resIstance 0 • + -- mstea 0 , Rp 
the value R. actually present. The right-hand side of Eq. (105) is simply the inverse 
rat.io cf these two resistances. 
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coupling provides a means of matching the load impedance provided by 
the tuned circuit to the platc resistance of the tube in such a way as to 
obtain the maximum possible am.plification, as discussed below. With 
pentode tubes the problem of matching does not occur because the plate 
resistance of the tube is so much more than any load resistance that can 
conceivab�y be coupled into the plate circuit that the amplification will be 
greater the larger the coupling. 

Tuned Amplifiers with Complex Coupling. i-When the resonant 
frequency of the tuned circuit is adjusted by varying the capacity, the 

(c) 

c, 

c 

L CL(1 +_1_) 
M "- c1+C2. . (�y-l 

m.. - n===#l;;=;=;;=; -,,- - -VC2 (C,+Cz) 
Assu ming�CI » wL 

( M + � ) 
M"-.!:..h _ 

z C;+C, C, +C2, �:;;�2_ 1 
= t 

N otation in a bove : 
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MI = Mutua l inductcmce between II and L Ma = Mutual inductance between L2and L 
K, 0 Coefficient of coupling between Ll and l 
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Krz - Coefficient of coupling between LI and L,? . 
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is open at X) 

Zs = Equivalent sec.onda ry im pedance 
(im pedance measured across a breakat 
X in secondary when source ofprimary 
current 10 is open circuited 

M = Equivoilent mutual inciuctance(which is 
equal to no.where E is the voltageappearing 
across a breCl k at Xin the secondary circuit 
when Cl cu rrent 10 enters the prima ry) 

FIG. 124.-Typical tuned amplifiers with complex coupling, together with equations 
for the equivalent mutual inductance M and the equivalent electrical circuit representing 
the complex network. 

direct- and transformer-coupled arrangements of Fig. 120 give an 
amplification that is roughly proportional to the resonant frequency, 
as is evident when the equations of amplification at resonance are exam
ined and it is remembered that Q is roughly independent of frequency. 
This behavior is undesirable under ordinary circumstances, and it can be 
overcome by coupling the amplifier tube to the tuned circuit by a complex 
network such that the way in which the amplification vari�s with the 
frequency can be controlled by the circuit constants. 

Typical examples of complex coupling arrangements that can be 
used to accomplish this result are given in Fig. 124. These circuits are 
relatively complicated, but, as has already been explained in Sec. 18, 
they can in every case be simplified to the equivalent transformer-coupled 

1 A very complete discussion of this subject is given by Harold A. Wheeler and 
W. A. MacDonald, Theory' and Operation of Tuned Radio-frequency Coupling Sys
tems, Proc. I.R .E., vol. 19, p. 738, May, 1931. 
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arrangement shown in Figs. 40g and 124d. In this equivalent circuit 
one postulates a primary impedance Zp, which is the impedance actually 
observed across the primary terminals when looking into the network 
with the secondary circuit open. Similarly the secondary is assumed to 
have the impedance Z8' which is the impedance that is observed when the 
secondary circuit is opened at the point X and the primary terminals are 
left open-circuited. The mutual inductance M, which is assumed to 
exist between the primary and secondary impedances, is determined 
from the fact that, when a current 10 flows into the primary terminals, 
the voltage that appears across a break at X in the secondary circuit is 
-jwMlo. In speaking of the quantity M in this case as an " equivalent 
mutual inductance," it must be realized that what is really being referred 
to is the equivalent coupling between the circuits. When this coupling is 
capacitive, the " mutual inductance" will actually represent a mutual 
capacity, which is indicated mathematically by M having a negative 
sign. When there is combined reactive and resistive coupling, M will 
be a complex quantity. 

The method of procedure in analyzing complex coupling can b.e under
stood by considering a simple case such as that shown in Fig. 124a. As 
this circuit is commonly encountered, the primary L2 has a high induc
tance compared with the secondary inductance L. The capacity C2, 
representing the distributed capacity of L2 plus the plate-cathode capacity 
of the amplifier tube, is made large enough to be in resonance with the 
inductance L2 at a frequency slightly below the lowest frequency to be 
amplified. The primary inductance L2 normally has no coupling at all 
to the secondary inductance L, the entire coupling being provided by the 
capacity Cl, which is very small, often only 2 or 3 p.p.fds. provided by 
stray capacity. 

In an arrangement of this sort one is primarily interested in the effec
tive mutual inductance M and the way it varies with frequency. The 
only other action the complex coupling arrangement caR have is to 
influence slightly the tuning of the secondary circuit . The first step in 
calculating M is to determine the voltage produced across a break X in 
the secondary when a current 10 enters the primary. Assuming 1/wC1 
> > wL, this isl 

1 This is derived as follows : If 1/wC1 > > wL, then the impedance offered to 10 is 
essentially that of the parallel impedance of a circuit having an inductance L and a 
capacity (Cl + C 2) ; thus it is 
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Open circuit seCOndary} _
. - LC 1 [ 1 ] 

voltage ' - Jwlo
Cl + C2 1 + (W/W2) 2 - 1 

[CHAP. V 

(106) 

Dividing this by -jwI 0 gives the value for M shown in Fig. 124a. 
The result is an effective mutual inductance, and hence an effective 
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�� 

coupling coefficient, which varies 
with frequency in a manner deter
mined by the resonant frequency 
wd27r of the primary inductance. 
The variation in mutual inductance 
M with frequency in an actual case 
for several values of W2 is given in 
Fig. 125, and it is apparent that by 
suitable choice of circuit constants it 
is possible to counteract in a large 
measure the tendency for the ampli-
fication to vary with the resonant 

o 500 600 100 800 900 1000 1 100 1200 1300 1400 1500 frequency of the secondary. Resonant frequency of Secondary In KC. 
FIG. 125.-Variation of equivalent 

mutual inductance M with frequency for 
several circuit proportions of the complex 
coupling system of Fig. 124a. For con
stant amplification with a fixed value of Q, 
the value of M should vary inversely with 
frequency, .and it is apparent that this ideal 
can be roughly approximated by the use of 
complex coupling. 

The other circuit arrangements 
of Fig. 124 are somewhat more 
difficult to analyze than the example 
just considered, but they lead in the 
end to similar results. The value of 
the equivalent coupling M in each 
case is given on the figure, and the 

detailed analysis is to be found in the literature. l  
, Band-pass Amplifiers.-A band-pass characteristic such as shown in 

Fig. 41b can be realized in an amplifier by using in place of a single reso-

Impedance offered t 
= Zp = 

1 
by primary to 10 \ jw(C 1 + C2) [ 1 1 ] - (W/W2) 2 

The voltage developed across the primary is the product Zplo of this iJllpedance and 10 ;  
if 1/wC 1 > > wL, the voltage across L (which is also the voltage appearing across a 

break at X in the secondary) = Zplo1�j::C 1 = -Zplow2LC 1 = 

(Jw) 2J aLC 1 • 
l '  

1 = jwlo . LC 1 
1 

Jw(C 1  + C2> [ 1 - (W/W2) 2J (C l + C2) [ 1 - (W/W2)2 ] 
. I LC 1 (w/W2)2 JW 0(C 1  + C 2) [ (W/W2)2 - 1 ] 
terms. 

1 Ibid. 

This last form is Eq. (106) with a rearrangement of 
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nant circuit two resonant circuits tuned to the same frequency and suitably 
coupled as shown in Fig. 126a. This arrangement is commonly used in 
intermediate-frequency amplifiers and is very desirable for the amplifica
tion of modulated waves because it can provide substantially constant 
amplification for all the �essential side-band frequencies contained in 
the wave, while at the same time discriminating sharply against fre
quencies that are outside the pass band. In contrast with this, a tuned 
amplifier composed of a single resonant circuit has a rounded-off response 
curve, and so cannot discriminate against interfering frequencies just 
outside the desired frequency band without at the same time discriminat
ing against the higher frequency side-band components. 

(01) A ctu o ll  circuit  

(9) Equ1valent c i rc u i t < con stant - current form) (c) Equivalent circuit with source 
representeol by clottecl rectangle in 

r-�-----I (b) si mpl ified by  TheveniriS theorem 

r-: Cp ! l :::i��::; Vi��!)�f lP� t le. �. 
I I Equiv�lent G es 0"'-____ !+--!�_I-+----�r I series = .......!!1:-- � -
L _ _ _ _ _ _ _  ---l voltage JWcp 

FIG. 126.-Actual circuit of band-pass amplifier, together with equivalent circuit. 

The equivalent circuit of a band-pass amplifier is shown in Fig. 126b. 
Although this circuit appears complicated, it can be analyzed in a very 
simple manner by using Thevenin's theorem to replace the actual source 
of voltage by an equivalent voltage acting in series with the primary 
circuit. Thus, applying Thevenin's theorem to the network enclosed 
in the dotted rectangle in Fig. 126b, the result is the equivalent circuit 
shown at Fig. 126c, which is identical with the band-pass circuits dis
cussed in Secs. 17 and 19. Because the plate resistance Rp of the tube is 
always much greater than the reactance of the condenser Cp even when 
trio de tubes are employed, the equivalent voltage E is given by the 
formula 

Equivalent voltage 

I that c�n �e co�sidered = e8Gm(�) as actIng In senes JWC p 
with the primary 

(107) 
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Assuming Rp > > l/wCp, the equivalent internal impedance of the genera
to.r in the dotted rectangle is substantially equivalent to the capacity C p 

in series with a small added resistance ' of (1/wCp) 2/Rp ohms. ! It is 
apparent from these considerations that the only effect which is produced 
upon the band-pass characteristic by associating a pair of tuned circuits 
with the tube, particularly a pentode, is to reduce slightly the effective 
primary Q. The band width, shape of response curve, etc. ,  are hardly 
modified at all. 

The amplification can be calculated readily with the aid of Eqs. (45) 
and (48a) by taking advantage of the fact that the equivalent voltage 
acting in series with the primary circuit is given by Eq. (107),  while the 
output voltage is equal to the secondary current times the reactance 
of the secondary condenser. At the common resonant frequency this 
gIves 

where 

Amplification at } 
= G

mk 
wovr:r; 

resonant frequency 
k2 + _1_ 

QpQB 

G
m = mutual conductance of tube 

( 108a) 

k = coefficient of coupling between pnmary and secondary 
inductances 

Wo = 211" times resonant frequency 
Qp = wLp/Rp for primary circuit , taking into account any equiva

lent resistance that may be added by the plate resistance of 
the tube. 

Qs = wL8/ Rs for secondary circuit 
Lp, Ls = primary and secondary inductances, respectively. 
The amplification is maximum when the coefficient of coupling has 

the critical value as defined by Eq. (47) , i.e . ,  
k = 1/v'QpQ8' and for this 

condition becomes 

Maximum Possible} = G 

woVr;;;J:-v1i7ia 

amplification m 2 (108b) 

Comparison of Eqs. (108b) and (102a) shows that, when the primary and 
secondary circuits are identical and the plate and grid-leak resistances 
are very high, the gain obtained with the band-pass arrangement is 
exactly half that which is obtained when a single tuned circuit is employed. 
When the coefficient of coupling is greater than the critical value, the 
amplification curve becomes double humped, exactly as do the curves 
of secondary current in the band-pass filters discussed in Sec. 19. The 

1 This results from noting that by Thevenin's theorem the internal impedance of 
the equivalent generator consists of a capacity Cp shunted by a resistance Rp. This 
shunt resistance is then transformed into an equivalent series resistance by Eq. (19). 
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amplification at these peaks is substantially equal to the amplification 
as given by Eq. (108b) , and the separation of the peaks is determined 
by the factors discussed in connection with Eqs. (49a) and (49b) . The 
amplification at the resonanffrequency is still given by Eq. (108a) , irre
spective of whether or not double humps occur. 

Tuned Amplifiers Employing Triode Tubes.-The first tuned amplifiers 
employed triode tubes, but triodes are now completely displaced by radio
frequency pentodes. This is because pentodes give more amplification, 
make it possible to obtain better selectivity, and have practically no 
direct electrostatic capacity between grid and plate electrodes to transfer 
energy between input and output circuits. As a consequence, triode 
tubes are of little importance 3.'3 tuned voltage amplifiers, although they 
find a very important use as tuned power amplifiers, as discussed in the 
next chapter. 

The analysis of tuned amplifiers employing triode tubes is carried out 
in exactly the same way as with pentode tubes, and the same equivalent 
circuits 8Jpply. The constant-voltage generator form of these circuits 
is usually preferable with triodes, however, whereas the constant
current generator form is simplest when dealing with pentodes. The 
only essential difference that occurs with trio de amplifiers arises from the 
fact that the plate resistance of a trio de is relatively low and so becomes 
an important factor. In particular, the low plate resistance makes the 
effective Q of the amplification curve appreciably less than the actual Q 
of the resonant circuit, as is apparent from Eq. ( 105) . There is also an 
optimum coupling between the tuned circuit and plate of , the tube for 
maximum amplification. This optimum condition can be shown by 
Eq. (105) to be when the resistance that the tuned secondary couples 
into the plate circuit at resonance equals the plate resistance of the tube. 
Under such conditions the effective Q of the amplification curve is exactly 
one-half the actual Q of the tuned circuit. 

Design of Tuned Amplifiers.-The design of ordinary tuned amplifiers 
can be carried out in a straightforward manner. The tubes normally 
used are radio-frequency pentodes, generally of the variable-mu type, and 
are w�ll standardized. Tubes are operated at the highest mutual con� 
ductance that it is practicable to realize at the potentials available and 
still keep within the tube rating. The screen electrode should be by
passed to the cathode or to ground by a suitable condenser. The tuning
coil inductance is usually determined by such considerations as physical 
size and broadness of response necessary to prevent undue discrimination 
against the higher side-band frequencies, while at the same time keeping 
in mind that the gain will be increased by a high Q and a high ratio of 
inductance to capacity. Any �onvenient coupling method will be satis
factory provided it is designed with the consideration that, although 
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the gain per stage is increased by coupling the tuned circuit very closely 
to the plate circuit, a high gain per stage increases the likelihood of. trouble 
from oscillations, as discussed in Sec. 51 .  When the resonant frequency of 
the tuned circuit is to be varied, a complex coupling arrangement designed 
to give substantially constant amplification over a range of frequencies 
is desirable. 

Selectivity and Selectivity Curves of Tuned Amplifiers.-The ability 
of a t�ned amplifier to discriminate against interfering signals is often 
fully as important as the gain of the amplifier at resonance. When the 
load impedance contains only a single tuned circuit, the discrimination 
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FIG. 127.-Selectivity curves of tuned amplifiers. in which the ordinates show relative 
input voltages required at different frequencies to maintain the output voltage constant. 

against frequencies appreciably off resonance is gIVen approximately 
by the equation 

Amplification when far off resonance 1 
- ..""....,-..,----= Amplification at resonance Q(1 - ')'2) 

(109a) 

where Q is the effective Q of the amplification curve and ')' equals the ratio 
of the actual frequency to the resonant frequency. When the load 
impedance is a band-pass filter such as is shown in Fig. 126, the dis
crimination against frequencies far off resonance, for couplings equal to 
or greater than the critical value, is given approximately by 

Amplification when far off resonance 2k2 
Maximum amplification at coupling peak = ')'( 1  - ')'2) 2 (109b) 

where k is the coefficient of coupling between primary and secondary 
circuits and ')' is the ratio of actual frequency to the resonant frequency. 
Equation (109b) is derived from Eqs. (45) , (47) , (48b) , and (107) by 
neglecting resistance terms when far off resonance. 
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The effectiveness of an amplifier in discriminating against frequencies 
off resonance can be most satisfactorily shown by plotting a curve of 
relative amplification in the manner shown in Fig. 127, which gives the 
relative input required to maintain the output constant as the frequency 
of the input is varied. The input required to produce the output at the 
frequency of maximum amplification is used as the reference value. 
Thus, in the band-pass case in Fig. 127, it takes an input signal 25 times 
as strong to produce a given output when the carrier is 30 kc off resonance 
as it does when the carrier is exactly at resonance. Included in Fig. 127 
are the selectivity curves of one and two stage amplifiers employing single 
tuned circuits, and also a single stage of band-pass amplification. The 
superiority of the band-pass amplifier in its ability to discriminate against 
frequencies appreciably off resonance, while at the same time responding 
uniformly to a band of frequencies about resonance, is clearly evident. 

Problems 

1. a. An alternating potential of 2 volts having a frequency of lO00 �ycles is 
applied to the grid of a triode having JL = 14, Rp = 10,000, and a resistance load of 
12,000 ohms. Calculate (1) alternating current in the load, (2) alternating voltage 
across the load, (3) alternating power dissipated in the load, and (4) ratio of voltage 
across load to the grid voltage. 
· b. Repeat the above for a load consisting of a 2-henry inductance. 

c. Repeat (a) and (b) using the constant-current form of the equivalent circuit. 
2 .  a. Design a resistance-coupled amplifier using the pentode tube of Figs. 62 to 

65, when a plate-supply potential of 350 volts is available and when only the audio
frequency range is to be covered. In this design determine approximate screen volt
age and plate current at the actual operating point, bias resistance, and bias by-pass 
condenser as well as the coupling resistance, grid-leak resistance, and coupling 
condenser. 

b. Calculate and plot the amplification as a function of frequency by making an 
estimate of the mutual conductance and plate resistance at the operating point 
and assuming the total shunting capacity to be 35 J:.JLf. 

S. Repeat Prob. 2, but design the amplifier for television purposes requiring 
a response that does not fall to less than 70 per cent of the maximum for a frequency 
range of 20 to 400,000 cycles. Assume that the shunting capacities are reduced to 
15 JLJLf in this case, and use plain resistance coupling without the addition of an 
ind uctance. · 

4. When the plate-load resistance or the screen voltage is so high that a virtual 
cathode forms in front of the suppressor grid in a pentode resistance-coupled amplifier, 
what w.ill be the effect on the amplification obtained? 

5.· a. Design a resistance-coupled amplifier to cover the speech range, using a 
Type 75 (or 2A6) high-mu triode when a plate-supply voltage of 300 volts is available. 
Include in this design the determination of the actual operating point, using charac
teristic curves published in a tube manual. 

b. Calculate the expected amplification as a function of frequency, using data 
on tube constants obtained from a tube manual and assuming that the shunting 
capacities are 100 JLp,f. 

6. Check the curve of Fig. 102 by recalculating with the data given. 
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7� A transformer-coupled amplifier is to give a mid-frequency gain of 40 when 
operated with a 56 tube, and it must cover the frequency range of 50 to 14,000 cycles 
with an amplification that does not vary by over 20 per cent from 40. Specify the 
proper primary and leakage inductances, the turn ratio, and the equivalent distributed 
capacity. 

8. A certain transformer is found to have the following characteristics upon test : 
Primary inductance at rated primary current 
Primary inductance with secondary shorted 
Ratio of transformation (voltage ratio at low frequencies) 
Voltage ratio at 4000 cycles (no output tube) 
Re so large as to be of no consequence 
Primary direct-current resistance 
R8 (actual value before reducing to unity-turn ratio) 

30 h 
0 . 3  h 
4 . 0 
6 . 0 

500 ohms 
= 10,000 ohms 

This transformer is to be used with a 56 tube having an amplification factor of 14 and 
a plate resistance of 9500 ohms. The input capacity of the following tube is estimated 
as 75 p.p.f. Calculate and plot the way in which the amplification would be expected 
to vary with frequency, and comment as to how the characteristic might be improved. 

9. Calculate the amplification curve that would be obtained in Fig. 102 when a 
15,ooo-ohm resistance is shunted across the transformer primary. 

10. Derive Eqs. (95) and (96). 
11. Redesign the amplifier of Prob. 3 as a resistance-inductance-coupled amplifier, 

and for comparison replot the resistance;.coupled curve of amplification nlong with the 
curve for resistance-inductance coupling. 

12. A transformer is to couple a 50D-ohm line to the grid of a tube. Assuming 
that the turn ratio is to be 15, specify the minimum allowable primary inductance, the 
maximum allowable leakage inductance (referred to the primary), and the desired 
series-resonance frequency, if the response is to be within 30 per cent of the mid
frequency response over the frequency range of 80 to 7000 cycles. 

13. Check the curve of Fig. 1 18 by recalculating from the circuit data given on the 
figure. 

14. Check the amplification curve of Fig. 122 by recalculating. 
16. a. Design a tuned amplifier using the circuit of Fig. 120a, a 6D6 tube, and a 

coil for the tuned circuit which is the coil of No. 28 wire in Fig. 19. 
b. Calculate the curve of amplification as a function of frequency up to 30 kc on 

either side of resonance when the coil is tuned to 650 and 1400 kc. 
c. Repeat (a) and (b) for the circuit of Fig. 120b when the mutual inductance 

between primary and secondary is 100 ,uh. 
16. a. Calculate the amplification at resonance as a function of resonant frequency 

over the range of 550 to 1500 .kc, for Prob. 15a. 
b. Design a complex coupling system following one of the arrangements of Fig. 124, 

so that the amplification will be approximately the same at '('00 and 1250 kc, and plot 
the resulting amplification as a function of frequency on the same axes as the curve 
of (a). 

17. In a typical intermediate-frequency amplifier of the band-pass type shown in 
Fig. 126, the primary and secondary coils each have inductances of 4 mh and are 
tuned to 260 kc. The coil Q's are 50 and the coupling is adjusted so that k = 0.03. If 
a 6D6 amplifier tube is used, calculate and plot the curve of amplification as a function 
of frequency. 

18. Repeat Prob. 17  for k = 0.015 and for k = 0.05, and plot on the same curve 
sheet as used in Prob. 16. Also plot the same three curves in the form of selectivity 
curves of the type shown in Fig. 127. 



CHAPTER VI 

VACUUM-TUBE AMPLIFffiRS (Continued) 

r -

48. Methods of Volume Control.-It is nearly always necessary to 
provide means of controlling the gain of an amplifier so that the output 
can be kept at a desired level irrespective of the signal voltage being 
amplified. Thus in the case of a radio receiver it is desired to control 
the loudness of the loud-speaker output without regard to the strength 
of the radio signal. The volume-control arrangement for accomplishing 
this should be such that the gain setting has little or no effect upon the 
frequency response! and does not introduce amplitude distortion. 

Volume Control in A udio,..frequency A mplifiers.-The standard 
method of controlling volume in resistance-coupled amplifiers is shown 
in Fig. 128a, where the grid l�ak is supplied by a high-resistance poten
tiometer. The only effect produced upon the amplifier characteristics 
by such a volume control is a slight improvement in the high-frequency 
response at low volume settings. 

The control of volume in transformer-coupled amplifiers is complicated 
by the fact that the circuit involving the transformer must be very 
carefully proportioned to give proper frequency response. The best 
arrangement for controlling volume when transformers are used is shown 
in Fig. 128b, where a high-resistance potentiometer is connected across the 
transformer secondary. This arrangement is not entirely satisfactory, 
however, because it introduces a high resistance in the grid circuit at 
certain volume-control settings and because it modifies the character
istics of the amplifier. In particular, there is reduction in the amplifica
tion and alteration of the frequency-response characteristic. When an 
amplifier contains both resistance- and transformer-coupled stages, it is 
common practice to control the volume in one of the resistance-coupled 
stages. 

Volume Control in Tuned Amplifiers.-The volume of tuned amplifiers 
using pentode tubes is practically always controlled by varying the 
mutual conductance of the amplifier tube, either by changing the control-

1 The only exception to this is under conditions where it is desired to compensate 
for the fact that the sensitivity of the ear to high and low pitches. relative to the middle 
range of frequencies is less for weak sounds then for loud sounds (see Sec. 148) . This 
means that for proper reproduction at low output levels, frequency distortion tending 
to favor the high and low frequencies is desirable. Volume controls which provide 
this sort of characteristic are said to be " tone compensated." 

223 
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grid bias or the screen-grid potential. This method of controlling volume 
does not affect the shape of the frequency-response charaeteristic, and 
it has the advantage of permitting the amplification of several stages 
to qe controlled simultaneously. When the gain of a tuned amplifier 
is to be controlled, variable-mu tubes are practically always employed 
since these eliminate amplitude distortion and cross-talk troubles at 
low volume setti�gs (see Sec. 55) . 

Automatic Volume Control.-Circumstances sometimes arise where 
it is desired to maintain the output automatically constant irrespective 
of the input to the amplifier. Thus in a radio receiver it is desirable to 

(�rRes'stol n ce co u p l ing 
�----��I� Volume fl.t!iusfmenf ____ _ 
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FIG. 1 28.-Volume-control arrangements normally used in resistance- and I f  nsiormer
coupled amplifi�s. 

maintain constant output when the signal being received fades through 
wide ranges in amplitude. 

Automatic volume control of this type is accomplished by rectifying 
a portion of the output voltage, passing the rectified d-c current through 
a resistance, and utilizing the voltage thereby developed across the 
resistance to control the volume in such a way as to tend to maintain the 
output constant. With tuned amplifiers the customary practice is 
to employ variable-mu tubes, with the control grids of the various 
amplifier stages biased negatively by the rectified current . When the 
signal becomes larger, the output voltage then tends to increase, but this 
increases the negative bias that the rectified output produces und thereby 
reduces the gain of the amplifier, tending to counteract the effect of 
the increased input signal. Detailed discussion of automatic volume
control arrangements used in radio receivers is given in Sec. 109 .  

Automatic volume control is used in audio-frequency amplifiers 
only under special circumstances, such as in laboratory oscillators, 
etc. The simplest method of applying automatic volume control to 
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audio-frequency amplifiers is to utilize the direct-current voltage devel
oped by the rectified current to control the bias on the grid of a resistance
coupled variable-mu pentode stage operating at low power levels. 

Volume Expansion and Contraction.-Under many circumstances it 
is desirable or necessary to restrict the volume range in audio-frequency 
circuits. Thus, in recording sound on phonograph records, the loudest 
passages must be reduced in intensity to prevent the needle from cutting 
into adjacent grooves, while the weaker passages must have their intensity 
increased in order that they will not be lost in the background of hiss. A 
similar situation exists in connection with broadcast transmitters, where 
it is necessary to preven�, on the one hand, overloading of the transmitter 
on high-intensity peaks and, on the other hand, the loss of the sound in 
the background noise and hum during weak passages. 

. Norfngl input 

Amp/tfier having goin 
!hilt decreases when 

«(8Cfifler outpuf is large 
Oufplif WIth 
re'duceti 
yolume range 

FIG. 129.-Schematic diagram of a volume compressor. 

This situation has led to the development of devices for automatically 
restricting or expanding the volume range. Such volume expanders and 
contractors are essentially amplifiers having automatic volume control 
arranged in such a way that the average volume level over a short period 
of time is used to control the gain of the amplifier. A typical schematic 
arrangement of a volume compressor is shown in Fig. 129. Here the 
signal is amplified by AA in the normal manner. A portion of the output 
of this amplifier is rectified, and a direct-current output voltage is 
obtained that is proportional to the average amplitude of the output over 
a small fraction of a second. This direct-current voltage is then used to 
control the gain of the amplifier C in such a way that the amplification 
increases when the rectified output is small and decreases when the 
rectified output is large. A volume expander operates upon the same 
principle except that the output of the rectifier is used to control the 
amplifier C in such a way as to increase the amplification during the 
loud passages and to decrease it during the weak passages . The principal 
problem involved in volume expanders and compressors is to arrange 
the rectifier circuit so that the expansion or contraction can rise and fall 
at the proper rate to give the most satisfactory result. Detailed circuit 



226 RADIO ENGINEERING (CHAP. VI 

arrangements for meeting different requirements are to be found in the 
literature. 1 

49. Noise, Hum, and Microphonic Action.-All amplifiers give some 
output even when there is no input voltage. Such output is referred to 
as hum, noise, or microphonic action, depending upon its origin. 

Hum.-Hum is the result of induction fro"m neighboring circuits 
carrying 60-cycle alternating currents ; it is particularly troublesome in 
audio-frequency amplifiers having high amplification because any hum 
that is induced in the first stages of such an amplifier will be greatly 
amplified by subsequent stages. Hum is less troublesome in radio-fre
quency amplifiers, but cannot be neglected because, even though the 
induced hum volt ages are not amplified, they superimpose voltages 
upon the tubes that can vary the amplification of radio-frequency signals.  
In this way the hum may become modulated upon the high frequency. 

The possible sources of hum are stray magnetic fields, stray electro
static fields, alternating current in the heater or filament of the tube, and 
improperly filtered power-supply systems. Proper design of a power
supply system will readily eliminate all hum from this cause. The 
problem of avoiding hum while using alternating current to heat the 
cathode of the tube is discussed in Sec. 92 and can be handled by 3t 
suitable choice of tubes. The hum that is the most difficult to handle 
arises from stray magnetic and electrostatic fields. 

Magnetic fields induce voltages in coils, particularly interstage and 
input audio-frequency transformers, induce voltages in loops that may 
exist if the wiring is improperly arranged, and may even affect the flow of 
electrons between the cathode and plate of the tube. The principal 
sources of magnetic fields in the vicinity of an amplifier are the power 
transformer, the leads carrying the filament or heater current of the 
tubes, and the filter chokes. Trouble from the filament. leads can usually 
be eliminated by twisting these, and in some cases by changing their 
location. Stray fields from power transformers and filter chokes can be 
reduced by proper orientation, by making the spacing between these 
pieces of equipment and the first stages of the amplifier as great as possi
ble, Rnd by designing the transformers and chokes to have low leakage 
flux (achieved by using low flux densities and the smallest possible air 
gap in the core) . 

Electrostatic fields cause trouble with parts of the am'plifier having a 
high impedance to ground, since any electrostatically induced current in 

1 C. M. Sinnett, Practical Volume Expansion, Electronics, vo!. 8, p. 14, November, 
1935. 

R. C. Mathes and S. B. Wright, The "Compandor"-An Aid against Radio 
Static, Elec. Eng. ,  vol . 53, p. 860, .Iune, 1934. 
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flowing to ground will produce a hum voltage that is proportIOnal to the 
impedance between this part of the circuit and the ground. In particu
lar, when the grid of an audio-frequency amplifier tube is left discon
nected, or is grounded through a very high resistance, the impedance 
between grid and groul'ld is so high that an especially large hum voltage 
will be developed between grid and ground ,by the electrostatic fields 
of near-by lighting circuits.  To eliminate trouble from electrostatic 
pick-up, the tubes should be shielded, and the grid leads should be either 
shielded or made very short . In audio-frequency amplifiers having very 
high over-all gain, it is usually necessary to enclose the first one or two 
stages in a metal box, not leaving even a fraction of an inch of the input 
circuit (including wires, plugs, etc.) without electrostatic shielding. 
Filament wires carrying alternating current to the first stages of a high
gain amp1ifier should be enclosed .in grounded metal braid. It is also 
essential that the chassis of high-gain amplifiers be grounded to water 
pipes or to a stake driven into moist earth unless all power, filament, 
input, and output transformers have electrostatic shields. 

The most difficult hum problem encountered in audio-frequency 
amplifiers is from voltages induced in transformers associated with the 
first few stages of amplification, particularly the input stage. Here 
the signal being amplified is very small and it takes very little induced 
hum voltage to be comparable to the signal. The best method of 
handling this problem is to use resistance coupling throughout, and, if 
possible, to dispense with the input transformer to the first stage of 
a�plification by using direct coupling, even if this results in considerable 
loss in amplification. 

If an input transformer must be used, it should then be spaced as 
far as possible from the power transformer, should be in a position that 
experiment indicates will cause the least hum pick-up, and should be 
magnetically shielded. Enclosing the transformer in a cast-iron case 
provides some magnetic shielding, while heat-treated permalloy shields 
are still more effective. Heavy copper shields have been used with 
success in some instances. When all other means of eliminating hum 
from the input transformer fail, it is always possible to place the trans
former and the first stage or two of amplification in a separate unit, which 
can be located some distance away from the power transformer and 
energized through cables. The line connecting the microphone or other 
generator to the input transformer should be preferably of low impedance, 
i.e. , 600 ohms or less, and should consist of a twisted pair of wires elec
trostatically shielded. , It is also desirable, although not essen1.ial, that 
the input transformer be provided with an electrostatic shield between 
primary and secondary. 

i 
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Microphonic Noises. 1-When a tube is jarred, the electrodes tend to 
vibrate mechanically, giving rise to effects characterized by the term 
microphonic action. In audio-frequency amplifiers these vibrations 
cause changes in the plate current that are of audible frequency ; thus they 
are amplified along with the desired signal. In radio-frequency ampli
fiers the vibration of the tube structure will vary the amplification 
slightly, causing the microphonic noises to be modulated upon the radio
frequency signal. 

Vibrations may be transmitted to the tube either mechanically 
through the tube socket or acoustically through the action of sound 
waves. Microphonic effects are most frequently encountered when 
tubes are in the immediate vicinity of loud-speakers or when equipment 
is in the presence of intense vibrations, as on airplanes, etc., and they 
are particularly troublesome in high-gain audio-frequency amplifiers. 
Microphonic noises can be reduced by mounting the tubes on spring 
suspensions and protecting them from sound waves. In addition, 
different types of tubes and individual tubes of the same type vary greatly 
in their tendency toward microphonic action. Hence, when microphonic 
effects are present, the proper procedure is to try a number of different 
tubes of the same type in the first stage of the amplifier. If the best 
results obtained in this way are not satisfactory, special non-microphonic 
tubes designed to provide a very rigid structure should be used. 

Noise (Thermal Agitation, Shot Effect, and Related Phenomena) .
Noise is the name given to irregular sizzling, frying, or crackling sounds 
to which no definite pitch can be assigned. Noise in amplifiers may be 
caused by poor contacts, by faulty resistances, by failing condensers, 
or by exhausted batteries. 

Carbon resistors carrying direct current are a particularly trouble
some source of noise and so cannot be used as plate-coupling resistances 
when followed by more than one stage 6f audio-frequency amplification. 
This noise arises from fluctuations in the contact resistance between 
adjacent granules and is similar in character to the u hiss" occurring in 
carbon microphones. 2 The value of the noise voltage is roughly propor
tional to 'the product IR1.6, where I is the current and R is the resistance 
through which the current flows. 

After all other sources of noise have been eliminated, there is still a 
residual output produced by thermal agitation of electrons, shot effect, 

1 For further info�mation see : Alan C. Rockwood and Warren R. Ferris, Micro
phonic Improvements in Vacuum Tubes, Proc. I.R.E., vol. 17, p. 1621 , September, 
192J D. B. Penick, The Measurement and Reduction of Microphonic Noises in 
Vacuum Tubes, Bell System Tech. Jour., vol. 13, p. 614, October, 1934. 

2 See C. J. Christensen and G. L. Pearson, Spontaneous Resistance Fluctuations in 
Carbon Microphones and Other Granular Resistances, Bell System Tech. Jour. ,  vol. 15, 
p. 197, April, 1936. 
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and related phenomena. 1 The noise these sources produce is a sizzling or 
frying sound representing energy more or less uniformly distributed over 
the entire frequency spectrum. 

The most inlportant source of noise in properly operated amplifiers 
arises from thermal agitation of the elebtrons of the conductors in the 
input circuit of the amplifier. It is well known that the conductivity 
of metals is a result of the presence of free electrons, and that these 
electrons are continuously moVing about in the conductor at a velocity 
that depends upon the temperature. At any one instant there will 
ordinarily be more electrons moving in one direction than in the other, 
causing a voltage to develop across the terminals of the conductor. 
This voltage will vary from instant to instant in an irregular manner 
in accordance with the predominant motion of the electrons in the 
conductor. The square of the voltage developed in this way across 
the terminals of an impedance is directly proportional to the resistance 
component of the impedance and also directly proportional to the absolute 
temperature of the impedance, while the energy is uniformly distributed 
over the entire frequency spectrum from zero frequency up to frequencies 
much higher than those used in radio communication. Thus the mag
nitude of the noise voltage produced on frequencies lying between 1000 
and 2000 cycles is just the same as the magnitude of the noise voltage 
between 1,000,000 and 1 ,001 ,000 cycles. 

The magnitude of the voltage produced by thermal agitation can be 
calculated by the formula 

Square of .effective value of vO.ltage com-} = E2 -
4kT 

(h

R

dl (110) ponents lYIng between frequenCles/I and/2 J/I 
where 

k = Boltzmann's constant = 1 .374 X 10-23 j oule per degree Kelvin 
T = absolute temperature in degrees Kelvin 
R = resistance component of impedance producing voltages of thermal 

agitation (a function of frequency) 
I = frequency. 

In the special case where the resistance component of the impedance 
is constant over the range of frequencies from 11 to 12, Eq. (110) reduces 
to the much simpler form 

E2 = 4k
TR (f2 - 11) (1 11 )  

I Further information on thermal agitation, shot effect, and related noises in 
vacuum-tube circuits is to be found in the following references : 

F.  B. Llewellyn, A Study of Noise in Vacuum Tubes and Attached Circuits, 
Proc. I.R.E., vol. 18, p. 243, February, 1930. 

. 

J. B. Johnson and F. B. Llewellyn, Limitation tu Amplification, Elec. Eng. "  
vol. 53, p .  1449, November, 1934. 

G. L. Pearson, Fluctuation Noise in Vacuum Tubes, Bell System Tech. Jour. , 
yol. 13, p. 634, October, 1934. 



230 RADIO ENGINEERING [CHAP. VI 

The noise voltages arising from thermal agitation set an ultimate 
limit to the lowest potential that can be amplified without being lost 
in a background of noise. An idea as to the order of magnitude of this 
limit can be obtained by noting that with a resistance of Y2 megohm 
at 300oK. , the noise voltage according to Eq. (111 )  for a frequency band 
5000 cycles wide is 6.4 J.lV . The noise level of most amplifiers is deter
mined by the thermal agitation of the resistance in the grid circuit of the 
first amplifier tube. However, where this resistance is quite low, the 
thermal agitation arising in the plate resistance and plate load impedance 
of the first tube may become the limiting factor. 1 

The shot effect results from the fact .that the stream of electrons 
flowing from cathode to plate is made up of a series of particles rather 
than a continuous fluid. As a result, the electron flow to the plate is 
somewhat irregular, resembling hailstones striking a metal surface, 
and this gives rise to slight irregularities in the plate current of the vacuum 
tube and hence to noises in the amplifier. The presence of a space 
charge in the vacuum tube tends to smooth out the irregularities in the 
arrival of electrons at the plate, and this smoothing effect is so great as 
practically to eliminate the shot effect when complete temperature 
saturation exists. It is therefore very important that the electron emission 
from the cathode be sUffcient to produce an adequate space charge if the 
noise level is to be kept low. The irregularities produced by the shot 
effect represent a distribution of alternating-current energy that is 
substantially uniform throughout the frequency spectrum, just as is the 
case with thermal agitation noise. Tbe magnitude of shot effect in the 
presence of an incomplete space charge is proportional to all aJ, where I 
is the total space current and J is the total electron emission from the 
cathode. The adequacy of the space charge from the point of view of 
eliminating shot effect can therefore be determined by increasing the 
cathode temperature and noting the extent to which the space current 
increases. 2 

There are two other important sources of noise present in tubes. 
The first of these is a form of shot effect called flicker effect; it is caused by 

1 The thermal agitation voltage E appearing across a plate load resistance R 0 as a 
result of thermal agitation in R o  and in the plate resistance Rp of the tube is given by 
the relation 

. ( 1 12) 

where To and T f are t�e temperatures of load resistance and cathode of the tube, 
respectively. Note that the thermal agitation in the plate resistance corresponds 
to the temperature of the hot cathode. 

2 For formulas from which one can calculate the noise arising from shot effect, 
see G. L. Pearson, loco cit. , or F. B. Llewellyn, loco cit. 
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changes of emission over small cathode areas. Flicker effect is relatively 
large in tubes employing oxide-coated filaments, where it normally 
overshadows the true shot effect. The second source of noise arises 
from positive ions produced as a result of ionization of residual gas, or as 
a result of positive-ion emission by the cathode (particularly common 
in tungsten filaments) . Such positive ions cause a shot effect because 
they upset the space-charge equilibrium. With tubes having a good 
vacuum, the noise introduced in this way is of the same order of magni
tude as the thermal agitation noise occurring in the plate circuit of the 
tube. 

50. Input Admittance of Amplifier Tubes.-The input admittance of a 
tube is the admittance that is observed between the grid and cathode 
terminals when looking toward the tube. This input admittance 
takes into account the current that flows into the capacity between the 

(0) Actual Circuit 

� es Cs Rg ep � \ � 1 ���� ______ � __ � 
---}.,.Elemenfs represenhng 

equiva/enf grid-cafhode admitfance 
FIG. 130.-Equivalent circuit for analyzing amplifier input admittance. 

grid electrode and grounded electrodes such as the cathode and screen, 
and also includes the effect of whatever current flo�s to the plate electrode 
3.'3 a result of the capacity between plate and grid and the potential 
difference between these electrodes. This latter component of the grid 
current depends upon the load impedance in the plate circuit because 
the alternating-current voltage between plate and grid is the difference 
between the signal voltage applied between grid and cathode and the 
amplified voltage developed across the plate load impedance, and the 
latter obviously depends upon the load. When the plate load impedance 
is great enough to produce appreciable amplification, the potential 
difference between grid and plate electrodes will be considerably greater 
than the signal voltage, with the result that a relatively large grid current 
flows from grid to plate, causing this part of the input admittance of the 
tube to be very important. If the load impedance in the plate circuit is a 
resistance, the input admittance of the tube is a pure capacity, but, if the 
plate load impedance has a reactive component, the input admittance 
of the tube will have a resistance component even though the grid is at a 
negative potential with respect to the cathode and attracts no electrons. 

The input admittance of a vacuum tube can be represented by a 
resistance in parallel with a condenser, as shown in Fig. 130. If the 
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ratio of the amplified voltage developed across the load impedance in 
the plate circuit to the signal voltage being amplified is called A, and 0 
is used to represent the difference in phase between the voltage across, the 
load impedance and the equivalent voltage - p,es acting in the plate circuit, 
then the resistance and capacity components of ' the input admittance 
of an amplifier tube are given by the following formulas :l 

where 

I . 
R 

l/wCop nput reSIstance = g = 
A sin 0 

Input capacity = Co = COl + Cgp(l + A cos 0) 

COP = grid-plate tube capacity 
Cg! = grid-cathode tube capacity 

( 1 13) 

(1 14) 

A = ratio of voltage developed across load impedance in plate circuit 
to applied signal (i.e . ,  A is the amplification of tube alone, not 
taking into account any step-up of voltage in the load) 

() = angle by which voltage across load impedance leads equivalent 
voltage acting in plate circuit (0 positive for inductive load 
impedance) . 

Examination of Eq. (114) shows that, with zero plate load impedance, 
the input capacity has the value (CgI + Cgp) and reaches a value of 
(Cg! + (1 + p,)Cgp) at very high load impedances (provided no negative 
resistances are present in the plate circuit) .  It is to be noted that the 

1 The derivation of Eqs. (1 13) and (1 14) is as follows : Referring to Fig. 130, Es will 
be u�ed to represent the signal voltage applied to the grid, and Ep the magnitude 
of the amplified voltage developed across the load impedance between anode and 
cathode. The voltage Ep leads - p.Es by an angle 0 and hence leads E. by an angle 
(0 + 180°). With these definitions the volta-ge across the grid-plate tube capacity Cgp 
is (E. - Ep/O + 180°) , and the current flowing from grid to plate as a result of this 
voltage across Cup is JwCgp(E. - Ep/O + 180°) .  The current flowing from grid to 
cathode through the grid capacity Cg/ is iwCg/E., so that the total grid current, which 
is the sum of these, is 

Total grid current = jwCg/E. + jwCgp(Es - Ep/O + 180°) 
= wCg/E./90° + wCgp(E./90° - Ep/(J + 270°) 

This total current divided by the voltage E. gives the admittance of the grid, which 
is therefore 

The real part of this admittance represents the input conductance (i.e., the reciprocal 
of the input resistance), while the quadrature part is the input 8usceptance, which 
when divided by w gives the input capacity. Equations (1 13) and (1 14) are merely 
these two components of the input admittance with Ep/ E. denoted by the symbol ,A -
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input capacity of the tube is dependent only upon the amplification A ,  the 
phase shift 0, and the tube capacities, and is independent of frequency; 
although at high frequencies the same input capacity is more important 
because it draws a greater current. 

The input resistance of the vacuum tube may be either positive or 
negative, as seen from Eq. (113) . A positive input resistance results 
when the load impedance in the plate circuit is a capacitive reactance, 
while a negative resistance is obtained with an inductive load in the 
plate circuit. A positive input resistance means that energy is transferred 
from the grid to the plate through the grid-plate capacity, while a negative 
input resistance indicates that the phase relations are such that energy is 
transferred from the output or plate circuit of the tube to the grid circuit. 
The value of input resistance for the same amplification A and phase 
shift 0 varies inversely as the frequency and may be very low at high 
frequencies. 

Special attention must be given to the input admittance of trio des , 
since here the grid-plate capacity COP is large. With screen-grid and 
pentode tubes the direct capacity between grid and plate is so small as to 
be practically zero, and the input admittance with such tubes can 
generally be 'considered as simply the grid-cathode capacity plus the 
grid-screen capacity. 

Effects of I?1put Admittance in Audio-frequency A.mplifiers.-In audio� 
frequency amplifiers the capacity component of the input admittance 
is of importance because it usually represents the major part of the 
capacity shunting the amplifier, and hence is the principal factor deter
mining the response at high frequencies. The input resistance is nor
mally not important because it is very high at audio frequencies. 

In pentode and screen-grid tubes the input capacity is for all practical 
purposes equal to the sum of the grid-cathode and grid-screen capacities, 
and is not affected by the impedance in the plate circuit of the tube. 
With triode tubes, however, the input capacity tends to be large because 
of the large capacity between grid and plate and the large potential 
rJifference that exists across this grid-plate capacity as a result of the 
amplification A in the tube. The effective input capacity is then 
roughly proportional to the amplification factor of the tube, and becomes 
extremely large with high-mu tubes. This is one of the important reasons 
why triode tube's, particularly high-mu triode tubes, are not so suitable 
as pentode tubes for voltage amplifiers. 

Effects of Input Admittance with Tuned Amplifiers .- When the plate 
load impedance is a tuned circuit, the magnitud� A and the phase shift 0 
of the amplification vary greatly with frequency, and hence the part 
of the input resistance and capacity resulting from capacity between 
the grid and plate electrodes will go through corresponding changes. 

. . 
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The variations of input resistance and capacity in a typical tuned radio
frequency amplifier are shown in Fig. 131. The input capacity curve is 
similar in character to the amplificati on curve but is more peaked. The 
input resistance goes through wide variations, being positive for fre
quencies higher than resonance (plate load impedance a capacitive 
reactance) , negative for frequencies below resonance (plate load imped-

. ance an inductive reactance) , and infinite at resonance. The value of 
grid-plate capacity assumed in Fig. 131 is small and might readily occur 
in a pentode tube if the utmost care is not used to avoid all possible 
direct coupling between grid and plate circuits. If the capacity is larger 
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FIG. 131 .-Curves of input capaCity and input resistance of a tuned amplifier having a 
small but not negligible grid-plate capacity. 

or if the amplifier gain is greater:, the effects will be even more pro
nounced. When a tuned circuit is connected between the grid and 
cathode of a tube having an input impedance such as shown in Fig. 131,  
the resonance characteristics of this tuned circuit are considerably 
altered. Thus, when the tuned circuit connected between grid and 
cathode has a lower resonant frequency than the tuned circuit forming 
the plate load impedance, the negative input resistance of the tube 
neutralizes at least some of the resistance of the resonant circuit asso
ciated with the grid ; if the negative resistance is less than the parallel 
resonant impedance of the tuned circuit across the gridJ oscillations will 
result . When the resonant circuit connected across the grid is tuned to 
the same frequency as the resonant circuit in the plate, then the resonance 
curve of the grid tuned circuit can be expected to be seriously distorted 
as a result of the fact that upon one side of re�mnance the tube presents 
a positive resiRtance and on the other side a negative resistance . This 
is illustrated in Fig. 132. 
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Neutralization of Input Admittance of Vacuum-tube Amplifiers.-The 
effects that are produced by the transfer of energy between the grid and 
plate circuits of a vacuum-tube amplifier through the grid-plate tube 
capacity can be neutralized by an electrical network that transfers an 
equal amount of energy in the opposite direction. There are a number of 
ways in which this operation can be carried out, the most common of 
which are shown in Fig. 133. All these arrangements employ a neutraliz-
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FIG. 1 32.-Unsymmetrical resonance curve obtained when a resonant circuit is shunted by 

an admittance similar to that of Fig. 1 3 1 .  

ing condenser CN connecting the input (i.e . , grid) circuit and the output 
(i.e. , plate) circuit in such a way that the current passing through the 
neutralizing condenser is of the proper amplitude and phase to neutralize 
exactly the effect of the current flowing between plate and grid circuits 
of the amplifier via the grid-plate tube capacity. Consider the circuit 
of Fig. 133a, which consists of an ordinary transformer-coupled radio
frequency amplifier to which there has been added a neutralizing induc
tance LN connected in such a way that the voltage at the end of this 'coil 
connected to the neutralizing condenser CN is in phase opposition to the 
voltage at the plate end of the primary inductance Lp. The voltage 
across LN is then applied to the neutralizing condenser and causes the 
grid to receive a current that, with proper size of eN, is equal in magnitude 
and opposite in phase to the current flowing through the grid-plat e tube 
capacity, and so completely neutralizes the energy transfer through the 
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tube eapaeity. The input capacity of such an amplifipr with perfect 
neutralization is Cy! + Cyp + CN, and the input resistance is infinite. 
If the coupling between LN and Lp is very close, the neutralization is 
substantially independent of frequency. 

A neutralizing circuit of a slightly different type is shown at Fig. 
133b. In this arrangement the neutralizing condenser C N is given such 
a capacity that the current through it as a result of the voltage developed 
in the plate circuit is equal in magnitude to the current passing through 
the grid-plate tube capacity ; but since these two currents produce effects 
in the tuned circuit that are in phase opposition, they neutralize each 
other. This neutralization is theoretically independent of the frequency 

(01) Heutrodyne (or Hazelti ne) (b) Rice System of 
System of Neutralization NeuTral ization 

C 

(c) Modified Neutrodyne (01) Inverted Heutroolyne 
C �,f�frv] 

(e) Bridge Circuit of Bill l Ia nti ne 
(;1nd H u l l  

''Small CClptTcify' (/(}-2tJ..,u� FOS) 
FIG. 133.-Typical neutralizing circuits. 

at which the tuned circuit is resonant and under practical conditions 
can be made approximately so. Several additional types of neutralizing 
circuits are shown in Fig. 133, and still other arrangements have been 
devised ; but since all these make u�e of the same general principles 
that are involved in the t.wo specific cases discussed above, they need not 
be given special consideration. 

A different and sometimes very profitable viewpoint is to consider the 
neutralizing arrangement as a bridge in which the output and input circuits 
are connected across the opposite diagonals. When the bridge is balanced, 
the input circuit receives no energy from the output circuit because the 
two are in electrically neutral locations with respect to each other. 

Perfect neutralization cannot be maintained in practice over a wide 
band of frequencies because leakage inductances and stray capacities 
prevent the neutralizing current from being exactly proportional to, and 
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exactly out of phase with, the current through the grid-plate tube capac
ity at all frequencies. Imperfect neutralization gives rise to a certain 
amount of energy transfer, but it is possible to maintain the balance suffi
ciently well under actual operating conditions to make neutralized tuned
triode amplifiers operate satisfactorily. Figure 134 shows the effect that 
various degrees of unbalance in the neutralization system produce upon 
the input capacity and resistance of a typical tuned radio-frequency 
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FIG. 134.-Cunoes showing the effect of improper neutralizing capacity en on input resistance 
and capacity of a tuned radio-frequency amplifier. 

amplifier. With perfect balance the . input resistance is infinite and the 
input capacity is constant. With insufficient neutralization the input 
resistance and capacity curves are similar to those for no neutralization 
but vary through a smaller range, while overneutralization causes the 
input eapaeity to be negative near resonanee and makes the input resist
ance negative at high frequencies and positive at low frequencies. The 
practieal effeets of overneutralization are thus similar to those of under
neutralization exeept that the distortion in the input resonant eircuit is 
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of opposite symmetry from that with insufficient neutralization. In 
either case the effect is to distort the resonance curve of the input circuit 
in a manner analogous to that shown in Fig. 132. 

Neutralization is always necessary in tuned triode amplifiers for other
wise the input resistance will be so low that oscillations can be expected. 
It is not employe� with pentode and screen-grid amplifiers, however, 
because the direct-capacity coupling between grid and plate in such tubes 

] 
o Grid resistor ... � 

FIG. 135.-Tuned amplifier with grid 
resistor to reduce the tendency toward 
oscillation as a result of the residual 
grid-plate capacity. 

is very small . If troub1 e is encountered 
from this residual grid-plate capacity, 
the usual procedure is to reduce the 
amplification per stage. An alterna
tive possibility is to place a resistance 
of a few thousand ohms in series with 
the grid of the tube as shown in Fig. 
135. Such a resistance introduces pro
portionately more loss at the higher 

frequencies because of the increased current flowing to the grid-screen 
and grid-cathode capacities, and thereby tends to counteract the lower 
input admittance as the frequency is increased. 

Neutralization is seldom. employed in audio-frequency amplifiers 
even with triodes because at low frequencies one need consider only the 
input capacity, and by proper design this can be taken care of without 
neutralization. It is possible, however, to improve the high-frequency 
response of a given triode amplifier by neutralizing to reduce the input 
capacity, and in some cases there is an advantage in ov.erneutralizing. 1 

I nput Admittance at Ultra-high Frequencies.-At very high frequencies 
the length of time it takes an electron to travel from the cathode to plate 
can no longer be considE'red as negligible. compared with the length of 
time represented by a cycle. When this situation exists, it is found that 
there is an additional input loss as a result of energy that is supplied by 
the grid electrode to the electrons traveling toward the plate. This 
transfer of energy takes place even when the grid iR negative and attracts 
no electrons to itself. The input resistance resulting from this is inversely 
proportional to the square of the frequency, and it becomeR one of the 
limiting features of tube operation at frequE'ncies exceeding about 20 mc. 
Th e phenomenon is discussed further in Sec. 53 . 

51. Multistage Amplifiers with Special Reference to Regeneration.

Under ideal conditionR the gain of a multistage amplifier is the product 
of the amplification of the individual stages, and the frequency respom�e 
is therefore the product of the frequency-response characteriRticR of thE' 
individual stages. 

1 See Paul W. Klipsch, Applying Neutralization to Audio-frequency Amplifiers, 
Electronics, vol. 7, p. 252, August, 1934. 
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It is generally found, however, that the total amplification of an actual 
multistage amplifier is not exactly equal to the product of the amplifica
tions developed by the individual st�ges when acting as separate single
stage amplifiers. This is because of regeneration, which is the name given 
to the effects produced by the transfer of energy between stages. This 
transfer can take place through stray electrostatic capacity existing 
between the grid and plate electrodes of the amplifier tubes, or as a result 
of impedances common to two or more stages of amplification� 

Because of the large differences in power level encountered in multi
stage amplifiers as a result of the fact that the energy level in the output 
stages is enormously greater than the energy level in the first stages of a 
high-gain amplifier, it takes very little coupling between the output and 
input of the amplifier to have considerable effect . Thus, if the total 
voltage amplification is 100,000, the ratio of powers at input and output 
points, assuming the same load resistances, is 1010, and it is obvious that 
even a very small portion of the output energy transferred back to the 
input will be large in comparison with the input signal power �hat is 
being amplified. It is further apparent that the effect of stray couplings 
will be greater the higher the gain of the amplifier. 

When the regeneration is large, the amplifier will usually. oscillate 
and so become unusable. Even if the regeneration is not sufficient or 
of the proper phase to produce oscillations, it will normally change the 
amplification and alter seriously the frequency-response. characteristic ; 
thus it is to be avoided. 

Regeneration in Audio-frequency Amplifiers.-The most common 
source of regeneration in audio-frequency amplifiers arises from plate 
impedances common to two or more stages, but other factors, such as 
stray magnetic and electrostatic couplings and the transfer of energy 
through the grid-plate capacity of the tubes, must be considered, espe
cially if the total amplification is very high. The principal source of 
magnetic coupling in audio-frequency amplifiers is between transformers, 
particularly between the input and output transformers of the amplifier. 
The remedy is to avoid transformers wherever possible by the use of 
resistance coupling and, where transformers must be employed, to use 
shielded transformers spaced as far as possible and oriented in such a 
way as to minimize coupling. Trouble from magnetic coupling is also 
occasionally caused by improper arrangement of wiring. 

Electrostatic coupling in audio-frequency amplifiers is readily elimi
nated by shielding. It is usually sufficient to provide each tube with an 
electrostatic shield, although, sometimes, completely inc10sing one or more 
low-level stages is desirable. 

The input admittance of the tube modifies the characteristics of thb 
amplifier at high frequencies. With pentodes the input admittance is 
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essentially a capacity equal to the sum of the grid-cathode and grid
screen electrostatic capacities. In the case of trio des the input admit
tance depends upon the load impedance in the plate circuit of the tube 
(see Sec. 50) , and this impedance in turn depends upon the input admit
tance of the next stage. The effect of the input admittance in such cases 
can be accurately taken into account by computing the amplification 
stage by stage, beginning with the output tube and working backward 
toward the input. In doing this the amplification of each stage is cal
culated by noting that the input admittance of each tube is shunted 
across the load of the preceding tube and by following the usual procedure 
for amplifier calculations. 

! Isf stage I 2nd stage I Power stage I 
I vo/fage ampliricafion volfage amplifi'cafion ! 

�-r-;-�-�- --

:'Filamenf :Plate 

I 

power source voltaqe source 
FIG. 136.-Diagram of a multi stage audio-frequency amplifier, consisting of two stages of 
voltage amplification followed by a power stage, with a common source of plate impedance. 

Regeneratio.n from a common plate impedance occurs where the 
different stages receive their plate voltage from a common source, as is 
the case in Fig. 136, since the internal impedance of this voltage source 
is common to the different stages and hence provides a coupling common 
to the plate circuits of the tubes involved. This results in regeneration 
that may either increase or decrease the amplification, the exact effect 
depending on the phase relations. A common plate impedance represent
ing the internal impedance of a source of plate voltage is usually the 
most important cause of regeneration in a carefully built audio-frequency 
amplifier, and it produces effects that are of such importance as to warrant 
detailed consideration. 

When the plate current of more than one amplifier tube flows through 
the same common impedance, the voltage drop which the currents from 
one stage develop across the common impedance will transfer energy to 
all the other stages. The part of this action that is important in deter
mining the characteristics of a multistage amplifier is the transfer of 
energy from the plate circuit of the last stage of amplification to the 
plate circuit of the first sttage. The energy transferred between plate 
circuits of other than the last and first tubes is relatively unimportant 
because the difference in energy level between the end tubes is much 
greater than that between any other pair. The result is that the effect of 
a. common plate-circuit impedance on the behavior of a multistage 
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amplifier can be analyzed with a high degree of accuracy t>y considering 
that the impedance of the voltage source is common to only the first and 
last tubes fed from this source. This procedure simplifies the problem, 
making it possible to predict with accuracy when trouble from regenera
tion can be expected and permitting simple quantitative calculation of 
the magnitude of -the effects that will be produced. 

Regeneration from a common plate impedance is characterized by 
the following two fundamental principles :  first, the principal effect of the 

Fiyst stage supplietf 
• from common pli:rte : 

power" source : 

Intermediate stOlqes Final stClge suppl,'ed 
hOlvin9 OImpl ification A2i from common pl"lte : powey source 

T1 : ��--�� ��� 

( a )  ActUOl( Ciycuit 

Amplific.::rtion 
A2 

I I T3 

I I , !. 

( b)- EquivOIlent Circuit Used in A)1�lyzjn9 
Effect of Common PI",+e Impedoll1ce le 

FIG. 137.-Circuit of multi-stage transformer-coupled amplifier having a common 
plate impedance reSUlting from the use of a common source of plate power, together wit!: 
equivalent circuit that can be utilized to analyze the effect of the common plate impedance 

regeneration is equivalent to altering the gain of the first stage of the 
amplifier, while leaving the remainder of the amplifier unchanged ; 
second, the effects produced by the rege�eration become important only 
when the voltage that is coupled or otherwise transferred back into the plate 
circuit of the first tube is of appreciable magnitude c,ompared with the signal 
voltages present in this circuit in the absence of regeneration. 

The detailed analysis of the effect of a common plate impedance is 
carried out by first setting up equivalent circuits, such as done in Figs. 
137 and 138, where the first stage consists of a transformer-coupled 
triode and resistance-coupled trio de, respectively. l Here the voltage e2 
acting at the grid of the final tube produces a plate current that causes 

1 Much of the material in t.his discussion of the quantitative effects produced by a 
common plate impedance represent.s the results of a research carried out at Stanford 
University under the supervision of the author by D. H. Ring. Among other things, 
this study showed that the effect of a common plate impedance could be aecurateiy 
calculated by Eqs. (1 15) and (1 16). 
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a voltage drdp ER in the commo� plate impedance. This voltage ER 
acts in the plate circuit of the first amplifier tube to produce currents that 
modify the voltage which the first , tube applies to the second tube of the 

First stage supplieol 
from common plate 

power source 

Rp 

IntermeGfiOlte stOlges FinOlI storge supplied hOlting amplification A2 from common plate 
power source 

(01 ) ActllOl I Circuit 
Cc 

( b) E"Iuivo dent Circuit Used in AnOllyzinq Effect of Common Pl�te ImpedOlnce Zc 
FIG. 138.-Circuit of multi-stage resistance-coupled amplifier having a common source 

of plate power, and equivalent circuit for
' 
analyzing the effect which the common plate 

impedance has upon the amplification. 

amplifier. The result is therefo�e equivalent to modifying the gain 
of the first stage. Analysis of the �quivalent circuits leads to the results : 1  

. .  : {amPlification that WOUld} 
Actual amplIficatIOn Of} ' . t 'th t f d b k . eXlS Wl on ee ac 
first stage haVIng trans- =t= A lA 2KZc 
former coupling 1 - ----

fJ. l  

(115) 

1 Equation (1 15) is derived by notin� in Fig. 137a that the total voltage acting in 
series with the plate circuit of the first tttbe is - J.Le. + ER' Hence 

But 

Hence 

( . ER) 
el = Ai  -+e. + -, J.Ll 

( .  . A2e1KZe) 
e 1 = A 1 --t e. + --=.-.::.....-----=. 1J.1 

Solving this for the amplification let/e. 1 of the first stage gives Eq. (1 15). 
Equation ( 1 16) is derived in a somewhat similar manner by noting that, since 

the voltage ER acts in series with the ,coupling resistance Rc, it is equivalent to a 
constant-current generator of curreflt E !lIRe (just as a voltage -J.Le. in series with a 
resistan�e Rp is equivalent to a constant�current generator -J.Les/Rp = -Gme8J . 
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(116) 

Al = vector amplification of first stage when there is no common 
impedance (does not include phase reversal produced by tube) . 

A2 = vector amplification from output of first tube to grid of last tube 
Zc = common plate impedance (a vector having magnitude and 

phase) 
K = factor which when multiplied by voltage on grid of last tube 

gives the a-c current through the common plate impedance 
(ER = IoZc = e2KZc) . This factor depends on the constants 
of last tube and the impedance in its plate circuit 

jJ.l = amplification factor of first tube 
Gm = mutual conductance of first tube 
Rc = coupling resistance in resistance-coupled case. 

Consideration of the above ·equations shows that the modifying effect 
which regeneration has on the amplification increases as the over-all 
gain A lA2 of the amplifier becomes larger and as the common impedance 
Zc is increased, and is negligible only when the term on the right-hand side 
of the denominator of Eqs. (115) and (116) is small compared with unity. 

Regeneration troubles caused by a common plate impedance can be 
avoided by keeping the impedance as low as possible and by using 
filter circuits to isolate the input and output stages. l When batteries 
are used for supplying anode power, the common impedance consists 
of the internal resistance of the batteries shunted by whatever by-pass 
condenser is connected across the battery terminals, and the impedance 
will increase as the batteries become exhausted. With rectifier-filter sys
tems the common impedance at frequencies above a few cycles per second 
is the reactance of the capacity shunting the output of the filter system. 
The common impedance, then is negligible at moderate and high audio 
frequencies, but becomes high at very low frequencies. When the 
impedance of the power source is enough to modify the amplification 
appreciably, it is necessary to isolate the . first and last stages by filters. 
These are normally located between the common plate impedance and the 
input stage, and consist of one or more resistances or inductances in series 
with the plate circuit, together with a corresponding number of capacity 
shunts to ground, as shown in Fig. 139. The proportions must be such 
that the series impedances are high compared with the shunt impedances 

1 The use of a push-pull power amplifier arrangement is also very helpful (see 
Sec. 59) . 
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at alI'frequencies for which the filt�r is to be effective. The high series 
impedances then prevent the voltage developed across the common 
impedance from sending appreciable current toward the input stage, 
while the low shunt impedances short-circuit substantially all this 

(a) Actual circuit 
I Ftrsfsfage supp�ed 
I from common plctfe i power source 

Intermediafe final stage 
sfages having Isupplied from 
amp//ficafion Az icommon plate 

I TI I 
I 
I 
I 
I es __ To I I • I : I . 
I 2nd _ _  .1,... I ...c-t""--L_ Id I secfion I I I I section 

� -;:;'jfer - -� 

(b) E<1uivalent circuit used in ana!yzing effect of common plate impedance re 

Rp 

I 2nd 1 ,-"1' I �- _L Isf secfion-1 1 I secfion 
k-Filfer--",J. 

IT power soutn! 
I 3 

FIG. 139.-Diagram of the amplifier of Fig. 137 after filters have been added to minimize 
the effects of common plate impedance, together with equivalent circuit for analyzing the 
effect of energy transfer from the last stage to first stage through the common plate imped
ance when filters are present . 

current . The result is that the voltage actually introduced into the 
plate circuit of the input tube is very much less than the voltage developed 
across the common impedance. The reduction is given approximately 
by the equations l 

1 These equations assume that X2 is small compared with Zl and the plate and 
coupling impedances of the input tube, and that Zl is much larger than the common 
impedance. Under these conditions a voltage ER across the common impedance Zc 
eauses a current ER/Z1 to flow through Zl (see Fig. 139) . Most of this current flows 
through X 2 and so produces a voltage E RX 2/ Z 1 across X 2. In the case of a one-stage 
filter, this is the voltage, actually inserted in the plate circuit of the input tube, and it is 
seen to lead to a reduction amounting to XdZl. In the case of a two-stage filter, 
there is a further reduction of X2'/ZI', giving a total reduction of X2X2'/ZIZI', as in Eq. (1 l7b) . 
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(1 17a) 

(117b) 

where Zl and Zl' are the series impedances of the filter sections and X2 
and X2' are the reactances of the shunting condensers. 

Motorboating '£n Audio-frequency Amplifiers.-In high-gain audio-fre
quency amplifiers having a good low-frequency response, regeneration 
from a common plate impedance often causes the amplifier to oscillate 
at a frequency of a few cycles per second. This is termed motorboating 
(from the "put-put" sound it causes in a loud-speaker) ,  and is often dif-

-, . i :"fi' '''OO h ' . .... is/stanCe, R� 't).f--Comm0ty pia e ,,,(pe �nTce Uti'" 0 ms t �' conne fior.�I�§;tj I J I I I norma'l T""r-Iii: 
o 200 400 600 . 1,000 2,000 4,000 

Freq u ency - Cycles per Second 
8,000 

FIG. 140.-Experimental curves showing the effect of a common impedance in the plate 
circuit on the amplification characteristic of a transformer-coupled amplifier. The effect 
of the regeneration is to either increase or decrease the amplification according to the polar
ity of the transformer secondary. Shunting the common impedance by a large condenser 
eliminates the regeneration at high frequencies while allowing large regeneration to exist 
at low frequencies. 

ficult to eliminate because the shunt condensers of a filter become ineffec
tive at very low frequencies. 

The best remedy for motorboating troubles is to make the low-fre
quency response no better than absolutely necessary, since by reducing 
the amplification at low frequencies the amount of regeneration and 
hence the tendency to oscillate is reduced. The common plate impedance 
should also be reduced to the lowest possible value by using high-capacity 
filter and by-pass condensers. When rectifier-filter power systems are 
employed, it is usually helpful to employ totally different smoothing 
filters for the input and output stages, together with low-impedance 
rectifier tubes and power transformers having low reactance. As a final 
resort, it is always possible to use a separate power-supply system f�r 
the input stage, and this is necessary if the over-all gain is very large. 



246 RADio ENGINEEJUNG [CHAP. Vi 
In multistage audio-frequency amplifiers the' mere absence of oscilla

tion will not insure that the amplifier is opera:ting properly. This is 
because regenpration insufficient to cause , o..�cillations, or of the wrong 
phase to produce oscillations, may affect greatly the frequency response 
of the amplifier and may also alter the gain. This is illustrated 
by Figs. 140 and 141,  which present experimental curves showing typical -
effects that can be produced by regeneration from a common plate 
impedance. 

Regeneration �n Multistage Tuned Radio-frequency Amplifiers.
The possible sources of regeneration are the same at radio as at audio 
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FIG. 14 1 .-Experimental curves showing the effect of a common impedance in the plate 
ci rcuit on the amplification characteristic of a three-stage resistance-coupled amplifier. 
The dotted curves are for the case where the impedance is common to only the first and 
last tubes while the solid curves are for the case where the impedance is common to all 
three plate circuits. The close agreement between the two is the practical justification 
for neglecting all energy transfer except that between first and last tubes when making 
calculations . .  

frequencies, but the precautions that must be used differ in the two 
frequency ranges. \ 

Energy transferred from one part of a tuned amplifier to a preceding 
part may cause the amplification to be either greater or less t�an the 
ideal value, and the exact effect is equivalent to changing the resistance 
and the reactance of the tuned circuits in the amplifier. Such variations 
in reactance alter the resonant frequencies of the tuned circuits slightly 
and so are relatively unimportant, but the resistance changes that 
accompany regeneration have a profound effect. This is due to the fact 
that the actual resistance of tuned circuits is so low that only a few added 
ohms will largely destroy all resonance effects, while a few ohms sub
tracted from the actual circuit resistance can bring the effective resistance 
to zero, with the result that the amplification becomes infinite, i.e. , 6scilla-
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tions are produced. The character of the - action in any particular case 
depends upon the phase and magnitude of the energy fed back to the 
amplifier input. Regenerative action is always greater as the amplifica
tion is increased, since then the extreme difference in the energy levels 
of different parts of the amplifier is larger. Regeneration also becomes 
greater the higher the frequency being amplified because capacities pass 
current and mutual inductances induce volt ages in proportion to the 
frequency. 

The magnitude of regeneration in ordinary radio-frequency amplifiers 
is usually sufficient to alter the characteristics completely unless special 
precautions are taken to eliminate the causes of energy feedback or 
to compensate for its effects. Regeneration resulting from stray capaci
tive and inductive couplings between different parts of the amplifier 
can be reduced by properly positioning these parts of the circuit with 
respect to each other, and can be eliminated completely by shielding with 
non-magnetic shields of the type described in Sec. 11 .  In orient�ting 
the various parts of the circuit, it is particularly important that the 
inductance' coils of the different stages be as far apart as possible. It 
is also desirable to use coils of small dimensions so that the spacing 
between coils will be large 'compared with the coil size ; this reduces the 
inductive coupling between coils. Electrostatic coupling between parts 
of the amplifier is not so difficult to control as inductive coupling between 
coils, and' it can be kept small by proper arrangement of the wiring. 
It is impossible, however, to eliminate all electrostatic and magnetic 

. coupling unless each stage of amplification is completely enclosed in a 
container made of copper or aluminum. 

Impedances common to two or more stages are particularly trouble
some causes of regeneration in radio-frequency amplifiers, because at the 
high frequencies involved a wire only a few inches long will often have 
sufficient reactance to provide an effective means of transferring energy. 
Unavoidable common impedances, such as those from common sources 
of electrode voltages, can be reduced to a low value by shunting with 
by-pass condensers, and in addition filters may be placed in the leads 
running to the individual stages. Indiscriminate use of the chassis as a 
return circuit often gives trouble since the chassis, when used in this 
way, provides an impedance common to all the circuits. It is therefore 
especially important that each coil of a resonant circuit be connected 
directly to the frame of the tuning condenser by a separate wire in order 
that the circulating current in the resonant circuit need not pass through 
the chassis. 

Direct transfer of energy between the input and output circuits of 
. tne vacuum tube as a result of capacity between , the grid and plate 

electrodes is kept small in tuned amplifiers by using pentode tubes in 
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which this direct capacity is very small (radio-frequency pentodes) and 
by shielding tubes and input and output circuits to prevent electrostatic 
couplings from existing outside the tube. With triodes, neutralization 
is always employed. By these means this source of regeneration is 
kept under control in tuned amplifiers, and , while always present to 
some extent, it does not seriously distort the amplifier behavior under 
most circumstances. 

When regeneration in tuned amplifiers is appreciable, oscillations 
are usually produced, but, even if the regeneration is not sufficient to 
cause oscillations, it may distort the shape of the amplification character
istic, either by increasing the sharpness of resonance or by destroying 
the symmetry existing on either side of resonance, or both. 

62. Feedback Amplifiers. 1-In the feedback amplifier a certain 
amount of regeneration is deliberately introduced in such a way as to 

Signo/e� AfPjifier 
r;at o goinA 

Feedbock or� circuit 

Ov/pufE 
reduce the amplifier gain. By properly 
carrying out this operation it is possible to 
reduce the distortion and noise generated 
in the amplifier, to make the amplification 

A,� .I ,/�' .� JJE 
substantially independent of electrode ClUOI ompllt1er III .. eS+J� ' .  Amplifier OtIIpuf= "A(es+".6E) voHages and tube constants, and to reduce 

FIG. 142.-Schematic diagram of feed- greatly the phase and frequency distortion. 
back amplifier. Th t' f f db k l·ft e opera IOn 0 a ee ac amp 1 er 

can be understood by reference to the schematic diagram of Fig. 142. 
Here A represents an amplifier which has a gain A when used as an 
ordinary amplifier and which is supplied with a 'signal voltage CB' 
Regeneration is introduced by superimposing ' on the amplifier input a 
fraction {3 of the output voltage E so that the actual input consists of a 
signal CB plus the feedback voltage {3E. The effective gain of the amplifier 
is then2 

Gain, taking into} A 
account feedback = 1 - A{3 

, 
(118) 

In this equation the assumption as to signs is such that when the feedback 
voltage opposes the signal voltage, {3 is negative. The quantity A{3 can 
be termed the feedback factor, and represents the amplitude of the 
voltage superimposed upon CB compared with the actual voltage applied 

1 For further discussion see H. S. Black, Stabilized Feedback Amplifiers, Elee. 
Eng.,  vol. 53, p. 1 14, January, 1934. 

2 Equation ( 1 18) is derived as follows : If E is the output voltage, then the feed
back voltage is f3E and the actual input potential is (e8 + f3E) .  This input amplified 
A times must equal E, i.e. , 

(e. + f3E)A = E 

Equation (1 1 8) then follows by solving for Ele., which is the actual gain. 
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to the input terminals. Thus if A{3 = 50, then for each millivolt existing 
betw'een the input terminals the feedback voltage will be 50 mv, and, if 
the phase is such as to give negative feedback, a signal of 51 mv will be 
required to produce 1 mv at the amplifier input terminals. 

Examination of Eq. (1 18) shows that, if the feedback factor A{3 is 
large, the amplification is reduced by the presence of feedback, and 
furthermore, when /A{3/ > > 1, Eq. (1 18) reduces to 

Amplification With} 
= 

_ !  
large feedback {3 (1 19) 

Expressed in words, Eq. (1 19) states that, when the feedback factor A{3 
is large, the effective amplification depends only upon th� fraction {:J of 
the output voltage that is superimposed upon the amplifier input, and 
is substantially independent of the yain actually produced by the amplifier 
itself. 

This remarkable behavior is a result of the fact that, when the feed
back is large, the voltage actually applied to the amplifier input terminals 
represents a small difference between relatively large signal and feedback 
voltages. A moderate change in the amplification A therefore produces 
a large change in the difference between signal arid feedback voltage::;, 
thereby altering the actual input voltage in a manner that tends to correct 
for the alteration in amplification. Thus in the amplifier considered 
above where A{3 = 50, if the amplification A were halved by a change in 
design, it would then take 2 mv across the input terminals to deliver the 
same output as before. With {3 unchanged, the feedback voltage would 
still be 50 mv, so it would require a signal of 50 + 2 = 52 mv instead 
of the previous 51 mv to produce the same output. Thus a 2 per cent 
change in effective over-all amplification results when the gain A is altered 
by 50 per cent. 

Inasmuch as the quantity {3 depends upon circuit elements, such as 
resistances, that are permanent, the amplification with large feedback is 
substantially independent of the tube characteristics and electrode 
voltages. Furthermore Eq. (1 19) shows that the amplification with large 
feedback is inversely proportional to {3, so that, if the fraction {3 of the 
output voltage that is superimposed upon the ' input is obtained by a 
resistance network, the amplification will be substantially independent of 
frequency and will have negligible phase shift. On the other hand, if it 
is desired to have the amplification vary with frequency in some particu
lar way, this can be readily accomplished by making the {:J (or feedback) 
circuit have the same transmission-loss characteristic as the desired gain 
characteristic. This last property can be utilized in equalizing an 
amplifier. t. 
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The preoonce of negative feedback also greatly reduces the amplitude 
distortion produced in the amplifier. This distortion can be thought of 
as being generated in the amplifier, usually in the output stage. If d 
represents the amount of distortion appearing at the output in the 
absence of feedback when the output signal voltage is E, then in the 
presence of feedback the distortion with sufficient excitation to produce 
the same output voltage E will be less than d. This is because some of 
the distortion is fed back to the amplifier input through the feedback 
circuit and reamplified in such a way as to tend to cancel out the dis
tortion originally generated. Represent by D the distortion voltages 
actually appearing in the output in the presence of feedback. The 
distortion voltage applied to the amplifier by the feedback circuit is 
then fJD, and this is amplified A times by the amplifier. The total 
distortion output is then the distortion d actually generated in the 
amplifier plus the amplified feedback distortion fJDA . That is, D = 
d + fJDA , or 

Distortion With} = D = d 
feedback 1 - AfJ 

= Distortion in absence of feedback 
1 - Af1 

(120) 

This shows that the amplitude distortion appearing In the output is 
reduced by the factor (1  - A(1) . If Af1 is made large by employing a 
large amount of feedback, the result is a very great reduction in the ratio 
of distortion to desired output. 

. The signal-to-noise ratio is also improved by feedback under certain 
conditions. A comparison of the signal-to-noise ratios in amplifiers 
with and without feedback, when the same noise voltage is introduced 
some place in the amplifier and the signal outputs are the same, shows 
that 

Signal-to-noise ratio} 
with feedback _ af 
Signal-to-noise ratio} -

ao(l - A(1) 

without feedback 

(121) 

where af and· ao are the amplification between the place at which the 
noise is introduced and the output, with and without feedback, respec
tively. Examination of this relation shows feedback will greatly reduce 
noises)ntroduced in high-level parts of the amplifier, such as from a 
poorly 'filtered power supply in the plate circuit of the final tube. Feed
back does not help reduce noise introduced at very low power levels, such 
as thermal agitation, induced hum, microphonic noises, etc. , because the 
additional amplification required to make up for the loss in gain from 
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negative feedback also gives just enough extra amplification of the 
low-level noise to counteract the tendency of negative feed-back to 
neutralize the noise reaching the output. 

The above discussion of the properties of feedback amplifiers can 
be summarized as follows for the condition where the feedback factor 
At3 is very �uch larger than unity : The amplification is very stable, the 
amount of amplification and the way in which it varies with frequency 
being substantially independent of the characteristics of the amplifier 
tubes, electrode voltages, or amplifier-circuit constants. The amount of 
gain, the way in which the gain varies with frequency, and the phase 
shift between input and �utput voltages can all be controlled by giving 
the t3 circuit the proper characteristics. In addition, the percentage of 
distortion generated in the output tube of the amplifier is reduced by the 
factor (1 - A(3) ,  as is also all noise introduced into high-level portions of 
the amplifier. The price paid for obtaining these adv�ntages is a reduc
tion in gain, or, conversely, the addition of approximately one more stage 
of amplification than would otherwise be necessary to obtain a given net 
gain. 

Feedback without Oscillations. I-In order to realize the advantages of 
feedback, the amplifier and its feedback mu'st be so arranged that oscilla
tions do not occur. This can be accomplished by arranging the circuits 
so that the feedback voltage is normally in phase opposition to the applied 
signal (i.e., At3 negative and real) and by arranging the circuits so that 
there is no frequency where At3 is positive, real, and greater than unity.2 
The amplification and phase-shift characteristics of a feedback amplifier 
are therefore of fundamental importance in determining whether or not 
the amplifier will be stable. 

With a single stage of resistance or impedance coupling, the amplifica
tion falls off at both high and low frequencies as shown in Fig. 95, which 
also gives the accompanying phase shift . 3 It will be noted that the 
maximum shift away from the normal mid-range value of zero is + 90°, 
and this occurs only at the extreme frequencies where the amplification 

1 Much of the material in this and the following divisions follows F. E. Terman, 
Feedback Amplifier Design, Electronics, vo!. 10, p. 12, January, 1937 . .  

2 The exact 'criterion for avoiding oscillation in feedback circuits is that, when the 
value of A� and its conjugate are plotted as a function of frequency on rectangular 
coordinates with the real part along the X-axis and the imagi�'ary part along the 
Y-axis, the resulting curve will not inclose the point 1 ,0. This means that under 
some conditions oscillations will not occur even when A� is positive, real, and greater 
than unity. See E. Peterson, J. G. Kreer, and L. A. Ware, Regeneration, Theory, 
and Experiment, Proc. I.R.E. , vol. 22, p. 1 191, October, 1934. 

\ 3 The phase-shift characteristics shown in Fig. 95 represent the phase shift with 
respect to the phase s�ift in the middle frequency range, and do not take into account 
the phase reversal produced in each stage as a result of the tube action. 
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drops to zero. At the point where the amplification has dropped to 
70.7 per cent of its mid-range value, the phase shift is 45°, while at the 
10 per cent point it is 84° 15'. 

The characteristic of a transformer-coupled stage of voltage amplifica
tion is shown in · Fig. 103.· At low frequencies the behavior is identical 
with resistance coupling, with a maximum possible phase shift of 90° 
occurring at zero frequency where the amplification ·becomes zero. At 
high frequencies the situation is more complicated, however, as series 
resonance takes place between the leakage inductance of the transformer 
and the capacity in shunt with the secondary. At this series-resonant 
frequency, which is the frequency at which there will be a hump in the 
amplification characteristic if the plate resistance of the tube is too low, 
the phase shift is 90°, while at still higher frequencies the phase shift 
increases and reaches 180° at very high frequencies where the amplifica
tion is zero. 

When a transformer is loaded with sufficie.nt resistance across the 
secondary to prevent series resonance, as is the case with an outPl!t 
transformer, the amplification and phase-shift characteristics are then 
of the same character as with resistance coupling. The phase shift is zero 
in the mid-range of frequencies and reaches + 90° only at extreme fre
quencies where the output drops to zero (see Fig. 159).  

The phase-shift characteristics of other types of amplifiers can be 
worked out as desired. In general , where the coupling arrangement 
employs a simple combination of resistance and reactance elements with
out series resonance, the maximum phase shift will be + 90° and this will 
occur only at extremes of frequency where the amplification becomes zero. 
However; in circuits where series resonance occurs, phase shifts up to 
+ 180° are possible at extreme frequencies where the amplification 
becomes zero, and the amplification can be quite large with phase shifts 
exceeding 90°. 

Phase shifts in the feedback network are important since these 
have as much effect on the amplifier as the phase of A{3. Hence, if the 
feedback circuit is not a resistance network, its phase characteristics 
must be considered. 

It is apparent from these phase-shift characteristics that, when a 
resistance feedback network is employed (i.e . , (3 with no phase shift) , no 
trouble from oscillations need be expected when only a single-stage ampli
fier is involved. This is because, even with an interstage transformer, 
the phase cannot shift 180° from the normal value without the amplifica
tion and hence A{3 dropping to zero. When only resistance, impedance, 
or output-transformer coupled stages are involved, oscillation troubles 
are not encountered even with two stages because, as the maximum 
possible phase shift per stage is 90°, the over-all phase will reach 180° 
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only at zero or infinite frequency, where the amplification and hence AfJ 
are zero. 

When more than two stages of amplification are involved, oscillations 
can always be expected unless the feedback factor Afj is small, or unless 
the amplifier is especially designed. Thus, if three identical resistance
coupled stages are involved, reference to Fig. 95 shows that the total 
phase shift will reach 180° ( = 60° per stage) at frequencies where the 
amplification per stage has dropped to 0.50 of its mid-range value. 
Hence, to avoid oscillations with such a three-stage amplifier, the value 
of AfJ in the mid-frequency range must be less than 8 in order to make A,8 
less than unity at frequencies where the phase shift becomes 180°. If 
greater values of feedback factor Afj are desired under such conditions, 
one" of the stages must be designed to have a very wide frequency range 
so that this stage produces negligible phase shift compared with the 
remaining stages. Thus, if one desires Afj = 100, then reference to 
Fig. 95 shows that at frequencies so far from the mid-range region that 
Afj has dropped to unity (i.e. frequencies for which the amplification per 
stage has dropped to 0. 1 of the mid-range value) the total phase shift is. 
2 X 84.25° = 168.5°. Hence the remaining stage must not have a 
phase shift exceeding 1 1 .5° for the same frequency range, and so must be 
designed with a correspondingly wide frequency range. These same 
principles can be applied to the design of amplifiers with four or more 
stages and to amplifiers having interstage transformers. 

Practical Feedback Amplifiers.-A number of typical audio-frequency 
amplifier arrangements employing feedback are shown in Fig. 143 . 1  In 
the circuits at c, d, e, and j, the feedback voltage is proportional to the 
output volt ages and so causes the latter to be stabilized. In contrast 
with this, the circuits at a, b, and g make use of the current in the bias 
impedance of the output tube to develop the feedback voltage, so that, 
if the biaS impedance is a resistance, the feedback action tends to stabilize 
the current in the output circuit rather than the voltage across it . Thus, 
when the output is a resistance-capacity network, the shunt capacity C 8 
causes the output voltage to drop off at high frequencies for constant a-c 
current in the plate circuit, and the coupling condenser Cc causes a similar 
falling off at low frequencies. Feedback action hence does not improve 
the frequency response of these circuits even though amplitude distortion 
is reduced. The falling off at high and low frequencies can, however, 
be greatly diminished by shunting the cathode resistor by a condenser C 2 
to reduce the negative feedback at high frequencies, and by shunting by 
an inductance L2 to reduce the negative feedback at low frequencies, as 
shown dotted in parts a, b, and g. By proper choice of these reactive 

1 A more detailed discussion of these circuits, together with descriptions of addi
tional circuits is given by Terman, ibid. 
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elements the response can be made substantially flat over a much larger 
frequency range than would otherwise be possible. Circuits a, b, and g 
are not suitable when the output circuit contains an output transformer 
because there is no resulting improvement in frequency response, and the 
stabilization tends to make the magnetizing current of the transformer 
sinusoidal and so actually produces amplitude distortion in the output 
voltage. 

(a) , Single stage c ircuits (b) 

FeedbacK volfag�' 
developed here ' 

• L ��-Feedbcrcl< voltage 
C2,=Sma// capacdy fa comPensau: for Cs developed here 
Rs" Voltage dropping resistor for screen (Rs » Rz) 

1 

(c) RI 

J�R � �" ';r ' .. >I Byp;ss condensers . 
reedhc1ck vol/age developed here 

(e) Two stage c ircuits. 
I � .. 

i� � i �� i �'lS le:::. :s: 
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� ] � �� I;(� � �  
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� - - -Feedback vol/age 
developed here 
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FIG. 143.-Circuit diagrams of typical feed back amplifiers. 

When the bias resistor of pentode tubes is used for feedback purposes, 
it is essential that the suppressor grid be connected directly to cathode 
instead of to ground, that the screen potential be supplied through a series 
resistor, and that the screen be by-passed to the cathode by a condenser. 
The by-passing to the cathode is necessary, for otherwise the feedback 
voltage will be applied to the suppressor and screen, while the series 
resistor in the screen circuit (marked Rs in Fig. 143) is required to prevent 
the screen by-pass condenser from likewise by-passing the bias resistor 
to ground through the power supply. 
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In the circuits of e, g, and h there is a mUltiple feedback since, in 
addition to the main feedback from output to input, the omission of 
by-pass condensers from the cathode-biasing resistors also introduces 
feedback in the individual stages. In the circuit b the arrangeinent is 
such that the grid bias is not affected by the choice of R2• In order to 
do this, C is designed to be a by-pass to ground while R! is an isolating 
resistor for a-c voltages and should be much larger than R2• The circuit 
at h involves a bridge arrangement such that feedback can take place 
without introducing the possibility of direct-energy transfer between 
input and output circuits. 
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FIG. 144.-Amplification characteristic of feedback amplifier, showing effect of different 
amounts of feedback upon frequency distortion and constancy of amplification. 

The feedback factor can be readily calculated for the cases shown in 
Fig. 143. Thus at c, d, and f the fraction {3 of the output voltage that is 
fed back to the input is R2/ (R! + R2) , while in a and e the fraction {3 
in the middle range of frequencies is R2/Req, where Req is the resistance 
formed by grid-leak and coupling resistance in parallel. 

The characteristics of a typical amplifier with negative feedback 
are shown '. in Fig. 144, which very clearly demonstrates the enormous 
improvement in uniformity of frequency response and in stability of 
gain with respect to variations in electrode voltages, which result from ' 
the proper use of negative feedback. This particular amplifier employed 
the circuit of Fig. 143b and was provided with suitable values of L2 and 
C2 to give a uniform frequency response. 

The feedback principle is of practical value under many circumstarices. 
Thus it is widely used to reduce amplitude and cross-modulation effects 
in power amplifiers, particularly when pentode and beam tubes are used. 
The improvement in frequency response and the reduction ip phase shift 
which feedback makes possible can also be used to advantage in amplifiers 
intended for television and laboratory purposes. The stability of the 
amplification which results from the proper use of feedback is particularly 
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useful in laboratory measuring equipment, since with large values of A{3 

the amplification will stay constant with changes in electrode voltages, 
tube replacements, etc. ,  to about the same extent that an ordinary direct
current voltmeter will maintain its calibration. 

A modified form of negative feedback is used in some - radio trans
mitters. This is described further in Sec. 105. 

53. Behavior of Vacuum Tubes at mtra-high Frequencies. L-.In all 
the discussion that has so far been devoted to amplification it has been 
assumed that the time required for an electron to travel from the cathode 
to the plate is negligible compared with the length of time represented 
by a cycle, so that one could consider tliat the effect of changes in electrode 
voltages on the current were instantaneous. At very high frequencies 
this assumption is no longer permissible. 

The result of a finite time for the transit of the electrons modifies 
the tube characteristics in a number of important respects. In particu
lar, the tube co�stants such as the amplification factor, mutual conduct
ance (or transconductance) , and the plate resistance become vector 
quantities with a magnitude and a phase that vary with frequency. 
The mutual conductance or transconductance, for. example, lags in 
phase because the finite transit time causes changes in the plate current 
to lag behind changes in grid voltage, and the absolute magnitude of the 
mutual conductance is also modified slightly. The amplification factor 
tends to decrease in magnitude and to have an increasingly large phase 
angle as the frequency increases, while the plate resistance likewise 
depends upon the f�equency. 

Analysis shows that the usual equivalent circuits of the amplifier 
tube still hold provided the amplification factor, mutual conductance, 
and plate resistance are given the appropriate values (including both 
magnitude and phase) which take into account the effect of the finite 
transit time. 

The finite transit time also causes power to be consumed by the 
grid of the tube even when the grid is biased negatively and attracts 
no electrons. This comes about as ::\. result of the interchl!Lnge of energy 
between the signal voltage acting on the grid and the electrons traveling 
to the plate, and it is of such a character as to absorb power from the 
signal voltage. The amount of power lost in this way can be expressed 
in terms of an equivalent resistance shunted between the grid and cathode 
electrodes of the tube. Analysis shows that this equivalent input 

1 For further discussion of tube behavior at very high frequency see : F. B. Llewel
lyn, Vacuum Tube Electronics at Ultra-high Frequencies, Proc. I.R.E'J vol. 21, p. 
1532, November, 1933 ; note on Vacuum Tube Electronics at Ultra-high Frequencies,  
Proc. I.R.E. , vol. 23, p. 1 12, February, 1935; Phase Angle of Vacuum Tube Trans
conductance at Very High Frequencies, Proc. I.R.E. , vol. 22, p. 947, August, 1934. 
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resistance in the case of Class A amplifier tubes is given by the formulal 

Equivalent input resistance resulting} 1 
from finite transit time - KG�2 

(122) 

where 
Gm = mutual conductance of the tube 

f = frequency . T = time required for the electron to travel from the cathode to the 
grid plane. 

The constant K is determined by the grid and plate volt ages and by 
the ratio of transit times from cathode to grid plane and grid plane to 
anode. Consideration of the relations in
volved in Eq. (122) shows that the input 
resistance is directly proportional to the 
square root of the electrode voltages and 
inversely proportional to the square of the 
linear dimension of the tube. 

The mechanism whereby there is loss in 
the grid circuit even when the grid is biased 
sufficiently negative so that it attracts no 
electrons can be understood by the follow
ing reasoning :2 Consider a triode with a 
negative grid upon which is superimposed 
a small alternating voltage, as shown in 
Fig. 145. During the portion of the cycle 
when the instantaneous grid potential is 

(+) 
-

-

FIG. 145.-Diagram illustrating 
effect of transit time on grid losses. 
At the instant shown, the grid 
potential is increasing and there 
is a consequent disproportionate 
number of electrons between grid 
and cathode (shown by density of 
dots) so that a current flows into 
the grid.  

becoming less negative, the number of electrons flowing to the plate is 
increasing, but the electron density is proportionately greater on 
the cathode side of the grid than on the anode side since the finite 
transit time delays the arrival of the electrons at the .plate. The 
grid under sucp conditions draws current as a result of the electrostatic 
charg�s which the exc�ss of approaching over receding electrons induces 
on the grid structure. Somewhat later in the cycle, when the instantane
ous grid voltage is decreasing, the opposite situation exists, as there is 

1 For a theoretical derivation of Eq. (122) , together with a formula for calculating 
the constant K, see D. O. North, Analysis of the Effects of Space Charge on Grid 
Impedance, Proc. I.R.E., vol. 24, p. 108, January, 1936. 

Fo� an experimental verification of Eq. (122) , see W. R. Ferris, Input Resistance 
of Vacuum Tubes as Ultra-high Frequency Amplifiers, Proc. I.R.E., vol. 24, p. 82, 
January, 1936. In a discussion of this latter paper, J. G. Chaffee gives experimental 
data on vacuum-tube amplifiers biased to cut-off, which indicates that under these 
conditions the input resistance is inversely proportional to the first power of the 
frequency rather than the second power. 

2 This is due to W. R. Ferris, loco cit. 

• 

/ 



258 RADIO ENGINEERING [CHAP. VI 

now a disproportionately small number of electrons approaching the 
grid from the cathode in relation to the number receding from the grid 
toward the anode . This comes about because of the finite transit time 
which prevents the electrons from reaching the plate instantly. The 
net result of this excess of receding electrons is to cause current to flow 
out of the grid. The magnitude of this current flowing in and out 
of the grid as a result of the finite transit time is proportional to the 
number of electrons involved (i.e. , to the mutual conductance) , to ·the 
signal voltage applied to the grid, to the transit time, and to the frequency. 

From the above discussion it might be thought that the effect of the 
finite transit time would be merely to introduce a reactive grid current. 
This is only partially true, however, because the phase of this alternating 
current flowing to the grid is not quite in quadrature with the signal 
voltage applied to the grid. Consider the instant when the grid potential 
is at its least negative value (maximum positive value of applied voltage).  
Because of the finite trarisit time there is still a disproportionately 
large number of electrons on the cai'hode side of the grid as compared with 
those on the anode side. There is hence still current flowing into the 
grid at the crest of the cycle, thereby giving the grid current a component 
that represents power loss. The phase displacement between the 
maximum of signal voltage and the moment of zero grid current is pro
portional to the product of frequency and transit time, i.e. , to the number 
of electrical degrees represented by the time it takes an electron to travel 
from the cathode to the grid plane. Since this number of electrical 
degrees is small, and the phase angle of the grid current is proportional 
to fr, and the grid resistance is inversely' proportional to Gmpr2. 

The grid loss occasioned by finite transit time is negligible with 
standard tubes at broadcast frequencies, but becomes increasingly 
important at higher frequencies. Thus measurements upon a typical 
Type 57 pentode show that at 1000 kc the input resistance is -approxi
mately 21 megohms, but, since the input resistance is inversely propor
tional to the square of the frequency, at 30 mc it becomes approximately 
23,000 ohms and at 100 mc is only 2100 ohms ! As a result, the maximum 
possible amplification obtainable from a 57 tube at 30 mc is approxi
mately 15, and the amplification falls to less than unity at about 100 mc. 

Small dimensions are a great help in raising the input resistance at 
high frequencies. Thus the- " acorn " tubes have dimensions approxi
mately one-fourth to one-fifth those of standard tubes, and accordingly 
have input resistances about 20 times as high at the same frequency, 
or have an input resistance at least as high as that of a standard tube 
at a frequency four to five times as great . Increasing the electrode 
potentials also helps somewhat but dissipation in the tube limits the 
maximum permissible voltages. 
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64. Miscellaneous. Equalization of Amplifier Gain .-Where several 
stages of amplification are employed ' in cascade, the way in which the 
amplification of the individual stages varies with. frequency is not particu
larly important as long as the individual stages combine to give the 
desired over-all result. Thus an excessive falling off of the high-fre
quency response of one stage can be compensated for by introducing a 
corresponding high-frequency peak in another stage of amplification, 
as illustrated in Fig. 146. This possibility of compensating for the 
deficiencies in over-all frequency response of a number of stages by 
modifying the characteristics of only one of the stages simplifies greatly 
the problem of obtaining a desired result. In particular, it avoids the · 

' cost and trouble involved in attempting to make each individual stage 
perf�ct 'Yithin itself. . . 

III Characteristic Cl> Characteristic � Overall 

I of ' '' ''·ge J o� ! �."d.,.t� '\ 
1 � .� 1 o � � & Frequency & Frequenc y  & L..---."....Fr-eq-u-en-c-y--

FIG. 146.-Curves illustrating how the deficiencies in the frequency response of one 
stage of an amplifier may be compensated for by the characteristic of another stage to give 
a uniform over-all responSe. 

Use of D,ecibels to Express Relative A mplification.-The variation 
of amplification with frequency in audio-frequency amplifiers is often 
expressed in decibels referred to some arbitrary level taken as zero 
decibels. The significance of such curves can be understood by con
sidering what a decibel �eans. The decibel is a unit for expressing a 
power ratio and is given by the relation 

P2 Decibels = db = 10 logl o PI 
(123 ) 

The decibel has no other significance ; if it is to be used in expressing 
relative amplification, it therefore signifies power output as a function of 
frequency with respect to some arbitrary power. Thus, if the output 
voltage varies with frequency as shown in Fig. 147a, one might replot 
this curve in decibels by assuming some arbitrary power as the standard. 
This might, for instance, be the power output obtained at 400 cycles. 
The power output at any other frequency is then proportional to (E / E 400) 2 
where E is the voltage output at the frequency in question and E 400 
is the output voltage at 400 cycles. Since the power output under these 
conditions is proportional to the square of the voltage, one can rewrite 
Eq. (123) as follows for this particular case : 

db = 10 loglO :: - 10 loglO (E�o) ' 
= 20 loglO (E�) (124) 
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It is now possible to plot a curve giving amplification in terms of decibels 
as is done at Fig. 147b. The significance of the decibel curve can be 
seen by considering a specific case. Thus the fact that the amplification 
in Fig. 147b is 5 db lower at 45 cycles than at 400 cycles means that the 
output power at 45 cyclelil is 0.316 times the power at 400 cycles. 

From the foregoing it is seen that anything which increases or de
creases the amplification can have its effect expr�ssed in terms of decibels. 
Thus, if one introduces an extra stage of amplification which increases 
the output voltage 20 times, then the gain in output power is (20) 2 or 
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FIG. 147.-Illustration of how relative gain can be expressed in decibels. 

400 times, and this power ratio, when substituted in Eq. (123), is seen to 
represent a power gain of 26 db. 

It will be noted that the decibel is fundamentally a power unit. It 
cannot be used to express voltage ratios except insofar as these voltages 
are related to power ratios. If two volt ages are applied to identical 
resistances, then the resulting powers are, of course, proportional to 
the square of the voltages ; but if the volt ages are applied to different 
resistances, then it is necessary to take into account this fact if the 
decibel unit is to be employed. 

Power levels in audio-frequency amplifiers are often expressed in 
decibels referred to a standard level of 6 milliwatts. Thus an output 
transformer rated for service at +36-db level is capable of handling a 
power output'. that is 36 db above 6 mw, or 24 watts. Likewise, a 
microphone rated at - 50 db will deliver an output power 50 db less than 
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6 mw, or 6 X 10-8 watts, when spoken into under average conditions. 
If the microphone has a 200-ohm internal impedance, this power will be 
developed in a load resistance of 200 ohms and represents an r.m.s. 
voltage of (6 X 10-8 X 200) Y-i = 0.0035 volt, which can then be increased 
to the desired level by the use of an amplifier provided with a step-up 
input transformer to -match the 'grid of the first tube to the 200-ohm 
microphone. 

Phase Distortion.-While phase distortion is of little importance 
with audio-frequency amplifiers, it is interesting to note the type of phase 
shifts obtained with different types of coupling. The phase shifts for 
several representative amplifiers are shown in Fig. 148, where it is seen 
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FIG. 148.-Phase shift as a function of frequency for typical amplifiers. Since absenue 
of phase distortion requires that the phase-Iag curve be a straight line passing through 
zero or some integral- multiple of 'If radians at zero frequency, it is apparent that all of these 
curves show phase distortion. 

that all the amplifiers have some phase distortion, since the curve� 
of phase shift are not)straight lines passing through zero or some integral 
multiple of 7r' radians at zero frequency. The phase distortion is ordi
narily least for those amplifiers having the lowest frequency distortion, 
and with any particular amplifier the phase distortion becomes large 
at frequencies where frequency distortion is pronounced. 

The phase shift is related to the time required for transmission through 
the amplifier, or delay time, according to the formula 

Delay time} = dfj 
in seconds dw (125) 

where fj is the phase shift in radians and w is 27r' times frequency. The 
delay time for any frequency is hence proportional to the slope of the 
phase-shift curve at that particular frequency. From Fig. 148 it is 
apparent that with audio amplifiers the time delay tends to be constant 
and small over the middle-frequency range of the amplifier but is greater 
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at both high and low frequencies. Low frequencies . give particularly 
large time delays because a fraction of a cycle phase shift represents 
much more time at a low than at a high frequency; 

In tuned amplifiers the phase shift varies with frequency in a manner 
such as shown in Fig. 149. In the immediate vicinity of resonance the 
phase shift is a linear function of frequency, but begins to be appreciably 
non-linear when far enough off resonance for the phase shift to exceed 
about 30°. . The time delay calculated from the phase-shift curve of a 
tuned amplifier in the vicinity of resonance gives the time delay that the 
modulation envelope suffers. This is of the same order of magnitude 
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FIG. 149.-Phase shift in typ
ical tuned amplifier. Note that 
the phase-shift curve is linear only 
in the immediate vicinity of 
resonance. 

as the time delay commonly encountered 
in a single stage of audio-frequency 
amplification. 

When several stages of amplification are 
in cascade, the total phase shift and time 
delay are obtained by adding the phase 
shifts and time delays, respectively, of the 
individual stages. 

Voltage Surges in A udio-Jrequency A ppa
ratus.-When the direct current flowing 
through the primary of an audio-frequency 
transformer is suddenly interrupted, there 
are high surge volt ages developed across the 
transformer primary and secondary ter
minals which are caused by the same action 

that develops a high voltage across the field of an electrical machine 
when the field current is suddenly interrupted. This voltage may 
reach surprisingly large values in the case of ordinary audio-frequency 
transformers because, although the current interrupted is small, the 
inductance through which it flows is very great. The potentials 
obtained under ordinary operating conditions are in the neighbor
hood of several thousand volts and are often sufficient to produce short 
sparks in a gap across the transformer secondary. Surges of this sort also 
occur whenever a lighted tube is removed from its socket, or when stages 
are switched in and ou� of the amplifier. The voltage developed by these 
surges frequently causes the breakdown of insulation in the transformer, 
with resultant microphonic effects that appear as noises in the amplifier 
output. 1 

1 For an extended discussion of surges in audio-frequency amplifiers, see E. H. 
Fisher, Voltage SUrges in Audio-frequency Apparatus, Proc. I.R.E. , vol. 17, p. 841,  
May, 1929. It is shown in this paper that, if ip is the transformer primary current 
that is suddenly broken, Lp the inductance of the transformer primary, and C. the 
equivalent capacity that can be considered as acting across the secondary terminals, 
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Direct-current Amplifiers.-The amplification of direct-current volt
ages (or voltages of extremely low frequency) requires a resistance 
coupling between the output of one amplifier stage and the input of the 
following amplifier tube without the use of grid-blocking condensers. , . 
One possible arrangement of this type is shown at Fig. 150a, in which t}:te 
voltage drop across the coupling resistance is impressed directly on.the 
grid of the succe�ding tube, which is provided with a grid-bias potential 
sufficient to balance out the voltage drop across the coupling resistance 

(a) Simple two-stage direct-current amplifier 

rllll 
Volfctge fo 
be ctmp/ified 

(-) 
1 1 1 1 1 1 --..-= 

(b) Direct-current ampl ifier with p.late of pentode 
tube supplying the load resistance 

illll 
Volfctge fo 
he amplified 

FIG. 150.-Direct-current amplifier circuits. 

resulting from the normal plate current that passes through this resistance 
and to maintain the grid slightly negative. 

The voltage gain of a direct-current amplifier can be made very 
large by using the plate circuit of a pentode tube as the coupling resist
ance, as shown in Fig. 150b. Such an arrangement permits a reasonable 
d-c plate current for the amplifier tube without an excessive loss of 
voltage in the load, and at the same time provides a load resistance 
of the order of megohms. A voltage gain of over 2000 per stage can be 
readily obtained in this way for direct currents and low-frequency alter
nating currents. ! 

then the maximum voltage that will be developed across the secondary terminals is 
given with good accuracy by the relation 

Voltage across secondary = ip '" tr;, . Vc: 
1 For further information on such amplifiers, see J. M. Horton, The Use of a 

Vacuum Tube as a Plate Feed Impedance, Jour. Franklin Inst . ,  voL 216, December, 
'1933. 

• 
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Direct-current amplifiers of all types tend to be troubled by slow ' 
drifts in the d-c plate current, since any change in plate current caused 
by such effects as changes in electrode potentials cannot be distinguished 
from the effects produced by the direct�current volt ages being amplified. 
A number of balancing arrangements have been devised which overcome 
this trouble, and these are described in detail in the literature. 1 

Reflex Amplifiers.-A reflex amplifier is essentially an ordinary audio
frequency amplifier to which tuned circuits have been added in such a 
way that the tube can function simultaneously as a tuned radio-frequency 
amplifier and as an audio-frequency amplifier. The great difference 
in frequency between the audio- and radio-frequency currents is utilized 
to obtain satisfactory separation between the two in the output. Reflex 
amplifiers make possible a reduction in the number of tubes, but have the 
disadvantage that curvature of the tube characteristics causes the 
amplification of the radio frequency to be affected by the audio-frequency 
amplitude, and vice versa, ,giving rise to cross-talk and distortion. For 
these reasons reflex amplifiers are used only under special circumstances. 

55. Amplitude Distortion and Cross Modulation in Amplifiers.-In an 
ideal amplifier the output wave has exactly the same wave shape as the 
input signal. Actual amplifiers closely approach this ideal when the 
signal voltage being amplified is very small, hut tend to depart from 
it and thereby introduce distortion when the signal voltage is large. As 
a result of this distortion, the output contains harmonics and other 
spurious frequencies, there may be a lack of proportionality between the 
amplitudes of the input voltage and the undistorted part of the output, 
and cross-modulation may occur between different frequency components 
of the signal. 

When the signal is a simple sine wave, the distortion in the output 
wave and the exact output voltage and power can be determined by the 
use of the dynamic characteristic of the amplifier, as discussed in Sec. 56. 
This is the method commonly used to determine the proper operating 
conditions for minimum distortion and maximum output for voltage 
amplifiers that must develop large output voltages. While quite satis
factory for this purpose, the dynamic characteristic method is at best 
only approximate, and can be applied only to resistance loads with a 
sine-wave signal. A more comprehensive picture of the entire problem 
of distortion and cross-modulation is obtained by expressing the tube 
characteristic in terms of a power series, as explained in Sec. 37, and 
using this to obtain the relation between the output and input waves. 

1 A discussion of the characteristics and relative merits of a number of such balanc
ing arrangements is given by D. B. Penick, Direct Current Amplifier Circuits for 
Use with the Electrometer Tube, Rev. Scientific Instruments, vol. 6, p. 1 1 5, April. 1 935. 
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It was shown in Sec. 37 that, for electrode voltage such that the 
instantaneous plate current never became zero, the characteristics of a 
tube could be expressed in terms of the following power series 

where 
eg = signal voltage applied to grid 
ep = voltage acting on plate as result of voltage drop of ip in load 

impedance 
Gm = mutual conductance at operating point 

p. = amplification factor 
ip = plate current caused by the action of eg and ep• 

The tube constants and the derivatives appearing in Eq. (126) are 
evaluated at the operating point upon which the signal voltage is super
imposed, and the convention with respect to sign made in deriving Eq. 
(126) is such that a positive current is a current flowing in the same 
direction as the normal d-c plate current . Equation (126) assumes either 
that the amplification factor p. is constant or that the load impedance is 
so low compared with the plate resistance that ep/ p. is negligible com
pared with e�. The equation therefore holds reasonably well for .triodes 
in the normal operating range, where the amplification factor is sub
stantially constant, and is highly accurate for pentode amplifier tubes 
since pentodes normally have a very high plate resistance compared with 
the load resistance. 

Since the voltage ep appearing in Eq. (126) represents the voltage 
arising from the current ip in flowing through the load impedance Z, 
one can substitute the relation ep = -ipZ in Eq. (126) . Wh�n this is 
done and the series is inverted to give an explicit expression for ip, the 
result Is1 

1 The transformation from Eq. (126) to Eq. (127) is carried out as follows : The 
substitution of ep = - Zip into Eq. (126) gives 

(128) 

This gives ip as an implicit function of ip, whereas what is wanted is an explicit solu-
tion for ip of the form 

. 

( 1 29) 
• 

The inversion from Eq. ( 1 28) to Eq. ( 1 29) is accomplished by substituting the value 
of ip in the form of Eq. ( 1 29) for ip in Eq. ( 1 28) ,  and then equating the coefficients of 
like powers of eg on hoth sides of the result to determine the values that the a's must 
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where 
Rp = plate resistance at the operating point 
Z = load impedance. The subscripts 1 ,  2, and 3 denote the imped

ance offered to the first-, se�ond-, and third-order components 
of the plate current. When any one order plate current contains 
components of several frequencies, the appropriate, value of Z 
must be used for each component 

e, = pe'(Rp � z) = voltage drop· produced in plate resistance by 

first-order component of current 
( Z2 ) 1 aGm 2 - I d d d th e2 = Rp + Z2 2 !J.l.Gm aEge1 - vo tage rop pro uce across e 

load impedance Z2 by the second-order component of current. 
The remaining notation is as used previously. In the case of pentode 

tubes Z/Rp is usually negligible, so that to the extent this is true Eq. 
(127) reduces to 

. (f d ) - G + 1 aGm 2 + 1 a2G� 3 + . �p or pento es - meg 2 1  aEg eg 3 ! aEg2eg ( 131 ) 

Examination of Eq. (127) , or of Eqs. (129) and ( 130) , shows that the 
actual current that flows in the p�ate circuit as a result of the signal 
voltage eg consists of a series of components, proportional, respectively, 
to the first, second, third, etc. ,  powers of the signal voltage involved. 
The total plate current is the sum of these various components plus the 

have in Eq. (129) to satisfy Eq. (128). Doing this gives 

al = 
Rp + Zl 

1 iJGm (R:!P
Z) 2 

a2 = -- -- �-=."---=-:-�-2 !J.LGm iJEg Rp + Z2 

_ 1 iJ2Gm( J.LRp )3 1 iJGm( J.LRp · ) ( Z )  a3 - 3f� "7ilff;2 Rp + Z 1 - -;;t'J; iilff; Rp + Z 1 
a2 2 

Rp + Z3 

(130) 

Eqdation (127) now follows by substituting these values of a into Eq . ( 129) . In 
Eq. (130) the impedances Zl, Z2, and Z3 represent the impedances offered by the load 
.to the components aleo' a2eo2, and a3eg3, respectively, of the plate current. 
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steady d-c plate current present at the operating point when no signal 
is applied to the grid. 

Study of Eq. (127) shows that the various components of the plate 
current can be considered as being produced by a series of equivalent 
voltages acting in a circuit consisting of the plate resistance of the tube 
in series with the load impedance. If the positive direction is taken as 
from c&thode toward plate [the opposite of the positive direction in 
Eq. (127)], the equivalent voltage represented in the first term on the 
right-hand side of Eq. (127) is 

Equivalent voltage prOdUCing} 
first-order component of plate = -}.Leg 
current 

(132) 

This voltage is that used in Sec.  43 in setting up the equivalent circuit 
of the vacuum-tube amplifier, which now by a rigorous analysis is shown 
to be the first-order approximation that results when the characteristics 
of the tube are expressed in terms of a power series. The equivalent 
voltage represented in the second term 011 the right-hand side of Eq. (127), 
assuming the positive' ,direction is from cathode toward plate, is 

Equivalent voltage prOdUCing} 
second-order Gomponent of = 

plate current ' 

1 aGm( Rp ) � 
- 2 !}.LGm aEg }.LegRp + Zl 

1 aGm 2 
---=-- --el 2 !}.LGm aEg 

(133) 

This leads to the equivalent circuit of Fig. 151b, which takes into account 
second-order effects. These second-order effects represent to a first 
approximation the error involved when all components except the first 
are neglected. , The third term on the right-hand side of Eq. (127) 
represents an equivalent voltage which, when the positive direction is 
assumed to be from the cathode toward the plate, is given by 

Equivalent voltage produc-} . 
ing third-order component = 

of plate current 
This leads to the equivalent circuit of Fig. 1 51c, which takes into account 
third-order e�ects. The third-ord�r component of the plate current 
represents to ' a first approximation the error involved when all com
ponents 'except the first and second are neglected. The analysis could 
be continued to higher order components with similar results, but this 
will not be done since terms higher than the third order, are not particu
larly important. 

To summarize the above, it is seen that the behavior of the amplifier 
tube, including the distortion effects produced when large sigIW11 voltages 
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are applied, can be determined by postulating a series of generatorR 
acting in a circuit consisting of the plate resistance of the tube in series 
with the load impedance as shown at Fig. 151d. There is one such 
generator for each order effect, with the value of the generator voltage 
given by the expressions indicated in Fig. 151 .  The only assumptions 
involved in the equivalent circuits of Fig. 151 and the analysis given 
above are that the plate current does not reach zero or the full saturation 
valu.e, and that the amplification factor is constant (or that the load 
impedance is small compared with the plate resistance) .  

Application of Power-series Method to the Analysis of Distortion in 
Amplifiers .-The nature of the distortions that occur in amfJlifiers can be 

(0) Equ iva lent circuit for 
first order effects 

Rp 

(c) Equivalent circuit for 
th i rd order effects 

z 

(b) Equ iva lent circuit for 
seconcl oycle r effects 

f a Gm 2 - '2 1,u Gm () E 9 e I t 
z 

L..-.. ____ .....l 
(d ) Complete equivalent circuit 

taking into account first 
seconC/,a nd third orderetfects 

Rp 

FIG. 151 .-Equivalent circuits taking into account first-, second-, and third-order com
ponents of the plate current. 

determined by considering the equivalent voltages that can be considered 
as acting in the plate circuit under various conditions. 

The first-order component of the plate current needs no discussion 
since it represents the desired part of the {)utput wave which is free of 
amplitude distortion and which has been used throughout this and the 
preceding chapters. 

The second-order equivalent voltage is proportional to e12 and can be 
investigated by writing down el as a function of time and squaring the 
result. When the signal voltage ea is a sine wave, then el is likewise a 
sine wave of the form el = Ea sin wt. The equivalent second-order 
voltage is then, by Eq. (133), 

Equivalent second-} 
= 

order voltage 

.. 

1 aGmE 2 • 2 t 
2 !JLGm aEg 

a sm w 

1 aGmE 2(1 - cos 2wt) 
2 !�Gm aEg a 2 (135a) 
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' The right-hand side of Eq. (135a) contains two parts, one a direct-current 
term and the other a second harmonic of the signal frequency. These 
two are of equal amplitude and are proportional to the square of the signal 
voltage. When the signal consists of the sum of two sine waves of 
different frequencies, then el is of the form el , Ea sin wt + Eb sin vt, 
and the equivalent second-order voltage becomes 

Equivalent second-} = 1 aGm(E ' + E ' ) 2  order voltage 2 !,uGm aEg a sm wt b SIn vt 

_ _ __ 1 _  aGm(Ea2+Eb2 _ Ea2 cos 2wt +Eb2 cos 2vt 
2 !,uGm aEg 2 2 

+ E.E. cos (w + v)t + E"E. cos (w - V)t) (135b) 

The right-hand side of Eq. (135b) now contains a direct-current term 
proportional to the square of the effective value of the signal, second
harmonic terms of each signal frequency proportional to the square of 
the parts of the signal involved, one term proportional to the product 
of the amplitudes of the two components of the signal and having a 
frequency that is the difference of the two frequencies, and a companion 
term of the same amplitude but having a frequency that is the sum of the 
frequencies of . the two parts of the signal. 

The third-order equivalent voltage contains two components, one 
proportional to el3 and the other proportional to ele2 and hence produced 
by the interaction of the first- and second-order currents in the plate 
circuit. When the load impedance is small compared with the plate 
resistance, as in the case of pentodes, this second part of the third-order 
equivalent voltage is negligible. When the signal voltage is a sine wave, 
then e l  is likewise a sine wave of the form el = Ea sin wt. The first part 
of the third-order equivalent voltage is then, by Eq. (134) , 
First p

.
art ,of equiva-l 1 a2Gm . 

lent thIrd-order volt- = - 3 !,u2Gm dEg2 Ea3 sm3 wt 
age 

_ 1 a2Gm E 3(3 .  _ 1 . 3 t) - - 3 !,u 2G m aE g 2 a 4 sm wt 4 sm w (136a) 

The right-hand side of Eq. (136a) contains two components, both pro
portional to the cube of the signal voltage and having frequencies equal 
to and three times the signal frequency, respectively. The first of these 
components combines with the undistorted part of the output arising 
from the first-order equivalent voltage, but, since this additional con
tribution is proportional to the cube of the signal instead of the first 
power, the result is a loss in proportionality between the input and output. 
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When the signal voltage consists of the sum of two- sine waves, then 
el is of the form el = Ea sin wt + Eb sin vt, and the first part of the 
equivalent third-order 'voltage is, by Eq. (134) , 

First part of . equiva-} 
lent third-order vol- = 

tage 

1 82Gm
(E 3 • 3 + 3E 2E

"
· 2 " • 

3 ' 2G 8E 2 a SIn wt , a b SIn wt SIn vt 
.J.L m g , 

+ 3EaEb2 sin wt sin2 vt + Eb3 sin3 vt) 
1 82Gm{(3E 3 + 3EaEb2) . + 

- 3 !J.L2Gm 8Eg2 4 a 2 SIn wt 

(3 E ? + 3Ea2Eb) . t " Ea3 sin 3wt + 
Eb3 sin 3vt 4 b u 2-'. SIn v -

4 

- �Ea2Eb[sin (2w + v) t + sin ( - 2w + v)t] 

- �E.Eb2[sin Cc.> + 2v) t  + sin Cc.> - 2V) t1} (136b) 

The right-hand side of Eq. (136b) contains third-harmonic terms of 
each of the signal frequencies, and also third-order combination fre
quencies such as w + 2v and 2w + v. It also contains terms having the 
same frequency as the signal, which combine with the undistorted part 
of the output arising from the first-order equivalent voltage. These 
terms, however, prevent the part of the output having the same frequency 
as the signal from being proportional to the signal voltage. Further
more, output obtained for any one component frequency of the signal 
is also dependent to some extent upon the amplitude of the second 
frequency component of the signal. This action is called cross-modula

tion : and is discussed below. 
Examination of Eq. (134) shows that the second part of the equivalent 

third-order voltage (the , part proportional to ele2) contains the same 
frequency components as the first part, and hence merely alters the 
magnitude of the third-order distortion without affecting its ,character. 

The above discussion can be readily extended to cover the case 
in which the signal voltage is a modulated wave by assuming that e l  
is of the form e l  = Ea sin wt = Eo(1 + m sin "'It) sin wt, in which Ea 
now varies according to the mod�lation envelope. The first-order 
component of the plate current then produces an output wave that is 
an exact reproduction of the signal, just as, before. The second-order 
action gives rise to a direct-current term, ahd likewise a second-harmonic 
carrier frequency having a modulation that is a distorted replica of the 
modulation of the origin,al signal . The third-order action gives rise to a 
third-harmonic carrier also having distorted modulation, and along 
with this is a component having the same carrier frequency as the signal, 
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but with a distorted modulation. This latter component is the only 
higher order effect to which the resonant circuit of a tuned radio-fre
quency amplifier responds, and it combines with the first-order output to 
give an. IJutput voltage ,having a distorted modulation. 

When the signal consists of two modulated waves, the second-order 
effects give rise to direct-current, second-harmonic, and sum and differ
ence frequency terms in the output, but none of these are important 
because an amplifier tuned to the signal frequency will not respond to 
them. The third-order action is quite important, however, because, in 
addition to third harmonics and third-order combination frequencies to 
which the tuned output circuit will not respond, there are components 
having the same frequency as the signal but with distorted modulations, 
giving rise to distortion ip the modulation 'envelopes of the output waves. 
There is also cross-modulation between the two parts of the signal, 
as a result of which the modulation of one carrier frequency gets trans
ferred to some extent to the other carrier frequency. This comes about 
as a result of the fact that the output on one signal component depends 
upon the amplitude of the other signal component. Hence, if the latter 
is a modulated wave, the output of the first component will vary with 
the modulation of the second wave. The ratio of the degree of modula
tion produced on the first wave by the modulation on the second wave 
to the modulation on the second carrier for small degrees of modulation 
of the latter, is termed the cross-talk factor; for amplifiers employing 
pentode tubes it isl 

E22 a2(}m Cross-talk factor = -- --
2Gm aEg2 

(137) 

where E2 is the crest amplitude of the carrier applied to the grid, and 
whose modulation is being transferred to the other carrier frequency. 

1 Equation (137) can be readily derived from Eq. (136b) , neglecting the second 
part of the third-order equivalent voltage because it is negligible in pentodes. It is 
noted in ��. (136b) that the cross-modulation of the Ea component on the Eb com-

1 (J2Gm 3Ea2Eb . 
W E ponent arises from the term 3 !JL2Gm aEg2 2 

sm vt. riting a = JLE2( 1  + 
m sin ')'t), where E2 is the carrier of the Ea voltage component redu ced to the grid (note 
that Ea by definition is referred to the plate circuit), then, if m is small, one has to a 
t; Jod approximation 

Ea2 =i JL2E22(1 + 2m sin ')'t) 
, 

1 a2Gm 3
E E ( 2 . ) . 

' 

Hence the above third-order term becomes 
3 !Gm aEg2 

2' 22 b 1 + m sm ')'t sm vt. 
� . "  1 

This causes the amplitude of the other (or Eb) carrier to vary by an amount 
2Gm 

a2G
m�bE22m sin ')'t. This divided by Eb gives the degree of modulation produced on 

aEg�'" " 
the Eb carrier. and divided again by m gives the cross-talk factor. 

- I  
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Summary of Effects Produced by Different Order Components of the 
Plate Current.-The first-order component of the plate current represents 
the current produced in the equivalent amplifier circuit described in 
Sec. 43 and used in analyzing amplifier behavior. Thir-; component 
represents the undistorted part of the output. 

The second-order component of the plate current includes a direct
current component, second harmonics of the signal frequencies, and sum 
and difference frequencies formed by combinations of signal components 
of different frequencies. The harmonic and sum and difference fre
quencies arising from second-order action are the principal sources of 
amplitude distortion in Class A audio amplifiers when operated to give 
only moderate distortion. Second-order effects are not important with 
tuned amplifiers because the tuned load circuit does not respond to any 
of the second-order products. The second-order effects are propor
tional to the curvature of the Ip-Eg characteristic curve of the tube at the 
operating point ; thus they can be minimized by operating where the 
characteristic curves are most nearly linear. The second-order effects 
can also be reduced by making · the load impedance high compared 
with the plate resistance. This condition can be readily realized in 
the case of trio des, and makes possible a reduction of the second-order 
distortion to a much lower value in triodes than is possible in pentodes. 

The third-order component of the plate current includes third har
monics and third-order combination frequencies, gives rise to cross
modulation, and produces a lack of proportionality between output and 
input. The last two effects are the most important, particularly as they 
represent types of behavior not produced by lower order effects. Most 
of the third-order action usually results from the third derivative of the 
tube's characteristic curve . (i.e., the rate of change of curvature) .  
Hence cross-modulation and lack of proportionality can b e  reduced by 
restricting the operating range to regions where the curvature of the 
tube characteristic is changing only slowly. This means, in general, 
avoiding the region near cut �off, or using tubes with gradual cut-off 
(variable-mu type) . l  Third-order f;ffects can also be reduced by making 
the load impedanc� to the first- ·order currents high conlpared with 
the plate resistance. This condition ·can be readily realized with trio des 

1 The variable-mu tube was developed to provide a radio-f¥equency pentode in 
which the amplification could be controlled by varying the grid bias without producing 
excessive cross-talk and lack of proportionality at low values of mutual conductan�e. 
This is accomplished by the gradual cutoff, which makes the rate of change of curva
t,ure (the third derivative) much smaller at low values of plate current than is the 
case with tubes having,a sharp cut-off. See Stuart Ballantine and H. A. Snow, Reduc
tion of Distortion and Cross-talk in Radio Receivers by Means of Variable-mu 
Tetrodes, Proc. I.R.E., vol. 18, p. 2102, December, 1930. 



SEC. 55] VAC UUM-TUBE AMPLIFIERS 273 

and means that trio de tubes tend to give less trouble from cross-modula
tion and lack of proportionality than do pentodes. 

Fourth and higher even-order effects are similar in character to 
the second-order effects, giving rise to even harmonics, even-order com
bination frequencies, and direct-current terms. In like manner the 
fifth and higher odd-order effects act similarly to the third order, giving 
rise to odd harmonics, odd-order combination frequencies, cross-talk, 
and lack of proportionality between input and output. These higher 
order terms are, however, usually much smaller in magnitude than the 
second- and third-order terms ; thus they can be neglected except under 
special circumstances. 

Experimental Evaluation of Second- and Third-order Coefficients.-In 
order to make quantitative calculations based upon the above analysis, 
it is necessary to evaluate aG,,;,jaEf/ and a2Gm/aEg� as well as the plate 
impedance, mutual conductance, etc.,  at the operating point . The value 
of aGm/aEg can be readily determined experimentally. by applying to the 
grid of the tube a sine-wave voltage of known amplitude and by noting 
the change of d-c plate current that resulta when the load impedance 
in the plate circuit is negligibly small. According to Eqs. (127) ,  (131), 
and ( 135a) one then has 

(138) 

where dl is the change in d-c plate current and E is the crest value of the 
signal voltage. applied to the grid. 

The value of a2Gm/aEg2 can be determined in a similar manner by 
applying to the grid a sine wave of known amplitude a�g then measuring 

. the third-harmonic component of the plate current when the load imped
ance is very small. According to Eqs. (127) , (131) , and (136a) one then _ 

has 
a2Gm 241 a 
aEg2 = Ea 

( 139) 

where la is the crest value of the third-harmonic component of the plate 
current and E is the crest value of the signal - voltage applied to the 
grid. 

Problems 

1. Sketch the circuit diagram of a volume-control arrangement suitable fpr, use 
with impedance-coupled amplifier. 

2. a. What would be the objections to �arying the amplification in a resistance
coupled amplifier of Fig. 93 by varying the grid-leak resistance ? 

b. What would be the disadvantage of controlling the amplification of a trans,. 
former-coupled amplifier by varying a resistance shunilp.d across the secondary? 
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. 3. a. Why is it that the amplification of a stage of radio-frequency amplification 
as illustrated in Fig. 120a cannot be varied satisfactorily by connecting the grid of the 
output tube to a sliding contact operating on the grid-leak resistance? 

b. Discuss the problem of controlling the gain of a resistance-coupled pentode 
amplifier by varying the control grid blas. 

4. Sketch a detailed circuit diagram for carrying out the operations indicated il. 
Fig. 129. 

5. Explain why a transformer in a shield of permalloy or similar alloy reduces tht' 
hum pick-up as compared with a cast-iron shield. 

6. a. Calculate the total noise voltage developed across a 1-megohm resistor 
at 20°C. in the frequency band 40 to 1 2,000 cycles. 

b. A condenser of 0.0001 mf is shunted across the resistor of (a) .  Calculate the 
total noise voltage under this condition for the same frequency band. 

7. What is the effective value of t.he noise voltage in the output of an amplifier 
having an over-all voltage gain of 100,000 times, if the input resistance across the first 
grid to filament is 100,000 ohms and the amplifier gives substantially constant gain 
over the band 40 to 8000 cycles and very little gain outside this range? 

8. In a triode resistance-coupled amplifier: 

p. = 100 
Rp = 125,000 ohms 
Rc = 250,000 ohms 

RGL = 500,000 ohms 
Cc = 0.01 mf 
Ca = 60 p.p.f 

Cap = 1 .7 p.p.f 
COl = 1 .7 p.p.f 
C pI = 3.8 p.p.f 

Calculate the input capacity and input resistance as a function of frequency for the 
frequency range 1000 to 30,000 cyeles. 

9. Check the results of Fig. 131 by recalculating from the circuit data given in 
the figure. 

10. Derive equations analogous to Eqs. (113) and (1 14) but for the case of over
neutralization, using the circuit of Fig. 134 and assuming perfect coupling between the 
neutralizing coil and the plate circuit inductance with a unity ratio. 

11. In a two-st�ge resistance-coupled amplifier the second stage is identical with 
the amplifier of Prob . 8, whi1e the first stage is the same except that the effective 
shunting capacity in its plate circuit is 10 p.p.f plus the input capacity of the second 
stage and that the grid-leak resistance of the second stage is shunted by the input 
resistance of the second stage. With the aid of the results of Prob. 8, calculate and 
plot the curve of amplification as a function of frequency for the first stage ; for com
parison, also calculate and plot the curve that would be obtained if the input admit
tance of the second stage were zero. 

12. In a particular amplifier a signal voltage of 0.01 volt applied to the grid of the 
first tube causes a signal current of 5 ma to flow in the plate circuit of the output tube. 
The first and last tubes receive their plate voltages from a common battery that may 
have an internal resistance as high as 200 ohms. The first sta.ge is transformer 
coupled, with a turn ratio of 3 and a tube amplification factor of 13. Devise means 
to prevent the feedback from affecting the amplification by more than 10 per cent for 
all frequencies between 50 and 8000 cycles. 
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13. A three-stage resistance-coupled amplifier is designed according to the first 
column of Table VII, page 188. If these stages all receive their plate voltage from a 
common source having an internal impedance consisting of a capacity of 8 mf, design 
a filter system so that the common coupling will not affect the amplifit ation by more 
than approximately 10 per cent down to a frequency of 30 cycles. 

14. In tuned radio-frequency amplifiers operating in very high frequency bands 
it is found that the amplifier has a tendency to oscillate unless the by-pass condensers 
are designed to be non-inductive, but this effect is ordinarily absent at lower fre
quencies. Explain . 

15. a. Design a single-tube feedback amplifier to have a voltage amplification 
of exactly 10, using the circuit of Fig. 143c and assuming the plate-supply potential 
is 250 volts. 

b. Calculate and plot the amplification as a function of frequency in the absence of 
feedback, making reasonable assumptions as to tube constants and shunting capacities. 

c. Repeat (b) ,  but taking into account feedback. 
d. Repeat (b) and (c) for the case where the original 'amplifier tube is replaced 

by another tube having only 70 per cent 8.S much mutual conductance, but otherwise 
with identical characteristics. 

' 

Plot all curves on the same curve sheet. 
16. Derive Eq. (121 ) .  
17. In a particular tube the input resistance as a result of finite transit time is 

500,000 ohms at 6 mc and normal electrode voltages. 
a. What would be the input resistance at 60 mc with normal electrode voltages? 
b. What would be the input resistance at 60 mc if the electrode voltages were 

doubled? 
. 

c. What would be the input resistance-in (a) if the tube were redesigned so that all 
linear dimensions 'were halved. 

18. A two-stage audio-frequency amplifier is required to have a substantially 
constant gain down to 20 cycles at the low-frequency end. If one of the stages is the 
amplifier of Fig. 93, sketch the circuit of an amplifier that could be used in the second 
stage to produce the necessary equalization, and discuss the basis for adjusting this 
second stage. 

19. a. Plot the amplification curve of Fig. 93 in decibels, assuming that the gain 
at 1000 cycles is taken as zero decibels. 

b. What is the gain in decibels corresponding to zero decibels in a? 
20. Determine and plot the time delay as a function of frequency for the amplifier 

of Fig. 93. 
21. Work out the circuit of a reflex amplifier employing a pentode tube. 
22. Analysis of the characteristic curves of a particular triode tube shows that 

at the operating point J.L = 10, Rp = 50,000, Gm = 200 micromhos, aGm/aEg = 10-6, 
and a2(}m/aEg2 = - 10-7• 

. 

a. Calculate the exact currents that will flow in the plate circuit up to and includ
ing third-order effects, when an alternating signal potential of 2 volts crest value is 
applied to the grid of the tube and the load resistance is negligible . " 

b. Calculate the cross-talk factor for an interfering carrier of 2 volts. 

· 1  



CHAPTER VII 

POWER AMPLIFIERS 

56. Class A Power Amplifiers Employing Triode Tub es.-In a power 
amplifier the object is to develop power, in contrast with the voltage 
amplifier, in which the object is to obtain as much voltage as possible. 
In the Class A power amplifier the tube is operated so that the wave shape 
of current in the plate circuit of the tube reproduces as nearly as possible 
the wave shape of the signal voltage aRplied to the grid of the tube. Class 
A power amplifiers employing trio de tubes are used in nearly all radio 
receivers, in small public-address systems, in telephone amplifiers, etc .  

The problems involved in realizing the full possibilities of  a triode tube 
as a power amplifier can be understood by studying the voltage and 
current relations existing in a tube when a large signal voltage is applied 
to the grid. Consider the case of an amplifier tube having characteristics 
such as given in Fig. 152, and operated at a grid-bias and plate voltage 
that place the operating point at the spot marked O. When there is no 
load impedance in the plate circuit , a signal voltage applied to the grid 
causes variations in plate current that fall along the Eg-Ip characteristic 
curve of the tube marked a in the figure. The effect of a load impedance 
is to cause the plate current to follow a line such as b, having a slope less 
than that of the tube characteristic a by an amount depending upon the 
load resistance. The path b is known aA the dynamic characteristic 
because it gives the behavior of the tube under actual working conditions, 
i.e. , when an alternating voltage is applied to the grid and when there is a 
load impedance in the plate circuit . The dynamic characteristic does 
not follow the tube characteristic a because, when a load impedance is 
present, the voltage at the plate of the tube differs from the voltage 
of the plate supply by the drop in the load impedance. Thus, when the 
signal is on the positive half cycle, the plate current increases above 
the average value, causing a voltage drop in the load resistance- which 
reduces the potential actually applied to the plate to something less than 
the plate voltage at the operating point, while during the negative half 
of the signal cycle the plate current is le:::;:::; than the average value and the 
voltage drop in the resistance is such as to make the instantaneous plate 
voltage somewhat more than the plate voltage at the operating point . 
The dynamic characteristic therefore has a slope that is less than the 
slope of the static characteristic, and, in fact, has a slope that corresponds 

276 
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to a resistance equal to the plate resistance of the tube plus the load 
resistance. The dynamic characteristic is also more nearly linear than 
are the characteristic curves of the tube. i 

In order to minimize distortion, it is necessary to restrict the operating 
range to the portion of the dynamic characteristic that is substantially 
linear. The practical limiting factors are the excessive curvature 
of the dynamic characteristic at low plate currents and the fact that, if 
the grid is driven positive, the grid current that results tends to distort 
the input wave. Trouble of the latter sort is avoided in most Class A 
amplifiers by limiting the crest value of the signal voltage to a value that 
does not exceed the grid bias, so that the instantaneous grid potential 

FIG. 152.-Characteristic curves of typical power amplifier tube, showing region of higr 
distortion, tq,gether with dynamic characteristic for a load resistance that gives proper 
operating conditions, and waves of input voltage and output current. 

is never positive. The special problems involved wh_en the grid is 
intentionally driven positive are considered later. The dynamic charac
teristic with triode tubes having a resistance load always approximates 
very closely a straight line except in the region where the plate current is 
small. This is illustrated by Fig. 152, in which the approximate location 
of this region of high curvature (large distortion) is shaded. It , is 
apparent that to avoid excessive distortion the instantaneous plate 
current must never fall into the shaded region. 

Approx'imate Analysis of Relations Existing in Triode Class A Power 
Amplifiers When the Grid Is Not Driven Positive.-In order to obtain the 
maximum possible power output witp.out making the instantaneous 
plate current too small during the most negative part of the applied 
signal and without driving the grid positive at the positive peak of the 
cyde, it is necessary to maintain a very careful balance between grid 
bias, load impedance, plate-supply voltage, and plate resistance. 
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While an exact mathematical treatment of the relations existing in the 
power tube is complicated by the curvature in the dynamic characteristic, 
it is possible to determine, with an accuracy that is sufficient for most 
practical purposes, the proper operating conditions and the undistorted 
power output that can be expected from a power tube, by considering 
that the curves showing the relation between grid voltage and plate 
current are straight lines for values of plate current greater than the 
shaded region of Fig. 152. Such a characteristic, an example of which 
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FIG. 153.-Idealized characteristic curves used ·to determine proper operating conditions 
for power amplifier. together with idealized dynamic characteristics for the proper load 
resistance and for load resistances greater and less than the value giving maximum power 
output. 

is shown in Fig. 153, is subject tp simple mathematical treatment and 
at the same time does not differ very greatly from the actual characteris
tic. With this approximation the proper grid bias with a resistance load 
is given by the equation 1 

1 This equation, together with those that follow, can be derived in the following 
manner based on the idealized characteristic curves of Fig. 153. At the instant the 
signal is at its negative crest, the instantaneous plate current should be the minimum 
allowable value. In order to accomplish this, the instantaneous grid and plate 
potentials eq and ep must satisfy the relation 

(140) 

If E. is the crest signal voltage, then, at the moment when the plate current is at its 
minimum, e" = - Ec - E.. At the same time ep is the plate supply voltage minus 

the voltage drop in the load; as the drop is ;:!.��, then, when the signal is at its 

. JIoEaRL .  . h negatIve crest, ep = EB + Rp + RL SubstItutmg t ese in Eq. (140) gives 
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Proper negative grid bias of power tube = 
(E B ; E. 

)(:: :: 2�) (144) 
where 
EB = plate voltage at operating point 
Eo = plate voltage required to develop the IDllliIDum allowable 

plate current, assuming the grid-bias voltage to be zero 
Rp = plate resistance of tube at operating point 
R L = load resistance 

}J. = amplification factor of tube. 
This value of grid bias locates the operating point so that a sine-wave 

signal voltage reaches the limits of zero instantaneous grid voltage on 
the positive half cycle and minimum allowable plate current on the 
negative half cycle simultaneously, and so places the operating point 
where the power output is the maximum that can be obtained. The 
proper value of grid bias becomes more negative as the load resistance 
and the plate-supply voltage become greater. 

or (141) 

When Ea = Ee, this reduces to Eq. (144). 
The power output developed in the load is equal to half the square of the crest 

voltage developed across the load divided by the load resistance, and, as the
· crest 

voltage across the load is p.E.RL/(Rp + RL) ,  then 

(p.Ea) 2RL 
Power output 

= 2(Rp + RL) 2 
(142a) 

This reduces to Eq. (146a) when E. = Er. and the value of Ec given by Eq. (144) is 
substituted for Ea. 

The plate efficiency is the ratio of output power as given by Eq. (142a) to the 
direct-current power supplied to the tube by the source of plate voltage. This input 
power is EBIo, where Io is the d-c current at the operating point. If the ratio of 
minimum plate current reached during the cycle to the plate current at the operatin!: 
point is denoted by cl> (i.e., <I> = ImmIIo), then 

Io(1 - <1» 

The input power then becomes 
p.E.EB 

EBIo =-: (1 - <I» (Rp + RL) 
The ratio of output to input is then 

. p.E.RL(1 -- 4» 
EffiCIency = 

2EB(Rp + RL) 
(143a) 

When E. = Ee and the value of Ec from Eq. (144) is used, the result is Eq. (149a) . 
Alternative expressions for power output and efficiency are obtained by noting 

• 
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Equation (144) can be rewritten to give the load resistance that should 
be used with a given grid bias, with the result that 

Load resistance to be} = R = R [ Ec 1 1 . (145) 
used with grid bias E, 

L P (EB : EO) - E, - J 
In this equation the signs are chosen so that Ec in the equation is positive 
when the bias is negative. The effect of varying the load resistance 
w4en the grid bias is fixed is shown by dynamic characteristics a, b, 
and c of Fig. (153) . Characteristic a is for the value of resistance 
called for by Eq. (145) and has a slope such that the operating point 0 
is exactly midway between the point where the dynamic characteristic 
enters the region of high distortion that exists with low plate currents 
and the point where the grid becomes positive. Curve b shows the 
dynamic characteristic when the load resistance is higher than the 
value called for by Eq. (145) , and it is apparent that in this case the grid 
will go positive with a signal that does not carry the operating point to 
anywhere near the minimum allowable plate current. Similarly curve c 
is a dynamic characteristic for a lower load resistance than is called for 
by Eq. (145), and it is seen that a sine-wave signal having an amplitude 
sufficient to carry the grid to zero potential during one half cycle will 
cause the operating point to extend into the high-distortion region during 
the �ther half cycle. The full possibilities of the power t.ube for the 
particular grid bias shown are therefore realized only in case a. A 
grid bias that is either higher or lower than that called for by Eq. (144) 
has. much the same effect as varying the load resistance, since the proper 
load resistaIlCe varies with the bias. 

that the alternating current in the load is (10 - I min) = (I ma:x - 10) , while the alter
nating voltage., across the load is (EB - Emin) = (E'max - EB), where Emin and lmin are 
the minimum instantaneous values reached by the plate potential and plate current 
and E'max and I.:.u... are the maximum instantaneous values of plate potential and plate 
current, respectively. Hence 

(EB - Emin) (Io - lmin) Power output = 
2 

(E;'ax - Emin) (lmax - lmin) 
8 

Efficiency = !( l _ Emin) (l _ Imm) 
2 EB 10 

= ! (E:na� - Emin) (I max - I min) 
8 EB 10 

(142b) 

(142c) 

(143b) 

(143c) 

These alternative . forms are particularly useful in dealing with pentodes and in cir
cumstances where the grid is driven positive. 

. I 
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The undistorted power output that can be obtained from a power 
amplifier adjusted to the proper grid bias for the load resistance being 
used is given by the equations 

where 

Undistorted power output} 
= (E _ E ) 2 RL (146a) with proper grid bias B 0 2(RL + 2Rp)2 
= �2 (EB - Emin) (lo - 1min) (146b) . 
= � (B;/max - Emin) (lmax - 1min) (146c) 

Emin and I min = minimum instantaneous plate voltage and current, 
respectively 

E�ax and I max = maximum instantaneous values of these same 
quantities 

EB and 10 = plate voltage and plate current, respectively, at 
the operating point . 

It is to be noted that Eq. (146c) gives the exact power output, even taking 
into account the curvature of the dynamic characteristic, provided only 
even harmonics are produced, as seen from Eq. (151e) . . 

The load resistance which gives the maximum possible undistorted 
power output that can be obtained from the tube at a given plate volt'tge 
is obtained by differentiating Eq. (146a) with respect to load resistance, 
equating the result to zero, and solving for load resistance. This opera
tion shows that the maximum undistorted power output is obtained with a 
load resistance that equals twice the plate resistance of the tube. Substituting 
these relations in Eq. (144) shows that the grid bias for this load resistance 
should be 

(Grid bias when RL = 2Rp) = i(EB : Eo) (147) 

Substitution in Eq. (146a) shows that, when the load resistance is twice 
the plate resistance, the undistorted power output is 

Maximum possible undistorted power output = 
(EB1-;R

�0) 2 (148) 

The power that the plate-supply voltage must furnish to the tube is 
equal to the product of plate voltage and plat'"e current at the operating 
point, and is unchanged by the presence of a signal (assuming that the 
characteristic curves of the tube are straight lines) . When no signal 
is applied to the grid of the tube, all this energy is dissipated at the 
plate and appears as heat that must be radiated, while in the presence 
of a signal the plate loss is reduced by an amount equal to the amplifier 
output. The ratio of the maximum power output that can be obtained 
from a tube to the power that must be supplied to the plate from the 
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voltage-supply source is called the plate efficiency and, when the grid 
bias has the value called for by Eq. (144) , is 

PI t ffi ·  maximum power output RL X a e e Clency = 
power supplied to plate = 2(RL + 2Rp) 

(1 - I i," )( 1 - �:) 

= Kl - �7)(1 - Ii,") 

(E:nax - Emin) (1 max - 1 min) 
8EBlo 

(149a) 

(149b) 

(149c) 

The notation is the same as previously used. Equation (149c) is particu
larly important as it gives the exact plate efficiency even when the 
dynamic characteristic is curved, provided the output contains no odd 
harmonics and provided the plate current 10 at the operating point is 
taken in Eq. (149c) to be the actual d-c plate current present when the 
signal is applied, i.e. , the sum of the " rectified " plate current given by 
Eq. (151a) or Eq. (152a) and the plate current when no signal is applied. 

The plate efficiency of a Class A amplifier has a maximum possible 
value of 50 per cent, but, with tubes operating at plate potentials of 
200 to 300 volts and a .load resistance approximately twice the plate 
resistance, the practical efficiency is seen by Eq. (149a) to be of the order 
of 15 to 20 per cent when reasonable values of Imm/1o and Eo/EB �re 
selected. This low efficiency comes about as a result of the fact that the 
maximum plate current 1 max flows when the plate potential is at its 
minimum Emin (as seen from Fig. 152) . Hence, when the plate current is 
high in proportion to the plate-supply voltage, Ernin/EB will necessarily 
be large. Higher efficiencies, ranging above 30 per cent, can be realized 
in tubes requiring a high supply voltage in proportion to the rated plate 
current, since then the desired maximum plate current can be drawn 
with a value of Ernin that is a smaller fraction of the supply voltage EB 
. (or, what is the same thing, load resistances greater than twice the plate 
resistance can be used) . 

Methods of Adjusting Power Amplifiers.-Class A amplifiers may be 
adjusted in one of several different ways, depending upon the objective 
desired, It has already been shown that, in order to obtain the maxi
mum possible power output without driving the grid positive during the 

' 1 positive half cycles of the signal and without making the instantaneous 
plate current less than a fixed value during the negative half cycles, the 
' load resistance should be equal to twice the plate resistance. This is the 
adjustment usually employed in small power tubes such as those used 
in radio receivers where the plate-supply voltage EB is low (250 volts or 
less) . 
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When the plate-supply voltage exceeds ' 250 to 300 volts, as ' is the 
case with all large power tubes, it is seldom permissible to ' operate the 
tube under conditions corresponding to a load resistance equal to twice 
the plate resistance because this calls for a grid bias that will ordinarily 
make the plate current exceed the rated value. Under these conditions 
the allowable plate dissipation is the limiting factor and determines the 
grid bias that must be employed. This bias is more negative than that 
called for to obtain the maximum possible power output, and therefore 
it requires a load impedance greater than tWice the plate resistance, as 
is seen from Eq. (145) . 

The maximum output in proportion to the signal voltage applied 
to the grid of the tube is obtained when the load resistance equals the 
plate resistance. Amplifiers are seldom adjusted for this condition, 
however, because higher values of load resistance give more undistorted 
output from the tube, and at the same time require less direct-current 
plate power. ' These factors are more important than the slight saving 
in input signal obtained by making the load and plate resistances equal. 

Determination of Exact Dynamic Characteristic and the Calculation 
of Distortion. 1-The discussion given above is approximate in that it 
assumes the dynamic characteristic is a straight line over the operating 
range. A more exact analysis of amplifier performance including the 
amount of distortion to be expected can be obtained by using ,the exact 
dynamic characteristic to take into acco�nt the curvature of the tube 
characteristics. The procedure for deriving the actual dynamic char
acteristic is as follows : One point on the' dynamic characteristic is the 
operating point (i.e . ,  the point corresponding to the plate voltage and 
grid bias that exist with no signal) , where the plate voltage and plate 
current can be represented py Ep' and lp', respectively. Other points 
can be determined for a load resistance RL by noting that the plate cur
rent I p" at which the dynamic characteristic crosses the Ep-l p static 
curve for 'a plate voltage of E/' is given by the relation 

(150) 

This is equivalent to stating that the Voltage drop produced in the load 
resistance by the difference between the plate current at the operating 
point and the plate current at the point in question is the amount by 
which the plate voltage at the point in question differs from the plate 
voltage at the operating point . By use of Eq. (150) the dynamic charac-

1 Discussions of the dynamic characteristic and its use in determining distortion 
are given by E.  W. Kellogg, Design of Non-distorting Power Amplifiers, Tram. 
A.I.E.E., vol. 44, p. 302, 1925 ; J. C. Warner and A. V. Loughren, The Output Charac� 
teristics of Amplifier Tubes, Proc. I.R.E., vol. 14, p. 735, December, 1926. 
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teristic can be calculated point by point for a resistance load, with a 
result such as is shown in Fig. 152. 

The dynamic characteristic gives the relationship between the actual 
plate current and the voltage applied to the grid, and so can be used 
to determine the wave shape of the amplifier output, as shown in Fig. 152. 
In triode Class A amplifiers operated so that the grid does not go positive 
and so that the minimum instantaneous plate current does not reach 
zero, the distortion that is produced when a sine-wave voltage is applied 
to the grid consists primarily of a second harmonic component of plate 
current plus a direct-current (or " rectified ") component that causes the 
average plate current to increase when the signal is applied. These 
components, as well as the fundamental frequency output can be deter
mined from a knowledge of the instantaneous plate current when, the 
applied voltage is at zero, maximum and minimum according to the 
formulas 

n" t A 1max + 1min - 210 nec -current component = 0 = 4 
F d I A 1max - 1min un amenta = 1 = 

2 

S d h . A 1 max + 1 min - 210 econ armonlC = 2 = 
. 4 

Second harmonic A 2 I mal[ + 1 min - 210 
Fundamental 

= 
A l 

= 
2(1 max - 1 min) , 

P A 12RL (Imar. - 1min) 2RL _ ower output = 2 - 8 -
(E:nax - Emin) (1 WlU - 1 min) 

8 

The notation is as indicated in Fig. 152, and as in Eq. (146) . 

(151a) 

(151b) 

(151e) 

(151d) 

(151e) 

(151f) 

When third- and fourth-harmonic components can be expected in 
the output, as will be the case with pentodes and with badly overloaded 
triodes, one can determine the components by obtaining from the 
dynamic characteristic the instantaneous plate current when the applied 
voltage wave is at zero, maximum, and minimum, and at 0.707 of the 
maximum and minimum values, as shown in Fig. 152. Then 1 

Direct-current component = A 0 = Yz (I mar. + 1 �in) t� 2 + _'£�,-:: , �!! 

(152a) 
1 See G. S. C. Lucas, Distortion in Valve Characteristics, Exp.  Wireless and Wire

less Eng., vol. 8, p .  595, November, 1 931 . 
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Fundamental = Al = V2(I2 - la) + Imax - lmin 
4 

S d h ·  1 + 1 ·  - 210 econ armomc = A 2 = max mm 

. 4 
1 - 1 . - 2A l Third harmonic = A 3 = 

max mm 

2 

Fourth harmonic = A4 = 2Ao - 12 - la + 210 
2 

P A I2RL ower output = 2 
. . A 12RL Plate effiCIency = 

2EB(Io + Ao) 

285 

(152b) 

(152c) 

(152d) 

(152e) 

(152f) 

(152g) 

By the use of these formulas it is possible to get the exact performance, 
including the power output and the distortion for any operating point 
and any load resistance. 

In using Eqs. (151) and (152) one needs only the plate current at 
certain critical parts of the cycle, and does not require the entire dynamic 
characteristic. These critical points can be obtained most readily by ' 
the construction shown in Fig. 154 rather than by plotting out the entire 
characteristic as in Fig. 152. Here a line called the load line is drawn 

through the operating point and the point Ep = 0, 1p = �: + io, as 

shown in Fig. 154. Consideration shows that, 3;S the grid potential is 
varied by the signal, the instantaneous plate current and plate voltage 
must vary along this load line, with the point for any particular signal 
voltage on the grid being where the load line intersects the corresponding 
grid potential line. 

The dynamic characteristic is very helpful in analyzing distortion, 
but it can be used only when the signal is a simple sine wave and the load 
is a resistance. Furthermore, in the derivation of the dynamic charac
teristic it was assumed that the load offered the same resistance to all 
components contained in the output current. Under practical condi
tions the load is very nearly the same for all alternating components, 
but the d-c current is usually by-passed around the load resistance 
through a transformer primary and so produces no voltage drop in the 
load. This causes the direct-current voltage actually appearing at the 
plate of the tube to be the same when the signal voltage is applied as 
when there is no signal, whereas, according to the dynamic characteristic 
the direct-current voltage should be reduced slightly. This effect is 
commonly neglected, although it must be taken into account if maximum 
accuracy is to be obtained. 

• 
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When the load impedance has a reactive component, the dynamic 
characteristic becomes an ellipse as shown in Fig. 155. The analysi8 
by the dynamic characteristic then becomes so involved, even when the 
tube characteristics are assumed to be straight lines, as to have little 
practical value. 1 

Plate Voltage 
" FIG. 154.-Load line drawn on Ep-Ip characteristic curves, showing critical points used in 

Eqs. (151) and (152) to determine distortion. 

Grid Volts 
FIG. 155.-Dynamic characteristics for load impedances of varying power factors but 

constant magnitude, showing how the reactive loads cause the characteristic to open up 
into ellipses that extend to a lower value of plate current than are reached with the same 
signal when the load is a re�istance. 

The limitations of the dynamic characteristics can be avoided by 
using the power-series method of analyzing the behavior of the power 
amplifier, as discussed in Sec. 55. In this way it is possible to determine 
the exact behavior with any type of load and with complex signal volt-

I For an analysis of power amplifiers with reactive loads, see Manfred von Ardenne, 
On the Theory of Power Amplification, Proc. I.R.E., vol. 16, p. 193, February, J928. 
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ages. The disadvantage of the power-series method is that it requires 
a knowledge of the second and higher order derivatives of the tube charac
teristic, and these can be obtained only from laboratory tests. In 
contrast with this, the dynamic characteristic method of analysis requires 
mereb" a set of characteristic curves such as published by every tube 
maker. 

It will be noted that, when a signal is applied to a power amplifier, 
a d-c " rectified" current is produced which adds to the normal plate 
current. This added direct current increases the direct-current power 
supplied to the tube when a signal is applied and therefore must be taken 
into account in accurate calculations of efficiency. It also shifts the 
grid bias in self-bias arrangements, 
which must therefore be propor
tioned with this effect in mind. 

It can be shown from the power
series method of analysis that, when 
the distortion is primarily of the 
second order (as is the case with 
trio des ) ,  the' amount of second
order distortion is related to the 
" rectified" d-c plate current. 
Thus, when the signal is a sine 
wave, Eq. (135a) shows that the 
equivalent voltage producing the 
" rectified" direct current is the 
same as · the crest alternating
current second-harmonic voltage, 

V 

::::. f 
t-YJ1 

� � , -1  r::>. IJ-'�f � 

� �  ¥ � luQ. " � lut:>. 4It:>. �Q. 1-- " lui! 1 I I I t t t I V I I I IJ\icA' 
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1 . cr.� / 1 to IJ 
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V11 J ' 1 1  
..Il L  'I / / V 

I 
I I1 

V 

JI-� �,f- �-�/ 
/ �fI-I1 Ar.-V 1 

I1 
1 

1 IJ 

60 

50 
<-40� 

10 

o - 80 -60 -40 -20 . 0 +10 +30 
Gr-id Voltage -Volts 

FIG. 156.-Characteristic 
'
curves of power

amplifier tube, with dynamic characteristic 
extending into positive grid region. 

which can be considered as acting in the plate circuit to produce the 
second-order effects. If the " rectified" current is AI and the load imped
ance to direct current is negligible, then the equivalent dire�t current and 
crest second-harmonic voltages that can be considered as acting in the 
plate circuit are RtAI. The equivalent signal voltage is }LEa, so that 

h . f d h . d' . . RpAI100 AI d t e percentage 0 secon - armomc IstortlOn IS p,Es = GmEs' an 

can be readily obtained by observing changes in plate current with a 
direct-current meter. 

Class A Power A mplijiers Operated So That the Grid Is Driven Positive. 
The dynamic characteristic of ordinary tubes is found to be substantially 
linear up to grid voltages that are appreciably positive, as shown in Fig. 
156, and by taking advantage of this it is possible to increase the plate 
efficiency and power output obtainable from a given tube. The improve
ment in plate efficiency comes about as a result of the fact that, when the 
grid is driven positive, the desired maximum plate current can be drawn 

• 
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with a much lower plate potential Emin than if the grid is not positive. 
Since the operating point and hence the plate power input can be the 
same when the grid is driven positive as when it is not, the higher effi
ciency increases the power output correspondingly. With small tubes 
which must be operated with a load resistance approximately twi� the 
plate resistance with negative grid operation, positive grid operation will 
make it possible to increase the plate efficiency to about 35 per cent, and 
so roughly doubles the undistorted power output. 

When the grid of the power tube is driven positive, it is necessary to 
adjust the grid bias and load impedance so as to maintain a proper balance 
with respect to the plate-supply voltage, plate resistance, amount the 
grid is driven positive, and the minimum allowable instantaneous plate 
current . Wheh the restriction that Es equals Ec in Eqs. (144) to (146) 
and (149) is removed, one has : !  

Prope.r negative grid bias for} = (EB - Eo)( RL + Rp ) 
load resistance RL J.I. RL + 2Rp 

- E  
Rp 

Gma.x RL + 2Rp 
Load resistance to be used} = R r 

Ec + EGmax - 1 J with grid bias E, P (EB � Eo) _ E, 

Undistorted power output} = (E _ E + E ) 2 RL 
with proper grid bias B 0 J.I. Gmax 2(RL + 2Rp) 2 

= Y2 (EB - Emin) (Io - Imin) 
(E :Uax - E min) (I max - I min) 

8 

PI t :ffi ' maximum power output RL 
X a e e Clency = 

power supplied to plate 
= 

2(RL + 2Rp) 

(153a) 

(153b) 

(154a) 

(154b) 

(154c) 

(1 _ 
Eo + J.l.EGmax)(1 _ I min) (155a) 
EB EB 10 

= �(1 - Emin)(1 _ 
Imin) (155b) 2 EB IB 

= �(E� - Emin)(Imax - Imin) (155c) 
8 EB 10 

The notation is the same as in Eqs. (141) to ( 149) ,  with the addition that 
EGmax is the amount the grid is driven positive (EGmax equals crest value of 
signal voltage minus grid bias) and is not to be confused with the maxi
mum instantaneous plate potential E�ax' It is to be noted that Eq. 
(154c) gives the correct output when even harmonic distortion is present 

1 The derivation of these equations is readily obtained from the analysis given 
in the footnote on page 278. 

f 
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[compare with Eq. (151e)], and that Eq. (155c) likewise is correct in the 
presence of even harmonic distortion provided the current lo in the 
equation is interpreted to be the sum of the rectified current Ao  given by 
Eq. ( 151a) plus the current actually at the operating point when no 
signal is applied. 

The disadvantage of driving the grid positive is that this causes grid 
current to flow at the positive peaks of the exciting voltage, flattening 
these peaks and thereby introducing distortion. The factors involved 
in this distortion can be understood by using Thevenin's theorem to 
represent the exciting source as a generator of potential Es having an 
internal impedance Zs, where Es is the voltage that would appear at the 
grid terminals if the grid drew no current and Zs is the impedance that 

. the grid of the tube sees when looking toward the exciting voltage. If 
the instantaneous grid current at the peak when the grid is most positive 
is t;,.Ig, then the voltage drop in the generator impedance is Zst;,.Ig and 
the actual exciting voltage at the peak of the cycle is (Es - Zst;,.Ig) 
instead of the undistorted value of Es. It is therefore apparent that, in 
order to keep the distortion small, the voltage drop Z8Mg must be made 
small compared with the crest exciting voltage Es by making the source 
impedance Z8 low or by not driving the grid far enough positive to draw 
much grid current, or both. Assuming that grid current flows for less 
than one-fourth of the cycle, it can be found from Eq. (152) that the • 
distortion of the driving voltage produced by the flattening of the positive 
peaks is : 

Second harmonic Z8t;,.Ig Z8t;,.Ig 
Fundamental 

- 4E8 - Z8t;,.Ig ""'" -- • 4E8 
Third harmonic Z8t;,.Ig Zst;,.Ig ( 156) - ""'" --

Fundamental 4Es - Z8t;,.Ig 4Es 
Fourth harmonic Z8t;,.Ig Zst;,.Ig 

Fundamental 
- ""'" .--8Es - 2Zst;,.Ig 8Es 

The phase of the second harmonic is such as to tend to cancel the second 
harmonic generated by the curvature of the dynamic characteristic. An 
idea of the amount of flattening permissible can be gained by noting that, 
if the voltage drop produced by the grid-current in flowing through the 
source impedance is 20 per cent of the crest signal voltage, second- and 
third-harmonic components are each 5 per cent and the fourth is 2.5 per 
cent. 

Tubes in which the grid is driven positive are preferably operated from 
transformer-coupled amplifiers having a low voltage step-up, or even a 
step-down, so that the impedance of the source as viewed by the grid of the 
power tube will be low. The low transformation ratio reduces the voltage 
gain of the driving amplifier, and this together with the diRtortion of the 
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Type Description 

Ef. 
volts 

---

31 Triode 2 

45 Triode 2 . 5  

2A3 Triode 2 . 5  

19 Twin triode 2 

53 Twin triode 2 . 5  
-

46 Dual grid 2 . 5  

49 Dual grid 2 

59 Triple grid 2 . 5  

-

89 Triple grid 6 . 3  

• 

TABLE VIII.-CHARACTERISTICS OF REPRESENTATIVE SMALL POWER TUBES 

Cathode data 

I!. Type 
amp. 

0 . 13 Filament 

1 . 5  Filament 

2 . 5  Filament 

0 . 26 Filament 

2 Heater 

1 . 75 Filament 

0 . 120 Filament 

2 Heater 

0 . 4  Heater 

Use* ... 

Class A 

Class A 
Class AB. fixed bias 

Class AB. self-bias 

Class A 
Class AB. fixed bias 

Class AB. self-bias 

Class B 

Class B 

Class B 
Class A. triode 

Class A. triode 

Class B 

Class A. triode 

ClaSB A, pentode 

Class B. triode 

Class A. triode 

Class A. pentode 

Class B. triode 

Ep• 
volts 

ISO 

250 
275 
275 

250 
300 
300 

1 35 

300 

400 
250 

135 
1 80 

250 
250 

\ 400 

250 
250 
1 80 

E.Q• 
volts 

' . .  

. . . 

. .  . 

. .  . 

. .  . 
" . 
" . 

' . .  

" . 

. .  . 

. .  . 

. .  . 
" . 

' . .  
250 
" . 

" . 
250 
" . 

EeQ.t 
volts 

- 30 

- 50 
- 6S 
775 U 

- 45 
- 62 
780 U  

0 

0 

0 
- 33 

- 20 
0 

- 28 
- 18 

0 

- 31 
- 25 

0 

Typical operat.ing conditions 

Ip• 
ma 

12 . 3  

34 
2S 
72 

60 
80 
80 

10 

35 

12 
22 

6 
4 

26 
35 
26 

32 
32 

6 

IsQ• 
ma 

. . .  

. . .  

. , . 
. , . 

. . .  

. , . 

. , . 

. , . 

. .  . 

. . .  
. , . 

. , . 

. , . 

. , . 
9 
. , . 

. . .  
5 . 5  
. . . 

Rp. 
ohms 

3 , 600 

1 , 610 
. . . . . .  . 
. . . . . . .  

SOO 
. . . . . . . 
. . . . . . . 

. . . . . . .  

. . . . . . .  

. . . . . . .  
2 , 380 

4 , 175 
. . . . . . .  

2 , 300 
40 , 000 

. . . . . . .  

2 , 600 
70 , 000 

. . . . . . . 

-

JI. 

3 . S  

3 . 5  
. . . . . 
. . . .  . 

4 . 2  
. . . .  . 
. . . . . 

. . . . .  

35 

. . . . .  
5 . 6  

4 . 7  
. . . . .  

6 
100 
. . . .  . 

4 . 7  
125 
. . . .  . 

Gm. 
JI. mho 

1 . 050 

2 , 175 
. . . . .  
. . . . .  

5 , 250 
. . . . .  
. . . . . 

. . . .  . 

. . . . .  

. . . .  . 
2 , 350 

1 , 125 
. . . . .  

2 , 600 
2 , 500 
. . . . .  

1 . 800 
1 , 800 
. . . . . 

Load 

resist-

ance. 

ohms 

5 , 700 

3 , 900 
3 , 200 
5 , 060 

2 , 500 
3 , 000 
5 , 000 

10 , 000 

10 , 000 

5 , 800 
6 , 400 

-

1 1 , 000 
12 , 000 

5 , 000 
6 , 000 
6 . 000 

5 . 500 
6 , 750 
9 , 400 

Power 

output. 

watts 

0 . 375 

1 . 60 
IS 
12 

3 . 5  
15 
10 

2 . 1 

10 

20 
l . 25 

0 . 170 
3 . 5  

. 1 . 25 
3 

20 

0 . 90 
3 . 4  
3 . 5  

� � o 

� 
� 
� 
o 

� 
� 
tJ;j 
t:;j � ..... Z3 

'0 = > 
!'Cl 
< 
� 
� 

, i  
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Cathode data ! 
Type Description Use* 

E/, 1/, Ep, E.II, ECI/,t 
wolts 

Type 
volts volts volts a.mp. 

-
33 Pentode 2 . 0  0 . 26 Filament Class A 180 1 80 - 18 

2A5 Pentode 2 . 5  1 . 75 Heater Class A, triod4! 250 . . . - 20 

Class A, pentode 250 250 - 16 . 5  
Class AB, triode fixed 350 . . .  - 38 

bias 
ClaBS AB, triode self- 350 . . . 730n 

bias 

6F6 Pentode 6 . 3  0 . 7  Heater Class A, triode 250 . . .  - 20 

ClaBS A, pentode 315 315 - 22 
Class AB, pentode fixed 375 250 - 26 

bias 
ClaBS AB, pentode self- 375 250 340 0 

bias 

6L6 Beam tube 6 . 3  0 . 9  Hea.ter Class A 375 250 - 17 . 5  

Class AB! (no Ill) 400 300 - 25 

Class AB2 (with Ill) 400 300 - 25 - - - - .. -

Typical operating conditions 

lp, 
ma 

22 

31 
3 .  
45 

50 

31 

42 

34 

54 

57 

1 02 

102 -- -

I'll, 
ma 

5 

. . .  
6 . 5  . . . . . . 
. . . 
8 

5 

8 

2 . 5  

6 
6 

Rp, 
ohms 

55 , 000 

2 , 700 

80 . 000 . . . . . . . . . . . . . .  
2 , 600 

75 , 000 . . . . . . . . . . . . . . 
22 , 500 . . . . . . . . . . . . . . 

p. 

90 

6 . :i  

190 
. . . . . 
. . . . . 

7 

200 . . . .  . 
. . . . . 
1 35 . . . .  . . . . .  . 

Gm, 
p. mho 

1 , 700 

2 , 300 

2 , 360 . . .  . . . . . 
2 , 700 

2 , 650 . . . . .  
. . . . . 

6 , 000 . . . . . . . . .  . 

Load 
resist-
ance, 
ohms 

6 , 000 

3 , 000 

7 , 000 

6 . 000 

1 0 , 000 

4 , 000 

7 , 000 

1 0 , 000 

10 , 000 

4 , 000 

6 , 600 

3 , 800 

Power 
output, 

watts 

1 . 4 

0 . 65 

3 

18 

14 

0 . 85 

5 

19 

19 

1 1 . 5 

34 
60 - -

NOTE : Triode connection for pentode tubes with internally connected suppressor consists in connecting screen and plate together. The resulting character
istics are eBSentially those of a triode in spite of the suppre880r grid. 

* Where " Use " is Class AB or Class B, the output given is for two tubes and the load resistance given is the proper value from plate to plate, while the plate 
(lurrent is the zero-signal value for the two tubes. 

t Where self-bias is used, the bias· resistance is Vven. 
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exciting voltage is the price paid for the increased output. Resistance 
coupling to a grid which is to be driven positive is not desirable (unless the 
grid leak is replaced by a choke as in Fig. 1 14) .because the grid current in 
flowing through the grid leak produces a bias on the grid of the power tube. 

The proper use of negative feedback (see Sec. 52) is of considerable 
assistance in reducing distortion of the driving voltage as a result of 
grid current. 

Tubes for Power Amplification.-The type of tube best suited for power 
amplification differs in its characteristics from the tube best adapted 
to voltage amplification. Since the plate efficiency of an ideal tube, 
as given in Eqs. (149) and (155), depends only upon the ratio of load to 
plate resistance and not upon the plate voltage or current, it is apparent 
that the undistorted output available from a power tube is approximately 
proportional to the plate power. This means that a tube having a high 
power capacity must be operated at a high plate voltage or at a high 
plate current, or both. 

In the smaller power tubes, such as those employed in radio receivers, 
the plate voltage available is limited by practical requirements to 250�to 
300 volts, and a large power output can be obtained only by increasing 
the plate current at this fixed plate voltage. This calls for a cathode 
with high electron emission and an amplification factor that is low 
enough to enable the limited plate voltage to produce the relatively strong 
electrostatic field in the vicinity of the cathode which is needed to draw the 
large space current . The usual operating condition under such circum
stances is with a load resistance approximately twice the plate resistance. 
A tube with a low amplification factor requires a large grid bias, as indi
cated by Eq. (144) , and this means that a large signal voltage must be 
applied to the grid to develop the full output of the tube. This disad
vantage represents the price paid to obtain a large power output with a 
limited plate voltage. 

In large power tubes, particularly those operating at plate potentials of 
500 volts and higher, the tubes are designed to operate with a much higher 
ratio of plate voltage to plate current than are low-voltage tubes, and the 
limiting factor in operation becomes plate dissipation. With such tubes, 
the grid bias is fixed by the allowable plate current, and the load impedance 
is selected accordingly, with load resistances greater than twice the plate 
resistance normally required. The result is higher plate efficiency than 
with lower voltage power tubes and also less exciting voltage because the 
high plate voltage and low plate current permit the use of a higher 
amplification factor. 

T�e characteristics of typical Class A power-amplifier tubes of the 
sizes used in radio receivers and small public-address systems are tabulated 
in Table VIII . All these tubes are characterized by a high electron 
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emission, low amplification factor, and, except in the case of the 2A3, an 
optimum operating condition corresponding to a load resistance approxi
mately twice plate resistance. The tubes included in Table VIII are 

(a) Actual ci�ujt of power tube with 
output transforme r 

(b) E><.ad equiva lent circuit of poweY 
hJbe and transformey . 

Cm 
R, L, Rh 

Lp c' C� 
-pes 

p Re 
-t 

RL�L 
--:! 

(c) Pyadical equiva lent circuit reduced 
to unity tUrn ratio 

(d) Simplified equivalent circuit accurate 
fol" middle I"ange of frequencies 

�� Rp 2 !  �n:EL 
-pes .1 

(e) Simplified equivalent circuit 
accu rate for low frequencies 

(f) Simplified equivalent circuit accurate 
for high frequencies 

l�=L,+n2 L2 

p. = amplification factor of tube Lp = primary' inductance with appropriate d-c Rp= plate resistance of tube (in Cl push-pull saturation 
amplifier RI? is twice the plate resistance L ,  = leOlkage inductance of primary wind ing 
of one tube , L2 = leakage inductance of secondary winding R, = d-c resistance of pdmayy winding L; = L , + n2 L2 = total leakage inductance reducecl Rp= Rp+R ,= effective plate resistance to unity turn ratio R2 = d-c res istance of secondary winding Cm= cOIpacity between primary ancl secondary 

RL = load resistance windings of transformer 
R� = effective load res istance reduced to C� = Secondary distri buted capacity 

unity turn ratio Cp= Capac ity in shunt with primary (tube plus R := R� Rp'/(R�+ Rp)-res istanceformed by transformey capacity) 
Rp' and R� in para l/el '/.. = w Lp = reactance of transformel" primary 

R' : R�+�p'= Sum of effective load and inductance 
effective plate resis+ances X' = W �I = reactance of transformer leakage Rh: resistance representing hysteresis loss inductance 

Re'" resistance represent ing eddy-current €s = in put voltage 
loss 

n = step down voltage ratio = ratio of EL = output voltOlge 
primary to secondary turns 

, 

FIG. 1 57.-Actual circuit of power amplifier with output transformer, together with , 
equivalent circuits used in determining the frequency response. 

triodes, double-grid tubes, triple-grid tubes, and pentodes. The double
and triple-grid tubes can be connected as Class A triode amplifiers by using 
the inner grid as the control electrode and connecting the remaining grid 
or grids to the plate. Pentode tubes are considered iI}. Sec. 58. Data on 
large triode tubes used as Class A amplifiers in large public-address 

\, 



Filament 

Typl!' I 
El, lJ, Type volts amp. 

-- -- --

204A 1 1  3 . 85 Thor-
iated 

-- --

207 22 152 T ung-
sten 

-- --

211  10 3 . 25 Thor-
iated 

--

SOO 7 . 5  3 . 25 Thor-
iated 

-- --

SOl 7 . 5  1 . 25 Thor-
iated 

-- --

848 22 52 Tung-
sten 

-- -- --

851 1 1  15 . 5  Thor-
iated 

-- -- -- ---

852 10 3 . 25 Thor-
iated 

-- -- --

862 33 207 Tung-
sten 

TABLE IX.-CUARACTERISTICS OF REPRESENTATIVE TRANSMITTING POWER TUBES 
. Triode Tubes 

Typical operating conditions as audio amplifier Typical operating conditions as Class C amplifier 

Allow-
Method able Peak 

of plate Con- excit-
cooling p. loss, Plate trol- ing 

watts Use* volt- grid volt-
volt-age age 
age per 

tube 
-- -- -- -- --

Air 23 250 Class B 3 , 000 - 100 250 

-- --- -- -- --

Water 20 7 , 500 Class B 12 , 500 - 575 1 , 150 

--- -- -- --- --

Air 12 100 Class A 1 , 250 - 80 75 
Class B 1 , 250 - 100 205 

--- --- -- -- --

Air 15 35 Class B 1 ,250 - 70 150 

--- --- -- --- --

Air 8 20 Class A 600 - 55 50 
Class B 600 - 75 160 

--- -- -- -- --

Water 8 7 , 500 Class A 8 , 000 - 730 800 
Class B 12 , 500 - 1 , 560 2 , OSO 

--- -- -- -- --

Air 20 . 5  600 Class A 2 , 500 - 92 87 
Class B 3 , 000 - 135 245 

- -- - --- --- -- -- --

Air 12 100 Class B 3 , 000 - 250 390 

--- -- -- --- --

Water and 48 100,000 
forced air 

Class B 1 2 , 000 o 1 ,000 

Mu-

Plate· tual 
con-cur- due-rent, tance, ma p. 
mhos 

-- --

80 . . .  : .  

--

400 

--

--

. .  , " 

--

60 3 , 300 
20 

--
. . . .  . 

--

30 . . . . .  

--

30 
8 

--

900 
400 

--

240 
110 

--

14 

--

3 , 000 

--

1 , 840 
. . . " 

--

. . . . . 

. . . . .  
--

. . . . .  
' "  . .  

--

. . . . .  

--

. . . . . 

Plate 
resist-
ance, 
ohms 

--

. . . . .  

--

· . . . .  

--

3 , 600 
. . . . .  

--

" . . .  

--

4 , 300 
· . . . .  

--

· . . . .  
. . . .  , 

--

1 , 600 
. . . .  , 

--

. . . .  . 

--

· . . . .  

Load 
resist-
ance, 
ohms 

--

20 ,000 

--

10,000 

--

9 , 200 
9 ,000 

--

21 ,000 

--

7 , 800 
10,000 

--

5 , 200 
10,000 

--

5 , 000 
5 , 600 

--

41 , 000 

--

1 ,800 

Un-
dis- Plate Con- Peak Plate Grid Driv- Plate 

torted effi- Plate trol- signal ing Out- effi-
ciency, volt- grid 

cur- cur- put, ciency, out-
volt-

volt- rent, rent, power, watts per 
put, per age 

ma ma watts 
cent age cent watts· age 

-- -- -- -- -- -- -- -- -- --

700 62 . 7 2 , 500 - 200 440 250 30 15 450 72 

-- -- -- -- -- -- -- -- -- --

22 , 500 64 . 4  12 , 000 - 1 , 600 2 , 650 1 , 670 90 235 1 5 , 000 75 
-- -- -- --- -- -- -- -- -- --

19 . 7  26 . 3  1 , 250 - 225 375 150 18 7 130 69. 3  
260 65 

-- -- -- --- -- -- -- -- -- --

106 65 .1 ,000 - 135 260 70 1 5  3 50 71 .5  
-- -- -- -- -- - - -- -- --- --

3 . 8  21 . 2. 600 - 150 260 65 15 4 25 64 
45 57 . 7  

-- -- -- --- -- -- -- -- --- --

2 ,000 27 . 8 1 0 ,000 - 2 ,000 2 ,900 1 ,450 100 310 10 ,000 69 
22 , 000 62 . 8  
-- -- -- --- -- -- -- -- --- --

160 26 . 7  2 , 500 - 250 450 900 100 45 1 , 700 75. 5  
2 , 400 66 . 6  

-- -- -- --- -- -- -- - - --- --

320 66 . 5  3 , 000 - 600 850 85 15 12 165 M . 8  

-- -- -- --- -- -- -- -- --- --

90 , 000 57 . 5  18 ,000 - 1 ,000 2 , 550 8 , 333 900 2 , 400 100 , 000 66 . 7  

• Where " Use" i s  Class B,  power output is fot"the two tubes in push-pull, load resistance is resistance from plate to plate, and plate current is zero-eignal current for two tubes. 
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Type Description 
E{" 

vo ts 

802 Pentode 6 . 3  

-- ---- ---

803 Pentode 10 

804 Pentode 7 . 5  

--- ----- --

860 Screen grid 10 

861 Screen grid 11  

865 Screen grid 7 . 5  

-- �-- - '--� -

Screen-grid and Pentode Tubes 

Filament 

Allowable Allowable Connec-plate loss, screen loss, tion I" watts watts 
amp. Type 

0 . 9  Heater 10 6 Pentode 
Tetrode 

5 Thoriated 125 30 Pentode 
---- -----

3 Thoriated 40 15 Pentode 
Tetrode 

---- ----

3 . 25 Tboriated 100 10 . . . . . . . . 

10 

2 

-- -

Thoriated 400 35 

Thoriated 15 3 
� 

- -- -

-- --- -- - ----_. _ -

. , . . . . . . 

. . . . . . . .  

Plate 
voltage 

500 
500 

---

2 , 000 
---

1 , 250 
1 , 250 

----

3 , 000 
---

3 , 500 

750 

Typical operating conditions as Class C amplifier 

Control- Screen-
�rld grid 

vo tage voltage 
--- ---

- 100 200 
- 60 100 

--- ---

- 90 500 
--- ---

- 100 300 
- 100 180 

--- ---

- 150 300 
--- --

- 250 500 
--- ---

- 80 125 

�-

Suppres-
sor 

voltage 
---

0 
" 

---

40 
---

45 
. .  

---

. . 
---

" 

---

. . 

Plate, 
current 

ma. 
---

45 
45 

---

160 
-- -

92 
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systems and in radio transmitters are given in Table IX. These tubes 
are characterized by a high plate voltage in proportion to plate cuuent 
and a relatively high amplification factor. The proper operating point is 
determined by the allowable dissipation, and normal operation is with a 
load resistance considerably greater than twice the plate resistance. 

57. Output Transformers in Class A Amplifiers.-The load impedance 
is usually coupled to the tube of a Class A power amplifier by means of a 
transformer as shown in Fig. 157a. This arrangement avoids passing the 
d-c plate current through the load impedance, and also makes it possible 
by the use of the proper turn ratio to make any load present the desired 
impedance to the tube. 

50 
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o .� 

:::;;: 30 
.f: (l) Q) � 20 
� +::J � I O 
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I ....... 
�I--' ......... r.-1/1-" ..... , RI = primary resisfance = 356. 50hms 

R2 = secondary resistance = 1.21 ohms r--.I\ R p  = plate resisfance :: t 700 ohms r-.. R L = load resistance = 18 ohms 

L p'= primary inducfance = III henries 
L I ' =  equivalen t leakage inducfance = Q219 henries 

I1 iln ["0 ('iTl1r nT(W8l i 100 1,000 Frequency in Cycles per Second 10,000 
-

FIG. 158.-Way in which the amplification varies with frequency in a typical power ampli
fier with output transformer. 

The use of an output transformer causes the output of the amplifier to 
fall off at high and low frequencies in the manner shown in Fig. 158. The 
falling off at low frequencies is caused by the inductance of the transformer 
primary, while the falling off at high frequencies is caused by the leakage 
inductance. 

Equivalent Circuits of Amplifier with Output Transformer, and Analysis 
of the Frequency-response Characteristics. L-.A quantitative analysis of 
the frequency-response characteristic of an output transformer can be 
made by setting up the equivalent circuit of the amplifier tube. The 
exact equivalent circuit is shown in Fig. 157b. This can be reduced under 
ordinary conditions to the practical equivalent circuit of Fig. 157 c by 
taking advantage of the facts that the eddy current and hysteresis losses 
are usually quite low and that the electrostatic capacities of the trans
former can be neglected because of the relatively low plate and load 
resistances with which they are associated. Further simplification of the 
equivalent circuit of the transformer is possible by considering restricted 
ranges of frequencies at one time. 

1 This discussion follows that in F. E. Terman and R. R. Ingebretsen, Output 
Transformer Response, Electronics, vol. 9, p. 30, January, 1936. 
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In the middle range of frequencies the reactance of the plimary 
inductance is so much greater than the plate and load resistances as to 
have negligible shunting effect, whereas the frequency is still low enough 
so that the reactance of the leakage inductance is relatively small. Under 
these conditions, the equivalent circuit reduces to the network of resist
ances shown in Fig. 157 d. Analysis of the voltage and current relations 
of this circui t gives 

EL = e'(R;n:�J 
The notation is shown in Fig. 157. 
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FIG. 159.-Universal amplification curve, showing the way in which the amplification of an 
output transformer falls off at high and low frequencies . 

. At low frequencies the shunting effect of the primary inductance must 
be considered, so that the equivalent circuit takes the form shown in 
Fig. 157 e. Analysis of the voltage and current relations of this circuit 
shows that at low frequencies 

EL = e'(R}''t�L'\/l + (�/X) 2 (158) 

It is to be noted that the falling off in response at low frequencies depends 
only upon the ratio X / R, where X is the reactance of the prim.ary induc
tance and R is the resistance of the effective plate resistance shunted by the 
effective load resistance. The way in which the relative amplification 
depends upon X/R is plotted in Fig. 159, which can be used to determine 
the low-frequency response. It is to be wted that the output voltage falls 
off to 70.7 per cent of its middle-frequency range value when the frequeney is 
such that the reactance of the primary inductance equals the resistance 
form(}d by the effective plate resistance RP' in parallel with the effective load 
resistance RL' . 
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At high frequencies the �hunting effect of the primary inductance can 
be neglected, but the leakage reactance must be considered, so that the 
equivalent circuit then takes the form shown at Fig. 157f. Analysis of 
this circuit shows that at high frequencies 

(159) 

It is to be n.oted that the falling off in response at high frequencies is 
determined by X' / R', where X' is the reactance of the leakage inductance 
and R' is the su� of the effective load and plate resistances . The relation 
between the relative high-frequency response and X'/R' is plotted in 
Fig. 159, which can be used to determine the way in which the response 
falls off at high frequencies. It will be observed that the output voltage at high 
frequencies falls to 70.7 per cent of its value in the middle range of frequencies 
when the frequency is such that the reactance of the leakage inductance is 
equal to the resistance formed by the effective plate resistance Rp' and the 
effective load resistance RL' in series. 

A consideration of the above equations and Fig. 159 shows that, in 
order to obtain good reproduction at low frequencies; the transformer 
should have a high primary inductance, while, in order to �aintain the 
response to high frequencies, the transformer should at the same time have 
a low leakage inductance. With any given load and plate resistances, the 
ratio of highest to lowest frequency satisfactorily reproduced is determined 
by the ratio of leakage to primary inductance, which can be conveniently 
termed the leakage coefficient. On the other hand, with a given plate 
resistance and a given transformer, increasing the load resistance will 
greatly improve the high-frequency response while adversely affecting to a 
slight extent the response at low frequencies. These effects are illustrated 
in Fig. 160, which shows the results that can be expected when the primary 
inductance, the leakage inductance, and the load resistance are varied in 
turn. , 

Transformation Ratio and Transformer Efficiency.-It is well-known 
that placing a load impedance Z L on the secondary side of a transformer is 
equivalent to placing another impedance n2ZL across the primary termi
nals, where n is the ratio of primary to secondary turns. When trans
former coupling is employed with a power amplifier, the usual practice 
is to make the turn ratio such that the equivalent primary impedance 
n2RL is equal to the load resistance with which the power tube is designed 
to operate . This procedure is exactly correct in the case of an ideal 
transformer having zero primary and secondary copper resistance and 
it is approximately correct with practical transformers having c�pper 
losses. 
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The output transformer always delivers less energy to the load than is 
developed by the tube as a result of power losses in the transformer. 
Most of the transformer loss is caused by the resistance of the windings 
since flux densitieR are usually so low that the core losses are negligible. 
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FIG, 160.-Effect on the frequency-response characteristic of varying the circuit constants 
of an output transformer. 

To the extent that the wire resistance accounts for all the transformer 
dissipation, reference to Fig. 157d gives 

T f ffi . power delivered to load rans ormer e Clency = power delivered to transformer -
1 

Practical efficiencies are of the order of 80 per cent. 

(160) 
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Measurement of Transformer Characteristics.-The essential character
istics of an output t.ransformer are the primary inductance, the leakage 
inductance reduced to unity turn ratio, the turn ratio, and the copper-loss 
resistances also reduced to unity turn ratio. The primary inductance that 
is effective is the incremental inductance discussed in Sec. 6 ; this is the 
value obtained with the app'ropriate direct-current saturation in the core 
and with relatively low alternating flux density. The leakage inductance 
reduced to unity turn ratio can be determined by short-circuiting the 
secondary of the transformer and measuring the equivalent inductance 
appearing across the primary terminals . This inductance depends 
upon flux paths that are largely in air, and so is unaffected by direct
current saturation, alternating flux density, etc. The resistances of the 

Cb) Equivalent circuit 
• 

Cc 

,." Blocking condenser 

(c) Equivalent ciraJit when bloCking 

-����r�lro 
FIG. 1 6 1 .-0utput transformer with shunt feed, together with equivalent circuit. 

windings can be measured on a Wheat stone bridge and the turn ratio can 
be obtained either from the manufacturer or by applying a known voltage 
to the primary and reading the resulting open-circuit secondary voltage 
with a vacuum-tube voltmeter. 

Transformers with Shunt Feed .-The shunt-feed arrangement illus
trated in Fig. 161a is often used in order to avoid passing the d-c plate 
current through the primary winding of the transformer. This eliminates 
direct-current saturation of the core, thereby increasing the incremental 
inductance of the primary and making it permissible to reduce the wire 
size in the transformer primary. I 

The equivalent circuit of the shunt-fed output transformer is shown in . ! 
Fig. 161b. If the blocking condenser Cc is large enough to be a virtual 
short circuit, as is usually the case, this reduces to Fig. 161c, which 
is seen to be essentially the same as the equivalent circuit of an ordinary 
transformer-coupled amplifier if the effective primary inductance is taken 
as the actual inductance of the transformer primary in parallel with the 
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shunt-feed' choke. By making this change, Eqs. ( 157) , (158) , and ( 159) 
can be used, and no new analysis is necessary. 

The use of shunt feed makes possible considerable improvement in 
frequency response, and also in the case of very large tubes may reduce 
trre cost of obtaining a given response characteristic. The shunt-feed 
inductance contributes nothing to the leakage, and so can be made 
physically large enough to have a high incremental inductance. At the 
same time, removing th� direct current from the primary of the trans
former makes it possible to reduce the air gap in the transformer core, 
which increases the primary inductance without changing the leakage, or 
makes it possible to obtain a given primary inductance with less leakage 
inductance. 

Shunt feed must be employed with output transformers having high
permeability alloy cores, since the incremental permeability of all such 
alloys is greatlY 'reduced with even small direct-current magnetization. 

Power Rating of Output Transformers.-The maximum current that an 
output transformer can carry is determined by the heating of the windings, 
while the maximum voltage that can be applied is limited by the permissi
ble flux density in the core. These two factors operating together deter
mine the power rating of the output t�ansformer. 

If the alternating flux density in the core is high, the .inductance 
varies during the cycle because of the non-linear character of the magneti
zation curve. The relationship between the applied voltage and the flux 
density depends on the frequency and core cross section according to the 
well-known equation 

where 

Effective value of} 
applied voltage = 4.44fN BA X 10-8 

N '  number of turns 
f = freqqency 
B = flux density in the core, in lines per unit area 
A = net area of the core. 

( 160) 

It is apparent that the voltage which can be applied for a given permissi
ble flux density is proportional to the frequency, so that the voltage limit 
occurs at the lowest frequencieR to be amplified. The permissible flux 
density depends upon the amount of distortion that can be tolerated, the 
characteristics of the iron, the length of the air gap (large ail' gap reduces 
non-linearity of the inductance and pernlits higher flux densities) , and 
the circuits associated with the transformet. It is commonly found that, 
with commercial output transformers operated within their power rating, 
appreciable distortion will ' occur at frequenci�s that the transformer 
amplifies satisfactorily . 

.. 
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58. Class A Power Amplifiers Using Pentode and Beam Tubes.
Class A power amplifiers using pentode tubes require special consideration 
because the plate current of a pen tode is substantially independent of plate 
voltage except at low plate voltages. As a consequence, the dynamic 
characteristic is as shown in Fig. 162, and follows the characteristic curves 
of the tube irrespective of the load resistance except when the plate 
voltage becomes low. As compared with the corresponding characteristic 
of a triode shown in Fig. 152, the pentode dynami.c characteristic has much 
greater curvature, and, instead of becoming straighter as the load resist
ance is made high, develops an inflection point 'and becomes more curved. 

The plate current of a pentode at the operating point should be as 
large as the tube rating will permit, and the screen voltage should be such 
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FIG. 162.-Dynamic characteristic of pentode power amplifier for several values of load 

resistance. 

that, when the grid potential has an instantaneous value corresponding 
to the negative crest of the signal, the plate current will have the mini-

• mum allowable value. The usual tube is designed so that the proper 
screen potential equals the rated plate voltage. The proper grid bias i� 
midway between the grid bias at which the plate current becomes so 
small that the dynamic characteristic has excessive curvature and the 
grid potential (either zero or positive as the case may b@) at which it is 
desired to terminate the other end of the portion of the dynamic charac
teristic that is utilized. The difference 10 - Imin between the plate 
current at the operating point and the minimum allowable plate current 
represents the crest value of the alternating current flowing through the 
load impedance when the signal voltage equals the grid bias. The load 
resistance should be such that with this alternating current the minimum 
potential ER - RL(Io - I min) reached by the plate is the value at which 
excessive reverse curvature begins (see Fig. 162) .  This gives 
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Proper load resistance for pen-} = RL = EB - Emin (161) tode power amplifier Io - I min 

where Emin is the minimum allowable plate potential when the instan
. taneous grid potential is zero if the grid is not to go positive, or at the 
appropriate positive grid voltage if grid current is to be drawn. The 

o 

power output is the square of the effective current times the load resist-
ance, and so is approximately, 

Power output Of} = .(Io - lmin) 2RL = (Io - Imin) (EB - Emin) 

power pentode 2 2 

= (E'max - Emin�(Imax - Imm) (162) 

The input power is E BI 0, so that 

Plate efficiency Of} = !(1 _ 
I min)(l 

_ 
Emm) (163) power pentode 2 Io EB 

These equations are analogous to Eqs. (146) , (149), (154) , and (155), and 
apply irrespective of whether or not there is grid current. If the screen

. grid current is taken into account, the effective efficiency is somewhat less, 
perhaps 80 per cent of that calculated from Eq. (163) . 

In practical tubes, Imin/lo and E':run/EB have values between 0.15 
and 0.20 under proper operating conditions. The proper load resistance 
is hence approximately E B/ I 0 (i.e . , the ratio of d-c plate voltage to d-c 
plate current) , and is much less than the plate resistance, while the plate 
efficiency is about 35 per cent when the screen current is neglected and 
about 30 per cent when the screen current is taken into account. This ' 
relatively high plate efficiency results from the fact that the plate can 
draw a large current when at a relatively low potential because the elec
trons are drawn from the space charge by the screen grid, and the plate 
need be only sufficiently positive to collect all the electrons that approach 
it. 

Pentode power tubes ordinarily require a smaller driving voltage than 
triode power tubes. This is because in triodes the amplification factor 
must be low to enable the . plate to draw a large current when at a low 
potential, whereas in the pentode the amplification factor /J-so can be higher 
because the screen "grid is always at a relatively high voltage. 

The distortion in a pentode power amplifier and also the exact value of 
the undistorted part of the power output can be accurately determined for 
resistance loads by using Eq . (152) in conjunction with a load line drawn 
upon the Ep-I p characteristic curves of the tube as shown in Fig. 163. 
These lines pass through the operating point and intersect the zero-plate-
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voltage axis at a current of 10 + EB/RL and the zero-current axis at a 
voltage of EB + 10RL, where 10 is the current at the operating point, 
EB is the plate-supply voltage, and RL is the load resistance. 

The price paid for the greater efficiency and sensitivity of the pentode 
is greatly increased distortion, which is much worse than with triodes, as is 
apparent from the curvature of the dynamic characteristics shown in 
Fig. 162. 1 The distortion furthermore includes considerable third har
monic, so that a push-pull arrangement will not help much. The dis
tortion is quite sensitive to load impedance, increasing rapidly as the load 
�mpedance is increased. As a result, the pentode is used only where 
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FIG. 163.-Load lines for pentode power amplifier of Fig. 162. 

economy is much more important than perfection of performance, or 
unless negative feedback is employed to reduce the distortion. 

Tubes used as pentode power amplifiers must be capable of dissipating 
appreciable power at the plate, and they are normally designed to operate 
with a screen-grid potential approximately equal to the plate voltage. 
The electrostatic shielding between control grid and plate need not be 
particularly high, and very commonly a certain amount of stray direct 
coupling is present. The characteristics of typical commercial pentode 
power-amplifier tubes are given in Table VIII. 

Beam Tubes.-The beam tube has characteristic curves similar to 
those of a pentode: Consequently amplifiers employing beam tubes are 
designed and analyzed exactly as though pentode tubes were being used, 
and the same general considerations hold in both cases. The only 
difference is that in beam tubes thoce is an abrupt rather than gradual 
transition between the region where the plate current is substantially 
independent of plate voltage and the region where the plate current is 
determined primarily by plate voltage, as discussed in Sec. 33a. This 
!educes the tendency to produce third-harmonic distortion which is 

1 This high distortion of pentodes is further emphasized by experirriental results 
such as those presented by J. M. Glessner, Performance of Output Pentodes, Proc. 
I.R.E., vol. 19. p. 1391 ,  August, 1931.  
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characteristic of the pentode, while retaining the advantages of high 
efficiency and small driving voltage. The second-harmonic distortion in 
the beam tube is relatively high, but can be eliminated by the use of a 
push-pull connection. If, in addition, negative feedback ' is used to 
-reduce the harmonic output, the distortion of a power amplifier employ
ing beam tubes can be made very small. 

59. Push-pull Class A and Class AB Amplifiers.-In the push-pull 
amplifier two tubes are arranged as shown in Fig. 164. The grids are 

01 - Push-pull  circuit 

Pvsh,pu// /npuf Tt.Jbe No.! Push·pull oufpuf 
fromsforme ,..., frc¥nsformer 

-:;:i)-' -f---+-�-IM-���-+-" f � ,�%�-� ance 

b- Output WQV� form of individual tu bes 

" Oufpuf fu6e No.� 
\ r .'_.1 

c-Wave form in load impedunce d - Equivolent circuit aftel' combining o utpUtof two tubes 

t,JUes , Loeaf/on o f  -t-cen7-er fap-
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Rp +,u(-es)= -pes 

FIG. 164.-Circuit diagram of push-pull amplifier, together with equivalent circuit, and 
wave shapes produced, showing how the push-pull connection makes the positive and 
negative halves of the output wave have the same shape even though this is not true of 
the outputs of the individual tubes. The result is that the output wave contains no even 
harmonics, and hence suffers less distortion than do the outputs of the individual tubes. 

excited with equal voltages 1800 out of phase, and the outputs of the two 
tubes are combined by means of an output transformer having a center 
tap. The advantages of the push-pull connection, assuming identical 
tubes, are : 

1. No direct-current saturation in the core of the output transformer. (The 
direct currents in the two halves of the primarY 'magnetize the core in opposite direc
tions, and so produce zero resultant magnetization.) 

2. There is no current of signal frequency flowing through the source of plate 
power. This means the push-pull power amplifier produces no regeneration even 
when there is a plate impedance common to the power and other stages ; it also means 
that no by-pass condenser is required aCrosS cathode-biasing resistor. 
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3. Alternating-current-hum voltages present in the source of plate power produce 
no hum in the output because the hum currents flowing in the two halves of the 
primary balance each other. 

. 

4. There is less distortion for the same power output per tube, or more power 
output per tube for the same distortion, as a result of cancellation of all even har
monics and even-order combination frequencies. 

These advantages are so important that a push-pull amplifier using two 
small tubes is nearly always used in preference to a single larger tube 
capable of developing the same total power output . 

The reason for the elimination of the even harmonics in the push-pull 
amplifier can be understood by reference to Fig. 164. Assuming that the 
amplifier is sufficiently overloaded so that some distortion occurs, the indi
vidual tubes develop output waves as shown in Fig. 164b. The sum of 
these waves, which represents the amplified output, is shown in Fig. 164c ; 
when the two tubes have identical characteristics, the sum will have 
positive and negative half cycles that differ in sign but not in shape ; 
thus it contains only odd harmonics. This similarity in the shapes of the 
positive and negative half cycles in the combined output results from the 
fact that at points one-half cycle apart the tubes have merely interchanged 
functions, i.e. , at the later time tube 2 is operating under exactly the same 
conditions as was tube 1 a half .cycle earlier, and vice versa. A more 
complete analysis based upon the power-series method shows that not 
only are the even-order harmonics eliminated, but also all even-order 
combination frequencies, particularly the sum and difference frequencies. 
This comes about because second, fourth, and other even-order terms 
produce current components in the plate circuit having a phase unchanged 
by reversing the exciting voltage of the tube. The even-order effects are 
hence of the same phase in both tubes and therefore subtract in the trans
former secondary, whereas the odd-order effects add. 

Class AB Push-pull Amplifiers.-The elimination of the even harmonics 
by the push-pull arrangement makes it possible to extend the operating 
range into the shaded region of Fig. 152, which represents high distortion 
with single-tube operation. This can be carried to the point where the 
plate current is actually cut off for a small portion of each' cycle without 
causing excessive distortion. This increases the power output obtainable, 
particularly when the grid is driven positive, and results· in plate efficien
cies that range from 40 to 50 per cent. A push-pull amplifier operating in 
this way is termed a Class AB amplifier. 

The Class AB amplifier has a large " rectified " plate current when the 
full signal voltage is applied. This is an advantage since it permits the 
power input to the plate to be increased in the presence of an applied 
voltage to a value exceeding the allowable input with no signal . Thus if 
the "rectified" current equals the no-signal current and the plate efficiency 
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approaches 50 per cent, the power output obtainable in Class AB opera
tion is approximately equal to the allowable plate dissipation instead of 
being only 15 to 40 per cent of this as in single-tube operation. The large 
increase in plate current caused by the signal in a Class AB amplifier, 
however, makes it impossible to realize the full possibilities of the tube 
when self-bias is used, since, if the bias keeps the plate current within an 
allowable value for no applied signal, the bias will be too negative when 
the " rectified" current flows. 
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FIG. 1 65.-Composite characteristic curves of push-pull amplifier with load lines for 
composite characteristic ,  together with current waves for the individual tubes. 

Analysis of Push-pull Amplifiers and Circuit Arrangements.-The 
�xact analysis of push-pull amplifiers can be carried out with the aid of 
equivalent circuits and dynamic characteristics. The equivalent circuit 
of a push-pull amplifier is shown in Fig. 164d, and is seen to be equivalent 
to two tubes in series. The output transformer is hence proportioned 
to operate out of an effective plat.e resistance twice that of a single tube, 
and, if the push-pull tubes are operated under the same conditions as 
single tubes would be, the proper load impedance from plate to plate 
terminals is twice that which would be 'used with a single tube. An 
acc{Jrate analysis for determining best load impedanoe, proper grid bias, 
plate efficiency, and distortion requires the use of a composite dynamic 
eharacteristic of the push-pull combination, such as shown in Fig. 165. ) 

1 For further details of this method, see B. J. Thompson, Graphical Determination 
of Perlormance of Push-pull Audio Amplifiers, Proc. I.R.E., vol. 2 1 , p. 591 ,  April, 1933. 

. 1  
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Here the Ep-I p curves of the individual tubes are placed back to back, 
as shown, with the common operating plate voltage superimposed. The 
composite characteristic curves are then derived by averaging the plate 
current for grid-potential curves corresponding to the same applied 
signal voltage, as shown. Thus the curves for the operating grid poten
tial (Ee = 60 in Fig. 165) are averaged because they correspond to no 
signal being applied ; but when the signal is 20 volts on one tube, it is 
- 20 volts on the other, and one averages the grid curve for - 40 volts on 
one tube with the curve for -80 volts on the other tube, etc. The 
resulting derived curves represent the Telation between plate-cathode 
voltage (which is one-half the plate-to-plate voltage) and the difference 
between the currents to the two anodes (which is twice the a-c current in 
a plate-to-plate load resistance) .  

The power output and distortion can be obtained in the usual way 
from load lines drawn on this diagram. These load lines must pass 
through the point on the composite characteristic corresponding to the 
operating plate and grid voltages, and they have a slope corresponding to 
one-fourth of the plate-to-plate load resistance. To obtain the plate 
efficiency, it is necessary to know the d-c plate current existing in the 
presence of a signal. This depends on the shape of the plate-current wave 
of the individual tube, which can be derived by obtaining the plate 
voltage for any given instantaneous grid voltage, using the load line 
drawn on the composite characteristic, and then, from this and the 
characteristic curve of the individual tubes, finding the resulting plate 
current. Waves obtained in this way are shown in Fig. 165b, �hile 
the dotted lines on Fig. 165a give the way in which the plate current of the 
individual tube varies with the instantaneous grid potential during opera
tion (i.e . ,  the dotted lines are in 'effect load lines for the individual tube) .  

The usual method of driving a push-pull amplifier is by the use of a 
center-tapped transformer operating from a triode tube, as shown in 
Fig. 164. It is possible, however, to avoid the transformer by the use 
of a "phase reversing" tube to excite the second push-pull tube with a 
voltage equal in magnitude but opposite in phase to the exciting voltage 
of the first tube, as shown in Fig. 166. When the grids of a push-pull 
amplifier are driven positive, it is necessa"ry that the internal impedance 
of the exciting voltage be low to avoid excessive distortion, exactly al:-l 
discussed for positive-grid oper.ation of a single-tube amplifier in Sec .  56. 
It is also necessary to provide a path from grid to cathode having low 
direct-current resistance so that the grid current will not produee appre
eiable bias. This means that in circuits such as that of Fig. 166 the 
grid leaks must be replaced by chokes if the grids are to be driven positive . 

The input and output transformers used with push:-pull circuits are 
commonly ordinary interstage and output transformers, respectively, 
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with one winding center-tapped. The winding that is center tapped 
Hhould p�eferably be symmetrical about its mid-point, particularly in the 
('.aRe of the input transformer. This is not usually done in 'the cheaper 
trauRformers such as are used in broadcast receivers, however, and as a 
result such transformers introduce an unbalance between the tubes at 
high frequencies, as discussed in Sec. 45. The output transformer has 
relatively little direct-current saturation, since only the difference 
between the plate currents of the two tubes produces magnetization in 
the transformer core. As a result the core of the output transformer can 

Inpuf 

Grid 
leak--

Phase 
reversing ,/ 
tuhe ------

Note ;- When push-pull grids are fo be driven P;Osifive, 
Rg l and Real f mvsf be replaced by chOkes 

For proper operafion : 
Rc = R c' 
Rgl=  Rgl' 
RI so fhaf le . 1 = le 21 

FIG. 166.-Push-pull amplifier excited wi th the aid of a phase-reversing tube. 

be assembled with the smallest feasible air gap, thereby making possible 
a high primary inductance in proportion to leakage inductance. 

Shunt feed is sometimes employed in push-pull amplifiers using large 
tubes in order to eliminate the d-c current from the 'primary of the 
transformer and hence to allow the use of smaller wire for the primary 
winding than would otherwise be permissible. Shunt feed is also 
required when the core of the transformer is of high-permeability alloy, 
because such alloys will have their magnetic properties permanently 
damaged by severe magnetization such as could occur if one of the 
tubes accidentally burned out. 

60. Class B Audio-frequency Power Amplifiers. L-The Class B audio
frequency amplifier is a push-pull amplifier in which the tubes are biased 
approximately to cutoff. Operated in this manner, one of the tubes 

1 For further information, see Loy E. Barton, High Audio Output from Relatively 
Small Tubes, Proc. I.R.E., vol. 19, p. 1 131, July, 1931 ; Application of Class B Audio 
Amplifier to A-C Operated Receivers, Proc. I.R.E., vol. 20, p. 1085, July, 1932 ; Recent 
Developments of the Class B Audio- and Radio-frequency Amplifiers, Proc. I.R.E., 
vol. 24, p. 985, July, 1936. 
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amplifies the positive half cycles of the signal voltage while the other 
amplifies the negative hal{cycles, with the output transformer Gombining 
these in the output as shown in Fig. 167. Such an amplifier is char
acterized by a high plate efficiency and, when the grid is driven positive, 
as is normally the case, by an unusually high output in proportion to the 
size of the tube. 

[] LOCld 

(a) Circuit 

Tube No./ 

A hbeNaL\. 
( b) Plate current in individual tubes 

(c)  Output in transformer secondary 

FIG. 167.-Circuit diagram of Class B amplifier, together with oscillograms showing 
how the half sine-wave pulses of plate current in the individual tubes combine to produce 
the output. 

. . 

The output power, plate efficiency, and proper load resistance in 
a Class B amplifier can be determined with an accuracy suffieient for 
ordinary purposes by assuming that the characteristic curves of the tube 
are straight lines as shown in Fig. 168b. Analysis based upon this 
simplifying assumption shows that ! 

1 These equations are derived as follows : Since the plate-current pulse of each 
individual tube flows through only one-half of the transformer primary, the combined 
output of the two tubes is equivalent to an alternating current having a crest value 
Ima:x/2 flowing through the entire transformer primary. If RL is the equivalent load 
resistance between primary terminals of the output transformer, the alternating drop 
produced between plate and cathode of a single tube is one-half the voltage drop of the 
current I max/2 in the resistance RL or RLI max/4. The minimum instantaneous plate 
potential is 

Eroin = EB _ RLImax 
4 

Solving this for RL results in Eq. (164) . The power output is one-half the square of 
the load current times the load resistance, or 

P 
Rd!'as. 

ower output = 8 

Equation (165) results when RL is eliminated by the use of Eq. (164) . The d-c plate 

• 
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Proper load resistance} 
= RL = 4

EB - Emin 
from plate to plate I mu 

Power output from} 
= 

I mas(E B - EmiD) 
two tubes 2 

Plate efficiency = i(l - �:.) 

3 1 1  

(164) 

. (165) 

(166) 

Here lmu is the peak plate current of the individual tube, Emin is the 
minimum jnstantaneous plate potential reached during the cycle, and 

o 
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FIG. 168.-Actual and idealized characteristic curves involved in Class B amplifier. In 

the case of the actual curves the projected cutoff bias is indicated for Eb = 300. 

E» is the plate-supply voltage. It will be noted that the maximum 
po�sible efficiency is 1r /4, or 78.5 per cent, and that the closeness with 
which the actual efficiency approaches this theoretical maximum is 
determined by the ratio Eminl EB• 

. 

current drawn by the individual tube, assuming a sine-wave half cycle of current, is 
Imashr, so that the total d-c plate current of the two tubes is 2IrnB,,/7r and the power 
input is 21 muEB!7r. Dividing the output by this input gives the plate efficiency as in 
Eq. (166). 
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The amplitude distortion present in the output of a· Class B amplifier 
depends upon the departure of the tube characteristics from straight 
lines and can be determined most readily by making use of composite 
characteristic curves of the push-pull combination derived from the 
characteristic curves of the individual tubes, as shown in Fig. 165 and 
discussed above. Study of the distortion based upon composite char
acteristic curves of the Class B amplifier shows that the best bias to 
employ is that which corresponds roughly to the cut-off bias that would 
be obtained if the main part of the characteristic curves wer� projected 
as straight lines as in Fig. 168a. When this adjustment is employed 
and when the two tubes have identical characteristics, the output is 
substantially distortionless as long as the minimum instantaneous plate 
potential exceeds the maximum positive potential reached by the grid. 
It is to be noted that, when the bias is the " projected cut-off " value, 
one has substantially the same conditions existing as were used in 
deriving Eqs. (164) , (165) , and (166) except for the fact that the plate 
efficiency is reduced slightly by the presence of a small plate current 
when no signal is applied. 

The frequency response of a Class B audio amplifier is determined 
by the characteristics of the output transformer in much the same way 
as for a Class A power amplifier. There is a falling off at low frequencies 
as a result of low primary impedance at low frequencies and a falling off 
at high frequencies as a result of leakage inductance. An exact analysis 
is involved, however, because the currents flowing through the two halves 
of the primary are not continuous. l  

Tubes used for Class B amplifiers operating at plate voltages of about 
400 or less are usually designed with a high amplification factor such that 
" projected cut-off " is approximated by zero bias. In some cases dual
grid tubes with characteristics as in Fig. 169 and discussed in Sec. 36 are 
employed, while in other cases " twin triodes, " consisting of two high-mu 
triode power tubes in a single envelope, are used. In some of these twin
triode tubes the amplification factor is not particularly high, so that the 
zero bias current is large and the amplifier operation approaches Class AB 
rather than true Class B operation. When very large output powers 
are required, as in the case of high-level modulation of radio transmitters, 
the same types of tubes are employed for Class B audio-frequency 
amplification as for Class C radio-frequency amplifiers, and a suitable 
negative bias is required.  

1 :For a discussion of factors determining the amplitude and frequency distortion 
in a Class B amplifier, see True McLean, An Analysis of Distortion in Class B Audio 
Amplifiers, Proc. /.R.E., vol. 24, p. 487, March, 1936; A.P.T. Sah, Quasi Transients 
in Class B Audio-frequency Push-pull Amplifiers, Pr.oc. I.R.E., vol. 24, p. 1522, 
November, 1936. 
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The plate current of a Class B amplifier varies with the signal? ISO 
that for best results the plate-supply system should have good voltage 
regulation. This is particularly true when the operating point is not 
zero grid bias, since then variations in the supply voltage seriously alter 
the effective operating point . l  

The driving stage for a Class B amplifier must be designed to have 
a low internal impedance in order to minimize the distortion resulting 
from the grid current, as discussed . 
in Sec. 56. The usual driving 200 

arrangement consists of a trio de � 175 
power amplifier having an output �1 50 
transformer with a low turn ratio, �125 
commonly a step-down. The :::EJOO 

+ 
driver stage of Class B amplifiers � 75 
employing dual-grid tubes com- a 50 
monly employs a similar dual-grid i 25 
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determined by the tube characteris- FIG. 169.-Gharacteristic curves of . Th I d · . Type 46 dual-grid tube connected for Class tICS. e proper oa resIstance IS B operation . The tiglL.n�1:l on cur ves are 
then given by Eq. (164) . If the grid voltages. 

load resistance is higher than this, Emin will be lower than assumed,  and 
vice versa. The power output and plate efficiency · can be determined 
from Eqs. (165) and (166) , respectively, for known values of lmax and Emm. 
The maximum possible power output without excessive distortion and also 
the maximum possible plate efficiency occur when the maximum grid and 
minimum plate potentials are approximately equal, but this condition 
causes the grid current to be large and hence calls for a correspondingly 
high driving power. For most practical requirements it is more satisfac
tory to operate with a minimum plate potential Emm considerably greater 
than the maximum positive grid potential Emaxl since this results in an 
appreciable reduction in grid current, as is apparent from Fig. 169, and 

1 A method of compensating for the regulation in plate and grid voltages of large 
Class B amplifiers is described by R. J. Rockwell and G. F. Platts, Automatic Com
pensation for Class B Bias and Plate Voltage Regulation, Proc. I.R.E., vol. 24, p. 553, 
April, 1936. 
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reduces the driving power correspondingly. In actual operation with 
practical Class B amplifiers, it is necessary to com,promise between such 
factors as freedom from distortion, amount 'of driving power required, 
power output, efficiency, etc. The best compromises for smaller tubes are 
tabulated by the manufacturers of tubes, but must be worked out in 
each individual case with large tubes. 1  

Compared with Class A power amplifiers, the Class B arrangement 
has the advantage of higher plate efficiency and negligible power loss 
when no signal voltage is applied, but possesses the disadvantages that, 
in order to insure low distortion, it is absolutely necessary that the 
desired operating conditions be very closely realized. In particular, 
the two tubes must be very closely balanced, since a difference of 10 per 
cent in the plate currents will produce 5 per cent second-harmonic di$
tortion ; it is also very necessary that the load resistance have the proper 
value for all frequencies and that the exciting voltage applied to the grids 
have the proper amplitude. As a consequence Class B audio amplifiers 
are extensively used in radio transmitters, where the equipment is 
operated under the continuous supervision of trained personnel, but they 
are not favored for radio receivers, small public address systems, etc. 

61. Class C Tuned Amplifiers .-The Class C tuned amplifier differs 
from an ordinary tuned amplifier in that the bias is made greater than 
the cutoff value corresponding to the plate-supply voltage, so that, when 
a signal is applied, the plate current flows in pulses that last for less 
than half a cycle. The Class C amplifier is characterized by high plate 
efficiency and is used to develop radio-frequency power when a propor
tionality between input and output voltages is not required. 

Voltage, Current, and Impedance Relations in Class C Amplifiers.
The voltage and current relations of a Class C amplifier can be under
stood by considering oscillograms such as those of Fig. 170. The voltage 
actually applied to the grid electrode of the tube consists of the grid 
bias Ee plus the exciting voltage Es. The relations are normally such 
that at the crest of the cycle the grid is driven appreciably positive and 
consequently draws some grid current. The voltage actually appearing 
at the plate of the tube consists of the battery voltage Eb minus the 
voltage drop EL in the plate load impedance ; thus it has the wave shape 
shown in Fig. 170b. The phase relations are such that the minimum 
instantaneous plate potential Emin occurs at the same part of the cycle 
as the maximum grid potential Emaz. The alternating components 
of the plate and grid volt ages are also always sinusoidal since they are 
developed across sharply resonant circuits. 

1 Such anal1ses for typical water-cooled tubes are given by I. E.  Mouromtseff an� 
H. N .  Kozanowski, Comparative Analysis of Water-cooled Tubes as Class B Audio 
Amplifiers, Proc. I.R.E. , vol. 23, p. 1224, October, 1935. 
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The plate and grid currents that flow at any instant are the result 
of the combined action of the plate and grid potentials at that instant, 
and they can be determined from these potentials with the aid of a set of 
complete characteristic curves of the tube. The plate current is in 
the form of an impulse flowing for something less than half a cycle. The 
grid current flows only when the grid is positive, and it is usually sharply 
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�fPUf 

(c) G rid voltage 

(cl ) Total spa.ce cu rrent 

(e) Plate cu rrent -I-----'�-·-_Average Ip 

(f) Grid cu rrent L\ i rA verage Ig 

- -
'
·Tota/inpuf power (9) Power relCltions in the plate circuit �_ - Useful outputpower 

_______ n��-'.!.A::vw�er loss af plate 

(h) Power relations in the grid ci rcuit 

,,- --Total driving power 
/ -Power last in pia,s. 

-fbwer loss at gm1 

FIG. 170.-Voltage, current, and power relations of typical Class C amplifier. 

peaked. In some cases the grid current will reverse and be negative 
for a portion of the time as a result of secondary emission. The sum 
(1 p + 1 g) of plate and grid currents represents the total space current 
flowing away from the filament and always has its peak .at the instant 
when the grid and plate potentials are Emax and Emin, respectively, 
as shown at Fig. 170d. The average value of the plate-current pulse 

.1 
J 
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over a complete cycle repre�ents the direct current that will be drawn 
from the source of plate power. The average value of the grid-current 
pulse over a complete cycle is likewise the d-c grid current which will 
be observed if a direct-current instrument is placed in the grid circuit. 

The impedance that the load must supply to obtain proper adjust
ment is whatever impedance must be placed in series with the plate 
electrode of the tube to develop the desired alternating plate voltage 
with the power output represented by the plate-current pulses. The 
magnitude of this impedance can be controlled by varying the coupling 
of the load to the plate tuned circuit or by varying the portion of the 
tuned circuit connected in series with the plate circuit . 

Power Relations.-The power delivered to the amplifier by the plate
supply voltage at any instant is the product of instantaneous plate 
current and the supply voltage, and so varies in the same way as does 
the instantaneous plate current , as shown in Fig. 170g. Part of this 
input power is delivered to the tuned circuit and represents useful output, 
while the remainder is dissipated at the plate electrode of the tube. At 
any instant the division of the total energy between tuned circuit and 
tube is in proportion to the voltage drops across these parts of the circuit . 
Thus the plate loss at any instant is equal to the product of instantaneous 
plate current and instantaneous plate voltage, and so is shown by the 
shaded area of Fig. 170g, while the unshaded part of the total power 
area repres.ents the energy delivered to the tuned circuit and available for 
producing useful output. The average input, output , and plate loss 
are given by averaging the instantaneous values of Fig. 170g over a 
full cycle. 

The high efficiency of the Class C amplifier is a result of the fact that 
the plate current is allowed to flow ollly when the instantaneous voltage 
drop across the tube is low, i.e . ,  energy is delivered to the amplifier only 
when the largest portion of this energy will be absorbed by the tuned 
circuit . Since the voltage drop across the tube is low only during a small 
part of the cycle, it is found that the plate efficiency which can be realized 
is greater the smaller the fraction of the cycle during which the current 
flows ; if the duration of current flow is very small, the efficiency can 
approach 100 per cent. However, making the duration of current flow 
very small reduces the input power and consequently the power output , 
even though the output obtained is developed at a high efficiency. 
Hence in practical work it is necessary to compromise between high 
efficiency and high output. Usual conditions correspond to current 
pulses lasting for 120 to 150°, corresponding to practical efficiencies of 
the order of 80 to 60 per cent. 

The power required to drive the grid positive in a Class C amplifier 
comes from the exciting voltage. At any moment the driving power is 



SEC. 611 POWER A MPLIFl ERS 3 17 
• 

equal to the product of instantaneous exciting voltage ami instantaneous 
grid current ; th,us it varies during the cycle as shown in Fig. 170h. Part 
of this driving power represents energy dissipated at the grid electrode 
in the form of heat, while the remainder represents energy delivered to
the bias battery (or, in the case of grid-leak bias, en�rgy dissipated in the 
grid-leak resistance) .  Since the grid current flows at or nearly at 
the crest of the cycle of the exciting voltage, the average driving power 
over the cycle is very nearly equal to the product of crest exciting voltage 
and the d-c grid current. I 

It is to be noted that secondary emission at the grid reduces the 
driving power by reducing the grid current, but does not reduce the power 
dissipation at the grid. This is because, when a primary electron collides 
with the grid and produces a secondary electron that goes to the plate, 
energy is dissipated at the grid even though there is no effect on the grid 
current or grid driving power. Hence in the presence of secondary 
emission the total grid loss is greater than that calculated on the basis of 
grid voltage and grid current. 

Fundamental Factors Involved in the Design and Operation of Class C 
Amplifiers.-The fundamental factors controlling the behavior of a 
Class C amplifier are the maximum space current I m reached during' the 
cycle (or, what is very nearly the same thing, the peak plate current) ,  
the minimum instantaneous plate potential Emin, the maximum instan
taneous grid pot.ential Emax, the number of electrical degrees (J during 
which the plate current flows, and the plate-supply voltage Eh' These 
are illustrated in Fig. 170. The load impedance is not a fundamental 
factor since it is dependent upon the above quantities. 

The maximum permissible value of peak space current I m is deter
mined by the electron emission that the filament is capable of producing. 
With tungsten filaments it is common practice to make I m very nearly 
the full emission from the filament. In the case of thoriated-tungsten 
filaments the deterioration during life is such t.hat factors of safety of 
three' to seven are common, with the exact value depending upon how 
thoroughly t.he tube has been evacuated. The characteristics of oxide
coated filaments vary so much that still higher factors of safety must be 

. employed with them. 
The values of maximum instantaneous grid potential Emax and mini

mum instantaneous plate potential Emin must be such that with these 
potentials applied to t.he grid and plate electrodes, respectively, the 
resulting space current will be the proper value of I m. Possible combina-

1 Experimental data indicate that the actual power is usually not over 10 per cent 
less than the result given by this simple rule. See H. P. Thomas, The Determination 
of Grid Driving Power in Radio-frequency Power Amplifiers, Proc. I.R.E., vol. 21, 
p. 1134, August, 1933. 
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tions of values required to draw any particular peak space current can be 
determined from complete characteristic curves of the tube. l 

While there are many combinations of grid and plate voltages that 
will draw the same space current, it is desired to make Emin as low as 
practicable in order to reduce the plate losses, but at the same time the 
minimum plate voltage Emin must equal or exceed the maximum grid 
potential Emax or the grid electrode will draw an excessive current . Exces
sive grid current is to be avoided because it reduces the output power 
and increases the driving power. When low driving power is important, 
it is desirable to make Emin somewhat greater than Emu, since in this 
way the grid current and hence the driving power are considerably 
reduced, although at the expense of lowered plate efficiency. 

With a given peak space current lm, maximum grid potential Emax, 
and minimum plate potential Emin , the angle of current flow (} determines 
the plate efficiency, the power input, and power output. A large value 
of (} increases the output power, makes the plate dissipation greater, and 
lowers the efficiency. This is because the extra input obtained by increas
ing 0 represents current flowing during portions of the cycle when the 
instantaneous plate voltage is relatively high. 

The value of the grid bias for an angle of flow 0 is 

G ·d b· - E - Eb + (E · + Emin) cos (0/2) rl laS - c -
JL mal: JL 1 - cos (0/2) (167) 

where Emax, Emin, and Eb have the same definitions as above, and JL is 
the amplification factor of the tube.2  It will be noted from this equation 
that the grid bias required increases as the angle of flow is reduced and 
that excessively large bias voltages are required for values of 0 much 
less than 90° . 

The signal voltage required to excite a Class C amplifier has a crest 
value equal to Ec + Emu, and so depends upon the angle of current flow, 

1 If complete characteristic curves of the tube are not available, it is possible to 
make an approximate determination of suitable combinations of Emin and Emax by 
extrapolating characteristic curves covering only the negative grid region . This is 

accomplished by plotting (l p + 10) as a function of (Eo + �p) upon logarithmic 

paper as in Fig. 84. A nearly straight line will be obtained as seen from Eqs. (77) 
and (78) ,  and this can be extrapolated to the desired total space current I m' 

2 This equation follows from the fact that at the instant the plate current stops 
flowing the signal and load voltages are 8/2 degrees from their crest values, so that 
at this instant the effective anode voltage is 

Eb - (Eb - Emin) cos (8/2) 
_ Ec + (Emax + Ec) cos (9/2) J.L 

and this must equal zero. 
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being greater as () is decreased. This increase in signal required as the 
angle of flow is reduced causes the driving power that the exciting voltage 
must supply to increase as the angle of flow is reduced and to become 
excessive at angles much less than 90°. 

The plate-supply voltage Eb is of considerable importance in deter
mining the output power and plate efficiency, since increasing the plate
supply v�ltage increases the voltage drop across the load in proportion 

(0) Plate Voltage 

t 

(b) Grid Vol�age 

Ee 

(c) Total Space Current 

(d) P late Current 

(e) GrId Current 

(f) Power Relatlons In thE:' 
Plate Circuit 

(9) Power Relations in the 
Grid Ci rcuit 

1\ 
/\ 

,-..... ilOfal inpu/ power 
.L: -Useful output power 

�--- -Power loss ert plate 
/ilOkll drivio(J power 

_ ' ... Power losf in bias l�· -Powerloss er/grid 
FIG. 171 .-Effect of the minimum plate potential in a Class C amplifier. The solid curves 

are for the same conditions as in Fig. 1 70. 

to the voltage drop across the plate of the tube for the same minimum 
plate voltage Emin• Hence, with given values of () and Emin, increasing 
the plate-supply voltage will increase the power output greatly while 
increasing the plate dissipation only slightly. The grid driving power 
will also be increased somewhat as the plate voltage is made higher, 
since according to Eq. (167) the grid bias required for a given angle of 
flow is dependent upon the plate voltage. 

Oscillograms showing how the above factors affect the behavior of a 
Class C amplifier are illustrated in Figs. 171 to 174. Thus Fig. 171 
brings out clearly how increasing the minimum plate potential while 
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keeping the peak space current, angle of flow, etc. ,  the same reduces the 
grid driving power. Likewise Fig. 172 shows the importance of the angle 
of current flow in determining the output power, driving power, and plate 
loss, while Fig. 173 illustrates the great increase in output power with 
only a small increase in plate dissipation, which results from increasing 
the plate-supply voltage while keeping the angle of flow, Emin, etc. ,  
unchanged. Finally Fig. 174 shows what happens when the peak space 
current I m is varied by changing the excitation conditions, and it illus-
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\ " E \ I , b  ' ... i .. '.1 * E min. 
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(9) Powel' yelatio.ns 
in the gYid 
circuit 

('k.'1Tofal driving power , Y7 
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FIG. 172.-Curves showing the effect of the angle of flow in a Class C amplifier. The dotted 
curves are for the same conditions as Fig. 170. 

trates the loss in output with little improvement in efficiency which 
results when the full emission is not utilized. 

Circuit Arrangements.-The plate-tuned circuit, commonly called 
the " tank" circuit, of a Class C amplifier is usually directly coupled as 
shown in Fig. 175a or is arranged with shunt feed as in Fig. 175b. The 
latter arrangement has the advantage that the coil and condenser are at 
ground potential for direct-current voltages, but, since the shunt-feed 
choke is effectively in parallel with the tuning coil , this choke must be a 
high inductance if it is not to carry an undue proportion of the cireulating 

': . 

I � 
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current of the resonant circuit . The load to which the output power is 
delivered may be directly, inductively, or capacitively coupled to the 
tank circuit (see Fig. 175) . Push-pull circuits must be symmetrical on 
either side of the center tap in order to preserve the balance between the 
two tubes. 

With single tubes, neutralization can be accomplished by one of the 
systems shown in Fig. 133, while in push-pull amplifiers the cross
neutralization system of Fig. 175c is used. 

(0) Pl ate "l', 
voltoge " E \ 

, • L \ ' � \  

(b) Gr'id voltage 
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current 
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�c:i��:U�it ________ ����-��\-_-:Po�wer ro� afplafe 

(9) Powe r relations _J!.'/Tofal driving power 
in the grid �Power lostin bias 

__ c_i_rG_u_it ________ ����-�-�A�o�wer m¥ atgna 
FIG. 173.-Effect of changing the plate-supply voltage in a Class C amplifier. The dotted 

curves are for the same conditions as in Fig. 170. 

• The grid bias can be obtained from batteries or a direct-current 
• generator, as illustrated in Fig. 175a, or by means of the grid leak and 

grid condenser, as shown in Fig. 175b. In some instances combinations 
of both methods are used. In the grid-leak method advantage is taken 
of the fact that the d-c grid current produces a negative bias when passed 
through a resistance in series with the grid circuit. The magnitude of 
the bias obtained is equal to the product of d-c grid current and grid-leak 
resistance, and for a given value of EroAX it is controlled by the grid-leak 
resistance . The grid leak must be by-passed to radio-frequency volt
ages by a condenser appreciably larger than the input capacity of the 
tube, and also large enough to act as an effective by-pass for the resistance 

.. '"!r.--
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FIG. 174.-Effect of varying the peak space current Im in a Class C amplifier. The dotted 
curves are for the same conditions as Fig. 170. 
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used. The grid-leak arrangement has the advantage of simplicity and 
the fact that it tends to be self-adjusting with respect to maxim1;lm grid 
potential Emax. Thus small changes in signal voltage, which would 
produce large changes in Emax with a fixed bias, do not do so with the 
grid leak because any tendency to change Emax produces a large effect 
on the grid current which tends to change the grid bias in such a way as 
to maintain Emax nearly constant. The disadvantage of the grid-leak 
arrangement is that, when the exciting voltage is removed, the grid bias 
is lost. If the resulting high plate current will damage the tube, it is 
necessary to use either a fixed bias or a combination of grid-leak and 
fixed bias as shown in Fig. 175d or a combination of grid-leak bias and self
bias. When there is a possibility that the grid current will reverse 
polarity as a result of secondary emission at the grid, as is the case with 
most water-cooled tubes, grid-leak bias cannot be employed unless ' a 
grid-rectifier tube, as illustrated in Fig. 188, is used to prevent the total 
grid current from becoming negative. 

Calculation of Class C A mplifier Performance; Exact Method. I-The 
exact performance of a Class C amplifier, when the plate-supply voltage 
Eb, minimum plate voltage Emin, maximum grid potential Emax, and 
angle of flow 8 (or Ec or EB) are given, can be determined by utilizing 
complete characteristic curves to derive plate-current, grid-current, 
plate-loss, etc., curves as illustrated in Fig. 170. The first step in the 
procedure is to calculate the instantaneous plate and grid potentials 
at various points of the cycle according to the relations : 

Instantaneous plate voltage = ep = Eb - (Eb - Emin) cos � 
Instantaneous grid} 

= = (E + E )  R - E t t· 1 eg c IIl&X cos /J c po en la . 

(168) 
(169) 

where fJ is the number of electrical degrees from the crest of the cycle 
at which ep and eg ,are to be evaluated and where the remaining notation 
is as before. From these ' values of instantaneous plate and grid 
voltages it is possible to plot the corresponding plate and grid currents 
from complete characteristic curves of the tube, and then to derive the 
instantaneous plate loss, instantaneous output, instantaneous driving 
power, etc. Average values can be obtained most readily by plotting 
curves of the instantaneous values and averaging the results over a full 
cycle either by using a planimeter or by counting squares to determine 
the areas involved. 2 The above procedure gives the exact results that 

1 For further information see D. C. Prince, Vacuum Tubes as Power Oscillators, 
Proc. I.R.E. , vol. 1 1 ,  pp. 275, 405, 527, June , August, and October, 1923. 

2 An alternative procedure for carrying out the averaging process mathematically 
without drawing the

' 
CUrves is described by D. C. Prince, wc. cit. 
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can be expected, but it has the disadvantage of being laborious and of 
requiring a complete set of characteristic curves. 

Calculation of Class C Amplifier P erf ormance; A pproxirrwte Method. 1_ 
An approximate calculation of Class C ampl\fier performance can be 
obtained without point-by-point calculations by taking advantage of 
the fact that the total space current (l p + I g) can be expressed rather 
accurately by Eq. (77) , which is repeated below. 

Total space current = 1p + 19 = k(� + eg)a 

(170) 

Here ep and eg are the instantaneous plate and grid potentials respectively, 
JJ. is the amplification factor of the tube (assumed constant) , k is a con
stant, and a is another constant notmally having a value very close to %.  
To the extent that Eq. (170) holds, the pulses of plate current in a 
Class C amplifier have a definite form in which the direct-current and 
fundamental-frequency components are functions only of the angle of 
flow (), the peak value I m of the space current, and the exponent a .  
This relationship has been worked out and is presented in Fig. 176 
for values of a between 1 and 2.2 

The direct-current component of the total space current divides 
between the grid and plate electrodes ; therefore, to determine the d-c 
plate current, it is necessary to estimate the d-c grid current. When 
Emax = Ernm, the d-c grid current may range up to about 20 per cent 
of the total space current, but will be less if there is much secondary 
electron emission at the grid or if the minimum plate potential eJC:ceeds 
the maximum grid voltage. 

The fundamental alternating-current component of the total space 
current is likewise divided between grid and plate electrodes, with the 
amount going to the grid very nearly equal to twice the d-c grid current. 
This comes about because most of the grid current flows during the very 
crest of the cycle, and it can be shown that this represents an alternating 

1 This follows the methods outlined in the following papers : F. E. Terrnan and 
Wilber C. Roake, Calculation and Design of Class C Amplifiers, Proc. I.R.E. ,  vol. 
24, p. 620, April, 1936 ; F. E. Terman and J. H. Ferns, The Calculation of Class C 
Amplifier and Harmonic Generator Performance of Screen Grid and Similar Tubes, 

.Proc. 1.R.E., vol. 22, p. 359, March, 1934. 
For other methods of approximate analysis, see W. L. Everitt, Optimum Operat

ing Condition for Class C Amplifiers, Proc. I.R.E., vol. 22, p. 152, February, 1934; 
Burton F. Miller, Analysis of Class B and Class C Amplifiers, Proc. I.R.E. , vol. 23, 
p. 496, May, 1935 ; A. P. T. Sah, The Performance Characteristics of Linear Triode 
Amplifiers, Science Repts. Nat. Tsing Hua Univ., Peiping, China, vol. 2, pp. 49, 83, 
April and July, 1933. 

2 The method of deriving this curve, including analysis of the pulses for fractional 
values of a, is given by Terman and Roake, wc. cit. 
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component that is twice the direct-current value of the grid current. 1 
The alternating component of the plate current is hence the alternating
current component of the total space current as obtained from Fig. 176 
minus twice the d-c grid current . The power input to the Class C 
amplifier is now the product of battery voltage and d-c plate current, or 

Power input = Eb X I de (17hz) 

where I de is the d-c plate current. Likewise the power delive�ed to the 
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load is equal to half the product of a-c plate current and alternating
current voltage developed across the load, or 

P t t (E b - E min) 11 ower ou pu = 
2 (171b) 

where 11 is the crest value of the fundamental-frequency component 
of the plate current . The plate dissipation is the difference between 
these two powers, and the efficiency is their ratio. 

The required load impedance is 
Load impedance between} _ E b - Errlln 
plate and cathode - 11 (172a) 

The grid driving power is then approximately equal to the d-c grid 
current as estimated above times the crest value of the exciting voltage, 
as previously explained. 

1 See F. E. Terman and J. H. Ferns, loco cit. 

I . 
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The only approximations involved in the method of analyzing Class C 
amplifiers outlined above are the uncertainty regarding the exact amount 
of grid current and the assumption that the exponent a in Eq. (170) is 
constant. The necessity of making a guess as to the grid current does 
not introduce appreciable error, however, since the grid current is always 
a small proportion of the total space current . Also, in practice a is 
found to be very close to % over the essential part of the tube char
acteristic, provided saturation by insufficient emission is not approached. 
The only practical circumstance where such saturation is found is with 
tungsten-filament tubes operated so the total space currents are very 
close to the peak emission available. Even then the error that results 
is not particularly great, and it alters both power input and power output 
in about the same proportion, so that the predicted plate efficiency will 
still be almost exactly correct. 

Design of the " Tank" Cireuit.-The tuned circuit connected between 
the cathode and plate of the Class C itmplifier, commonly called the tank 
cireuit, must supply the proper impedance and must not consume an 
undue proportion of a power output of the amplifier. The efficiency 
of the tank circuit is the proportion of the total power delivered to this 
circuit by the tube that is transferred to the load, and it depends upon 
the actual loss resistance of the tuned circuit compared with the resistance 
that is coupled into the tuned circuit by the load. Thus, if the tuned 
circuit in the absence of load has Q = 100, but has Q = 10 in the presence 
of the load, the efficiency of the tank circuit is (100 - 10)/100 = 0.90. 
From the point of view of efficiency, it is desirable that the effective Q 

of the tank circuit, taking into account the load, be as low as possible , 
with the actual Q of the circuit, in the absence of load, being af? high as is 
practicable . However, there is a li�it to the extent that one can reduce 
the effective Q, since the lower the circuit Q, the larger will be the har
monic voltages developed across the tank circuit and hence the greater 
the harmonic energy delivered to the load. Also, if the effeetive Q 

is too low, it will be found that the tuning eapacity whieh gives maximum 
voltage aeross the tank eireuit does not eause the eireuit to present a 
unity-power-faetor impedanee to the tube. This effect is partly a 
result of the harmonie voltages developed across the tank eireuit and 
is partly due to the behavior of parallel resonant eireuits having low Q, 
as discussed in See. 14. Praetieal experience indieates that, if the 
effeetive Q of the tank circuit exeeeds 10 to 12, the maximum impedanee 
will be obtained almost simultaneously with unity power faetor. 

With the proper tank cireuit Q determined by the above considera
tions, it is then possible to calculate the required value of wL, knowing 
the necessary load impedance, and from this to determine the inductance 
and capacity required. From these and a knowledge of the power 

. ,  
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output, the peak voltage developed across the tuning condenser can be 
calculated by the relation 

where 

Effective voltage across} = - Jp LQ t k · . v W eff an CirCUIt 

p = power in watts delivered to tank circuit 
wL = reactance of inductive branch of tank circuit 

(172b) 

Qeff = effective Q of tank circuit, taking into account the effect of 
the coupled load resistance . 

Design and Adjustment.-The design of a Class C amplifier can be 
systematically worked out on paper according to the following steps : 

First.-Select the peak space current I m on the basis of the electron 
emission of which the filament is capable, using a suitable factor of safety 
as discussed above. 

Second.--Select a suitable combination of maximum grid potential 
Emax and minimum plate potential EmiD which will draw this total space 
current . This is preferably done with the aid of complete characteristic 
curves of the tube, but it can, when necessary, be carried out by extrapola
tion, as explained in the footnote on page 318. The minimum plate 
voltage must not be less than the maximum grid potential, and, if low 
driving power is important, the minimum plate potential should be 
appreciably larger than the maximum grid potential, although still 
relatively small compared with the plate-supply voltage. 

Third.-Decide upon a suitable angle of flow (J, 'making a reasonable 
compromise between the high efficiency, small output, and large drivin,g 
power obtained with small angles of flow and the large output, small 
driving power, and low efficiency with large angles. Under most circum
stances, the angle of flow will lie between 120 and 1500 • 

Fourth.-Calculate the grid bias by the use of Eq\ (16Y') , which also 
determines the signal voltage required since the crest signal voltage is 
Ec + Em8.JL. 

Fifth.-Determine the d-c plate current, d-c grid current, plate 
dissipation, power output, efficiency, grid driving power, etc. , either by 
the exact or by the approximate methods. 

Sixth.-Examine the results obtained to see if they are satisfactory. 
If not, revise the design and recalculate the performance. 

Seventh.-Estimate the proper Q for the tank circuit, keeping in 
mind that the effective Q must be at least 10 and that higher values will 
reduce the harmonic. energy delivered to the load but will cause a larger 
proportion of the output to be dissipated in the tank circuit . With the 
Q fixed in this way, it is possible to calculate the inductance and capacity 
required to tune to the desired frequency and develop the required 
impedance. 
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The design procedure and the details involved in calculating the 
performance by the approximate method can be understood with the 
aid of the following example : 

Example.-A Class C amplifier is to be designed employing a Type 800 tube oper
ating at 1000 volts plate potential and having characteristic curves as given in Fig. 75. 

The peak emission I m will be taken as 407 ma, which is arrived at by assuming an 
electron emission of 100 ma per watt of filament power and a factor of safety of 6. 
A suitable combination of Emax and Errlln for drawing this current without excessive 
driving power is Erilin = 150, Emax = 120. With I m, Emu, and Emin determined, 
the next step is the selection of a suitable angle of flow, which will be taken as 1400 as 
a reasonable compromise between efficiency and output. On the assumption that 
a equals %, Fig. 176 gives the direct-current and fundamental-frequency components 
of the total space current as 0.22 and 0.39, respectively, of the peak space current I m. 
The direct-current component of the total space current is hence 407 X 0.22 = 
89.5 ma, arid the crest fundamental-frequency component of the total space current is 
407 X 0.39 = 159 ma, crest value. It is now necessary to make ailowanee for the 
P1trt of the total space current diverted to the grid. Assuming that the d-c grid 
current is 15 per cent of the total d-c current, the d-c grid current will be 13.5 ma. 
The d-c plate current will hence be 89.5 - 13.5 = 76.0 ma, and the fundamental
frequency component of the plate current is, similarly, 159 - 2 X 13.5 = 132 ma, 
crest value. The power input to the plate circuit is the product of the d-c plate 
current and the plate-supply voltage, or 1000 X 0.076 = 76 watts, while the power 
output is half the product of crest a-c plate current and crest alternating voltage 
across the load, and so is 0.132(1000 - 150) /2 = 56. 1 watts. The plate loss is 
76 - 56.1 = 19.9 watts, and the efficiency is 5 J7 6  = 73.7 per cent. The grid bias 
required as calculated by Eq. (167) is found to be 134 volts. The crest alternating
current driving voltage is (Ec + Emax) or 254 volts, and the grid driving power is to 
a first approximatiQn 254 X 0.0135 = 3.4 watts. The load impedance that is 
required is the ratio of alternating-current voltage (Eb - Emin) to the alternating
current component of the plate current, and so is (1000 - 150)/0.132 = 6430 ohms. 

The accuracy of the above approximate analysis is indicated by the 
following comparison with an exact point-by-point analysis : 

. 

D-c plate current . .  " " "  . . . . . . . 
D-c grid current . . . . . . . . . . . . . . .  . 
A-c plate current . . . . . . . . . . . . . .  . 
Power input . . . . . . . . . . . . . . . . . .  . 
Power output . . . . . . . . . . . . . . . . .  . 
Plate loss . . . . . . . . . . . . . . . . . . . . .  . 
P.la te efficiency . . . . . _ . . . . . . . . . . . . 

By approximate 
analysis using 

Fig. 176 

76 ma 
13 . 5  ma 

132 ma 
76 . 0  watts 
56 . 1  watts 
19 . 9  watts 
73 . 7  per cent 

By exact 
point-by-point 

calculation 

74 . 3  ma 
13 . 4  ma 

131 ma 
74 . 3  watts 
55 . 8  watts 
18 . 6  watts 
75 . 2  per cent 

If the tank circuit is directly coupled as in Fig. 175a and if an effective 
Q of 12 is chosen, wLQ = ZL and wL = 64391 2  = 536 ohms. The 
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corresponding inductance and capacity can then be calculated for any 
frequency. 

Practical Adjustment of Class C Amplifiers.-The adjustment of 
Class C amplifiers to realize the design conditions is usually carried 
out by a cut-and-try process using the d-c grid current, the d-c plate 
current, and the output power as guides. � 

Thf' procedure to be followed depends somewhat upon whether the 
bias is developed by a grid leak or by a fixed source. With a fixed bias , 
the adjustment after setting the bias consists in first tuning the tank 
circuit to resonance by adjusting for minimum plate current with a 
moderate exciting voltage, and then adjusting the exciting voltage and 
effective load impedance by trial until the expected d-c plate current and 
output power are obtained without excessive grid current. The pro
cedure can be simplified by keeping in mind that the total space current 
I p + I g depends primarily on the maximum grid potential Emax and 
hence upon the excitation, while with a given excitation the minimum 
plate potential depends upon the load impedance, and hence the ratio of 
grid current to plate current is less the higher the impedance in the plate 
circuit of the tube. The adjustment procedure hence involves coupling 
the load to the tank circuit a reasonable amount, after which the excita
tion is varied until the total space current approximates the expected 
value. The effective load impedance is then varied by changing the 
coupling of the load to the tank circuit until a point is found where 
decreasing the coupling to the load slightly (i.e . ,  increasing the load 
impedance) causes the grid current to become excessive. The power 
output, power input, and grid current are then noted, and the entire 
procedure is repeated over and over again until the desired operating 
conditions are obtained. In carrying out the adjustments it is necessary 
to pay attention to the plate dissipation (i.e . ,  difference between power 
input and power output) ,  particularly in the early stages, since there is 
always danger of damaging the tube by accidentally overheating the 
electrodes . 

When the bias is obtained from a grid-leak resistance, added com
plications result from the fact that the bias and hence the maximum 
grid potential depend upon the grid current and grid-leak resistance. 
The best procedure is to start with the grid-leak resistance that is required 
to produce the desired grid bias with the estimated grid current, and then 
to follow out the procedure outlined .  above to obtain the best operating 
point. The actual grid bias that re�mlt� is then calculated from a knowl
edge of the grid-leak resistance and the grid current ; if it is not the desired 
value, the grid-leak resistance is altered as necessary and the process is 
repeated until the grid bias, space current, power output, and power 
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input . approximate the calculated values and the grid current is not 
excessive. 

The cut and try involved in the above procedures can be practically 
eliminated by the use of a .  peak vacuum-tube voltmeter, such as illus
trated in Fig. 177, to read directly the amount the grid is driven positive. 
This makes use of a diode tube, preferably an 879 or similar tube capable 
of standing a high voltage and having a relatively low electrode capacity. 
The anode of the diode is connected directly to the grid of the Class ' G 
amplifier, while the cathode is biased positively with respect to the 
amplifier cathode by the potentiometer P until the milliammeter M 
just begins to show current. Under this condition the cathode potential 

is substantially equal to the most positive 
potential reached by the rectifier anode, so 
that the voltmeter V then reads Emax directly. l  
With the exciting conditions adjusted to the 
desired value, it is a relatively simple matter 
to adjust the load impedance until the plate 
current, power output, and plate efficiency 
approximate the expected values. 

FIG. 1 77.-Peak voltmeter 
arranged to determine the 
maximum positive grid poten
tial Emax. 

When making adjustments on a Class C . 
amplifier, it is desirable to check the tuning repeatedly, particularly after 
each change in the load coupling. With trio des this is done by adjusting 
the tuning condenser for minimum plate current. This condition nor
mally corresponds to maximum load impedance (i.e., to the lowest 
possible Emin) , maximum grid current, and a unity-power-factor load. It 
also gives the maximum possible power output unless the effective Q of 
the tank circuit is so low that the points of unity power factor and 
maximum impedance do not coincide. 

Neutralization can be accomplished by turning off the filament voltage 
of the tube (but leaving the tube in place) and applying the exciting 
voltage. The neutralizing condenser is then adjusted until tuning the 
tank circuit through resonance has no effect on the d-c plate and grid 
currents of the exciting stage, or until there is no voltage or current in 
the tank circuit of the unlighted tube. 

Class C Amplifiers Employing Screen-grid Pentode Tubes.-Screen-grid 
. and pentode tubes can be operated as Class C amplifiers by making the 

grid bias greater than the cut-off value corresponding to the screen-grid 
potential. The performance obtained ii then similar to that of triode 
Class C amplifiers, but with the �dvantage that no neutralization is 

I For further information concerning such peak voltmeters and also for information 
describing trough meters that will read the minimum plate potential Emin, see F. E. 
Terman, " Measurements in Radio Engineering,"  1st ed. , pp. 27-29, McGraw-HilI 
Book Company, Inc. 
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required. The tubes are expensive in the larger air-cooled sizes, however, 
and are not available in water-cooled tubes. 

The analysis, calculation of performance, and design are the same 
with screen-grid and pentode tubes as with triodes except for minor 
modifications introduced by the screen grid. In particular, the relation 
between the grid bias and angle of flow is 

Esg + Emax cos (-20) G 'd b' E f.Lsg n las = c = --'=--1---c-o-s-(:-O-:-/2=)"':""":- (173) 

where Esg is the screen-grid potential and f.LBg is as defined by Eq. (66) . 
In selecting operating conditions it is essential that the maximum grid 
potential Emax should not exceed the screen-grid potential, and with 
screen-grid tubes the minimum plate potential Emin must also equal or 
exceed the screen-grid potential. Otherwise the situation is the same 
as with triodes, and the analysis can be carried out with either point-by
point calculations or the approximate method based upon the curves of 
Fig. 176. 1 

. 

In adjusting screen-grid and pentode Class C amplifiers, it is some
times found that the plate potential has so little effect on the plate current 
that it is impossible to tune the tank circuit by adjusting for minimum 
plate current. Under such circumstances the tuning adjustment can be 
made to give maximum current in the load. 

62. Characteristics of Tubes Suitable for Use in Class C Amplifiers.
When the amount of power to be generated by a Class C amplifier does 
not exceed a few watts, it is possible to employ the ordinary small vacuum 
tubes commonly used in radio receivers ; but larger tubes are required for 
greater powers, The amount of power that a tube can handle is deter
mined by the plate voltage that may be applied to the tube with safety, 
by the electron emission of the cathode, and by the amount of power that 
can be dissipated within the tube without overheating. 

Fila�ent Size.-
· The filament must have sufficient electron e�ission 

to develop the required value of peak space current I m throughout the 
life of the tube. In the case of tungsten filaments, the allowable I m 

is taken as being practically the full emission of the filament. With 
thoriated-tungsten emitters the initial emission is normally between 
three and seven times the required peak emission to allow for deteriora
tion during the life of the tube. Oxide-coated filaments require still 
larger factors of safety. 

Voltage Requirements.-The voltage that is applied to the plate of a 
Class C amplifier consists of the direct-current plate-supply potentia] plus 

1 The details of such an analysis are given by Terman and Ferns, loco cit. 
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an alternating component that has a crest value nearly equal to the direct
current voltage, so that during operation the instantaneous voltage 
between plate and cathode varies from nearly zero to nearly twice the 
plate-supply potential. The voltage that can be applied safely to the 
plate is limited by the plate-cathode insulation and the degree of vacuum 
existing within the tube, and, in order to withstand potentials ranging 
from 1000 to 20,000 volts, it is necessary that extreme care be taken 
in the design and construction of the tube. 

In' tubes generating alternating current of very high frequencies, 
i.e. , above 3000 kc, the alternating component of the plate potential 
produces large dielectric losses in the glass walls because of the very 
high frequency and the relatively high temperature of the glass during 
operation of the tube. The result is that, when a tube is operated at a 
high plate voltage and is generating very high frequencies, there is a 
tendency for the dielectric losses in the glass to produce local overheating 
that may soften the glass and destroy the vacuum. l Vacuum tubes 
which are to operate with very high plate voltage must therefore provide 
ample plate immlation and be arranged to minimize the dielectric stress 
in the glass walls. Even with the best designs it is usually necessary to 
use a lower plate voltage when operating at extremely high frequencies 
than when operating at low or moderate frequencies. 

Heat Energy to Be Dissipated.-The plate power supplied to a tube 
is equal to the product of plate-supply voltage and average plate current 
and so is limited by the direct-current plate voltage that may be used 
without danger of a breakdown and by the allowable d-c plate current. 
A certain fraction of this power supplied to the plate, usually more than 
half, is delivered to the resonant circuit in the form of alternating-current 
energy, while the remainder appears at the plate in the form of heat which 
the plate must be capable of radiating to the walls of the tube without 
becoming excessively hot. There is also a somewhat smaller power loss 
at the grid which the grid must be capable of radiating,without reaching 
an excessive temperature. rhe total power dissipated inside the tube 
consists of these grid and plate losses plus the power used in heating the 
cathode, and it must be carried away through the envelope of the tube. 
Tubes generating 1 kw or less of alternating-current power can transfer 
the energy loss in the tube to the surrounding air with glass walls of 
reasonable size, but, since glass softens at relatively low temperatures, 
the amount of energy that can be radiat�d per unit area of glass surface 
is low, and larger tubes would have to be enclosed in glass bulbs of pro
hibitive size. The cooling of tubes with glass walls is ordinarily obtained 

1 A discussion of punctures resulting from dielectric losses in the glass walls of the 
tube is to be found in the article by Yujiro Kusunose, Puncture Damage through the 
Glass Wall of a Transmitting Vacuum Tube, Proc. I.R.E., vol. 15, p. 431 ,  May, 1927 
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by allowing free circulation of air, although in the largest sizes a forced 
draft supplied by a fan is sometimes employed. 

A large proportion of ·the energy dissipated in tubes having glass 
bulbs is produced at the plate, which must therefore be capable of radiat
ing without damage all the heat generated at its surface plus that fraction 
of the filament-heating power which the filament radiates to the plate. 
In order to facilitate this radiation of energy from the plate to the glass 
walls of the tube, it is desirable to blacken the plate to increase the rate 
of heat radiation and to use a material that will stand relatively high 
temperatures. In some types of tubes the plates are actually at a dull 
red heat when operating under normal conditions. 

. 

Water-cooled Tubes.-In tubes having power ratings in excess of 1 kw, 
the problem of carrying away the energy dissipated in the tube has 
been solved by using water-cooled plates. Such tubes can be made in 
several ways. One type of construction is shown in Fig. -178 and employs 
a cylindrical copper plate which is dropped into a water j acket through 
which cooling water is circulated. The plate serves as part of the wall 
of the tube and also acts as an anode ; since it is in direct contact with 
the cooling water, many kilowatts can be dissipated at the .plate with
·out an appreciable rise in temperature . Another type of construc
tion that has been commercially successful encloses the tube with a glass 
bulb but employs a hollow plate through which water is circulated by 
means of pipes sealed through the glass. The most important feature 
of these water-cooled tubes is the metal-to-glass seal, which can be made 
in a number of ways; 1 

While water":cooled plates effectively eliminate the problem of dis
sipating the energy developed at �he plate, there is still the energy dis
sipated at the grid of the tube, which, while much less than that developed 
at the plate, is so great in large tubes as to cause the grid to operate at 
a red heat under normal conditions ; it may even heat the grid to a 
temperature at which thermionic emission of electrons takes place. 
Tubes with water-cooled grids have been devised and, while not now in 
commercial use, will probably be employed when ratings in excess <?f 
several hundred kilowatts are reached. 

Emitters.-The electron emitter used in high-power tubes operating 
at high plate volt ages is practically always a tungsten filament, while 
oxide-coated and thoriated-tungsten filaments, though having a high 
thermionic efficiency, are employed only in the smaller tubes. This is 
because of the effects produced by the gas molecules left in the tube after 

1 There are a number of ways of sealing metal to glass, .Some of which have been 
known for many years. For a description of a type of seal .that has been extensively 
used in water-cooled tubes see William G. Housekeeper, The Art of Sealing Base 
Metals through Glass, Trans. A.I.E.E. , vol. 42, p. 870, June,  1923, 
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pVllcuati on, as explained i n  Sec. 26. G:l.':i i8 particul arly troll blesome in 
tub(�H having oxi dc-cout(�d filall lcntH and makes it impractical to lli:le 
such emittcrR WhCll the pl ate voltage excced:-; about 1 500 volts. 

'rhe amount of power cOl lsu mcd in heating the cnthode of a high
power vacuum tube is very hLrge because the required electron emission 
if; great. Data on the cnthode-hpati ng power of a llumber of typieal 
tulJ(�� dC'Mig;nec.l for ol'lcil Iato [" purpo:)et' an"' to he fOl l l 1 d  i l l  Table  IX,  \yhich 
sh mv� t.hat the cathode power i:-1 in  ('x c-css of 1 k ,v i l l  the large:-i t tubeR. 
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FIG. ! is .-A wut.C'c-coolcd typo of  \·nClIU Ill tube haviup; a power ra t i ng of 20,000 wa tts 
output whclIl a(·ti llg tlH Ull oscillator. Thl' ulIod e is made in t he form of 11 copper (,ylindcr 
whi(�h i s  ('ooled b�· inU11f'l"�inll i ll a W:lt(H" j�\I"ket". 

III lnrge t.\ Ihp� i t  is eUO'It ollw.I'Y to plc:tC'(' a re:.;ist a l l cf.' i l l  f-;C'ric:o; with th(� 
fi lament. wll (\ll th!' fil�unen t c ireuit  is first elo::-ied ill ol'dpl" to limit th c' 
I'n:-1 h  of (� l l 1T(� l 1t that. would ot hcl'wi..,c flow bccau:-3e of the low rcsistan(· e 
of Lhp c:old fi l allH'llt. 'Vi thout this ::;tal' t ing l"c:-;i�tuncc, the initial curren t 
i l l  large tnlwK wDultl burn o u t  fuse::; al1d llligh t even damage the lead 
wires pa:;�ing throup;h tho glas� seal. 

Const"1'1.l,clion and Rati"n..g of Tubcs.-One of the most difficult problems 
PJ1('O l l l l ten'd i n  the manufact.ure of high-voltag�! high-power tubes is thn 
production of the vaC: \ .l u m .  The air original ly in the tube C :1Il be readily 
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pumped out, but the removal of the gas that is occluded in the metal 
and glass parts of the tube that are in 'contact with the vacuum is not a 
simple matter. Such solid materials will absorb large quantities of gas, 
which clings very tenaciously and can be removed only by the application 
of heat. The pumping procedure is carried out with the entire tube in 
an oven heated to a temperature just below the softening point of the 
glass in order to remove as much as possible of the gas occluded in the ' 
glass parts. Finally, while the tube is still on the pump, the metal parts 
are brought to temperatures above those that would be produced during 
normal operation. By taking these precautions it is possible to produce 
a suitable vacuum with a reasonable certainty that it will be maintained 
throughout the operating life of the tube. The difficulty of obtaining such 
a vacuum can be understood when it is realized that the large water-

. cooled tubes require continuous pumping for approximately 24 hr. to 
remove the occluded gas. 

Materials suitable for the plate and grid electrodes of high-power 
vacuum tubes are few in number because of the high temperatures to 
which these electrodes may be subjected during operation. The grid 
is generally of tungsten because of the refractory nature and high mechan
ical strength of this material, while molybdenum is also sometimes used. 
The plates of air-cooled tubes are g�nerally made of molybdenum, 
although · graphite is coming into increasing use. Tantalum is occa
sionally used for the plates of po"*er tubes and has the desirable property 
of absorbing gas in a certain range of temperatures. Tantalum plates 
thus help maintain the vacuum by " cleaning up " any gas that may 
be given out by the metal and glass parts during operation. The plates 
of water-cooled tubes do not have to meet any special requirements inas
much as the,operating temperature is low. Copper is generally employed 
because of its high thermal conductivity, but other materials can be 
used. 1 " . 

The amplIfication factors of power tubes do not differ greatly from 
those of. ordinary receiving tubes, although the tendency is to use some
what higher values because of the much greater plate voltages involved. 
The plate resistance of large tubes is somewhat lower than for small tubes 
having similar amplification factors, but the differences are not striking 
since the increased size of the tube increases the spacing as well as the 
electrode area. The chief distinguishing features of high-power tubes 
as compared with small receiving tubes are the very high voltages that 
the tubes can stand, the large space currents that they are capable of pro
ducing, and their ability to dissipate large power losses. The principal 
characteristics of a representative series of power tubes are given in 

1 For further discussion of anode materials, see E. E. Spitzer, Anode Materials for 
High-vacuum Tubes, Elec. Eng., vol. 54, p. 1246, November, 1935. 
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Tahle IX (Sec. 56) , and a nu mber of the same tubes are shown in Figs. 
17U and 180. I t  wil l be noted that t.he size of the glass bulb of the air
eoolcd tubeH i!:; proportional to the pO\vcr rating and that, while the ]OW
power tubes employ a type of com;truction si milar to that, used i n  receiving 
tu bc::;, the tube::; i n tcnded for �crvice at high vol tages are arranged so 
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FIG. 1 79.· Typic'ul os('i l In tor t uhes lHl\'in� rntpo power Ol l t.put l'!  r:l ll�illg !rom 7}2 t< 
20,000 wu tts. I'\ ate thnt t h� Sll 1'[/1('0 nrCH of the gl!lss hu I bs in  the air-cooled t 1I heR I 
proportional to the power rating and I.hat  ill the larger t.ubes (i . e. ,  thm;e requiring bigl 
pintc voltages) t ho plnte leads ure brought out through scpnratc seals remote from 1.h e gri ( 
and filament. se-nIt!. 

that the p1n,tc connection enlcr� the tubc through a special seal rem ote 
from the grid and cathode connect.ions i n  order to make t.he insul ation 

!-itrengt h af; great as pos:5iblc. In many tubes the grid cOll neetion is 
a l �o hrough t out through a separate seal, which ha.s the advant.age of 
reduring the electrode capacities and incrcasing the insulation strength 

/3ti l l  morc. 
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Power tu bes arc rated on t.he b�1�is of power output under conserva
tive operating conditions. Thus a 50-,vatt tube will de velop at least 
50 watts of radio-frequency output under ordinary conditions. In 
most cases, particularly ,vith small tuhf'R, rati ngs are purely convell
tional , being made on the basis bf an anode efficiency of 50 per cel1 t, ,vith 

a eom;ervative figure taken as the al lowable plate loss. Hence a 75-watt 
tube h as a nominal all owable plate los8 of 75 watt.H bu t can be operated 
:-:afely with a l OO-watt loss, a.nd so at a plate efficiency of 67 per cent it 
will develop 200 \vatts of radio-frequency outpu t. 

A number of spf'ci ul problems are involved i n  power tubes in tended 
to be uRed at very high frequencies. 
In addition to the necessity of a.voiding 
excc:;:;jvc dicleetric loss i n  the glaHs 
wall!-\ of the tube, tu bes int.ended for 
high-frequ rncy �en·ice mll�t have low 

in tcrclectl:odc capaci tieH in order to 
alIo\v for external tuning capacity i n  
the rc:-mnant circuit!;. 'To nbtai n th iH 
Iow eapaei ty, tb f! eleetrode areas mllSt. 
be small and the spacing greater t h al l 
usual, while the differcnt elcctrodes are 
preferably mounted from d ifferent 
presses. The 7n-watt tube of Fig .  1 7n 

-Filamenf fermlnerl . 1  
1 

is  an exampl e of a tuhe embodying . 

these constructional feature!:'. The 
grid and plate lead-in wires of tuhes 
used at very high frequencies must be 
capab le of carrying heavy currents, 

FIG.  180.-Photograph of scrc('n':grid 
power tu Uc having tt rating of 500 wa tts 
output when opcrntiug as u. Cia:>:; B 
ampli fier. 

hecause at. t.he freqllcn cips in volved the cupueity cnrrents flowi ng to t.he 
grid and plate may reach many am pel'e� even though the interc] ('et rode 
capacitic� are small. 

In pmver tuhes in tended to operate at ultra-high frequencics, it is 
necessary to keep the transit time of the electrons low, as well as to 
reduce lend induct an ce and interelectl'ode capacity. These requirements 
make it dC:iinl.ble to reduce the physi eal size, bu t doing so also reduceH 
the al lowabl e  pl ate dissipation and hence thc power rating. The result 
i::; that, although consi derable progresR is being made, th e final solution 

of the ul tl'l1-h i gh-freqllcncy power-tube problem doe!'; not n.Pllcar t.o have 
been reached. !  

I For an extensive dis<:ussion of developments in the field of ultl'n.-high-frcC\uency 
power tuhes, Hp.e M. J. Kclly nnd A. IJ. Sam u el, Vacuum Tubes liS Hi�h-freQucncy 
Osci llators, Elec. Ena., vol.  53, p. 1 504, November, 1 934 . 



• 

338 RADIO ENGINEERING [CHAP. VII 

63. Harmonic Generators.-By taking advantage of the fact that the 
pulses of plate current have appreciable harmonic content, a class C 
amplifier can be used to generate output power that is a harmonic of the 
signal voltage applied to the control grid. It is merely necessary to 
tune the tank circuit to the desired harmonic and adjust the angle of 
flow to a value that is favorable for generating the harmonic involved. 

(0) Plate voltage 

le) Total space current 
I 

_______ -.::!-��:tr-'2-A�vlerage Ip+Ig 

(d) Pl ate cu rrent 
____________ �t=��l�·�A�verage lp 

(e) Gri d  current 

(f) Power relations in 
the plate cirCU it  

1\ * .Average 19 
'-Tolalinput power 

� -Useruloutpulpower 'Power loss at plate 
________________ �w= ____ __ 

(g) Power relations in the grid circuit 

'-Tolal driv/ng power 

Jr. '-Power losl in bias 
'Power lost af grid 

electrode ----------------��------
Fw. 1 8 1 .-Voltage, current, and power relations of typical Class C harmonic generator. 

Note the simil arity to the curves of Fig. 170. 

Harmonic generators of this character are frequently used in radio trans
mitters and for other communication purposes. 

Oscillograms showing voltage, current, and power relations in a 
typical harmonic generator are shown in Fig. 181 ; they are seen to be 
almost identical with the corresponding oscillograms of Fig. 170 for a 
Class C amplifier. The significant factors are still the maximum grid 
potential Emu, the minimum plate potential Ernin, etc . ,  and the con
siderations involved in the design and adjustment are essentially the 
same as in the case of a Class C amplifier except for the fact that, since 
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the harmonic content of the plate-current pulses depends upon the angle 
of flow, it is necessary to choose this angle rather carefully in relation 
to the harmonic to be generated. From the point of view of reasonable 
output at gOQd efficiency, the best angle of flow is 180/n electrical degrees 
based upon the fundamental frequency, where n is the harmonic to be 
generated. The output is increased slightly to a maximum when the 
angle is about 50 per cent greater, or 270/n electrical degrees, but this is 
accompanied by a disproportionate increase in input power and so 
corresponds to a decidedly lower plate efficiency. The angle of flow can 
then be increased still further to about 360/ n electrical degrees before the 
loss in output becomes excessive, although the efficiency drops rapidly 
as the angle of flow is incr�ased. It is often desirable to make the angle 
of flow exceed 180/n and even approach 360/n in spite of the resulting 
loss in plate efficiency, because the larger the angle of flow, the smaller 
will be the grid bias and hence the less the driving power required. '  The 
only precaution that must be taken is to make sure that the allowable 
plate dissipation is not exceeded. 

The power output obtainable frOln a harmonic . generator is almost 
exactly inversely proportional to the order of the harmonic. A properly 
adjusted second-harmonic generator develops about 60 to 70 per cent 
as much output as is normally obtained from the same tube operating as 
a Class C amplifier, so that for third-, fourth-, and fifth-harmonic genera
tion the corresponding percentages are roughly 40, 30, and 25, respec
tively. This represents appreciable output on high-order harmonics, 
but, because of the large driving power required when the angle of plate
current flow is small, harmonic generators in commercial radio equip-

. ment are usually designed to generate the second harmonic, with the 
third or fourth harmonic occasionally employed. 

A nalysis of Harmonic Generator Performance.-The analysis of Class C 
harmonic generators is carried out in much the same manner as the 
analysis of Class C amplifiers . The maximum instantaneous grid voltage 
Emax, the minimum instantaneous plate voltage Emm, the peak space 
current I m, and the angle of flow fJ are determined as in the case of Class C 
ampllfiers except for modifications resulting . from the considerations 
outlined above . The bias voltage required for a given set of operating 
conditions is given by the relation 

G ·d b· = E = Eb[1  - cos (nfJ/2)] + Emin cos (nfJ/2) + 
n las C JL[1 _ cos (fJ/2) ] . 

Emax cos (fJ/2) 
1 - cos (fJ/2) (174) 

The notation is the same as in Eq. (167) , with the addition that n is 
the order of harmonic involved. With Emin, Emax, Eb, fJ, grid bias, and 
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the signal voltage determined, oscillograms of plate and grid currents, 
instantaneous grid and plate losses, power input, etc. ,  can be drawn 
from complete characteristic curves of the tube exactly as in the case of a 
Class C amplifier. 

An alternative method of analysis which is relatively simple and 
gives results sufficiently accurate for design purposes is based on the 
fact that the pulse of total space current for a given Ernwf.1 Ernin, Eb, and () 
has practically the same shape in the harmonic generator as in the case of a 
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Class C amplifier. ,  The error involved in m.aking this assumption is 
ordinarily only a few per cent and so can be neglected. The same 
approximate method of analysis that was used with Class C amplifiers 
can then be applied to harmonic generators, the only difference being that 
one is now interested in the harmonic content of the plate-current pulse 
and total space current instead of the fundamental frequency component.  
Curves giving the second-, third-, fourth-, and fifth-harmonic ampli
tudes in the space-current pulse as a function of angle of flow for different 
values of the exponent a in Eq. '( 170) are given in Fig. 182. The applica
tion of the approximate method of analysis to the case of a Class C 
amplifier can be understood by the following example : 

Example.-A second-harmonic generator will be designed using the same Type 800 
tube employed in the Class C amplifier example and operating at a plate potential of 
1000 volts. 
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The same values of I m, Emin, and Emu. as used in the Class C case can be used, 
namely", 407 ma, 150 volts, and 120 volts, respectively. The proper angle of flow can 
be taken as 1 8 %  z:: 90°, and reference to Fig. 182 shows that the factor for second 
harmonic 

·
with () = 90° and a = % is 0.236, and for the direct-current term is 0. 146. 

This makes the direct-current component of the total space current 59.5 ma and the 
second-harmonic component 96.0 ma. Assuming the d�c grid current to be 15 per cent 
of the total space current, or 9.0 ma, gives 59.5 - 9 = 50.5 ma as the dirept-current 
component of the plate current and 96.0 - (2 X 9.0) = 78 ma as the second-harmonic 
component of the plate current. The power supplied by the plate battery is 1000 X 
0.0505 = 50.5 watts, and the power delivered to the load is (1000 - 150)0.078/2 = 
33 watts. Hence the plate efficiency is 66 per cent and the plate loss 17.5 watts. The 
required load impedance between plate and cathode is (1000 - 150) /0.078 = 10,900 
ohms. Substitution in Eq. (174) shows the proper grid bias is 517 volts and the grid 
exciting voltage is 517 ·  + 120 = 637 volts. The grid driving power is approximately 
637 X 0.009 = 5.7 watts. 

The accuracy of the above analysis is indicated by the following 
comparison with results obtained by an exact point-by-point analysis. 

D-c plate current . . . . . . . . . . . . . .  . 
D-c grid current . . . . . . . .  ' . . . . . . .  . 
A-c plate current . . . . . . . . . . . . . .  . 
Power input . . . . . . . . . . . . . . . . . .  . 
Power output . . . . . . . . . . . . . . . . .  . 
Plate loss . . . . . . . . . . . . . . . . . . .  " . 
Plate efficiency . . . . . . . . . . . . . . . .  . 

Approximate 
analysis using 

Fig. 182 
50 . 5  ma 

9 . 0 ma 
78 ma 
50 . 5  watts 
33 watts 
17 . 5  watts 
66 per cent 

Exact 
point-by-point 

analysis 
51 . 1  ma 

8 . 5  ma 
81 . 6  ma 
51 . 1  watts 
34 . 7  watts 
16 . 4 watts 
68 per cent 

Harmonic Generation by Grid-circuit Distortion .-Another possible 
method of harmonic generation makes use of the non-linear relationship 
between the grid current and grid 
voltage to distort the wave shape of 
the voltage applied to the grid of InplIf emf. (flll1dttIHtI1rttl 
the tube and thereby to produce -frtt/lItl1cy) 
harmonics. The fundamental cir- �IIIIIIIIIIIIII ,� 

Gr.';..J biPf3 • ···Ollfpllf or IOPfa 
cuit arrangement of a harmonic 
generator of this type is illustrated 
in Fig. 183, in which Zg is an imped

,., impedance 
FIG. 183.-Basic circuit of grid-distortion 

harmonic generator. 

ance placed in series with the grid circuit and designed to offer a high 
impedance to the desired harmonic components of the grid current which 
flows when the grid is driven positive at the peak of each cycle. Such 
harmonic generators are capable of d;veloping comparatively large out
puts on high-order harmonics, or can be designed to generate a small 
output on a large number of harmonics simultaneously. ! 

1 For further discussion see F. E. Terman, D. E. Chambers, and E. H. Fisher, 
Harmonic Generation by Means of Grid Circuit Distortion, Tram. A.I.E.E. , vol. 50, 
p. 81 1 ,  June, 1931.  
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64. Linear Amplifiers.-The linear amplifier is a Class C a�plifier 
modified by adjusting to make the output voltage proportional to the 
exciting voltage. Such amplifiers are used extensively in the amplifica
tion of modulated waveR Ri.n�e they preserve the modulation without 
distortion. 

The linearity of a linear amplifier can be determined by plotting a 
curve of output voltage as a function of exciting voltage, as in Fig. 184. 
If the characteristic curves of the tube were straight lines up to the point 
where the maximum grid potential exceeded the minimum plate potential , 
the linear amplifier would be operated with a bias equal . to the cut-off 
value for the plate-supply potential. The plate-current pulses would 

800 �--+---�--���--+--� 
Cl) Cl � 600r---+---���--�---r---; 
� 
�400�--+-��--�-�--+-� +:::l o 200�-+�--�--�--�---+--� 

then be half -sine waves ha ving an 
amplitude proportional to the excit
ing voltage, and the amplifier would 
be perfectly linear up to the flatten
ing off that would occur when the 
maximum grid potential became 
greater than the minimum plate 
potential. The actual characteristic 
curves or" a tube are curved, with the 
result that, if the bias is the cut-off 

o 50 100 150 200 
Signal  Voltage 

2 50 300 value, the relationship between out

FIG. 184.-Curves showing linearity of linear 
amplifier for different bias conditions. 

put and exciting voltages tends to be 
nonlinear, as shown by b of Fig. 184. 
This curvature of the characteristic 

can be virtually eliminated by biasing the linear amplifier to slightly 
less than cut-off, giving the result shown by a in Fig. 184. This proper 
bias is approximately that obtained by extending the straight-line part 
of the tube characteristic, as �hown in Fig. 168a, to give a " projected 
cut-off" bias. 

The linearity of a linear amplifier also depends upo� the load imped
ance, being greater with load impedances that are high compared with 
the average effective plate resistance. At the same time, a high load 
impedance requires a smaller plate-current pulse to make the minimum 
plate potential become less than the maximum grid voltage, so that the 
output power over the region of linearity is reduced. The proper load 
impedance is roughly that which makes the plate loss equal to or slig!.ltly 
greater than the rated dissipatidn of the tube when the excitation is 
sufficient to make the minimum plate potential approximately equal to 
the maximum grid potential. 1 The proper load impedance is hence 

1 It is permissible to make the adjustment so that the plate loss with full exciting 
voltage is slightly greater than the rated value because, when the signal is a modulated 
wave, the exciting voltage is at this crest value only a small fraction of the time. 
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determined by assuming a reasonablel peak space current I m, a suitable 
combination of maximum grid potential, and minimqm plate potential, 
and then calculating the performance either by the exact or by the 
approximate method, using the angle of current flow calculated by the 
following rearran�ement of Eq. (167) 

(175) 

In the usual case when the bias is at projected cut-off, the valu� of (J 

obtained from Eq. (175) will exceed 1800 (i.e . ,  cos (�) will be negative) .  

In case the right-hand side'of Eq. (175) is not within the range of + 1 to - 1 , 
it means that the angle of flow is either 3600 
or O. 

v 

7,000 
6,800 

g 6,600 
1:5 

� 6,400 s:L .§ 6,200 

The calculation of the 'output voltage of a 
linear amplifier for a known exciting voltage 
and given load impedance must be carried out 
by a cut-and-try process. First an estimate is <5 made of the alternating voltage EL which g qOOO -' 
might reasonably be expected across the load "'G �800 v 
between plate and cathode. The .minimum '3 5,600 
plate potential is then Emin = Eb - EL. It is � �400 
now possible to make an exact point-by-point 

I 
// �/ 

� -I--�q, Aclual load �Ol ,;mpedcmce ' -=-r:-<y-- _ t _ _  '_ - -'if -� /}l-r-Actual EL 
" 
, 

1 . t t' ' th th d E d 360 380 400 420 440 460 ana YSIS s ar lng WI e assume min an . Value of EL(= Eb- E min.) 
the known grid bias and exciting voltages, in FIG. 185.-Determination of 
this way determining the load impedance that the actual output voltage for a 

Id b 
. 

d . h d 1 known load impedance by plot-wou e reqUIre to give t e assume va ue ting a curve of load impedance 
of EL. This will generally differ somewhat required for several assumed 

f h 1 1  d ·  d h values of output voltage. rom t e actua o� lmpe ance, so t at a new I 
estimate must be made of EL, and the calculation must be repeated to 
obtain a new load impedance. By repeating this process two or three 
times it is possible to draw a curve "Such as shown in Fig. 185 and to 
interpolate to obtain the output voltage EL for the load impedance 
actually employed. 

When the relationship between the output voltage and exciting 
voltage has been obtained either by calculation or experimentally, the 
distortion of the modulation envelope for any desired degree of modula-

i The allowable peak space current in the case of thoriated and oxide-coated 
cathodes is the same in linear amplifiers as in Class C amplifiers, but with tungsten 
cathodes the permissible value for linear amplifiers is about two-thirds the peak emis
sion employed with Class C amplification if distortion from incipient saturation is to 
be avoided . 
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tion can be obtained with the aid of Eqs. (151) or (152) by knowing the 
output at certain critical points on the modulation cycle, as illustrated 
in Fig. 186. If the distortion is to be kept low, it is apparent that the 
cre'st exciting voltage at the peak of the modulation cycle must not extend 
appreciably beyond the point where the linearity curves begin to flatten 
as a result of an excessively low minimum plate potential. 

The plate efficiency of a linear amplifier assuming a straight-line 
tube characteristic is the same as given by Eq. (166) for Class B audio 
amplifiers, while, in the ca�e of an actual tube with the bias at projected 
cut-o.r, the efficiency is slightly less. With the maximum allowable 

l max. 

FIG. 1 86.-Diagram showing how lineari ty 
curve can be used to determine distortion of 
modulation envelope with the aid of Eq. (151)  

. or ( 152) . 

excitation the plate efficiencies of 
linear amplifiers normally lie 
between 50 and 65 per cent, while 
with signals smaller than the maxi
mum permissible value the plate 
efficiency will be directly propor
tional to the signal amplitude. 
Since the carrier component of a 
comple.tely modulated wave is 
exactly half .of the crest of the 
modulation cycle, the efficiency of 

� practical linear amplifiers when the 
carrier is not modulated is around 
30 per cent, and the carrier power 
that can be developed by a given 
tube is slightly less than one-fourth 

of the output power that the same tube could develop when operating as 
a Class C amplifier. During the periods when the c'arner is modulated, 
the average efficiency increases because the average input over the 
modulation cycle is the same as without modulation, but the output 
power has been increased as a result of the side-band energy . 1 The 
result is that the plate loss in a linear amplifier will be greatest when the 
carrier is unmodulated, and, in fact, will be about the same during these 
unmodulated intervals as it would be with an unmodulated exciting volt
age having an amplitude equal to the amplitude at the peak of the 
modulation cycle. 

Adjustment of Linear Amplifiers.-The procedure to be followed in 
adjusting linear amplifiers depends upon ,the circumstances and the 
measuring equipment available. W�en ample exciting voltage can be 

1 The average input is substantially independent of modulation becalL'3e of the 
fact that the d-c current drawn by the tube is independent of the modulation. The 
modulation merely superimposes upon the d-c current alternating components that 
do not represent power with respect to the source of plate voltage. 
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had, the simplest procedure is to determine experimentally the relation
ship between the output voltage and exciting voltage for dif1erent load 
impedances until the best compromise is obtained between linearity and 
power output. When the exciting voltage available is barely sufficient 
to supply the desired carrier, it is then necessary to modulate this carrier 
and to make use of a cathode-ray oscillograph or modulation meter to 
determine the amount of distortion introduced in the modulation envelope 
by the linear amplifier. The load impedance and the amplitude of the 
modulated carrier are then varied until the best compromise is obtained 
between power output and freedom from distortion. 

In making adjustments on a linear amplifier, it is to be noted that the 
grid current which is drawn varies greatly during the modulation cycle. 
This places a variable-load impedance upon the exciter which tends to 
distort the exciting voltage. This must be taken into account either by 
balancing the effects produced by the variable load impedance against 
other causes of non-linearity or by making the power capacity of the 
exciter so great that the ,variation in load will have negligible effect. In 
some cases a resistance is actually connected across the tank circuit to 
waste a large amount of power so that the variable power consumed by 
the following tube will not have much effect. 

The bias for linear amplifiers must be constant irrespective of the 
degree of modulation or the grid current, and it is consequently normally 
obtained from a fixed source or by self-bias. Grid-leak arrangements are 
not permissible under any circumstances. 

Problems 

1. By means of curves of the type shown in Fig. 152 or Fig. 154 demonstrate 
qualitatively that, when the operating grid bias of a Class A power amplifier is made 
more negative, the proper load resistance is increased. 

2. A certain power tube having p. = 3 and Rp = 2400 ohms is to be operated 
as a Class A power amplifier with EB = 350 volts. Assuming that a reasonable 
value of Eo is 0 lO EB, determine the 'proper load resistance, proper grid bias, and 
maximum undistorted power, and estimate the plate efficiency that can be expected 
by assuming IminlIo = 0. 10. 

3. When the plate potential of the tube of Prob. 2 is raised to 500 volts, it is 
necessary to make the bias - 120 volts to prevent excessive plate dissipation. At 
this operating point the plate resistance is 2800 ohms. Calculate power output and 
approximate plate efficiency. Compare the results with those of Prob . 2 and explain 
the reason for the differences. , 

4. Using a set of I p - Ep characteristic curves of an actual power tube, deter
mine the following for an operating condition recommended as suitable for Class A 
power amplification : (a) maximum power output; (b) second-harmonic distortion; 
(c) actual plate efficiency, taking into account the "rectified " plate current. 

NOTE : The curves are preferably a full-page blueprinted reproduction of some 
actual tube. It is possible, however, to use curves given in tube manuals or the 
curves of Fig. 75 if nothing better is available. 



346 RADIO ENGINEERING [CHAP. VII 

6. Assuming thltt Eo/Eb = 0.1 and that Imin/Io = 0.1, plot a curve showing plate 
. . load resistance 

f Cl A l·fi · hi h h ·d 
. 

efficIency asea functIOn of I t 
. 

t 
or a ass amp 1 er m w c t e gn IS 

p a e resls ance 
not driven positive. 

6. Using a set of I p - Eo characteristic curves of an actual power-amplifier 
tube, plot a dynamic characteristic of the type shown in Fig. 152 for an operating 
condition recommended by the tube manufacturer as suitable for Class A operation. 

7. Assuming that EB and Eo are fixed and that the plate resistance is constant, 
. . 10ad resistance . 

plot for a Class A power amplIfier, as a functIon of I t ' t 
' curves showmg : 

p a e reSlS ance 
Ca) relative undistorted power output obtainable; (b) relative signal voltage required ; 
(c) relative power output for 1 volt of signal. Assume the grid is not driven positive. 

8. Using a 2A3 tube as a ,Class A amplifier with the conditions recommended for 
EB = 250 volts (see Table VIII), calculate the following when the maximum per
missible signal (45 volts crest) is applied : (a) a-c plate current ; (b) a-c voltage devel
oped across the load; (c) maximum and minimum instantaneous plate voltage and 
currents reach�d during the cycle (assuming zero distortion) ; (d) power dissipated in 
load; (e) plate efficiency. 

9. It is to be noted from Eq. (153b) that driving the grid of a Class A amplifier 
more positive causes the proper load resistance for fixed bias to become greater: 
Demonstrate qualitatively that this must be the case from dynamic characteristics 
of the type shown in Figs. 152 and 156. . 

10. The grid of a single Class A power tube is excited from a tube having a plate 
resistance of 10,000 ohms by a transformer in which the ratio of primary to secondary 
turns is 2. If the crest exciting voltage desired is 60 velts and the instantaneous grid 
current at the positive peak is 6 ma, calculate the second-, third-, and fourth-harmonic 
distortion produced in the exciting voltage by the grid current. 

11. A particular output transformer is to couple the plate circuit of a tube having 
Rp = 2000 ohms to a load of 600 ohms. The transformer must offer a load impedance 
of 4000 ohms to the tube and give a response that does not drop to less than 70.7 per 
cent of the mid-range value between 80 and 6000 cycles, 

a. Specify the required turn ratio, the largest permissible leakage inductance, and 
the lowest' permissible primary inductance. 

b. If the efficiency is to be at least 80 per cent, specify the maximum allowable 
primar� and secondary resistance, assuming that the loss is divided equally between 
primary and secondary. . 

12. An output transformer with the following constants is to be used with a push- . 
pull amplifier employing Type 6F6 tubes operated as Class A triode amplifiers (not 
Class AB) : 

Primary inductance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . 
Leakage inductance (referred to primary) . . . . . . . . . . . .  . 
�tep-down ratio . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . 
Resistance, primary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . 
Resistance,

. 
secondary . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . 

18 henries 
o . 20 henries 

30 
400 ohms 

1 . 2 ohms 

Determine the proper load resistance that should be used, and calculate and plot the 
frequency response that can be expected when this load resistance is used. 

13. Using a set of Ep - I p characteristics of an actual pentode (or· beam) tube, 
determine the following for a Class A operating condition recommended by the 
manufacturer : (a) maximum power output ; (b) second- and third-harmonic distortion ; 
(c) actual plate efficiency, taking into account the "rectified " plate current. 
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NOTE : Curves are preferably a full-page blueprinted reproduction for some actual 
tube, but in the absence of such curves it is possible to use Fig. 163 or characteristics 
given in a tube manual. 

14. From load lines plotted on the characteristic curves of Prob. 13, plot shape of 
output wave and evaluate output power for the load resistance of Prob. 13 and for 
load resistances twice as great and half as great. 

15. Explain why the individual tubes in a push-pull amplifier must have sub
stantially identical characteristics if the full advantages of the push-pull connection 
are to be realized. 

16. From the composite curves of Fig. 165 determine the power output and the 
second- and third-harmonic distortion for the three load resistances shown; when the 
peak signal voltage equals the grid bias. 

17. Check the operating conditions specified for Class B operation of the Type 800 
tube in Table IX with the aid of Eqs. (164) to (166) and Fig. 75. Do this by starting 
with the- specified load resistance and determining the crest alternating-current 
voltage across the load. Then check power output and plate efficiency. 

18. a. Using the characteristic curves of Fig. 169, derive a set of composite 
curves for Class B operation at the point : plate voltage = 300 volts ; control-grid 
.potential = o. Draw. load lines for plate-to-plate resistances of 3000, 5000, and 
80\.')() ohms, and calculate power output and second and third harmonics when the 
signal potential between grid and cathode is 50 volts peak. 

b. Derive and sketch the shape of the plate curreIlt wave in the individual tubes, 
and also the shape of the output wave. 

19. Design an audio-frequency amplifier which will deliver an un distorted output 
of 15 watts when operated from a microphone that has an internal impedance of 
600 ohms and which develops a voltage of approximately 100 p.v on open circuit. 
The over-all frequency response should not vary more than 3 db over the frequency 
range of 80 to 8000 cycles. The load impedance to which the output is delivered is 
10 ohms. The design includes selection of tubes, circuit layout, circuit constants, 
provision for volume control, specification of transformer constants, design of filter 
systems to prevent regeneration, etc . ,  as well as calaulation of expected frequency 
response. In order to obtain the required frequency response, it is permissible to use 
equalization provided the constants and performance of the equalizer are specified. 

20. Redesign the amplifier of Prob. 19 to provide sufficient negative feedback in the 
power stage to reduce the distortion otherwise appearing in the output by a factor of 5.  

21.  Design a Class C amplifier (including tank circuit) employing a Type 852 
(or other) tube (see Table IX) when' the plate voltage is 2500 and the frequency of 
operation is 7500 kc. Use tube characteristics from a tube manual and calculate the 
expected performance, using the approximate method. Include provisions for 
neutralizing in the design. 

22. In the amplifier tube used in the example of Sec. 61,  calculate the performance 
when the following changes are made in the design : (a) plate voltage increased to 
1500 volts ; (b) angle of flow changed to 90°. In each case make whatever changes in 
unspecified quantities are necessary to obtain optimum performance while keeping 
within the allowable plate dissipation and filament emission. Tabulate results of 
this problem along with those of the example and discuss the differences observed. 

23. a. If the coupling to the load in a properly adjusted Class C amplifier is removed, 
the d-c plate current will decrease to a small fraction of its original value, while the 
d-c grid current will increase somewhat. Explain the reasons for this . 

b. If in (a) the removal of the load causes only a moderate decrease in d-c plate 
current (such as 50 per cent) , what does this mean? 
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24. Design a screen-grid Class C amplifier using a Type 865 screen-grid tube (see 
Fig. 76 and Table IX) operating at a plate potential of 625 volts and a frequency 
of 4000 kc . . . 

26. Design a harmonic generator for the fourth harmonic using the same tube 
as in the example of Sec. 63. for angles of flow of (a) 45°, (b) 6772°, (c) 90°, using the 
approximate method of analysis. Tabulate the results for the three cases together 
with the results for the second harmonic in the example, and discuss the differences. 

26. Design a harmonic generator for the second harmonic, using a Type 852 or 
other assigned tube. Make calculations by the approximate method, and {uake use ef 
data in tube manuals to get the necessary tube data. 

27. Design a linear amplifier to handle a completely modulated wave using a Type 
800 tube of Fig. 75. In this design use the approximate method to determine the 
proper load impedance and other operating conditions. From the results . calculate 
the approximate carrier output obtainable, and the plate efficiency and plate losses 
when the carrier is (a) unmodulatedj (b) completely modulated. 

28. Derive Eq. (174) . 
29. Calculate the linearity curve for the amplifier of Prob. 27 and from this deter

mine the second- and third-harmonic distortion produced in the envelope of a com
pletely modulated wave. Neglect the distortion of the exciting voltage caused by the 
variable exciting power required by the linear amplifier. 
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· CHA PTER VIII 

VACUUM-TUBE OSCILLATORS 

66. Vac'1um-tube Oscillator Circuits.-A vacuum tube is able to 
act as an o·��illator because of its ability to amplify. Since the power 
required by the input of an amplifier tube is much less than the amplified 
output, it is possible to make the amplifier supply its input. When 

(01) Hartley Circui+-Series Feed ° ( b) Hartley Ci rcuit-Shunt feecf (c) Col pi tts Ci rcuit 
I?F.Choke 

c c 

( d )  M e i ssner Ci rcuit (e) Reversed Feedback Circuit ( fHickler Feedback Circuit 

(g)Tunecl Plate -Tuned Gri d Circuit 

Lg C9 

FIG. 187:-Typical oscillating circuits. In each case the frequency is determined by 
a resonant CIrcuit; and the arrangement is such that the tube acts as an amplifier supplying 
its own input voltage. • 

this is done, oscillations will be generated and the tube acts as a power 
converter th3t changes the direct-current power supplied to the plate 
circuit into alternating-current energy in the amplifier output. 

Any amplifier circuit that is arranged to supply its own input voltage 
in the proper magnitude and phase will generate oscillations. Many 
circuits can be used for this purpose, of which a number are shown in 
Fig. 187. In general, the voltage fed back from the output and applied 
to the' grid of the tube must be approximately 1800 out of phase with 
the voltage existing across the load impedance in the plate circuit of 
the amplifier, and must have a magnitude sufficient to produce the output 
power necessary to develop the input voltage. In the Hartley and 
Colpitts circuits this is accomplished by a.pplying to the grid a portion 
of the voltage developed in the resonant circuit. In the Meissner and 

349 

> .  
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the two feedback circuits, mutual inductances are employed, while the 
tuned plate-tuned grid circuit transfers energy to the grid tun:ed circuit 
through the grid-plate tube capacity. All the circuits shown in Fig. 
187 except that at Fig. 187b use series feed in the plate circuit, but it is 
possible to employ shunt feed ; in fact, the shunt feed is usually preferred 
in practical cases. 

The frequency a.t which the oscillations occur is the frequency at 
which the voltage fed back from plate circuit to the grid is of exactly 
the proper phase and magnitude to enable the tube to supply its own 
input. In oscillators associated in some way with a resonant. circuit, 
as are all those of Fig. 187, the frequency of oscillation approximates 
very closely the resonant frequency of this circuit. 

66. Design and Adjustment of Power Oscillators. I-Oscillators in 
which the object is to produce appreciable power output are adjusted 
so that the tube operates as a Class C amplifier. The only difference 
insofar as voltage and current relations, calculation of performance, etc . , 
are concerned is that, since the oscillator must supply its own excitation, 
its output is less than that of the corresponding Class C amplifier by the 
grid driving power. 

The real difference between power oscillators and Class C amplifiers 
is in the circuits, since the oscillator must be arranged to supply it& own 
excitation and must also operate with a grid-leak bias. Furthermore, 
where stability of frequency is important, additional considerations are 
involved in the circuit design, as discussed in Sec. 67 . In particular 
the effective Q of the tank circuit must be as high as possible if frequency 
stability is important, even though this involves some sacrifice in tank
circuit efficiency. 

Grid-leak bias is necessary in order to make an oscillator self-starting 
and to insure stable operation under the desired voltage and current 
relations. The use of a grid leak makes the oscillator self-starting 
because, when the electrode volt;:tges are first applied, the grid bias is 
zero, making the .plate current and hence the amplification large. Any 
thermal agitation or transient voltage of the frequency of the resonant 
circuit will hence be amplified and thereby start the building up of oscil
lations . These oscillations cause the grid to draw current which biases 
the grid negative as a result of the grid-leak resistance. This reduces 
the d-c plate current and hence the amplification of the tube, until 
ultimately an equilibrium is established at an amplitude such that the 
plate current is reduced to the point where the amplification is exactly 
one, i.e., where the power generated in the output is just able to sustain 

1 An excellent and exhaustive treatment of vacuum-tube oscillators is to be found 
in the series of articles by D. C. Prince, Vacuum Tubes as Power Oscillators, Proc. 
I .R.E. , vol. 1 1 ,  pp. 275, 405, 527, June, August, October, 1923. 

I · 1  
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the amp�itude of oscillations required to produce this power, and where 
there is no surplus remaining to cause further increase in amplitude. 
This equilibrium normally occurs when the minimum plate potential is 
quite small, approximating the values commonly considered desirable in 
Class C amplifier operation. When a fixed grid bias is used with Class C 
operation, oscillations cannot build up when the plate voltage is applied 
because the grid bias is greater than cut-off. 

In order to achieve stability, it is necessary that a decrease in the 
amplitude of the oscillations increase the amplification, for otherwise a 
minute irregularity producing a small decrease in amplitude will cause 
the amplification to become less than the equilibrium value of unity. 
This results in further progressive decreases in amplit,ude and the ulti
mate dying out of the oscillations. The grid leak ordinarily meets the 
requirement for stability pecause any decrease in the amplitude of oscilla
tions also reduces the bias developed by the grid-leak arrangement, 
thereby tending to maintain the same maximum grid potential even with 
less excitation. In contrast with this, reduction in amplitude with fixed 
bias reduces the amount the grid is driven positive, which tends to reduce 
the output and produce instability. 

The design of a power oscillator, as far as the operating conditions 
of the tube are concerned, can be carried out on paper exactly as for a 
Class C amplifier. Among other things, this determines the alternating 
grid and plate voltages desired. The ratio of these fixes the relative 
coupling from the tank circuit to the grid and plate circuits, while 
the absolute magnitude of the couplings must be such that, with the 
expected power output delivered to a tank circuit having the appropriate 
effective Q, the volt ages will have the proper magnitude. The details 
involved are made clear by the example given below. The grid con
denser must be large enough to have a low reactance compared with the 
grid-leak resistance, and it should be at least five to ten times the grid� 
cathode tube capacity . .  At the same time the capacity must not be so 
large as to cause intermittent oscillations as discussed below. When 
shunt feed is employed, the inductance of the shunt-feed choke is effec
tively in parallel with a portion of the tank circuit ; in order to keep the 
circulating current and hence losses in the choke low, the choke induc
tance should be at least five to ten times the inductance of the tank circuit . 

Example.-An oscillator is to be designed to operate under the same conditions 
as the Class C amplifier of Sec . 61,  using a Hartley circuit having an effective Q of 50. 
Assuming the grid and plate taps are to be at the ends of the tank-circuit inductance, 
the total alternating voltage across the tank circuit will be the sum of the exciting and 
alternating plate voltages, or 254 + 850 = 1 104 volts . The filament tap is located 
so that the ratio between grid and plate voltages is " " /'8 5 0 .  The tank-circuit induc
tive reactance wL required is found by Eq. (172) to be ( 1 104/0) 2/(56 X 50) = 218 
ohms for a tank-circuit power of 56 watts. From this the required tank-circuit induc-
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tance and capacity for any frequency can be calculated. The tank-circuit eirculating 
current is 1 1 0 % 1 8 = 5.06 amp. crest. Since the grid bias required is 134 volts, with 
an estimated grid current of 0.0135 amp. ,  the grid-leak resistance can be estimated as 
134/0.0135 = 10,000 ohms. The grid condenser capacity should be large enough to 
be an effective short circuit to the grid-leak resistance at the operating frequency, 
but not so large as to cause intermittent oscillations (see below). 

If the grid and plate connections were not made to the �nds of the coil, the voltage 
across the tank circuit would have to be increased accordingly and a higher tank
circuit inductance would be required to obtain the required conditions with the same 
effective circuit Q. If other oscillator circuits than the Hartley had been employed, 
minor modifications to this generl¥ procedure would be necessary. 

Adjustment of Power Qscillators.-The method to be followed in 
adjusting a power oscillator depends upon the completeness with which 
the paper design has been carried out. When the design has been worked 
out to the point where the couplings of grid and plate electrodes to the 
tank circuit have been determined, as well as the coupling required 
between the load impedance and the tank circuit to give the desired Q, 
and when these appropriate couplings have all been realized by means of 
measurements or calculations, the adjustment is very simple. One 
starts with a grid-leak resistance that will give the desired bias with 
the estimated grid current, notes the grid bias actually obtained as 
the oscillator operates, and readjusts the grid-leak resistance until the 
desired bias is realized. The tube will then be operating under the 
design conditions. . 

More commonly the design is carried only to the point where the 
desired operating conditions for the tube have been determined, as well 
as the required tank-circuit inductance, capacity, and current. It is 
then necessary to adjust the load coupling ; the grid, plate, and filament 
taps (or couplings) ; and the grid-leak resistance by trial until the desired 
operating conditions are realized. The simplest procedure for doing 
this is to place a thermocouple ammeter in series with the tank circuit, 
make the coupling between the load and tank circuit small, and use a 
grid-leak resistance that will give the desired bias on the basis of the 
estimated grid current. The coupling between the grid and tank circuits 
is then set by guesswork to a reasonable value, and the coupling from 
tank to plate circuits is varied until the expected tank-circuit current is 
obtained. Next, the coupling to the load is · increased until the d-c 
plate current is as close as possible to the expected value, after which the 
input power, output power, plate efficiency, and grid bias are noted. 
The coupling from tank circuit to grid circuit is then adjusted to realize 
more nearly the desired conditions, keeping in mind that closer coupling 
to the grid will increase the maximum grid potential but will reduce the 
angle of flow, as explained below. After the best adjustment of the 
grid excitation has been obtained, the plate coupling, load coupling, and 
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grid coupling are readjusted in sequence ·over and over again, always 
working toward the desired operating conditions. As these begin to be 

. approached, it is also necessary to change the grid-leak resistance at the 
end of each sequence in order to approach the desired grid bias . .  

If an ammeter is not used t9 read the tank-circuit current, it is then 
necessary to start by arbitrarily selecting .a reasonable coupling between 
the tank and plate circuits, after which the proper excitation, load 
coupling, and grid-leak resistance are derived as above. ' If the final 
results obtained in this way make the tank-circuit loss too great or the 
effective Q of the tank circuit too low, then it is necessary to change 
the coupling between tank and plate circuits and repeat the entire 
adjustments. 

The trial-and-error adjustment of oscillators can be systematized by 
keeping in mind the fact that oscillators adjusted for reasonable efficiency 
have the following characteristics : (1) The bias is determined primarily 
by the exciting voltage because the grid current normally increases so 
rapidly as the maximum grid potential is' increased that the bias -auto
matically adjusts itself so that the grid is driven moderately but not 
excessively positive. Increasing the excitation accordingly increases 
the bias and reduces the angle of flow while at the same time increasing 
the maximum grid potential somewhat. (2) The maximum positive grid 
potential Emax is determined both by the exciting voltage and by the 
grid-leak resistance, being greater as the grid-leak resistance is reduced 
or as the excitation is increased. (3) The tank-circuit current is deter
mined primarily by the coupling between the tank circuit and plate 
circuit of the tube, since the tank current is normally such that the crest 
alternating voltage developed between plate and cathode is just less 
than the plate-supply voltage. Hence more coupling between the platt 
and tank circuits reducelS the tank-circuit current. (4) The minimum 
plate potential Emin is determined largely by the coupling between the 
load and the tank circuit, as is also the d-c plate current. Close coupling 
increases the dissipation in the load for a given tank-circuit current. 
This tends to reduce the amplitude of oscillations, thereby increasing the 
minimum plate potential and increasing the d-c plate current which the 
plate draws. (5) The grid current is determined by the exciting voltage, 
grid-leak resistance, and load coupling, and for practical purposes is . 
fixed by the maximum grid voltage Emax and the minimum plate potential 
Emin• 

Factors Controlling Amplitude of OsciUation.-The factors affecting the 
amplitude of oscillation of a properly adjusted power oscillator are the 
load coupling, the anode voltage, and the frequency. With proper 
adjustment, equilibrium is always obtained with an amplitude such 
that the minimum plate potential is small compared with the plate-supply 
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voltage. This condition is maintained under widely varying conditions 
because the d-c plate current is quite sensitive to changes in the minimum 
plate potential lflmm, and hence causes large changes in power output for 
small changes in amplitude of oscillations. Thus, if the plate-supply 
potential is varied, the alternating pla:te-cathode voltage is changed 
almost in proportion. Likewise, if the frequency is changed by varying 
the capacity of the tank circuit, the current in the tank circuit will be 
almost exactly inversely proportional to frequency because the voltage 
across the tank circuit tends to be constant even if the inductive reactance 
�L of the tank circuit varies with frequency. 

Varying the resistance of the tuned circuit has relatively little effect 
on the amplitude of the oscillations but does change the d-c plate current. 
This is a result of the fact that, when the resistance of the resonant circuit 
is increased, it is impossible for the oscillations to maintain their ampli-' 
tude, inasmuch as the original oscillating current in flowing through the 
added resistance causes more energy to be consumed in the resonant 
circuit than is supplied from the plate-voltage source. The result is that 
immediately upon the insertion of additional resistance the amplitude 
of the oscillations becomes less. This makes the minimum plate voltage 
larger, increasing the amplitude of the plate-current impulses and 
resulting in the resonant circuit receiving additional energy. The ampli
tude of oscillations then assumes a new equilibrium point at which the 
enlarged plate-current impulses supply sufficient energy to the resonant 
circuit to maintain the oscillations with the higher resistance circuit. 
Inasmuch as the amplitude of the alternating plate-cathode voltage 
need decrease only a small percentage in order to increase greatly the 
amplitude of the plate-current impulses, the main result of adding 
resistance to the oscillating circuit is to increase the direct current drawn 
from the plate-supply source, while the amplitude of the oscillations, the 
grid exciting voltage, and the grid bias are affected relatively much less. 

Intermittent Operation.-When a grid leak is used to develop the grid 
bias, it is sometimes found that the oscillations are periodically inter
rupted. These interruptions may be at an audible rate or they may be 
at a radio frequency . They are the result of an excessively large time 
constant RgC'g for the grid-leak grid-condenser combination, and they 
can be cured either by decreasing the grid-leak resistance or by reducing 
the grid-condenser capacity, or both. 

Intermittent operation arises from the fact that, when the time 
constant RgCg of the leak-condenser combination is large, the bias voltage 
across the leak adjusts itself slowly to sudden changes in the amplitude 
of oscillation. If this rate of adjustment is so slow that oscillations can 
die out before the bias voltage can' change appreciably, then with sudden 
changes in amplitude the action is very much as thollgh one had a fixed 
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bias ; and as already explained, this leads to instability. The process 
involved in intermittent operation is therefore as follows : The m:cillations 
first build up in amplitude to the equilibrium condition. Any slight 
irregularity tending to . reduce the amplitude of oscillations will then 
cause the oscillations to die out because, with the large time constant 
RgCg, the bias tends to remain constant, whereas, in order to prevent the 
oscillations from dying out, it is necessary for the bias to reduce as 
the amplitude of oscillations reduces. After cessation of oscillations the 
grid condenser gradually discharges through the grid leak, reducing the 
bias until the tube will again amplify. An oscillation thereupon builds 
up again to the equilibrium value, to repeat the process. 

Blocking.-The phenomenon of blocking appears as a sudden stop
page of oscillations, accompanied by a reversal of grid current and an 
increase of plate current to a value much higher than can be obtained with 
the full direct-current supply voltage and zero grid potential . A high
power tube is usually destroyed by blocking, since the energy dissipated 
at the plate is enormous. Blocking is caused by operating conditions 
that permit secondary electron emission to take place at the grid to such 
an extent that the grid loses more electrons by secondary emission than 
it gains from the cathode by direct flow. This causes a reversal of the 
grid current, resulting in the development of a positive grid-bias voltage 
by the grid leak, and consequently an excessive plate current flows. In 
order that blocking may exist, it is necessary that the minimum instan
taneous plate voltage and the maximum instantaneous grid potential 
obtained during the cycle both be high and that the grid leak have a high 
resistance. Blocking, when it occurs, is the result of attempting to force 
the output of the oscillator by increasing the load resistance coupled into 
the plate circuit . This results in a reduction in the amplitude of oscilla
tions, which increases the minimum plate voltage. If the grid excitation 
is then increased, the secondary electron emission at the grid will be 
jncreased because of the increased positive potential reached by the grid . 

. Under unfavorable conditions this will cause the net grid current to 
become less, which reduces the grid bias and makes the maximum positive 
grid potential still greater, causing a further reduction in the grid current, 
and so on . 

. In order for blocking to occur, the grid must emit secondary electrons. 
In modern aIr-cooled tubes the grid structures have usually been so treated 
that the grid current will never reverse under conditions encountered in 
ordinary operation, so that blooking cannot occur in these tubes. How
ever, with water-cooled tubes, or where very high electrode voltages are 
employed, it is not always possible to construct the tube in such a way 
that negative grid current can be avoided. Such tubes are therefore 
susceptible to blocking, and either must be operated with considerable 

I 
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care or must be provided with a rectifier arrangement as, shown in Fig, 
188, which has the resistance ,R adjusted so that the rectified current 
alwitys exceeds the most negative grid current obtainable. In this 
way the current through the grid leak can never reverse, and all pos
sibility of blocking is avoided. 

Tubes for Power Oscillators.-The same tubes are used for power 
oscillators as are employed for triode Class C power amplifiers (see See . 
62) . For output powers up to about 1 kw. this means that air-cooled 

Reslsfor Tor confrolling reclified currenf. 

:/'-----

Rectifier 

FIG. 188.-0scillator pro
vided with grid rectifier to 
prevent the possibility of a 
negative grid current , with the 
resulting possibility of blocking. 

tubes are used, while water-cooled tubes are 
employed where greater power is required. 

67. Frequency and Frequency Stability 
of Generated Oscillations.- The alternating 
current generated by the vacuum-tube oscilla
tor has a frequency such that the voltage 
which the oscillations apply to the grid of the 
tube is of exactly the proper phase to produce 
the oscillations th�t supply the required grid 
e x c i  t i n g  voltage. , This approximates the 
resonant frequency of the tuned circuit, but 
the exact value is also usually influenced by 

such factors as the effective Q of the tuned circuit, the electrode 
voltages of the tube, the load coupling, etc. 

For many requirements it is essential that the generated frequency 
be as nearly constant as possible over both short and long time intervals. 
The first step in achieving this is to maintain the resonant frequ'ency 
of the tank-circuit constant. Factors that can cause the resonant 
frequency to change are aging, variation of inductance and capacity 
with temperature, variations in the intereledrode capacity of the oscil
lator tube as a result of changes in temperature or tube replacements, and 
variations in the reactance that the load couples into the tuned circuit. 
Temperature effects are particularly troublesome because the energy 
dissipated in the circuit causes progressive heating that is very difficult 
to compensate for. The temperature coefficient of tuned circuits ' 
depends upon the construction, but is commonly in the range 10 to 100 
parts in a million per degree centigrade. 

Constancy of the resonant frequency of the tank circuit does not 
insure a stable frequency 1 however, since the frequency actually generated 
nonnally differs from the resonant frequency of the tuned circuit by an 
amount that depends upon the resistance of the tank circuit, the load 
resistance coupled into the tank circuit, and the plate-supply, bias, and 
filament voltages. This can be understood by considering what would 
result if the oscillations were at the resonant frequency of the tuned 
circuit in some typical case . Thus take the Colpitts circuit of Fig. 189a 



- - - - - - r -,-- - _ T . - - _ .- --

SEC. 67] VACUUM-TUBE OSC]'LLA TORS 357 
and simplify by assuming that the shunt-feed choke has infinite reactance , 
that the grid condenser has negligible reactance, that the grid current is 
negligibly small, and that the grid-leak resistance is infinitely large. The 
only factors affecting the frequency are then the tank-circuit resistance 
and the coupled load resistance. This leads to the equivalent circuit of 
Fig. 189b, which leads to the vector diagram of Fig. 189c when the 
frequency is the resonant frequency of the tank circuit. Here -p.Eg/ 
represents the effective voltage acting in series with the plate circuit 
of the tube . Since the tank circuit offers a resistance load at its resonant 
frequency, the voltage Ep/ acro'ss the tank circuit is in phase with -p.Eg/. 
The eurrent iL flowing through the inductive branch of the tuned circuit 
lags Ep/ by an angle a that is slightly less than 90° as a result of the 
resistance in the coil and whatever load resistance is coupled into the 
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FIG. 189.-Circuit of Colpitts oscillator, together with simplified circuit, and vector 
diagrams showing how t ank circuit resistance makes it necessary for the actual frequency 
to differ slightly from the resonant frequency. 

coil inductance . This current also flows through the condenser O2 and 
produces the voltage Eg" which lags the current iL by 90° and is applied 
to the grid of the tube. This grid voltage should be such as to produce 
the voltage -p.Eg/ acting in series with the plate, but it fails to do so 
because the frequency was assumed to be the resonant frequency of the 
tank circuit . 

In order for the voltage on the grid to have exactly the required 
phase (i.e. , for vector Eg/ and · -P.Egf to be in phase opposition) , it is 
necessary for the frequency of oscillation to be slightly higher than the 
resonant frequency of the ' tuned circuit, as is the case in Fig. 189d. 
The amount of this frequency deviation obviously depends upon, the 
resistance of the tuned circuit, and hence will change (with a resulting 
variation in frequency) as the resistan<:e of the circuit is varied, or as the 
electrode voltages on the tube alter the effective plate resistance. If, 
in addition, the effect of the grid current, grid-leak resistance, '  grid
condenser capacity, shunt-feed choke, etc., are taken into account, the 

• 
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situation is more complicated, but the results are of the same general 
character. 

It is apparent from the above discussion that the frequency stability 
will be highest when the oscillations tend naturally to occur at a frequency 
that differs as little as possible from the frequency of the tuned circuit. 
Under these conditions the things that affect the difference between the 
actual and resonant frequency will have proportionately less effect 
upon the frequency. 

The most important factors contributing to the stability of frequency 
with variations in electrode voltages, particularly plate supply and 
filament voltages, are the effective Q of the tank circuit, the constants of 
the circuits associated with the oscillator tube, and operation so that the 
power output is relatively small. A high tank-circuit effective Q is 
important because the frequency change required to compensate for 
the phase shift resulting from a change in effective plate resistance, 
etc. ,  is inversely proportional to Q, with the result that the frequency 
stability is directly proportional to the tank-circuit Q. At the same 
time, use of a high tank-circuit Q has the disadvantage that it means 
the load must be loosely coupled, thereby lowering the tank-circuit 
efficiency and reducing the power output. This1 together with the fact 
that frequency stability is. improved by operating the tube so that the 
alternating currents flowing to the grid and plate electrodes are small 
(i.e. , operation with low power output) means that high frequency 
stability and large power output are mutually incompatible . In the 
Hartley, Meissener, and other circuits in which inductive coupling is 
employed, it is also helpful to use the largest possible coefficients of · 
coupling between the grid and plate coils of the tank circuit in order to 
reduce the leakage inductances that would otherwise produce phase 
shifts between the grid and plate alternating voltages. 

The frequency of oscillation can be made to approach the resonant 
frequency of the tuned circuit by inserting suitable reactances in series 
with the grid or plate electrodes or . both. 1 Analysis shows that the 
impedance required is to a first approximation independent of the elec
trode volt ages of the tube, so that by the use of such compensating 
reactances it is possible to make the frequency largely independent of 
the tube conditions. Figure 190 shows how these impedances are 
inserted under various conditions, and also gives the equations that 
determine the magnitude of the reactances for the ideal case where 
the effective tank circuit Q is extremely high. In this ideal case the 
compensation is perfect and the frequency is absolutely independent 
of tube voltages. In an actual case the compensating reactances must 

1 For an excellent discussion of such oscillators, sae F. B. LlE�wellyn, CQnstant
frequency Oscillators, Proc. I.R.E., vol. 19, p. 2063, December, 1931 .  
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be adjusted by trial, and the compensation, although not perfect, still 
represents a marked improvement' in independence of frequency from 
tube variations. It will be noted that in some cases the required react
ance can be supplied by a suitable choice of grid condenser or plate 
blocking condenser capacity. 

' 

Master-oscillator-Power amplifier and Electron-coupled Arrangements 
for Realizing High Frequency Stability.-The difficulty of obtaining 
appreciable power output with high frequency stability has led to the 
use of master-oscillator power-amplifier arrangements. Here an oscil
lator designed to have high frequency stability is used to excite the grid 
of a Class C power amplifier. In this way the oscillator operates with 

�fPUf 
(01) NeutrOll ized electron-coupleol oscil l Oltor 

[ 
(b) Pento ole electron-coupleol osci l lOltor 

FIG. 

' the lowest possible load and hence 
under conditions t h a t a r e  h i gh l y  
f a v 0 r a b I e for frequency stability, 
while the power amplifier is utilized 
to develop the output power required. 
It is essEIDtial that the Class C ampli
fier be operated so that the grid 
current it draws is small. This is 
because the grid current depends upon 
the load impedance in the plate circuit 
of the amplifier, and, if the grid cur
rent is not small, variations in the 
output circuits of the amplifier will 
produce appreciable re�ction upon the 
oscillator. When a master-oscillator 19 1 .-Electron-coupled oscillator 

circuits. power-amplifier arrangement is prop
erly desig1)ed and is operate� so that the tank circuit is either at 
constant temperature or is compensated so that it has the same 
resonant frequency over ordinary temperature ranges, a frequency sta
bility of the order of 20 to 100 parts per million can readily be maintained. 

The master oscillator and power amplifier can be combined into one 
tube by using a screen-grid or pentodr:l tube as illustrated in Fig. 191 . 1  
Here the cathode, control grid, and screen grid are operated as a triode 
oscillator with the screen serving as the ordinsJry anode. Only a few 
electrons are intercepted by the screen, but the8S are enough to maintain 
the oscillations. The remaining electrons, phicll. represent nlOst of 
the space current: go on to the plate and produ1';s the power output by 
flowing through the load impedance that is coni' �cted in series with the 
plate electrode. This plate current is controlled by the oscillator portion 

. 1 For further information on such oscillators, see J. B. Dow, A Recent Develop-
ment in Vacuum-tube Oscillator Circuits, Proc. I.R.E., vol. 19, p. 2095. December, 
1931.  
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of the tube, but, since the plate current of a pentode or screen-grid tube 
is independent of the plate potential (and hence of the load impedance 
in the plate circuit) if the minimum plate potential is not too low, there 
is no reaction between the output circuit and the oscillator section of the 
tube. 1 This arrangement is called an electron-coupled circuit because 
the oscillator and the output circuit are coupled py the electron stream. 

In the case of screen-grid electron-coupled oscillators, increasing the 
plate voltage causes the frequency to vary in on� way while increasing 
the screen voltage causes the frequency to vary in the opposite direction. 
Hence by obtaining the screen potential from a voltage divider, as shown 

- in Fig. 191a, and by locating the screen tap at the proper point (as 
determined by trial) , it is possible to make the frequency independent 
of the plate-supply voltage. 

Oscillators Employing Resonant Lines.-In this type of oscillator the 
resonant circuit that controls the frequency is supplied by a resonant 
transmission line by taking advantage of the fact that a transmission line 
short-circuited at the receiving end and an odd number of quarter wave 
lengths long acts as a parallel resonant circuit. When the frequency is 
sufficiently high so that the length required is physically short, it is 
possible by suitable design to obtain circuit Q's ranging from 1000 to 
100,000, with values of 10,000 quite practicable under most circumstances. 
The line can be of the two-wire or of the concentric-conductor type, with 
the latter having the advantage of no external field ' and zero radiation 
losses, but with the disadvantage that adjustments are more difficult. 
For maximum Q the conductors must be properly proportioned with 
respect to their spacings. Furthermore the maximum circuit Q is 
'proportional to the square root of the frequency, is independent of the 
number of quarter wave lengths in the line, and is directly proportional 
to the size of conductor. 2 

The very high Q obtained by the use of resonant lines is a result of the 
fact that this construction minimizes skin effect by arranging the surface 
of the conductor parallel with the magnetic flux lines. The increase 

1 In the case of screen-grid tubes it is necessary to neutralize the electrostatic 
coupling between plate and the screen, as shown in Fig. 191, if reaction through 
electrostatic coupling is to be avoided. The same is true of pentodes other than 
radio-frequency pentodes. 

2 A detailed discussion of the properties of resonant lines when used as tuned 
circuits is given by F. E. Terman, Resonant Lines in Radio Circuits, Elee. Eng. , 
vol. 53, p. 1046, July, 1934. In this paper it is shown that the circuit Q is given by the 
relation 

(176) 
where 

J = frequency in cycles 
b = inner radius of the outer conductor in the case of a concentric line, or the 
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. in Q as the frequency increases results from the fact that, although the 
skin-effect resistance is proportional to the square root of frequency, 
the length of line required for a quarter wave length is inversely propor
tional to fre'quency, so that, as the frequency. is increased, the length 
reduces faster than the skin effect increases. Resonant lines are hence 
particularly suitable fQr use at extremely high frequencies, since then 
the Q is high and the physical dimensions are small. 

A practical oscillator circuit utili zing a resonant transmission line 
to control the frequency is shown in Fig. 193. This is a tuned-plate 
tuned-grid type of oscillator with the grid tuned circuit supplied by the 
high-Q resonant line and the plate tuned circuit supplied by a conven
tional coil and condenser arrangement to which the load is coupled . 
In an arrangement of this sort the grid tuned circuit controls the fre
quency, and, because of the extremely high Q obtained with the resonant 
line, the frequency is substantially independent of ordinary variations 
in supply volt ages or load coupling. For maximum frequency stability 
the resonant line must be loosely coupled to the grid of the tube in order 
that the grid losses will be relatively small compared with the circulating 
energy in the line . This is accomplished by connecting the grid to the 
line at a point relatively close to the shorted end. 1 

At frequ"encies above 10 to 20 me the frequency stability of a reso
nant-line oscillator is of the same order of magnitude as obtainable with 

spacing between conductors in the case of a two-wire line, measured in centi
meters 

A = a constant depending upon the line proportions and given in Fig. 192. 
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FIG. 192.-Value of A. for use in Eq. (176) . This neglects radiation from line. 

1 This and other circuit arrangements developed by RCA for utilizing resonant 
lines to control the frequency of power oscillator are described by C. W. Hansell, 
Resonant Lines for Frequency Control, Elec. Eng., vol. 54, p. 852, August, 1 935. 
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crystal control if the line is provided with means to maintain the line 
length constant with variations in room temperature. At the same time 
the resonant line has the advantage of simplicity, since large amountE: of 
power can be generated by the oscillator tubes and delivered direct.ly 
to the load without the necessity of power amplifiers . 

Oscillators with M ore Than One Resonant Frequency .-When the 
electrical network associated with an oscillator tube involves more than 
one tuned circuit, it may be possible 
to have two frequencies of oscillation. 
When these two frequencies are widely 
different, as is commonly the case when 
one is dealing with parasitic oscillations, 
it will ordinarily be found that both 
oscillations will exist simultaneously, 

BlOCking " R F.  �, 
condenser ,' Choke �oad 

/ ' .-----t--.. 'f' " 

Regenerafion 
control 

with the high-frequency oscillation being FIG. 1 93.-Circuit of practical 

modulated by the low-frequency oscilla- vacuum-tube oscillator employing reso-
nant line to control frequency. 

tion. On the other hand, if the two 
possible frequencies of oscillation are quite close together, it is usually 
found that only one oscillation exists at a time, since the one that gets 
established first suppresses the other. 

A particularly interesting and important case involving two resonant 
circuits arises when the load is supplied by a tuned circuit that is coupled 
to the tank circuit of the oscillator. If the coupling between the two 
tuned circuits is sufficiently close, there are two possible oscillation 
frequencies corresponding to the two humps in the coupling curve dis
cussed in Sec. 17. The particular oscillation obtained will then be a 
matter of chance, and momentary stoppage of oscillations or merely 
a transient may cause the frequency to jump to. the other possible value _ 
The remedy for this situatIon is either to detune one of the circuits in 
such a way as to discriminate against one of the possible oscillations or to 
reduce the coupling to the point where the volt-amperes in the secondary 
are less than the volt-amperes in the primary. This latter condition is 
obtained when the coefficient of coupling between the two oscillator 
circuits is less than the reciprocal of the effective Q of the secondary. 1 

Frequency Range of Oscillators.-The lowest frequency obtainable 
from an oscillator is limited only by the fact that, as the resonant fre
quency of the tank circuits is lowered, there is increasing difficulty iD 
obtaining a reasonable circuit Q with reasonable physical dimensions. 
Frequencies of the order of 5 to 15 cycles a second can, however, be 
readily obtain�d with tuned circuits employing iron-cored- coils. 

1 Further discussion of problems involved in oscillators employing two circuits 
tuned to the same frequency is given by D. C. Prince, wc. cit _ 
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The high-frequency limit of large tubes is set by the resonant fre
quency obtained when the capacity of the tank circuit consists only of 
the interelectrode �apacity of the tube and when the inductance is the 
inductance of the shortest possible leads between electrodes . In the 
case of tubes physically small, such as the " acorn" tubes, the frequency 
limit is so high that the low input resistance resulting from the finite 
transit time is a further limit. With suitable tubes considerable power 
can be readily obtained at frequencies of 150 to 300 mc, and oscillations 
at frequencies exceeding 1000 mc can be obtained with " acorn" tubes. 
The plate efficiency and hence power output always decrease rapidly 
as the high-frequency limit of a tube is approached, and this, coupled 
with the fact that tubes for generating the highest frequencies must be 
physically small, means that very little power is obtainable at the highest 
frequencies. 1 

68. Parasitic Oscillations.2-The term parasitic is applied to any 
undesired oscillation occurring in an oscillator or power amplifier. 
Such oscillations are commonly encountered . when large tubes are 
employed ; they are to be avoided because they absorb power that would 
otherwise go to generating useful output and because they also often 
produce excessive volt/:1ge stresses in portions of the circuit. In addition, 
parasitic oscillations will normally cause distortion in linear amplifiers, 
modulators, and Class A and Class B audio amplifiers . Low-frequency 
parasitic oscillations will also modulate a carrier wave either at an audio • 
or at a low radio frequency. A rough note from the output also nearly 
always indicates parasitic oscillations. 

Examples of Parasitic Oscillations .-Parasitic oscillations result from 
the fact that, when the tube capacities, lead inductance, shunt-feed 
chokes, etc. ,  are all taken into account, it is usually found that several 
possible modes of oscillation can exist in addition to the desired type of 
operation. The nature of these parasitic circuits and the means for 
preventing them from giving rise to oscillations can be understood by 
considering several typical examples. Consider first the simple Class C 
amplifier circuit of Fig. 194a. At very high frequencies this reduces 
to the circuit of Fig. 194b, which is a tuned-plate tuned-grid oscillator 
circuit with the grid and plate tuning capacities supplied by the grid
filament and plate-filament tube capacities, respectively. The grid 
inductance L1 and plate inductance L2 are supplied by the inductance 
of the leads between these two electrodes and ground through the tuning 

1 For further discussion of oscillators for very high frequencies, see M. J. Kelly 
and A. L. Samuel, Vacuum Tubes. as High-frequency Oscillators, Elec. Eng., vol. 53, 
p. 1504, November, 1934. 

2 For further information see G. W. Fyler, Parasites and Instability in Radio 
Transmitters, Proc. I.R.E., vol. 23, p. 985, September, 1935. 
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capacities Cl and C21 which can be considered as short circuits at the 
parasitic frequency. It will be noted that the neutralization is not 
effective because the' coil Lp does not participate in: the parasitic oscilla
tion. Instead, the neutralizing condenser in series with the inductance 
of its leads merely forms a shunt across L1 to ground through C2, modify
ing the resonant frequency of the grid tuned circuit . The circuit shown 
at Fig. 194b will oscillate provided the plate tuned circuit offers inductive 

(ell) Actu Ol \  ci rcu i t  (b) Ci rcu it of pa rositic 
osci l l ations 

FIG. 194.-Typical Class C amplifier circuit , showing how high-frequency parasitil 
oscillations are possible. 

reactance at the resonant frequency of the grid tuned circuit. The 
remedy for such parasitic oscillations is to insert either a resistance in 
series with the grid or a choke coil in series with the plate, as shown in 
Fig. 194a. Such a resistance is directly in series with the grid tuned 
circuit, and so reduces the tendency to oscillate at the parasitic frequency. 
The plate choke reduces the resonant frequency of the plate tuned circuit, 
causing it to offer a capacitive reactance at the resonant frequency of 

(a) Actua \  ci rcu it 

Lp 

(b) High-frequency parasitic circu it (c) Low- frequ ency 
p�rasitic ci rcu it 
I, Cn+ C �  + Cgp 
. 

'�=J. =  

LI 
Lz. 

�--........ �-...---C,+ CI'+ Cgf '-Cz-t Cz+ Cpf 

FIG. 195.-Neutralized push-pull amplifier, showing how the tubes can operate in parallel 
to produce a high-frequency parasite and also a low-frequency parasite. 

the grid tuned circuit, and the'reby produces a non-oscillatory condition. 
Neither grid resistance nor plate choke have appreciable effect on the 
desired mode of operation because they are not in series with the resonant 
circuits effective for normal operation. 

Next consider the push-pull circuit of Fig. 195a. An arrangement 
of this sort is commonly troubled with a high-frequency para�itic o�cilla
tion. At this high frequency the capacities Cl, C/, ' C2, and C2' are 
effectively short circuits,  which places the two tubes in parallel and leads 
to the equivalent parasitic circuit of Fig. 195b, which is a tuned-plate 
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tuned-grid arrangement, with the neutralizing capacity effectively in 
parallel with the grid-plate tube capacity and so increasing the tendency 
to oscillate. The inductance effective in the grid tuned circuit is .the 
inductance of the lead from grid to ground through the capacities Cl 01' 
Cl'. The plate-circuit inductance is similarly the lead inductance, while 
the tuning capacities are supplied by the tube. This type of parasitic 
oscillation can be eliminated by inserting resistances in the grid circuits 
next to the grids or by de tuning the plate parasitic circuit by the use of 
choke coils inserted in the plate leads next to the plates . 

The circuit shown in Fig. 195a may also develop low-frequency 
parasitic oscillations in which the grid and plate chokes participate. At 
these low frequencies .the grid and plate tuning Inductances Lg and Lp 
can be considered as short circuits, making the equivalent circuit have 
the form shown at Fig. 195c, which is seen again to be a tuned-plate 
tuned-grid circuit, with the grid and plate chokes now supplying the 
tuning inductances. Since these chokes are large and are tuned by a 
considerable capacity, the frequency of the corresponding parasitic 
oscillation is commonly quite low. The remedy consists either ill arrang
ing the circuit proportions so that the plate tuned circuit is resonant to � 
lower frequency than the grid tuned circuit; or, better yet, in eliminating 
one of the chokes. 

When tubes are connected in parallel, one can almost 'always expect 
parasitic oscillations in which the two tubes operate in series. Thus 

in Fig. 196a one finds that at a 
(01) Actua l  circuit (b) Equiva lent circuit very high frequency the normal 

! ... 
FIG. 196.-Amplifier with parallel tubes, 

showing how the tubes may act in push-pull to 
produce a high-frequency parasitic oscillation. 

tuning ' capacities are essen:tially 
short circuits ; but the lead induc
tances from grid to grid and plate 
to plate ill conjunction with the 
interelectrode c a p  a c i t i e  s of the 
plate form a tuned-grid tuned-plate 
circuit , as illustrated in Fig. 196b, 

which may produce parasitic oscillations unless grid resistors or detuning 
plate inductances are employed. The neutralization has no effect 
because to the parasitic oscillation the neutralizing condenser is between 
points that are effectively at ground potential. 

When a tube is operated so that there is sufficient secondary electron 
emission at the grid to produce a negative re8istance, high-frequency 
oscillations of the dynatron type (see next section) may exist ill the grid 
oircuit near the crest of each cycle of the exciting voltage even when 
tuned-plate tuned-grid oscillations have been eliminated. These 
oscillations are eliminated in large water-cooled tubes by a grid rectifier 
such as is illustrated in Fig. 188, which neutralizes the negative resistance ; 
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they can usually be avoided in smaller tubes by slight changes in operat
ing conditions. 

The above examples are merely typical of what may be expected. 
In actual practice it will be found that every new design of equipment has 
its own peculiarities and its own special varieties of parasitic oscillations, 
and the number of variations possible appears to be almost without 
limit . Thus, as an illustration of the complexity of the problem, it is 
sufficient to note that, in the first 500-kw broadcast transmitters devel
oped, the final power amplifier developed approximately twelve varieties 
of parasitic oscillations ranging all the way from audible to ultra-high 
frequencies. 

Miscellaneous Comments on Methods of Investigating and Eliminating 
Parasitic Oscillations .-Parasitic oscillations can be expected as a matter · 
of course in any new design of power amplifier or power oscillator involv
ing large tubes. The simplest method of investigating the presence of 
parasitic oscillations in a Class C amplifier is to remove the exciting . 
voltage, make the grid bias small or even zero, and operate with a plate 
voltage lowered sufficiently to keep within the rated dissipation of the 
tube. This insures a high mutual conductance and gives conditions 
favorable for the excitation of most types of parasites. These oscilla
tions can then be searched for by means of a neon lamp on a stick. When 
the lamp is brought near a point of high voltage, it will glow, thus making 
it possible to determine what parts of the circuit are involved in the 
parasitic oscillation. Mter a parasitic oscillation has been thus located 
and its frequency determined, the equivalent circuit can be deduced and 
remedial means devised. It is commonly found that, upon the elimina
tion of one parasitic oscillation, another oscillation of a different type will 
appear, and that upon the elimination of this still other parasitic oscilla
tions may start up. 

Power oscillators are less troubled by parasitic oscillations than are 
Class C amplifiers because the desired oscillation tends to suppress 
parasitics. Nevertheless, high-frequency parasitic oscillations involving 
the inductance of the grid and plate leads and the interelectrode capacities 
of the tube can generally be expected with oscillators employing water
cooled and large air-cooled tubes. These can usually be suppressed by a 
resistance in series with the grid or a choke connected in the plate lead 
next to the tube. 

Screen.;..grid and pentode power amplifiers are practically immune 
from most types of parasitic oscillations provided the screen grid is 
really at ground potential, since then no energy transfer through the 
tube is possible . However, the circuit from the screen-grid electrode 
through the by-pass condenser to cathode has inductance, and, if this 
circuit is not made as short as possible , the voltage drop in this inductance 
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will be sufficient to prevent the screen from being at the cathode potential. 
Feedback through the tube with the possibility of parasitic - action will 
then be present. 

Troubles from parasitic oscillations can be minimized by using simple 
0ircuits arranged with the shortest possible leads . Neutralization sys
tems that are symmetrical and so maintain the neutralization over a wide 
frequency band are also helpful . It is also desirable to employ induc
tive coupling to the input and output circuits of the tube rather than 
capacitive or tapped inductance coupling. Shunt-feed chokes' should 
be avoided when feasible, and should not be employed in both grid and 
plate circuits of the same tube. The remedies most commonly success
ful in suppressing parasitic oscillations are the use of a resistance in 
series with the grid lead of the tube, the use of a small inductance coil 
in the plate lead next to the tube, and the use of as few radio-frequency 
chokes as possible. When these methods fail, it is necessary to make a 

. detailed study of the situation and to devise arrangements to satisfy the 
circumstances. 

69. Miscellaneous. Synchronization of Vacuum-tube Oscillators.
Vacuum-tube oscillators have an inherent tendency to synchronize with 
any other oscillation of approximately the same frequency that may be 
present . The behavior of two oscillators loosely coupled together and 
generating frequencies that are not widely different illustrates what can 
be expected. If the two frequencies differ by only a small percentage, 
they are both shifted from their normal values in such a way as to reduce 
the difference. This attraction of the two frequencies becomes more 
pronounced as the difference between the normal oscillating frequencies 
is reduced and finally becomes so great that the oscillators pull into 
synchronism. The extent to which the frequency of an oscillator can be 
shifted from its normal value by the presence of currents of a slightly 
different frequency will be greater as the strength of the injected currents 
is inereased and as the frequency stability of the oscillator is lowered. 1 

It has also been found that, when currents having a frequency approxi
mating a harmonic of the generated frequency are injected into the 
oscillator circuits, there is a tendency for the generated oscillation to 
synchronize its frequency with the injected currents in such a way that 
a harmonic of the generated frequency is in exact synchronism with the 
i.njected frequency. The tendency toward synchronization with a 
harmonic of the generated oscillation is not so great as when both fre
quencies are approximately the same. However, when the stability 
of the oscillator whose frequency is being controlled is relatively low 

1 A mathematical analysis of this phenomenon of synchronization for one particular 
type of oscillating circuit is given in E. V. Appleton, Automatic Synchronization of 
T riode Oscillators, Proc. Cambridge Phil. Soc. , vol. 21,  p. 231,  1922. 
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. and when the; injected ep.ergy is relatively strong, it is' not difficult to 
maintain the oscillations at !1 freqyency that is exactly one-half or one� 
third of the injected frequency, and synchronization has been obtained 
when the ratio of frequencies is as low as one-sixth. 1 

Oscillators with M ore Than One Tube.-Since vacu.um-tube oscillators 
tend to synchr�mize automatically, there is no difficulty in operating two' 
or more tubes in ·parallel, and such arrangements can be used where 
more power is desired than can be obtained from a single tube. How
ever, it is usually preferable to use a single tube of larger capacIty where 
this is possible, because parasiti� oscillations are very difficult to avoid" . 
when tubes are operated in parallel. 

(01) Push-Pull OscillOltor Circuit 
. . 

M 
FIG. 197.-:-Typical symmetric�l two-tube oscillator circuits. (a) is a push-pull circuit 

of the reversed feedback type, while (b)' is a symmetrical oscillator derived from the Hartley 
circuit� 

The most successful multi-tube arrangements are those erriploying 
t�o tubes iu a push-pull or some other symmetrical connection, such 
as shown in Fig. 197, since with such arrangements there is less tendency . 
for parasitic oscillations to be produced. Sym�etrically arranged 
oscillators using two tubes are often employed where the frequency to be 
obtained is extremely high because they permit the use of very short 
,connecting wires and in effect connect the electrode capacities of the 
twO' tubes in series, which increases the highest frequency to which the 
resonant circuit can. be tuned., 

Dynatron .and Similarr Oscillators Employing N egative �esistance. 2_ 

. ·The negative plate-cathode resistance · of a dynatron can be. used to 
produce oscillations by connecting a 'parallel resonant circuit in series 
with the negative resistance as shown in Fig. 198a. Such an arrange
ment will oscillate provided the negative plate resistance is less than the . 

• • • •  • t 
1 Synchronization between oscillations related by · harmonics ' is discussed in the 

paper by Isaac Koga, A New Frequency Transformat or Frequency Changer, Proc.· 
I .R.E . ,  vo!. 15,  p. 669, August, 1927. Also see U. ' S. Patent 1 ,527,228 issued to " 
Schelleng ; and J. Groszkowt'lki, Frequency Division, Proc. I.R.E., vol. 18. p. 1960, 
November, 1930. .

' 
. 

2 For further discussion see F. E. Terman, " Measurements in Radio Engineering,"  
1st ed. ,  pp. 287-290, McGraw-Hill Book Company, Inc. 
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parallel resonant impedange of the tuned circuit. Also, .if the grid bias 
is such ·that the negative resis'tan ce is just barely low enough , for osciUa� 
tion, the frequency 'Stability with respect to tube conditions is extremely 
high and the oscillation is practically sinusoidal . Such oscillators are 
sometimes used for laboratory or test oscillators, and are particularly 

• , satisfactory when 
'
combined with automatic amplitude control so as to 

maiD;tain the tube conditions on the threshold of oscillation at all times, 
as discussed below. 

(a) Dynatron osc i l lator 

FIG. 198.�Oscillators employing negative res�stance Bupplied by a tube. . 

Negative resistances obtained in other ways can .be used iI,l similar 
:rp.anner to produce oscillations. Thus the oscillator of Fig. 198b employs 
the negative resistance arrangement of Fig.

' 
83'� and has the advantage 

over the dy�atron in that negative resistan'ce ' obtained by secondary 
emission is relatively unstable at times. 

, Oscillators with Automatic Amplitude Control .. L-The frequency 
s�ability and wave-s�ape form of any common oscillator can be improved 

(01) OynOltron Osci 1 I 00tor 

'tt. 
-..... , 04---: ·-Filfer \ 

�.: ' 1 I 

(b) Hartley Osci l lator 

:' 
I ; 
's,'as cathode positively if,/ 
de/ay action is desired ' 

FIG. 199. -Qscillators with simp�e amplitude control. 

by using an 'automatic-amplitude-cQnt��l arrangement to' maintain the 
amplitude of oscillations constant under all conditions. This is par- . 
ticularly t4e case when the, control is adjusted so that the osqillation is 
restricted to the iinear part of the tu be characteristic. 

The amplitude control commonly takes the form of an automatic-. ' .  . 
volume-control circuit �hich may or may no't have delay

. 
action. Such 

, 
1 For further information on such oscillators see ibid. ,  pp. 288-291. Also ,gee 

L. B. Arguimbau, An Oscillat.or Having a Linear Operating Chara�teristic, Proc. 
I .R.E. ,  vol . 2 1 ,  p. 14,  January, 1933 ; Janusz Groszkowski, Oscillatof& with Automatic 
Control of the Threshold of ·Regenerations, Proc. I.R.E., vol. 22� p. 145, February, 
1934. 

. " . 
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circuit arrangements applied to a dYllatron and a conventional Hartley 
oscillator are illustrated in Fig. 199. ' 

Resistance-stabilized Osc�llators. l-'The resistance�stabilized oscillator 
is widely used to, generate audio a�d low radio fr�quencies for laboratory 
and similar ' uses where plate efficiency can be sacrificed to frequency 
stability and good ,wave form. Typical" circuit arrangements are shown 
in ' Fig. 200 and are seen ' to be conventional oscillat()r circuits with the 
addition of a " feedback" resistance located between the plate of the ' 
oscillator tube and the tuned circuit . This feedback resistance must .be 
high compared with , the plate resistance of the tube, and it has two 
primary functions. First, it makes the resistance that the tun.ed circuit 
sees when looking toward the, plate independent of the electrode yoltages ; 

re�bc¥ck ' ,B(ockmg reslsfc¥(lc.e ..!f conclenser 
..: " 

(a) 

FeeclbacK Blocking reslstcmce iconclenser 
J;' " 

(b) 
FIG. 200.-Typical oscillator circuits provided with resistance �tab{lization. 

and, second, it provi�es a means for limiting the amplitude ,of oscillations 
to the straight-line part of the tube characteristic. 

The tube in a resistance-stabilized oscillator is adjusted to operate 
as a Class A amplifier, and the feedback r�istance is made so high that 
oscillations are just barely' able to start. Under these conditions oscilla
tions build up until there is grid , current, which introduc.es additiona1 
losses ' that increase rapidly with further increase in amplitude. If 
the feedback 'resistance' is so ' high that oscillations are barely able to 
exist With no grid loss, an equilibrium will be ,reached at an amplitude 
that drives the grid only a few 'volts positive . It will be noted that a 

. fixed grid bias, such as is obtained from a biasing resistance, is necessary 
and that the grid-leak bias arrangement commonly used with 'power. 
oscillators is not permissible. 

The wave form is determined by the linearity of the tube's dynamic 
characteristic over the range of voltage that 'the oscillations apply to the 
grid . It is app'arent that. for good wave form; the tube, when considered 
as' an amplifier" must be so adjusted that it will amplify �ithout diKtortion 
. aI� alternating-current voltage on the grid having. a crest value �lightly , I 

1 For a more detailed discussion of this type of oscillation see ibid., pp. 283-287, 
or F. E. Terman, Itesistance-stabilized Oscillators, Electronics, vol. 6, p. 190, July, 
1933. 
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greater than the' grid bias. This means . that the oscillator tube should 
be operated at a grid bias which is slightly less than the bias that would 
be used for Class A amplifier operation at the same plate voltage and 
without grid ' current . 

Best results are obtained when attention is paid to certain circuit 
details . The circuit proportionS' should be such that the feedback resist-

Gig 

' R'o RUg 

�hp+I� 
�--:"--------+---' + (01) Circ�it o f  the m u lti vi brator 

I '  I I I I . \ V�II V�r- orid yo/fage I .1 of" fube No. { . 
I I 1,1. : • 

I I I t I I I, I . . / I 

�r--. -----;1 �r--------il : I ' I I P/afe currenf 
I 1 1 I I of" fub� No. f 
I : I I I 
I I .\ ! : 
1 I I I I . Vrl [/'1 ' Grld vo/fage 

I of"fube No. Z 
I I I 

I I I I i 
I I ·  I I : 
I r I I ; :J1:bC:'N:'2f 
(b) Vol tClge and (.u rrent relations 

.FIG. 201 .-Circuit of the multivibrator. together with oscillograms, showing the 
way in which the instantaneous grid potential and plate currents vary d!1ring the cycle of 
operation. 

ance required is at least twice, and preferably over five times, the plate 
resistance. ' The blocking condenser in series with the feedback resistallce . 
must have a' low reactance compared with this resistance jn order to 
avoid phase shifts, while the shunt-feed choke should have a reactance 
that is high compared with the pl�te resistance of the tube for the same 
reason. The frequency stability is also helped greatly by making the 
coupling between plate and grid coils as close as possible.  

The Multivibrator (or Relaxa·tion Oscillator) . L-The multivibrator i� a 
two-stage resistanc&ocoupled amplifier in which the voltage developed ' . . ' , 

. 1 For a more detailed discussion of the multivibrator see F. 1j}. Terman, " Measure
ments in Radio Engineering,"  1st ed. ,  pp. 129-136, McGraw-�in Book Company , 
Inc. 
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by the output of the second tube is applied to the input of the first 
tube as shown in Fig. 201 . Such an arrangement will oscillate because . each tube produces 3: phase sh.ift of 180°, thereby causing the output of 
the second. tube to s�upply to the first tube im input voltage �hat has 
exactly the right. phase to sustain oscillations. . The·  usefulness of the 
multivibrator arises from the fact that the wave that is generated is very 
rich in harmonics and from the fact that the frequency of. oscillation is 
readily controlled by an injected voltage. 

. 

The operation of the multivibrator can be understood by reference 
to . the oscillograms shown in Fig. 201b. Oscillations are started by a 
minute ' voltage at the 'grid of one of · the 'tubes, say a positive potenti"al 
on the grid of . Tube I .  This voltage is amplified by the two tubes and 
reappears at the grid of the first tmbe to be reamplified. This action 
takes place almost instantly and is repeated over a�d over, so that the 
grid 'potential o(Tube I rises suddenly to a positive value, while the grid 
'potential of Tube 11 just as suddenly becomes more negative than cut-off. 
The immediate result is that amplification ceases, and for the moment one 
tube is drawing a heavy plate current while the other tube takes no plate 
current. This si�uation is not permanent,. however, because the leakage 
through the grid-leak resistances gradually brings . the grid pot�ntials 
back toward normal. When this leakage has .reached the point where 
amplification is just on the 

. 
verge of being possible, some minute voltage 

will change the potentials enough to start the amplification process in . 
the reverse direction, i.e., the ' grid of Tube . I will suddenly become 
negative and the grid of Tu�e 11 positive. . This action.is clearly evident 
in the oscillograms and is exactly the same as the initial action except 
that the relative functions of the two tubes have been interchanged. 
Next the. potentials on the two grids gradually die. away as the result of 
the action of the grid leaks, just as before, and finally reach a point 
at which the cycle repeats. 

The frequency of the multi vibrator oscillation is determined primarily 
by the grid-leak resistance and grid-condenser capacity, but it is also 
influenced by the remaining circuit constants, the tube characteristics, 
and the electrode voltages. . The multivibrator can be adjusted to gener
ate frequencies ranging anywhere from perhap� 1 cycle per minute to 
frequencies in excess of 100,000 cycles per second. The upper limit is 
the highest frequ�ncy at which satisfactory resistance-coupled amplifica
tion is possible, while the lower limit is fixed by the lea�age of the grid 
condenser in relation to the condenser capacity. 

Injection of an alternating voltage into the multivibrator circuit tends 
to cause the latter 'to adjust itself to a frequency that is m/n of the injected 
frequency, where m . and n are integers. It is possible in this way to 
use the multivibrator to. reduce frequency (i.e . ,  to generate a subharmonic 

. i 

l " ,  



374 . RADIO ENGINEERING [CHAP. VIII 

. of the injected frequency) , and it if; entirely practicable to maintain the 
control rigidly when n is as large as 10 and m is 1 .  

The principal use of the multivibrator if; ih the measurement of fre- : 
quency. The multivibrator oscillations have a wave that is rich in · . .. . 
harmonics, so by .using .a standard frequency of known value to control 
the . frequency of the multivibrator it is possible to obtain many fre':' 
quencies related · to the standard. If the fundamental frequency of 
the multi vibrator is controlled by the fundamental 'frequency or a har
monic of the standard, · the multi vibrator . will then produce higher 

� 
',it::/. � " 11��1111�1 
Cathode " To cathode 

harmonics of the standard frequency . 
.on the other hand, when the fre
quency of .the· multivjbrator oscilla
ti.ons is controlled in such a way as to . be an exact 8 u b h a r ID 0 n i c 0 f th e 

FIG. 202.-Split-anode type of magne- standa,rd frequency, the multivibrator 
tron-oscillator circuit. When the field produces frequencies that are less strength is just greater than the critical . 
value, oscillations are developed which than the standard. Thus, when the 
have the frequency of the resonant circuit. multivibrator oscillation has a funda-
mental frequency that is ·exactly one-tenth of the standard controlling 
frequ�ncy, the harmonics of the roultivibrator are exactly 1/10, 2/10, 
3/10, etc . ,  of the. stanqa�d frequency, and the arrangement is in effect a ·  
frequency-reducing system. 

The M agnetron.-· Magnetron tubes can be used · to generate oscilla
tions in seyeral ways. On� method is to utilize the magnetic field to 
turn the anode current on .and off. l ,A more c·ommon arrangement 
utilizes the negative resistance characteristic between the two anodes of 

. a split-anode magnetron, which was discussed in Sec. 36, and employs ' 
.the circuit shown in Fig. 202. · Such split-anode os�i11ators have been 
used to a limited extent at ultra-high freq�encies between th� frequency 
region at which ordinary triodes function satisfactorily and frequencies 
which are SO 'high that electron osciUators must be employed. 2 Magne
trons are also used to produce electron oscillations as discussed in Sec. 71. 

70. Crystal Oscillator.3-The frequency stability of an oscillator can 
be made very high by replacing the usual resonant circuit with a mechan-

1 Such fl,n oscillator is . described by' Frank R. Elder, The Magn�tron Arriplifie� 
and. Power .Ospillator, Proc. I.R.E., vol. 13, p. 159, April, 1925. 

2 See W. C. White, Producing Very High Frequencies by Means of the Magnetron, 
Electron�cs, vol. 1, p .. 34, April, 1930. 

. 

3 The literature on crystal o�cillators and related piezo-electric phenomena is too 
extensive to be covered with any thoroughness in a book of this type. The following 
seh�ctoo bibliography, in addition to the footnote references in this section, is recom
mended to the reader desiring additional background : W. G. Cady, The Piezo-electric 
Resonator, Proc. I.R.E., vol. 10, p. 83, April, 1922 ; Bibliography 'on Piezo-electricity, 
proc. I.R.E., yol. 16, p. 5�1 ,  April , 1928 ; Electroelastic and Pyro-electric Phenomena, 
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ically vihrating piezo:-electric quartz crystal and utilizing the PIeZO
electric effect to obtain the connection between the electrical circuits and ' 
the mechanical vibrations. The piezo-electric mat�ri�l used in crystal 
oscillators comes in the form of crystals which, w:hen' complete, have a 
hexagonal cross section �nd pointed ends, as illustrated in Fig. 203. 1 
The properties of such a crystal can be expressed i,n terms of three sets of 
axes. The axis joining the points at the ends of the crystal is known as 
the optical axis, and electrical stresses applied in this direction produce 

. no piezo-electric effect. The three axes X� J X", and X'" passing through 
the corners of the hexagon that forms the 'section perpendicular to the • 

optical axis are known as ' the electrical axes, while the three axes Y', 
Y", and Y"', which are perpendicular to the faces of the crystal, are 

, the mechanical axes. 
If a fiat section i,s cut from a quartz crystal in such a way that the 

fiat sides are perpendicular to an electrical axis as indicated in Fig. 204b 
(X ot Curie cut), it is found that mechanical stresses along the Y-axis 
of su�h a section- produce ele�trical <iharges on the .:flat sides of the crystal 
section. If the direction of these stresses i� changed f�om tension to 
compression or vice versa, the polarity of the' charges on the crystal sur
faces is reversed. Conversely, if electrical charges are placed on the flat 
'sides of the crystal by applying a voltage across these faces, a mechanical 
stress is produced in the direction of the Y -aXi,s. This property by' 
which mechanical and electrical f�')perties are interconnected in a ,crystal 
.is known as the piezo-electric effect and is exhibited by all sections cut 
from a piezo-electric crystal . Thus, if rpechanical force� are applied 
across the faces of a crystal section having its flat sides perpendicular to 
a Y-axis, as in Fig. 204a (which is known as the Y or 30° cut) , piezo
eiectric charges will be developed because forces and potentials de�eloped 
in such a crystal have components across the Y- and X-axes, respectively. 

Proc. I.R.E., vol. 18, p. '1247, July, 1930 ; Piezo-electric Terrilinology, Proc. I.R.E. , vol. 
18, p. 2136, December, ' 1930 ; A. Crossley, Piezo-electric Crystal'-controlled 'rr:i.I,ls
mitters, Proc. I.R.E., vol. 15, p. 9, January, 1927 ; August Hund, Uses and Possibilities 
of Piezo-electric Oscillators, Proc. I.R.E., vol. 14; p. 447, August, 1926 ; Note on Quartz 
Plates, Air-gap Effect, and Audio-frequency Generation, Proc. I.R.E., vol. 16, p. 1072, 
August, 1928; Su�mary of Piezo-electric Crystal C�nference Held by U. S. Navy 
Department, ' December 3-4, �929, Proc. I.R.E . ,  ' vol. 18, p . .  2128, December, 1930. 
Further information on the practical side of crystal cutting and grinding is to be 
found, in " Radio Amateurs' Handbook," published by the American Radio Relay 
League, and in " The �dio Handbook," Pacific Radio Publishing Company, Crystal 
oscillators are the inventiqn of Dr. W. G. Cady. . . ' . 

1 There are many crystalline substances which have piezo-�lectric properties, su'ch 
as Rochelle salts, tourmaline, quartz, etc. ,  but of these quartz is used exclu�ively in 
crystal oscillators because of its cheapness, mechanical ruggedn�ss, and low tempera-
tut'e 'cQefficient. ' . ' . 

1 , i 



376 RA DIO ENGlNEERING [CHAP. VIII 

\Vhcu an alterllatil l g  voltage is applied across a quartz crystal in 
such a direction that there is a component of electric stress in the direction 
r of an electrical axis, alternating mechanical stressef.i 
� 
I " will be produced in the direction of the Y- (or 

x' 
Y' 

z 

mechanical) axis which is perpendicular to the 
X-axis involved. Thcse stres::.;es will cause the 

crYHtal to vibrate, and, i f  t h e  f l' e q u e  n e y of 
the applied al tCl'nating voltage approximates a 

frequel lcy at which mechanica.l l'csonan ('c can 

exi:'-it in  the crystal,  the amplitude of the vibratioIlH 
wil l  be very large. In the vicinity of sueh a 
l'e::-;OUu,llt frequency the current that is drawn by 
the  cl'y:-;tnl as :1 rcsult of the vibrations is exactly 
the I-'amc cnrrcnt that would be dra\vn by a RerieR 
cin:uit composed of rc�istan{'c, inductance, and 

capa city . In addition to this current repre�(mting 
Y' tl H' vibrational charactcrh;ties of the pipz()-plectric 

x' C!l'y:-;tal, tlwl'e is abo a cbmponent of leading CUlTcnt 
resulting from the electroHtatic eapacity between 
the points of application of the exciting vol tage: 

Eqtdvalent Electrical Circ'uit of QUa1'tz CTystal.- ' 

As faJ' u,s the electrical circui tR associated with the 
.. vibrating crystal are conc.crncd, the crystal can 

FIll . . 203. I 1 1 l 1strfl.- be repl aced by the electr'ical network of Fig. 205 tlOll showing ,.he nntural 
qUll r l.? cr.yst a l  a nd t he in which C l  represents the electrostatic capacity 
rel a t i on of t he ch:(·trie or hetween the crystal clectrodeR when t.he crystal i<3 X-. the mechan ical or Y-. 
It lld the olJ t ieul  or Z-UXC8 n ot vibrating, 1.lnd the Reries combination L, C, 
to the ('rYl:ltlll  ::;tructurc. and R l'CpreHcllts the electrical equivalent of the The UPlJl' r section shows . . . . . • 

u I' (or :WO) cu t pl ate VIbratIOnal chal'actcn�hcs of the matena1 . 1  The 
while I �e p!atc, i n  I h�� c�n- inductance L is the electrical equivalent of the I er scc'l I<JIl IS .'.: (or CUrlC) I I ·  if . . 1 . t • C . ('u t .  The t.hird l'-axil:l crysta ma:;::; t tat lti e eetlve III t Ie VloratlOn, IS 
v' '};'" ' '  is not /Sho wll Lc- the electrical equivalent of the effective mechanical 

('(WHC thc ) Jcrlipccti vc of 
HIC drawillg Il I tlkc::> it, co- compliance, while R represents the eIeetl'ical equiva-
i l l l·i cl(! with the ZZ-t\lI.itl. lent of the coeffieient of friction . The frequency at 
which L and C are in �erics resonance is nhm t.he frequency of mechanical 

rCSOIUUl(:e. The eleetrical eIlC\l'gy drawn by the equivalent L-C-R series 
t The fa.ct that a vibl'1lting qu artz crystal ca.n he replaced by all equivalent electrical 

network \va.s firs t, discovered by Dr. l-I. J .  Ryan and his co-workers during Y>'aT 
resetl l'('heH o n  suhmarine detection carried 0 1 1  ill 1 918, but the report rep resenting 
t.hj� wOI'k has not yet. been released by t.he m ilit n-l'Y anthol'itit'-B. The cquivulcllt 
elect.rieal d reuit of the vihntting piczo-drCl.J·ic cryHtaJ has since been discovered by 
1::Icvcru) othnl' i l lV (��tigH.tort;. Fo r further informa.tion see K. S. Vau Dyke, Tlw 
Piezu-ele!!l . l' ie lteHofltJ. l o r 11 l id  Us E4uivaleut, N etwork, I'mc. J . 1t .E. , vul. 1 6 ,  p. 742,  
. 1  tl l l e ,  i U28 ; W .  P.  M U I'l C l I I  , Al l  Elel'll'uwceltauieal Repl'e:;el l tutiul l  �f u Piez()-dt�dI'ic 
Crystal U�cd U� u. TnHl!:ld ucer, ?J'oc. J .It . E. , val . 23, p. 1 252, U\:lubcr, 1 935. 
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circuit represents energy that the electrical circuit supplies to maintain 
the crystal vibrations. Belpw resonance this energy contains a leading 

X'-

V" 
X I 

a 

x" y. .x, : . 
\ I 

\ DO ' I X' I  
I 
I 

X' 

X '  

FIG. 204.-Cross sections of the quartz crystal shown in Fig. 203 taken in 'planes taken 
perpendicular to the optical axis ZZ. The plate at a has the Y cut (also called 30° cut) 
because its face is per�endicular to a Y- (i, e., mec4anical) axis. while the plate at b is an 
X- cut plafe (Curie cut) because it� face is perpendicular to an !;., (i.e., electric) axis. 

reactive component because the elastic forces control the cryst:;tl vibration, 
while above resonance the inertia is the dOlllina,ting factor and lagging 
reactive energy is required to sustain (GI)Actual Circuit 
vibrations. At resonance the vibra
tions consume no reactive energy, and 
the cl1:stal consumes power at unity 
power factor. . ElectricaJ circuits in-
volving piezo-electric c r y s t a I s  c a n FIG. 205.-Equivah�nt electrical net-

work that represents the effect which a 
th�refore be analyzed by replacing the vibrating quartz crystal has on the elec· 
crystal with ' its equivalent electri.cal trical circuits. associated with it. 

network and then determining the behavior of the resulting circuit . 
The magnitudes o{ L, C, R and Cl that enter into the equivalent 

electrical network of the vibrating quartz crystal depend' upon the way 
in which the crystal is cut, the size of the' crystal, and .the type of vibra
tion involved. The numerical values can b� calculated from the crystal . 
dimensions for the simpler mode,s of vibrations, and typical values for 
several crystals are given in Table X. I 

I In the case of X- (Curie-) cut crystals in which the principal vibration is in the 
direction of the X-axis (thickness vibration) the electrical quantities are given to a fair 
approximation by the foll<;>wing formulas : 

. . 

V ° 
Lt = lq<h=-l henries (177a) . w 

, 
lw 

C = 0.OO22( pp,f (177b) 
lw Cl =: OAOf pp! (177c) 

When the principal vibration is in the direction' of the Y-axis (width vibration),  the 

• 

. . 
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TAlILE X.-EQU·IVALENT ELECTRICAL CHARACT�RISTICS OF q'YPICAL QUARTZ CRYSTALS 

Dimensions, cm Equivalent electrical quantities 

Crystal 
Type 

Type of . 
Resonant 

No. 
of , vibration 

f�equency, Q, ap-cut .kc L, C, R, Cl, 
proxi-t w l 

henries jJJ.lf ohms Jlp.f 
mately 

. . ' 

I 0 . 1 5  3 . 0  0 . 40 X Width About 90 137 0 . 0235 About 3 . 54 10 , 300 

7 , 500 

I I  0 . 25 2 . 5  2 . 5  X Thicknesl! About 0 . 33 0 . 065 About 1 . 0  844. 
i , loo . 2 , 700 

--

III 0 . 636 3 . 33 2 . 75 X Thickness 451 . 5 . 3 . 656 0 . 03 16 9 , 036 5 . 755 1 , 147 

.The frequency at which mechanical resonance ·takes place is the 
frequency at which L and C are in resonance, and the magnitude of the 
resonance effect is determined by the ratio u,LjR of the equivale�t elec
trical network (i.e. , by the equivalent Q of the crystal).. The outstanding 
characteristics of the crystal 'vibrator are that the resonant frequency 
varies 'inv�rsely with the dimensions of the crystal in the direction in 
which the principal vibration is taking place, that :the ratio Lie of the 
equivalent quartz reson�tor is enormously higher than could conceivably 

. be obtained with coils and condensers, . and finally that the effective Q '  
of the crystal vibrator is extremely high, particularly when the frequency 
of vibration is low. 

Oscillating Crystals.-Since the vibrating q�artz crystal is eq�ivalent 
to a resonant' circuit, it can: be 'used as the frequency-controlling element 
in a vacu'um-tube oscillator in place of the usual tuned circuit. While 
many circuit arrangements can be employed to accomplish this, the Qne 
used in most commercial equipment is shown in Fig. 206. When the 
crystal is replac�d by its equivalent electrical cir�uit, this is s�en fo be a 
tuned-plate tuned-grid oscillator circuit, in which the grid tuned circuit 

formulas for C; Cl, '  and. R are the same, while the equivalent inductance L becomes 

wt Lw = 19O- · . l (177d) 

The dimensions w, l, and t are measured in centiineters in the direction of the · Y-axis . 
parallel to .the surface of the crystal, in the direction of the X-axis perpendicular to 
this Y-axis, and in 'the direction of the Z-axis, respectively. 
. The effective resistance of the crystal depends largely upon the method of . 
mounting, and the Q is often much higher than 'the vall)es in the Table. Karl S. 
Van Dyke, in A Determination of SOIl!.e of the' Properties of the Piezo-eiectric Quartz 
Resonator, Proc. I.R.E., voL 23, p.  386, April, 1935, finds that a particular crystal, 
which had a Q of 25,000 when mounted in air, had a Q of 580,000 when etched to 
remove grinding particles and mounted in a yacuum to eliminate radiation losses. 
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is supplied by the crystal . The coupl�ng between the ' tube and this 
circuit ,and hence the crystal) .is determiMd by the ratio C/Cl, and by 
reference to Table X is seen to be s:r;o.all. This small coupling, combined 
with the extremely high ' Q of :the crystal vibrator an.d the' permanence 
of the quartz plate, makes the fr.equency stability of the crystal oscillator 
very high. 

Crystal Cuts and ,M odes of Oscillation.-The crystals used in crystal 
oscillators are commonly in the form of plates. cut · from the riatural 
crystal with orientations known as X, Y, or A T  cuts. . 

The ' relationship between. the X-cut plate and the crystal axis is 
shown in Fig. 203. Such a plate has two principal modes of oscillation. 

(C1) A ctua I ci rcu it 
(b) Circu it with crysta l replaced ' , by its equivol l ent.e lectricai 

network ' 

FIG. 206.-Circuit of crystal oscillator, together with 'equivalent circuit in which the crystal 
ts represented by an electrical network. 

On� of these is determined by the thickness of the , plate in the direction 
of �he electrical axis and is given to a good 'approximation by the equation ;' , 

'Thickness freqUency} _ 2.86 X 106 
of X-cut plate - t (178) 

where t· is the thickness in millimeters as measured i�··the direction of the. 
X-tl"xis perpendicular to ' the crystal surface . ' The other fr'equency is 
determined by the width ' of the crystal in the dir.ecti<;>n of the Y - or 
mechanical axis, and it is given by Eq . . (178) by substituting for .t the 
width w of the . crystal in inillimeters measured in the direction of the 
f-axis. These two frequencies of oscillation correspond to standing 
waves along the thickness and width dimensions of the crystal plate, 
·tespectively, and Eq. (178) can be predicted from the appropriate elastic 
. constants. for quartz� The temperature co�fficient of both these :resonant 
frequencies is negative and has a value of about .20 parts in a million per' 
degree .centigrade. The circuit of Fig. '206 'can be made to excite either 
the width or thickness vibration at will by adjusting the plate tuned 

' . . 'Circuit to be resonant at a frequency slightly higher than the desired 
vibration. . 

The relationship between .a Y-cut plate and the crystal axes is shown 
in Fig. 203 . Such a crystal ha's two principal resonant frequencieE 
cor�esponding to those obtained with the X cut . The widt4 frequency 

. , 

. , 
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can be obtained from Eq. (li8) by substituting .for the quantity 't appear
ing in the equation the width w corresponding to the width alpng the 
electrical axis parallel to the surface . of the crystal. The thickness fre� 
quen(!y is given approximately by the fonowing equation 

Thickness frequency in} = 1 .96 X 106 
Y -cut crystal t (179) 

where · t is the thickness in millimeters in the direction of the Y-axis 
perpendicular to the crystal surface. The . thickness frequency is some-

2500 
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FIG. 207.-'-Temperature-frequency charactei-istic curve of Y- and AT-cut plates 
showing superiority of latter with respect to low-temperature coefficient and continuity of 
characteristic. The crystal frequency is 1 600 kc. 

what dependent llpon the width of the crystal and also exhibits other 
peculiarities as discussed below. The temperature coefficient of the 
width vibration of a Y-cut , crystal is approximately 20 parts in a million 
per degree. centigrade and is negative, while the thickne�s vibration ha;s 
a temperature coefficient that may vary from - 20 to + 100 parts . in a 

. million per degree centigrade; with the exact value depending upon the 
operating temperature and ratio of width to thickness. . 

A quartz crystal represents a very complex vibrating system having 
many degrees of freedom. Thus it is possible to obtain harmonics of 
the 'principal modes of vibration discussed above; as well as' flexural and 
torsional vibrations, etc . 1 Many of these modes of vibration are mechan-

1 For discussions of such vibrations and for means of exciting them, see J. R. 
Harrison, Piezo-electric Resonance and Oscilll1tory Phenomena with Flexurttl Vibra-. . . 

I . 1  



� �-- - _ .., .. - - - - -r-\- .. - � -

SEC. 70] VAcua M-T.UBE OSCILLATORS 381 

ically coupled to each other in the crystal, with the result that, when a 
crystal is operated in such a way as to produce'dne of the principal modeR 
of oscillation, other modes of oscillation are simultaneously excited. ThiR 
is particularly true of V-cut crystals, and it causes thin V-cut plates 
excited at · the thickness frequency to have several frequencies of ·Qscilla-:
tion usually quite close together. Such V-cut plates also commonly 
have a discontinuous temperature-frequency characteristic as shown 
in Fig. 20'1, as well as 'a discontinuous thickness-frequency curve and 
a thickness frequency that depends somewhat upon the width. This 
behavior comes about through coupling between the normal thickness 
mode of oscillation and ' harmonics of lower frequency oscillations, 
particularly the width oscillation. ' 

The equivalent circuit taking . into account this situation is therefore 
as shown in Fig. 208, where Wo represents the equivalent resonant circuit 
for the thickness vibration and Wl, W2, etc . ,  represent various other 
vibrations ' that are coupled· mechanically , ' to the 

' 

thickness vibration. When a coupled subsidiary A� 
vibration has a ·  resonant .' frequency approximately ' 1 �o ! � 
the same as the 'primary mqde of oscillation, the \ : � 
resonant frequency 01 the combination as viewed from , I � 
the crystal electrodes (terminals AA in. Fig. 208) is A � 
affected appreciably ' by the coupled reactance and FIG. 208.-Equiv
resistance. When the coupling is close, two resomtnt alent electri,{:al circuit 
'f . diff · b I kil I of crystal, . showing requenCles erlng y on y a few ocyc es can the subsidiary :reso-
be expected, and under some conditions the· resistance nances 'W1; W 2, Wa , etc. ,  

. which can be con-t4at the subsidiary vibration couples into the circuit sidered .as coupled to 
is sufficient to prevent the crystal from oscillating. t,he main ,resonance 

inasmuch as the sUbsi.diary vibrations depend in most wo. 

�ases upon the width of the crystal, the exact frequency of os ciliation can 
b� modified by edge grinding, and edge grinding will also usually make · a . 

' non-oscillatory crystal �perate. The subsidiary v�brations have a differ
ent . temperature coefficient from the' primary mode of vibration, causing 
the combination to exhibit ' the peculiar temperatu�e-frequency charac
teristic shown in Fig. 207, with discontinuities appearing �ach time a 
subsidiary mode of oscillation becomes resona,nt at the same frequency 
as the primary mode. . 

The subsidiary resonances are more numerous the thinner the crystal, 
and they cause. very thin crystals to ·have a complicated frequency 

. . . . 

. tions in Quartz Plates, Proc. I.R.E. , vol. 15, p. 1040, December, 1927; August Hund 
and R. B. Wright, Ne� Piezo-electric Oscillators with Quartz Cylinders Cut along the 
Optical Axis, Proc. , I.R.E., vol. 18, p. 741, May, 1930; N. H. Williams, Modes of 
Vibration of Piezo-electric Crystals, Pro�. I.R.E., vol. 21, p. 990, J\lly, 1933. 

, 



382 RADIO ENGINeERING [CHAP. VIII 

Rpectrum such as illustrated in Fig, 209. The increasing complexity of 
this frequency spectrum· as the plate becomes tpinner sets a practical 
limit ' to the highest frequency that it is feasible to generate in a crystal 
oscillator using X- and V-cut crystal plates. !  

' The couplings between the thickness vibration arnd other modes , of 
oscillation can be c<?ntrolled by cutting the plate out of a plane that is 
rotated about the X-axis as shown in Fig. 210 . . By making, the angle 
o have a value of' 31°, the coupling between the width and' thickness 
vibrations can be reduced to zero. This simplifies the frequency spec-

720 728 136 ' 
Frequency ,'Kil ocycles 

744 
• 

FIG. 209.-TYpical frequendy spec
trum 'of thin quartz plate, sho.wing how 
several closely spaced resonant fre
qu�ncies can be expected. The lengths 
of the vertical lines indicate in a rough 
waY' the relative tendency to oscillate 
at the different resonant frequen<?ies. 

. ' . 

z z '  

FIG. 210.-Diagram show
ing how crystal plane is rotated 
about X-axis to obtain the 'A T 
cut, 

trum and eliminates practically all the discontinuities in the temperature
frequency and thickness-frequency characteristi'cs. The . temperature 
coefficient depeuds upon the angle 0 ; '  if 0 = 35°, the crystal will have 
substantially zero ohange in resonant frequency with ' temperature, ' as , 
illustrated in Fig. 207, and at the same time will have only very small 
coupling between the width and thickness vibration. A crystal obtained 
in this way with (J = 35° is known as the A T  cut and is rapidly displacing 
the X and 'Y cuts 'for high-frequency operation.2 

1 For further information on the efie<;ts produced by subsidiary resonances, See 
F. R. Lack, Observations on Modes of Vibration and Temperature Coefficients of 

. Quartz Crystal Plates, Proc, T.R.E., · vot. 17, p. 1123, July, 1929. , 
This paper shows how it is possibie by the <!hoice ' of proper ratio CIf width to 

thickness in a Y-cut plate to balance the positive temperature coefficient of the thick
ness vibration against the negative coefficient of the coupled width vibrations. to 
give 'a resultant zero temperature coefficient over a limited te�perature range. 

2 For a mo,re complete discussion concerning the effect of Totati:ng the crystal 
plane about the .x-axis, see F. R. Lack, G. W. Willard, and I .  K Fair, Some Improve-

, 
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Relative Merits of Different Cuts.-The A T cut ,is by far the most 
satisfactory for frequencies ,above about 300 �c. '�It has a resonant 
frequency that is substantially i.ndependent of temperature, so that 

" constant-temperature operation is u�ually unne.cessary. , The frequency 
spectrUm is simple, and discontinuous changes of frequency with tem
perature, widtli, thickness, etc . ,  are few, so that the manufacturing is 
relatively simple and very t'hin crystals correspondin.g to high' frequencies 
can be used without ' trouble 'from ·multiple resonant fr�quencies. 

At the lower freq�encies X- or Y-cut crystals employing the width 
Vibration are used: The temperature coefficient of these cuts , is such 
that, when high frequency stability is required, the crystal must be 
maintained at . constant temperature by means of a suitable, thermo
statically controlled oven. Until the development of the AT cut, 

, thickness vibrations of X- and Y-cl;lt plates were also universally used 
for the generation of high , frequencies. The X-cut crystals at high 
frequencies have a simpier frequency spectrum and give less trouble 
from discontinuities of the frequency than do Y -cut crystals, but the 
r-c�t crystal has �he advantage. that the oscillations are of a shear type 
that permits tlie edges of the crystal to be clamped by the holder without 
seriously affecting the , vibrations. This is important in the case of 
apparatus which is portable or which is subject to mechanical vibrations. 

Power Obtainable from Crystal Oscillators.-The power obtainable 
from a crystal oscillator is limited at high frequencies by heating of the 
crystal and at low frequencies by the strain� which the vibrations set up 
in the crystal str�cture and which will crack the crystal" if the vibrations 
are too intense., A crystal having a large area will develop more power 
than a small crystal at the same resonant frequency, but the extent to 
which one can go in this direction is limited by the difficulty of grinding 

I '  large crystals absolutely ,true. · . . 

'By pushing the crystal tG the limit it is possible' to obtain sufficient , 
excitation for controlling a tube. generating approximately 50 watts of . 
power at hig� frequencies . , . However, working the. crystal this �ard 
results in appreciable dissipation of power within the crystal, whic4 
causes the temperature to rise. Since X- and Y-cut crystals have a 
high temperature coe:ffi.c.ient and also a discontinuous frequency-tempera-, 
ture relationship, it is very "desirable to operate suc'h cI'Y,stals with rela
tively light load, the common practice being to control only a few watts 
Of power, With the .4 T· cut the operation of the crystal lightly loaded 
is not so important, since the temperature can be allowed to rise appre-
ciably without change in the frequ�ncy. ' . 

m�nts in Quartz Crystal Circuit Elements, Bell System Tech. Jour., vol. 13, p. 453, 
July, 1934. 

' 

i .  
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Crystal Mountings. I-The crystal holder must be a'rranged to add as · 
little damping as possible to' the crystal vibrations, and yet it should, 
when possible, ·hold the cry:;;tal rigidly in position. X- and Y-cut plates 
in which the width vibration is utilized can be' clamped in the middle of 
the width direction, since this is a nodal point for the vibrations. Y-cut 
crystals in which the thickness vibration is utilized can be clamped by 
spring pressure between electrodes, which are preferably cupped so 
that the pressure 1s e�erted at only a few points, such as the' corners of a 
square ' crystal or the periphery of circular crystals. Such clamping 
has little effect on the thickness, vibrations of Y -cut crystals � and �t the 
same time it materially simplifies the frequency spectrum by inhibiting 
certain of the undesired modes of oscillation that give ' rise to discon.:. 
tinuities 'in the frequency-temperature curve, etc . With X-cut crystals 
using the thickness vibration, it is usually desirable to allow an air gap 
between the upper electrode and the crystal because clamping introduces 
appreciable damping. This makes X-cut crystals impracticable in 
equipment that is portable or subject to vibration. A T-cut " crystals 
can be clamped in the same way as Y-c�t crystals . 

The variation of the resonant frequency with temperature in X- and 
Y-cut crystals makes it necessary to maintain such crystals at a constant 
temperature if high frequency stability is to be maintained. , With 

· the A T  cut the temperature coefficient of frequency , is so low that 
temperature control can normally be dispensed with. The 'simplest 
arrangement for maintaining the crystal at 'constant temperature utilizes 
a large copper plate f�r thQ lower electrode, The bottom side of this 
plate is provided with a recess in which is mounted the heater and thermo
stat, and the entire assembly including the upper plate is mounted in a 
suitable case of bakelite or isolantite .  The large copper plate serves to 
distribute tlie heat equ�lly and · also to equalize for the intermittent 

· operation of the h�ater. . When the require!llents for frequency stability 
· are particularly severe, as in the case of standard frequency equipment, 

more elaborate constant-temperature sYf;ltems are employed. . These 
, commonly involve at least two concentric compartments thermally 

insulated from each other and surrounded by a heater that is controlled 
by a thermostat . In some cases a double thermostat and heater combina
tion is employed. 2 

1 For further 'discussions of crystal mountings, see O. M. Hovgaard, Application 
of Quartz Plates to Radio rransmitters, Proc. I.R.E., vol. 20, p. 767, May, 1932 ; 
Vincent Heaton and E. G. Lapham, Quartz Plate Mountings and Temperature 
Control fO.r Piezo Oscillators, Proc. I.R.E., vo�. 20, p. 261 ,  February, 1932. 

2 For details of units for maintaining .constant crystal temperature, see J. K. 
Clapp, Temperature Control for Frequency Standards, Proc. I.R.E., vol. 18, p. 2003, 
December; 1930 ; W. A. Marrison, Thermostat Design for Frequency Standards, Proc. 
I.R.E. , vol. 16, p. 976; July, 1 928. 
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Frequency Stability o! 'Crystal Oscillators.-The frequency of a crystal 
oscillator depends primarily upon the resonant frequency of the crystal, 

. but is affected to a small -extent by the constants of the electrical eitcuits. 
When the crystal is maintained at constant temperature or when a 
zero-temperature coefficient cut is employed, ' a stability of 10 to 30 parts I 
in a million can readily be obtained over long periods of tiffie undel 
commercial conditions if the vortages applied .to the oscillator tube are 
reasonably const�nt. When every possible precaution and refinement 
is taken, including such measures as �aintaining the associated electrical 
circuits as well 'as the crystal at constant temperature, frequency stabili
ties as high as one part in ten million or bet�er can be obtained. l 

'The frequency 'of a crystal oscillator is determined primarHY by the , 
crystal dimensions, so that, in order to change the frequency, it is usually 
necessary to ' employ another crystal or to grind the original crystal if 
the new frequency is higher. Small changes in the frequency ' cap. be 
made without grinding the crystal by varying a capacity shunted across 
the crystal holder and, in the case of X- and 'Y-cut crystals, by varying 
the crystal temperature. 

11. Electron Oscillators. Barkhausen Oscillators. �-Frequencies 
'higher than obtainable by the ustr· of conventional oscillators can be 
generated ' by means of electron oscillators, either of the Barkhausen or 
of the magnetron type. The nature of the Barkhausen electron oscillator . 
can be understood by reference to Fig. 211 ,  which sho�s a triode operated 
with the grid at a high positive potential and the plate at a slight negative 
potential. Electrons emitted from the cathode under these circum
stances are attracted toward the grid but most of them pass through 
the' spaces between the ' grid 'Yires into the grid-plate space, where they 
slow down and ultimately stop just before reaching the plate . The 
electrons are then drawn back toward ,the grid with in�reasing velocity, 
but, if they are not captured by the grid wires, they will pass on into 
the grid-cathode space and slow down upon approaching the filament. 
This oscillation about the grid may be repeated over and over before the 
electron is ultim�tely removed from �he tube by a: chance impact against 

1 F?r examples of crystal oscillators with unusually high frequency stability, se� , 
, L. M. Hull and J. K. Clapp, A Convenient Method for Referring Secondary Frequency 

Standards to a Standard Time Interval, Proc. I.R.E. ; vol. 17, p .  252, February, 1929; 
W. ' A. Marrison, A High Precision Standard of Frequency, proc. I.R.E., vol. 1 7, 
p. 1 103, July, 1929. 

2 The literature ' on Barkhausen oscillations ' is very extensive. The reader par-
, ticularly interested in this subject is referred, to the following articles, in addition to 
those mentioned later in this section : H. E. Hollmann, On the Mechanism of Electron 
Oscillations in a Triode, Proc. I.R.E., vol. . 1  7, p. 229, February, 1929. H. N. 
Kozanowski, A New Circuit for the Production of Ultra-short-wave Oscillations ! 
Proc. l.R.E., vol: 20, p. 957, June, 1932. 

' 
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the grid wires, and represeJ).ts an electr'OJ). 'Oscillati'On having a frequency 
determined primarily by the tube c'Onstructi'On 'and the grid P'Otential. 
Several such electr'On 'Oscillati'Ons 'ab 'Out the P'Ositive grid are illustrated . 
schematically in Fig. 211b. , 

In 'Order f'Or the electr'On 'Oscillati'Ons t'O devel'OP appreciable P'Ower, it 
is ,necessary that the electr'Ons vibrate ab'Out the gIid structure in syn
chr'Onism. The arrangem.ent illustrated in Fig. 211a inherently pr'Ovides 
f'Or such synchr'Onizati'On . !  This can be dem'Onstrated' by assuming that 
there is superi,mp'Osed 'UP'On the grid an alternating v'Oltage havi�g a 

, frequency c'OrresP'Onding appr'Oximately t'O the time taken by an electr.on 
t'O travel fr'Om cath'Ode t'O plate, and by then investigating the interch:ange 
, 'Of energy between this superimp'Os!3d v'Oltage and the 'electr'Ons. 

(DI) Circuit of BarkholUsen 
Oscil lator. 

�_ -�rid (poo?/five) 
(b) Typical Electron Osci l lGlltion 

Paths About Positive Grid 
FIG. 2 1.l .-Circuit for generating Barkhausen oscillations, together with sketch showing 

how electron oscillations take place about A positive grid. 

C'Onsider first an electr'On that leaves the cath'Ode at the instant when 
the s\lperimp'Osed v'Oltage is g'Oing thr'Ough zer'O and is just starting t'O , bec'Ome' P'Ositive. · This electr'On is acted UP'On by a f'Orce c'Onsis�ing 'Of 
the sum 'Of the .direct-current grid P'Otential and the alternat�ng v'Oltage 
on the grid, and. S'O by the time it reaches the grid plane it is traveling 
faster than if it had fallen thr'Ough a 'P'Otential c'OrresP'Onding t'O the direct
current grid-cath'Ode , v'Oltage. This extra, vel'Ocity represents ene�gy 
which the superimp'Osed t)scillati'On has delivered t'O the electr'On and which 
thus tends t'O damp Ol�t the supeI:imposed 'Oscillati'On. As the electr'On 
travels beyond the grid plane int'O . the plate regi'On, it is subjected t'O 
braking which 'retards its m'Oti'On, but, since the superimp'Osed alternating 
v'Oltage reverses as the electr'On. passes the grid plane, these braking f'Orces 
are le'ss than they W'Ould be in the absence 'Of a superimp'Osed v'Oltage. 
The result is that the electr'On abstracts further energy fr'Om the super
imp'Osed 'Oscillati'On. Because ,'Of the energy thus 'Obtained fr'Om the , 
superimposed 'Oscillati'On, this electr'On has sufficient vel'Ocity t'O reach 
the plate in spit� 'Of the slight negative plate P'Otential. This particular 
electr'On is theref'Ore 'Of n'O assist.ance in maintaining the superimp'Osed ' 

, . 

, 1 The explanation that follows is due to F. B. Llewellyn, The Barkhausen Oscil,lator, 
BeU Lab. Rec., vol. 13, p. 354, August, 1935. 
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voltage on the grid, but it has the merit of eliminating itself from the 
picture Upon the first opportunity. 

' 

Now consider an electron that leaves the cathode one-half cycle later. 
Thi�· electron is attract�d to the grid as before, but now the superimposed 
alternating voltage is of such a polarity d�ring the transit from cathode 
to grid as to reduce .the accel�ration that ,would otherwise be experienced: 
Furthermore, as the �lectron passes' the. grid pls,ne the polarity of the 
superimposed voltage reverses, S9 that, as the electron travels toward the 
plate, it is subj ected to increased braking forces and comes to rest before · 
reaching the plate. . At the 'insta;nt the electron starts back towar� the 
grid, the superimposed �voltage again reverses, so that the returning 
electron is subjected to a reduced aC'celeration until it reaches the grid 
plane, at which time the superimposed voltage reverses, to ca�e an . 
increased slowing down of the electron as it travels toward the cathod�. 
rhe result is that this second electron in its round trip from cathode to 
plate and back to cathode always works against the superimposed oscilla
tion and therefore delivers to it twice as much energy as the fitst electron 
abstracted on its · one-way trip. Furthermore, the second or useful 
electron is still available for future oscillati�ns in which it can give up 
still more energy_ The usefuf electron continues this process until it 
ultimately strikes .the grid and is lost. . 

�he energy that this electron de'livers to the superimposed oscillation 
is obtained from tha plate-supply voltage and represents the difference 
in the kinetic energy possessed by th� electron when it strikes the grido 
after having been. slowed, down through several oscillations ':imd 'the 
kinetic energy · that the electron would have had if it had fallen directly . 
through a potential corresponding to . the direct grid-cathode voltage. 
Electrons leaving tlie cathod� at times intermediate between the depar
tures of the two electrons just considered. behave in interme�ate fashion. 
It can'be seen that, in a general way, those electrop:s Which abstract energy 
from ' the tuned circuit are .soon removed, wh�reas those that give up , energy remain and c>scillate about the grid a number of times. 'rhe· 
result is, therefore, that. energy is delivered to the tuned · circuit associated 
with the grid electrode, and with proper. adjustment this e�ergy will" be . 
sufficient to make the superimposed oscillations maintain themselves. 

The above explanation gi yes a ' quali tative picture of the mechanism 
involved.in electron oscillators. 

. 
The actual details are complicated by a 

number of factors, such as ·the tendency for space charge� to form around 
. the cathode and in the vicinity of the plate, the tendency of the · grid to 

intercept the vibrating electrons, and the fact. that, as the electron gives 
up more an� more of its energy, the distance it trayels in its vibrations 
becomes progressively less, so that the electron tends after a number of . 
vibrations to shift its phase with respect to the superimposed oscillati�n 

- �  - - - -
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to the point where it will actually begin to absorb rather than deliver 
energy. l  As a result of these conflictfug factors, a' complete' analysis 
of the electr-on oscillator has not yet been made. 

. . 
. . 

The frequ.ency of the eleetron oscillation is deterfuined . primarily 
by the dimensions of the tube and the grid potential, but the external 
tuned 'circuit, space charges, negative potential of the plate, etc., may 
alter the frequency by · perhaps 30 to 50 per cent. With cylindrical 
electrodes and equal grid-cathode and grid-plate spacings, the wave 
length is given approximately by the relati�n 

. �� 
Wave length in ceiltimeters == vi Eg (180) 

. where d is the diameter· of the plate in centimeters and Eg is the grid 
voltage. It is thus apparent that the higher the frequency to be gener
ated, the greater must be the grid potential arid the smaller the dimensions 
of the tube. 

The efficiency of an electron oscillator is low because of the inherent 
nature of the generating process, with values of 2 or 3 per cent being 
typical under favorable conditions. The output power obtainable is also 
low because of the low efficiency and because, with the small dimensions 
required to' generate high frequencies, the allowable power loss at the 
grid (which must absorb most of the loss) is relativ�ly small. Fo� best 

°output and efficiency it is necessary to adjust carefully the grid voltage, 
negative plate voltage, and cathode temperature in relationship to the 

, resonant frequency of the external circuit. ' 
Electron oscillations can be produced under a variety ' of circum

stances. The most typical arrangement employs a tube having cylin
drical grid and plate electrodes and operates with a slightly negative 
plate, as explained above, and 'at a cathode temperature low enough so 
that very little : space . 'charge is formed adjacent to the cathode, It 
-is also possible to obtain electron oscillations with trio des having plane ' 
electrodes,2 with .ttiple-grid tubes,3 and with plate potentials that are 
slightly positive .4 Other mo.difications are likewise possible, and anyone . 
interested in this subject is referred to the extensive .literature available . 

1 This last tendency can be controlled by designing th� grid so that it will on the 
average capture the oscillating electron by the time the phas� has shifted sufficiently · 
to cause absorption of energy. 

2 B. J .  Thompson and P.  D. Zottu, An Electron Oscillator with Plane Electrodes, 
Proc. I.R.E., vol. 22, p .  1374, December, 1934. 

3 Ferdinand Hamburger, Jr., Electron Oscillations with a Triple-grid Tube, 
Proc. I.R.E., vol. 22, p. 79, January, 1934. 

4 L. F. Dytrt, Barkhausen-Kurz Oscillator Operation with Positive Plate Poten
tials, Proc. I.R.E. , vol. 23, p. 241 ,  March, 1 935 . 

• 
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The resona;nt circuits used at the extremely high . frequencies that 
can be generated by means of electron oscillations ordinarily consist of 
resonant lines (Lecher wires) arranged in the form of parallel bars having 
a length such as to give resonance at the desir'ed frequency. 

. 

Electron Oscillators Employing M agnetron Tubes .-Electron . o,scilla
tions can also be produced by employing a split-anode magnetron tube 
in the circuit of Fig. 2�2a.l , When the magnetic field in such a tube is 
equal to or slightly gi�ater than the value required to prevent �urrent 

. , from reaching the plate electrodes, the electrons tend to follow curved 
paths as illustrated by the dotte,d paths in Figs. 212b and 212c, thereby 
giving rise to electron oscillations having a frequen�y ' corresponding to 
the time requiI:ed by the electron in its flight. 

{b) Pc:Ith of electron �bsorbing .. en?rgy(Upp�rplate just , gOing posittve Clt moment 

'(c) POIth of electron delivering 
energy(Upperpl�te just . 

. going positive Cltmoment 

(01) Circuit 
Resonomf line serving 
as funed circuif-, 

, of emission) of emission) . 

. 
Dotted p�th5 - N o  � ltern�ti n g  voltOlge between oInodes 

Sol id paths ' - AlternOlting l1olh;1ge existing betwlleo Clnodes 

FIG. 212.-Circuit of electron oscillator of split-anode magnetron type, ' together with 
electron paths for typical conditions. The magnetic field is perpendicular to the plane of 
the paper. . 

The electrons participating in this oscillation tend to synchronize 
together in much the same . manner as ' with the Barkhausen oscillator. 
The mechanism involved can ' be understood by assuming that the 
magnetic field is just greater than the cutoff value and then postulatiI�.g , . ' . . 
a small alternating voltage applied between the two anodes and having a 
frequency approximating . the frequency of the electron oscillations. 
Consider first an electron emitted as ,:hown in Fig. 212b. If the super
imposed alternating voltage were zero, this electron would follow the 
dotted path and would almost, but not quite, reach the, anode. If, 
however, there is ' a 'superimposed alternating voltage which is passing 
through zero and just becoming positive at the instant this electron is 
emitted, the greater attraction of the upper anode will cause the elec,tron 
to follow a path such as indicated by the solid line and so reach the anode. 
In traveling from the cathode to th� anode this electron has' absorbed a 
certain amount of en�rgy from the superimposed alternatirig voltage, and 
so tends to damp out this oscillation. Now .consider an electron emitted 

1 Electron oscillations can also be obtained with a single cylindrical anode, but 
the efficiency is · less than wi'th the split-anode arrangement. See H. Yagi, Bea� 
Transmission of Ultra..:.short Waves, Proc. I.R.E., v�l. 16i p. 715, June! 192�, 

, , , , 
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at the same instant as the first electron, but from the side .of the cathode 
indicated in Fig. 212c. If there were no superimposed alterna;ting 
voltage, this would follow· .the dotted path, but beeause of the superim
posed alternating voltage the lower anode is less positive than it. would 
otherwise be. ' This second electron is attracted less strongly, and hence 
to follow a path such as indicated by the solid line. As a consequence, 
this electron does not ' reach the an od'e , but circles around and comes to 
rest near .the cathode, after which it starts another cycle of oscillation . .. 

r'-Axls of' 
I mogne/ic 

I • I 

I field ' .... __ _ 

I ' � 
. • I I , 

(a) "'agne/ran with axis .(b) Mognefron wifh fi/f81 with res�ct Iv ena plofes magnefic field . 

. This electron delivers energy' to the 
super�mposed voltage, and in its com
plete cycle of oscillation delivers twice 
as ·much energy as is apsorbed by the 
first e l e  c t r.o n . Furthermore, this 
useful electron is still available fpr 
more cycles of oscillation, whereas the 
first electron is removed at the end of 
the first half cycle. Electrons 'leaving 
the cathode at other times or· positions 
from those considered above give 
in�ermediate results. S�mmarizing, 
it . is seen that. the electrons which 
absorb energy ·from the superimposed 

FIG. 213.-Means of causing elec- . voltage strike the anodes relatively trons in magnetron .oscillator to spiral 
. out of the interelecirode space. soon and so iire removed, wherea.s 

those which give up energy to th� 
anode circuit remain for a considerable length of time, with the result 
that there is a net energy delivered to , the' anode circuit that tends to 
sustain the superimposed voltage. , 

The' 'behavior of the · split�anode ma�etron is complicated by the 
fact that the electron does not travel exactly 3600 in one cycle, so that, . 
after a number of ,cycl�s have bEen traversed, the eiCctron that started 
in such a way as to deliver energy to the superimposeo. voltage· ulti
mately s!:tifts its pha�e to the point where it begins to absorb energy. 
I� is hence necessary to remove the electrons from the tube after they 
have completed �; number of oscillations, This can be accomplished by 
tilting the axis of the tube slightly with respect to the superimposed 
magnetic field, as illustrated in Fig. 213a. Such a tilt gives the electrons 
a compon'ent of velocity parallel to the axis of the tube, causing them to 
spiral and so liltimately 'to pass beyond the enQs of the anodes. Experi-

. ment il£dicates that the optimum tilt . angle is of the order of 3 to 6° in 
typical tubes. l  An alternative method of accomplishing the same result 

1 See .G. R, Kilgore, Magnet.ostatic Oscillators for Generation of Ultra-short 
Waves, Proc. I.R.E., vol. 2$), p. 1741, November, 1932. 
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. l� to pro�ide the tube with end plates as illustrated in Fig . 213b. By 
making these end electrodes positive with respect to the . cathode, they 
will attract the electrons, which will follow a ,spiral path and ultimately 
be collected by the end plates', l  

, The effichmcy of electron oscillators of the split ... anode · magnetron 
type is relatively low, values of 5 to 10 per cent being typical under 
favorable conditions. The power output obtainable' is likewise' low;. 
particularly at high frequencies, because of the poor efficiency and the 
fact that the s�all physical dimensions, required to generate energy at' 
high frequencies limit the pennissible power dissipation. The best 
efficiency and power output are . obtained when the strength of the 
magri.etic field, the anode voltage, the filament voltage, and the tilt angle 
(or end-plate potential) are properly adjusted with �espect to the resonant 
frequency of the external circuit. 

The wave length A of a magnetron oscillator is determined primarily 
by the strength of the 'magnetic field , at which the plate current begins to 
cut-off according to the following empirical relation2 

A ' 13,000 
H (181) 

where X is in centimeters and' H is in lines per square centimeter (gauss) . 
The critical magnetic field H appearing in Eq. (181) is dete!llined by 
the dimensions of the tube and the an<?de voltage, according to the 
relation 

H ·  ' 1' . 

. 't" t 6.72 - n;;E In lnes per square cen lme er = --v .J!j , , r ' . , ' 

(182) 

where r is the anode radius in centimeters and E is the anode 'vo�age. 
Comparison of Eqs. (181) and (182) shows that small-size and high . 
anode ypltages require large H, and hence give high frequencies. The 
actual frequency is infiuenaed somewhat by the tuning of the ext�mal 
circuit, by space charges developed within the tube, by the tilt angle, 
etc.  As compared with the Barkhausen oscillator, the spli,t anode i� 
capable of operating satisfactorily at higher frequencies because of its 
simpler' structure and greater ability to dissipate energy.3 
, 1 For further discussion of this type of magnetron, ·  see I. Wolff, E. G. Linder, . 

and R. A. Braden, Transmission' and Reception of Centimeter Waves, Proc. I.R.E. , 
vol. 23, p .  1 1 , January, 1935 ; E. G. Linder, Description and Characteristics of the 
End-plate Magnetron; Proc. I .R.E., vo1. 24, p. 6;33; April, i936. 

2 For a discussion of the theoretical justification of this equation, see E. C. S. 
Megaw, Note on the Theory of the Magnetron Oscillator, Proc. I.R.E. , vol. 21, p. 17�9; 
December, 1933; J. Barton Hoag, A Note on the Theory of the Magnetron Oscillator, 
Proc. I.R.E. , vol. 21 ,  p. 1 132, August, 1933. 

. 

3 The highest frequency reported at this :writing is' approximately 30,000 mc 
(l cm wave length), generated by' a split-anode ' magnetron, See p. E. Cleeton and 
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Problems 

1. In the Hartley and Colpitts oscillator circuits of Fig. 187, follow through the 
detailed phase relations and show' that conditions necessary for oscillation can be 
realized. 

. 

2. Redesign the oscillator in the example of Sec. 66 for a Colpitts circuit. 
3. In a prop�rly' adjusted oscillator, removing the load resistance normally 

eoupled into the tank circuit will reduce the d-c plate current... very greatly, while 
causing the d-c grid current and the a-c current in the tank circuit to change only 
slightly. Explain . 

. 4. If. an oscillator is suspected of producing intermittent oscillations, what 
means might be employed to see if this is the case? 

5. In an oscillator it is found that the frequency stability is improved by increas
ing the ratio of reactive energy circulating in the tank circuit to the power output 
of the oscillator. It is also commonly stated that the' use of a tank circuit with a low 
Lie ratio improves the frequency stability. · Correlate these WIth the discussion on 
frequency stability given in Sec. 67. 

6. In an electron-coupled oscillator, explain why the frequency ceases to be 
independent of the load impedance in the plate circuit when this impedance is great 
enough to make the minimlim plate voltage very low. 

7. Explain how parasitic oscillations can exist in a triode amplifier employing 
.the Rice system of neutralization (see Fig. 133b) . 

8� In a dynatroll or other negative resistance oscillator, demonstrate mathe
mati9ally that · oscillations will result when the . absolute magnitude of the negative 
resistance of the tube is equal to or less than the parallel impedance of the tuned 
circuit. 

9. In a three-stage resistance.-coupled amplifier, multivibrator oscillations can . occur when there is a resist�nce comnion to the three plate circuits, wJ:1ereas oscillations 
will not normally occur if there are only t"% . stages.  Explain how this comes about. 

10. Calculate and plot. the impedance of the electrical network equivalent to 
crystal No. III of Table X as a function of frequency, in the vicinity of resonance. 

:1:1. a. By means of the equivalent electrical circuit of the quartz crystal, demon
strate that when a crystal is used in the oscillator circuit of Fig. 206 the frequency 

. of oscillation can be varied !;Ilightly by �eans of a variable condenser in shunt with 
the crystal. 

b. If the crystal in (a) is No. III of Table X, · calculate the change in resonant 
frequency produced by a shunting capacity of 10 p.p.f. 

12. In a crystal oscillator using the circuit of Fig. 206, discuss the factors that 
control the amplitude of the oscillations produced. . 

13. Describe the mechanism by which the frequency of an electron oscillator is 
influenced �omewhat by the external tuned circuit, particularly when this circuit is 
resonant · at a frequency not greatly different from · the frequency of the electron 
oscillations in the absence of a tuned circuit: 

14. Explain qualitatively the physical reason why the wave length of a Bark-
hausen oscillation varie� with d and Eg as given by Eq. (180) . 

. 
16. In an' electron oscillator of the magnetron type explain why the axial length . of the tube in the direction of the filament has no effect on the frequency of oscillation 

even though a longer tube has more interelectrode capacity. 
. 

N. H. Williams, A Magn�tostatic Oscillator for the . Generation of 1 to 3 Cm Waves, 
Ph?Js. Rev., vol. 43, p. 421, Sept: 1, 1933. 

• 



CHAPTER IX 

MODULATION 

72. Waves with Amplitude Modulation.-In all the commonly used 
systems of radio communication the information is transmitted by vary
ing the amplitude of the radiated waves, as explained in Sec : 3 an.d illus
trated in Figs. 4 and 5. Communication carried on in this way is st1id to 
tak� 'place by means of amplitude modulation, and the equation of the 
envelope of the modulated wave represents the equation of the intelligence 
actually transmitted; If the envelope variations ' of the modulated wave 
exactly reproduce the original signal/ i.e., s0und pressure, light intensity, 
etc ., this signal is transmitted without distortion ; otherwise distortion is 
intr�duced and ·  the intelligence contained in the modulation envelope 

, is not exactly the same as that . represented by the original signal. 
When the equation of the wave envelope does not contain th� different 

frequency components of the original. signal in their correct relative 
magnitudes, the modulation poss�sses frequency distortion . If on the 
oth'er hand the equation of the modulation envelope includes 'frequency 
components that w�re not present in the original signal, the modulation 
possesses. amplitude or non-linear distortion. Finally, if the phase rela
tions of the different frequency components of .t�e wave envelope are 
not the same as. in the original signal, phase · distortion results. These 
three types of distortion thus have the same significance when applied . 
to modulation as they do in the case. of amplificati�n·. 

The extent of the amplitude variations in a modulated wave is " 
expressed in terms of the degree of modulation . For a sinusoidal varia
tion, as illustr�ted �y Fig. 5 :  

Degree 'of modulation = m = 
average envelope amplitude - minimum envelope �mplitude '(183) '  

average envelope amplitude . . 

. When the degree of modulation is 1 .0, the amplitude variations carry the ' 
envelope. amplitude to zerp during the troughs of the modulation cycie 
and the modulation is complete, i .e . ,  the envelope is varied through the 
maximum range that is possible Without amplitude distortion. 

. 

1 The term "signal " when used in connection with modulat.ion refers to the 
original intelligence. Thus signal frequency represents t.he frequeney which is 
m.odulated upon the radio w/tve. ' 
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When' the envelope variation is not sinusoidal, it is necessary to 
define the degree of modulation separate�y fOF the peaks and troughs 
of the envelope, according to the equations given in 'Fig. 214. 

Analysis oJ M odul(1ted Wave.-It was shown in Sec . 5 tha:t a modulated 
wave con�ists of a' carrier wave and a number 6f side-band components, 
the exact natJire of which depends upon the equation of the wave envel
ope. This ' envelope equation can alway's, be written in the form of an , 
average value plus one or more alternating-current terms that t�ke into 
account the envelope variations, i.e . , 
Equation of wave envelope = Eo + El sin (27rht + <1>\) +' 

. E2 sin (27rht + <P2) + Ea sin (27rjat + <Pa) '+ (184:) 

where Eo ig the average amplitude of the envelope (which is also ' the ' 
amplitude �hen the ' wave is unmoduhited) , and the remaining terms 
represent the component� of the envelope variation having frequencies 

/ \ E / I >/ max, 
EO'I / I 

- - - _Jl .... " ·-l� -l l- t-I , , 
, 

/ I 
, �� / ,  E - E ' P9sitlve peak modu lation = , m�x, 0 X 100 , 0 

Negative. peak (or trough) _ E o - E min.  X 100 moOlulatlon - Eo 
FIG. 214.-Unsymmetrically modulated 

wave, and equations giving peak and 
trough ,modulation. 

i1, J2, ia, etc . ,  crest amplitudes El, E2, 
Ea, etc ; ,  and phases <PI, <P2, and '</>a. 

, The term Eo in Eq. (184) represents 
the average amplitude of the modu
lation en�elope and is the crest 
amplitude of the carrier waVe, while 
each of the sinusoidal components in 
the wave envelope gives rise to a pair 
of side-band frequencies. The two 
side-band components arisiJ).g from 
each sinusoidal component of tile 
wave envelope have frequencies that 
are respectively greater and less than 

the carrier frequency by the corresponding envelope frequency, and each 
'nas an amplitude one-half of the corresponding envelope component . 
Thus a modulated wave having an envelope given by the equation 

Envelope amplitude = 100 + 50 sin 27rh + 20 sirr 27rJ2 

'consists of a carrier wave having & crest vall,le of 100 volts, a side band 
having a' frequency that is h cycles greater than the carrier, frequency and 
a crest amplitude of 25 volts, a' companion side band of the same ampli-

' tude but of frequency /1 cycles less than the carrier freq�ency, ana a 
second pair of side-band components each of· 10 volts amplitude and 
having , frequencies J2 cycles more and h cyCles less than the ca�rier 
frequency. 

The carrier wave is the same, irrespective of the presence or abs�nce 
of modulation .  Varying the amplitude of the radio wave merely has the 
effect of generating the side barids, which are the part of the modulated 

• 
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wave' that conveys the intelligence being transmitted. The carrier 
wave c�rries, no infOI:mation because it is not affected by the modulation. 

The energy contained in a modulated wave is the sum of the energies 
of the ' separate frequency components and is therefore increased during 
modulation 'b�cause of the energy contained in the side bands,. When the 
carrier wave is ' completely modulated by a sinusoid&l variation of the 
envelope amplitude, i.e., when in Eq. (184) El = Eo, and E2, Ea, etc. ,  
are all zero, there are two side-band components, . each having an ampli
tude half that of the carrier and hence each containing one-fourth as 
much power as does the carrier. The two side bands together thus make 
the power of the completely , modulated wave (m = 1 .0) 50 per cent 
greater than the carrier power, and one-third of the total energy of the 
wave 'is in the side bands, while two-thirds is in the carrier. ' With degrees 
of modulation other than 1 .0 the side-band power will be proportional to 
m2, so that the fraction of the tot�l wave energy that is contained in the 

, .jntelligence-he�ri�g side bands rapidly decreases as the degree of modula
ti�n is reduced. For this reason the hig�est possible ��gree of modulation 
should always be used. 

The frequencies cOD;tained in the modulation envel9pe depend upon- . 
the character of the amplitude variations that are impressed on the wave, 
and in general 'are high�r the more rapidly the amplitude of the wave 
envelope is varied. In particular when the amplitude changes with 
extrern� rapidity, as would be ,the case in a code transmitter if the waves 
could be turned on and off instantly, the envelope equation contains very 
high frequency. components and the �ide-band frequencies e�tend 'over a 
wide frequency band. 

In the actual transmission of intelligence 'by means of modulated 
waves it is 'generally unnecess'ary to modulate upon the carrier wave all 
the freq·uenci�s contained in the equation of the original signal in order 
to make the intelligence understandable at the point of rt=:ception. Fur
thermore the modulation by a wider frequency band than is absolutely ' 
necessary to carry the desired information is to be ' avoided because 
unessential frequencies in t�e modulation envelope mean high-frequency 
side-band components, and this utilizes frequencies in the transmitting 
medium that could otherwise be employed. for additional communication'. 

Side 'Bands Required i� ' Telegraph, Telephone, and Picture , Trans
mission.-In , the transmission. of t,eiegraph signals by the Continental 
Morse Code it is possible to operate telegraph relays provided each side 
band has B: width of 0.13f cycle per letter transmitted per minute. I 

1 This figure represents the minimum sid� band that can be used, and unless 
refinements are employed a somewhat wider, band is desirable. With the five-element 
two-valued code employed in printing telegraph systems, the side band need be only 
aqout three-fourths as wi'de as with the Continental Mo:rse Code. By employing a 
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Thus transmission at the rate of 100 lette�s per minute can be carried on 
using side bands which extend only 13. 1 cycles on each side of the carrip,r 
frequency. 

In the transmission of speech and music of good quaJity, side-band 
components . extending a� least 500Q cycles on each side of the carrier 
frequency must be employed. Such a band provides for the transmission 
of audio-frequency sounds having pitches up to 5000 cycles, and, while the 
human voice and �usic contain frequencies up to approximately 15,000 
cycles, these higher pitch sounds are not absolutely essential for reason
ably satisfactory results. ' UnderEitandable speech requires the repro
duction of. all frequ.encies from about 250 to 2700 cycles; or side-band 
frequencies ra!lging from 250 to, 2700 cycles above and belo� the carrier 
frequency. 

. 

. The side band required in picture transmission and. television is dis
cussed in Sec. 145. 

Methods of A fr!,plitude M odulation.-While· the methods by ' which 
amplitude modulation of a carrier wave can be obtained appear to be 
almost without number, nearly all of them come under one' of the follow-

" . ing four classifications : 
1 .  MO'dulated O'scillatO'rs. 
2. Modulated amplifiers. 
3. MO'dulatiO'n by means O'f nO'n-linear circuit elements. 
4. MO'dulatiO'n by means O'f variable circuit elements. 

Modulated, oscillators include those arrangements in which the ampli
tude of the- generated oscillations is c<;>ntrolled by the intelligence that 
is to be transmitted. In the modulated-amplifier type of modulator the 
unmodulated carrier wave is applied to tl).e amplifier grid, and the ampli
fication is then vari�d in accordance with the intelligence to be trans
mitted. Modulators which ' employ n��-linear circuit elements make 

.. use of the fact that the current which flows through a non-linear circuit 
is not proportional to the applied voltage,_ so that, when the radio-fre
quency carrier voltage and low-frequency signal voltage are superimposed 
and applied to a non-linear circuit, the amplitude of the radio-frequency 
current that flows is modulated by the signal. In modulators employing 
variable circu.it elements, the ' impedance which. is offered to the radio
frequency carrier voltage is varied in accordance with the ' intelligence 
that is to be transmitted, with the result that the radio-frequency current 
is modulated as desired. The following paragraphs describe the methods 
of amplitude modulation which are most widely used in telephony and 
synchrO'nO'us vibrating relay to' restO're the shape O'f the received signals transmitted' 
py the printing telegraph cO'de, it is PO'ssible to' cut the frequency band in half. See 
F. E. Terman, SO'me PO'ssibilities O'f Intelligence TransmissiO'n when Using a Limited 
Band O'f Frequencies, Proc.'I.R.E., VO'l. 18, p. 1�7, January, 1930. -
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in picture transmission. The means used to turn code fransmitters on 
and off in accordance with the t�legraph characters are considered' in 
�ec. 103. 

. 

73. Plate-modulated Class C AInplifiers.-A plate-modulated Class C 
amplifier is an ordinary Class C amplifier in which there is superimposed 
on the ditect-current plate potential an alternating potential that varies 
in acco�dance with the intelligence to be tl'ans�itted. ' , 

C«rri.ry,o�ee ouf,P,ufof inP,uf 6peech rmplifier , �IIII-' 4----+----4--�__tllh�f!-l 
(Ill) D ired"(Qr Impedance) Coup1in9 

OufJ1l-'f of , IIpeecl1 amplifier 

�--"-----4-------il " "d 

O�U Tfl' f 01' oSJXl«:hI mplifi,'er 
1-+.----4------'------1 11111 (-) 

, The basic circuit of a plate-modulated Class C amplifier is shown 
in Fig. 215a, and is essentially an ordinary . trio de Class C amplifier with 
the signal (or modulator) voltage superimposed upon the direct-curren't 
plate-supply potential. This modulating voltage is normally obtained 
(rom a power amplifier, usually termed the modulator, which ·can be a 
Class A, Class AB, or Class B power amplifier. ' 

The most common coupling arrangements employed are ilh.lstrated in 
Fig. 215, which shows schematic circuits which have been simplified by 
omitting the neu.tralization and the coupling 'from tank circuit to load . 
It will be noted that in each case the plate circuit of the Class C amplifier 
acts as the load impedance to the modulator. The 'cir,cuit� of , (a) and 

. ) 1 
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(b) require the use of a single-ended power amplifier, while the arrange
ment at Cc) permits the use of a push-pull modulator and also makes it 
possible to reduce the direct-current magnetization of the core by 
polarizing the windings so the direct currents to the Class C and the 
modulator, tube oppose each o,ther in magnetizing the core. 
, The action of a plate-modulated Class C amplifier is given. by the 
following explanation : The radio-frequency amplifier tube is adjusted 
so that with no modulating voltage present it operates as an ordinary 
Class C amplifier in which the bias , is" at least twice the cut-off 'value for 

, the plate-supply potential. When the modulating voltage is supetim-

(01 ) Circuit Tor Plate Modulated 
, 

C IOIss C Am plifier 

f !t/�;:'aQna? 
Carrte1EO ,

� ,  £s SignCfI II' E E� ' '-----t-Ihltl-'-' --� 

(b) SignOll to Be M oolu lOlteol on CCllrrier 

-'- - - - -� � -'--,.. - -- .� -
(c) Effective P late S u pply Voltage 

=$=S �  L-��--

• (DI) Voltol/2je A p p l i eol "to Griol 
'i' 
E,' c +tll-H, -IHI'n Cutoff grid 

-.L " --\1' HttHrHHI.. JmJ-tl� ��Wlfmgjl@\. .. biCf6 

(e) PI OI+e Cu rrent ' 

! MM lA.. . .A�j!M Ill! 
(of') Current in T� n'eol LoClol ImpeolOlnce , , 

FIG, 2 16,-Schematic circuit of plate-modulated Class C amplifier, together with , oscillograms showing details of the lIlodulator operation; 

posed upon the plate-supply voltage, the plate 'then alternately becomes 
more and less positive. As the plate becomes more positive, the mini
mum plate potential Emin tends to " increase, causing the peak amplitude 
of the pulse of plat'e current to become larger, while at the saPle time the 
angle of flow increases because of the:: greater plate voltage . ' .The output 
is accordingly increased. Shnilarly when the modulating voltage makes 
the ' plate potential ' less than the plate-supply voltage, the minimum 
plate voltage Emin tends ' to become less, reducing the peak amplitude 
of the plate current pulses, and this, together with the smaller angle of 
flow, reduces the power' output. When properly adjusted, the output 
voltage can be made sUbstantially proportional to the effective plate 
voltage, and, ' since this effective plate" voltage consists of the bat
tery . voltage plus the modulat�g voltage, the envelope of, 'the output 
accurately reproduces the signal to give distortionless modulation. 

, The detailed mechanism of the plate-modulated Class C amplifier is 
given in Fig. 2'16, which shows , qualitatively the relations existing for 

I 
• , I I 



SEC. 73] MOPULATION 399 

10'0' per cent mQdulatio,n. Here the crest value .Of the signal vQltage intrQ
duced intO' the , plate circuit is equal to' the plate-supply vQltage, SO' that 
the' effective plate-supply vQltage varies frQm zerO' to' twice the battery 
vQltage during the mQdulatiQn cycle as shQwn at (c) . This causes the 
plate current pulses to' vary in amplitude and angle .Of flQW in the manner 
shQwn at (e) , resulting in an .Output current .Or vQltage as illustrated at 
(f) having an envelQpe that varies in accordance with the signal. 
" Power Relations.-When a plate-mQdulated Class C amplifier is 

prQperly adjusted, the plate current and .Output vQltage are nearly exactly 
prQPQrtional to' the tQtal �ffective plate vQltage. TO' the extent that this 
is true the Class C amplifier .Offers to' the mQdulatQr tube a IQad resistance 
that is equal to' the ratiO' Eb/lb, where Eb .is the battery vQltage and Ib 
is the d-c plate current in the absence .Of mQdulatIQn. The degree .Of , , , 
modulatiQn is determined by the alternating vQltage develQped by the 
mQdulatQr acrQss 'this IQad impedance. FQr 10'0' per cent mQdulatiQn the 
,crest alternating signal vQltage must equal the' plate-supply vQlt,age, �nd 
this makes the mQdulator PQwer EJb/2, .Or exactly .One-half, of the direct
current PQwer whic4 the plate battery is called UPQn to' suppl�. FQr 
lesser degrees .Of mQdulatiQn the modulatQr PQwer will be prQPQ�tiQnal 
tu the square .Of the degree .Of mQdulatiQn. The power relatio�s that exist 
in a plate-modulated Class C amplifier can hence be summarized by stating 
that the power required to generate the carrier wave is supplied from the 

, , direct-current plate-supply voUage, while the power required to generate 
the side-band components of the modulated wave must be supplied from. the 
output 0/ the modulator. 

The PQwer that the mQdulatQr must deliver becQmes la'rge in the case 
.Of high-PQwer Class C 'amplifiers. Thus if a -IQ-kw carrier is to' be 
mQdulated 100 per cent and the plate efficiency is 66.7 per cent, the 
direct-current plate , PQwer required is 15 kw and the mQdulatQr PQwer 
Qutpuir is half .Of this .Or 7 .5 kw. If the degree .Of mQdulatiQn is less than 
10'0' per cent, the demand made UPQn the mQdulator is cQrr�sPQndingly 
less, ·but sO' is the side-band energy generated. 

The efficiency .Of a Class C mQdulated amplifier is the sa:qle as the 
plat'e. efficiency .Of a simple Cla�s C amplifier. The efficiency is nQrmally 
at least 60' per cent, and SQme cases may range as high as 70' to', 80' per cent. 

Design and Adjustment�-In the mQdulated Class C 'amplifier the 
mQst impQrtant characteristic is the linearity .Of the mQdulatiQn, and the 

, entire design and adj1-lstment must be wQrked .Out with this in mind . . The best means .Of insuring linear mQclula'tion is to' adjust the grid 
excitatiQn and IQ ad impedance sO' that even at the crest .Of the mQdulatiQn' 
cycle (when ' the effective plate vQltage is the battery vQltage plus the 
mQdulated vQltage) the. tube .Operates as a Ciass C 'amplifier in which' the 
minimum plate vQltage is small cQmpared with the tQtal effective pl�te 

• 
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voltage. The crest alternating voltage developed across the load is then 
always almost equal to the effective , plate voltage, insuring an outpu t 
that follows the modulation very closely. It is also highly desir�ble 
that the adjustment at the crest of the modulation cycle be such that 
the maximum grid potential reached during the cycle be, considerably less 
than the minimum plate voltage, so that as the minimum plate voltage 
becomes smaller at other parts of the modulation cycle it will still exceed 
the maximum grid, potential . except at the extreme trough of the modula
tion cycle. If the exciting voltage is sufficient to make the maximum 
grid potential larger than this, the grid current will be large during those 
parts of the modulation cycle when the minimum ,plate volta'ge becomes 
less than the maximum grid potential, while being small " during the 
remainder of the cycle. This' causes the modulated amplifier to offer a 
highly variable load to its exciter .  

� In .order to obtain a reasonable power output with a relatively low , 
minimum plate voltage and a very low maximum grid potential, it is 

1 6 0 0  

ttt ect Of m i nT m u m  plate voltage necessary to employ tubes with a low 
amplification factor. Even then the 
amplitude of the plate-current pulses 
and hence th� power output tend to 
be small. When tubes having a 

�1200 
+r5 relatively high amplification factor ! 800 0.8 � are plate modulated, it is usually 
is.. ��'? � E mln, ;:: 250 volfs � found necessary to operat,e with a 
� 400 ,,,\S.JO �O\,s �i Note:  Va lues 0.4 :� relatively high maximum grid poten-
LL. , �, nSQ I E min, a I'E; for � 

Q:: �� "' - -l::' modu la ting 0 tial in order to obtain the . required o <v;:">$" �I voltoge ;:: O 0 output at' the peaks or' the modu- ' - 100 -50 0 + 50 +100 
E b + Modul ating Voita'ge, Per Cent ' lation cycle, and, if the minimum �I<,1' 2 1 7  .-Effect . of v:ariouB' ope�t�ng plate voltage ,  is made low to obtain condItIOns on the hnearIty and drIVIng . . . '  . 

power of a plate-modulated Class '  C hnearIty, thIS makes the maXImum 
amplifier, grid potential exceed the minimum 
plate voltage during a considerable part of the modulation cycle and so 
causes a variable load on the exciter. 1 The effect of the minimum plate 
potential in relation to the maximum grid voltage upon the linearity of 
modulation is shown in Fig. 217, where it is seen that, while a relatively • 

low load impedance makes for higher output power and more uniform 
driving power over the cycle, the linearity of modulation IS less than 
with a higher load impedance. 

I.This difficulty can be minimized by several expedients such as modulating the 
exciter slightly, applying a small amount of grid modulation to the plate-modulated 
am.plifier, or using grid-leak bias. 'In this connection see 1. E.  Mouromtseff and 
H. N. Kozanowski, Analysis of the Operation of Vacuum Tubes as Class C Amplifiers, 
Proc. I.R.E., ·vol. 23, p. 752, July, 1935. 

, 
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In designing a modulated Class C amplifier it is customary to start 
with a grid bias that is at least twice, and more commonly three to four 
times, the cut-off value calculated on the basis of the plate-supply voltage. 
An excitation voltage and load impedance are then selected such 'that 
with the effective plate voltage . existing at the crest of the modulation 
cycle (which for 100 per cent modulation is twice the plate-supply voltage) 
t,he maximum grid potential and minimum plate voltage will liave v.alues 
favorable for linear modulation while still giving reaSonable power output. 
The proper conditions can be readily calculated with an accuracy suffi
cient for ordinary I?urposes by the approximate method discussed in 
Sec. 61. , The ,effective plate voltage at the crest of the modulation cycle 
divided by the calculated d-c plate current at the same inst,ant gives the 
approximate load that the modulated amplifier offers to tp,e modulator 
tube, and from this the coupling arrangement can be designed. In the 
case of the direct-coupled circuit of Fig. 215a it is necessary to inset;i; '& 
voltage-dropping resistance, thorougqly by-passed to ' both audio and 
ra�io frequencies, in �eries with the plate of the Class C 'amplifier as 
shown if 100 per cent modulation is to be obt�ined. This is because the 
alternating voltage developed by the · mod�lator tube across its load 
impedance is always less than the modulator plate voltage, and makes 
it necessary to lower the Class C amplifier direct-current plate voltage by 
a corresponding amount, usually 20 to 40 per cent. 

In selecting operating conditions for a plate-modulated a,mplifier it is 
necessary to remember that with complete modulation the power input 
and plate losses are approximately 50 per cent greater than with no modu
lation, while the · peak plate , voltage is twice as great. Hence, when a . 
tube is to be plate modulated, it is necessary to operate at a lower plate 
voltage and to adjust for less carrier power' than could be developed by the 
sam� tube if operated as t\tn ordinary Class C amplifier without modula
tion. In the case of tungsten filament tubes it is �lso necessary to limit 
the pea� plate currents to about, tw'o:-thiJ;ds of the value permi�sible 

, with Class C operation to avoid incipient saturation effects. 
Mter adjusting to realize the operating conditions tentatively 

sele'cted o� the basis of the above considerations, modulating voltage is 
applied and the linearity determined either by employing a modulation 
meter to read the percentage . modulation for the positive and negative 
peakf? or by using a cathode-ray tub�. The modulation meter is the 
more. accurate, but, th�ugh desirable where . high quality · is important, ' 
is expensive ,and often not available. The cathode-ray tube is not so 
aCCluate as the modulati�n meter but because of �ts general availability 
is used for the ordinary run of adjustments. . The simplest procedure 
when employing a cathode-:ray tube ' is to apply the signal or modulating 
voltage to the horizontal deflecting plates a.nd the modulated · output 

.. 

. 1 I 
1 



402 RADIO ENGINE'ERING [CHAP. IX 

voltage to the vertical deflectors. If the modulation is distortionless, 
the resulting pattern is a trapezoid . with straight sides as indicated in Fig. 
218, ·with the degree of modulatio� determined by the. · ratio of the 
vertical sides as indicated- in the figure. Overmodulation, i.e., modula
tion to the point .where the output is .reduced to zero for an appreciable 

(0) D istortionless 
modu 100tion 

1111 

A ' 
A B i... ; J B-A 

m = A+ B  

(b) Ovel"modu-I� 
(d) Phase shift 

between signa I 
.voltage anQl mod· 

u lation envelope 

• 

part of the cycle, is indicated by the 
pattern shown at Fig. 218b. Ampli
tude distortion causes the sides of 
the trapezoid to become curved as in 
Fig. 218c, with the nature of the 
curvature usually indicative of the 
source of the distortion. If a shaded 
ellipse is indicated as in ·Fig. 218d, a 
phase shift is pr�ent . 

In the absence of ' a modulation 
meter or cathode-ray. tube, an idea as 
to the linearity of the modulation 
may be obtained by taking advantage 
of the fact that when the modulation 

FIG. 218.-Patterns obtained under 
various conditions from a cathode-ray 
tube in which the modulated wave it;! 
applied to the vertical delecting plate 
and the signal voltage to the horizontal is distortionless the d-c plate current 
deflectors. is substantially independent of modu-
latio�, whereas distortion is usually accompanied .by a change in the d-c 
current when modulation is applied. The percentage of modulation can 
be estimated for sinusoidal modulation by taking. advantage' of the fact 
that the effective value of a sinusoidally modulated wave is proportional .

. to � 1 '+ �2, and so with complete modulation is 1 .225 times the unmodu

lated value. 
If the linearity of modulation, power outpQt, or grid driving power 

for the first trial adjustment are not satisfactory, the exciting voltage, 
load impedance, or grid bia� can be varied in an effort to . improye the 
performance. The practical problem of determining the optimum adjust- . 
ment is complicated by' the variable load that the modulated amplifier 
offers to its exciter and by the fact that the power output of a modulated 
amplifier is commonly used to. excite a linear amplifier which also repre
sents a variable load. In some cases it is possible to balance some of 

: these modifying factors against each other to make the. performance 
better than otherwise oJ:>tainable. Thus in the arrangements illustrated 
in Fig. 215a, where a single:ended power amplifier must be · employed, it 
is often possible to adj·ust the modulated amplifier 'so that it compensates 
to a large degree for the second-harmonic distortion always present in a 
"'ingle-end�d . power amplifier . 

• 
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The tank circuit of a modulated amplifier must have a ,Q low enough 
to prevent undue , discrimination against the higher side-band frequencies. 
When a high load impedance is required, it is therefore necessary to make 
the Lie ratio of the 1:rank circuit high , enough to , permit realizing the 
required impedance with the relatively low effective Q necessary for h,igh 
quality. 

Calculation af Performance.-In calculating the linearity of a plate
mQdulated' Class' C a�plifier }t is necessary to determine the alternating, 
voltage developed across the load for known values of grid bias, maximum 
grid potential, effective I,>late voltage, and load impedance. To do this 

a.ooo� , ' 
' �. /. Acfual load c ' Iin�edance .g 7,500 �_=J.12Q- _ _ 

Qj 
E ' , .- -1- Acfua/ load � 7,000 . _ _ _ L : __ � volfdqe 
o o -' 1.000 1.025 \,050 

Radio- Frequency Output Voltage 
FIG. 219.-":"Curve showing load 

impedance required for different as
sumed values of minimum plate 
voltage Emin. showing how the value 
of 'E mi,. corresponding to a given load 
impedance can be found. 

" Hodulafion I Imax, ,-_�ny�i!?e� __ _ .t I I� -1-:-:"'-":-':-':-:--
I I I � [Imin, �I -- - - - 7 - -'- - -
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FIG. 219a,-Critical points on linearity 
curve used to calculate distortion in modu
�ation by means of Eq. (151)  or (152) . 

it is necessary to assume reasonable values for the minimum plate poten
tial ElUin and then to calculate the resulting current' pulses and the 
required load imp�dal1ce that is 'consistent with these current pulses and 
the effective plate voltage; By plotting several such points in a curve 
showing the required load impedance as a function of the minimum plate 
volt�ge Emin as in Fig. 219, it is possible to determine the value of. mini
mum plate voltage corresponding to �h� actual ' load impedance, and 
from this to obtain the volt�ge -developed across 'the load. This calcula
tion can be repeated for various values of effective plate voltage in order 
to obtain a complete curve giving the output voltage as a function of 
{;ffective plate voltage. Calculations of the linearity must be carried 
out by the exact method (see Sec. 61) if high aceuracy iR required, 
although the appr'oximate method is suitable for preliminary c.aieulatiollR 
Qr for detecting grossly improper operating ' conditions. 

When the linearity curve is known, the amplitude distortion of the 
, modulation envelope can be determined from the output at the critical 

' I  
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points on the modulation cycle indicated in Fig. 219a by substitution in 
. Eq. (151) or (152) . 

Plate' Modulation of Screen-grid and Pentode rPubes. i-Pure plate 
modulation of screen-grid and pentode tubes is not desirable because the 

Carrier volfa<J.e �I' (.(11111111' 
FIG. 220.-Modulated screen-grid 

amplifier in which the screen and plate 
voltages are simultaneously modulated. 

plate current of such tubes is sub
st�ntially independent of the plate 
voltage except when ·the plate poten
tial is quite. low. Entirely satis
factory 'modulation can be obtained, 
however, if both plate ' and screen 
potentials are modulated simultane

. ously as in Fig. 220. In this way the total space �urr:ent varies with the 
modulation in much the same way as in the ordinary plate-modulated 
amplifier. · The design and adjustment �f such a modulation system is . 
similar to that of the ordi:Q.ary plate-modulated triode except that the 
screen-grid by-pass condenser must be sma]� enough so that it does not 
by-pass the-modulating voltage. 

Ec 

Loaa impedance .. 
" . 

O¥' 
Cutbrr grid.bicrs 

ttt-r-if 1 1 1t1tj'J;H;Iittlilil- - i --

-- - - - - � - - � 
. � - - -<b) SignCII I +0 be ModulCll+ed on Carrier 

. - (e) CurrenT in Tu ned LOOld (c) VOI"tCIIge Appl ied +0 Grid Im pedOlnce 
FIG. 221 .-Circuit of grid-modulated Class C amplifier together with oscillograms showing 

details of operation. 

74 .. Grid-modulated Class C Amplifier.-The grid-modulated Class C 
amplifier is similar to the plate-�odulated Class C amplifier exc.ept that 
the modulation is accomplished by varying the grid bias of the amplifier . 
instead of the plate voltage. The circuit for such an amplifier together 
with -the details of operation are illustrated in Fig� 221 .  The tube is 
operated at a grid bias greater than the cut-off value, and the amplitude 
of the carrier wave that is applied to the grid is somewhat less than thp 
bias. A signal voltage is then superimposed' .on the bias and cause� 

1 For further information see H. A. Robinson, An Experimental 'Study of the 
Tetrode as a Modulate.d Radio-frequency· Amplifier, Proc. I.R.E., vol. 20, p. 131 ,  
January, 1932. 
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the voltage actually applied to the grid to vary as shown in Fig. 221c. 
The result is, the plate-current impulses shown in Fig. 221d, which are 
similar to the corresponding plate-current impulses of the plate-modu
�ated amplifier . 

. The proper adjustment is such that 'at the crest of the modulation 
, cycle ' the tube operates under typical Class C amplifier conditions, with 

plate-current , pulses lasting for not more than 180 deg. , a maximum 
instantaneous grid potential , equal to zero or moderately positive, and 
sufficient load impedance to make the alternating voltage developed 
across the load by the plate-current pUls'es only slightly less than the 
battery voltage. Complete modulation is then, obtained by arranging 
matters so that at the trough of the modulation cycle the maximum 
instantaneous grid v�ltage approaches the cut-off grid pote�tial fO,r 
the plate-supply voltage. 

In actual practice it is necessary to compromise 'between power output 
and distortionless modulation. In �'rder to obta:in a large power output 
the pulses of ,plate current at the crest of the modulation cycle must be 
large. This' requires that the grid be driven positive ; however, the 
resulting grid curr�nt that flows at tl�e peak of the modulation cycle 
places a variable load upon the exciting and modulating voltages, thereby 
distorting the modulation. ' By designing the sources . of exciting and 
modulating voltages to have good regulation (i.e. low internal impedance) . 
and by driving 'the grid only moderately positive, this distortion can be 
kept low enough to be permissible for such purposes as police radio, 
aircraft telephone, etc.,  where the transmission of intelligerice is the 
primary object. However, if the distortion is to be kept as low as 
possibl�, as' is essential in broadcast transmitters, operation must be as 
illustrated in Fig� 221 with the maximum instantarieous grid potential 
just reaching zero. It is also desirable to use sufficient load impedance 
to muke the , minimum plate potential Emin small compared with the . 

. pl�te voltage. In order to obtain appreciable power output with the 
. grid just reaching zero potential and the minimum plate voltage quite 
low, it ' is necessary to' employ a tube with a low amplification factor . 
Even then the power output obtainable at the crest of the modulation 
cycle will usually not bring the plate dissipation of the tube up to the 
rated value, so that, in order. to obtain a high degree of linearity, it is 
necessary to sacrifice in power output. 

The first step in ,adjusting a grid-modulated amplifier is to obtain 
the proper operating conditions for the crest of the modulation cycle . 
This 'is done by temporarily giving the grid a bias equal to or slightly 
greater than cut-off and by applying sufficient exciting voltage to make 

. ' th� maximum grid potential either zero or moderately positive according ' 
to the type of operation desired. The plate load impedance is then 
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adjusted, keeping in mind that the modulation will be more linear, as the 
load' impedance becomes higher, but that this tends to reduce the power 
output. The gri d bias is now increased until the .output drops to zero, 
and the operating grid bias is selected midway between this bias and 
that corresponding to the erest of the modulation cycle. . The crest 
modulating voltage for 100 per cent modulation is then equal t� one-half 
the difference between the biases for zero output and peak output, aod 

' 

ordinarily will be very close to Ebl2.J.L. , 
' 

The linearity of the modulation can be determined experimentally by 
measuring ' the o.utpu� voltage as a function of grid ·bias. Such a proce
dure takes into account the effect of the grid current upon the exciting 

(b) Operation with 
positive grid 

Q) , 
, g'  -I-. +- c - Q) o L. > L. 
4- => :> U 
� �  :> L. 
O lD  

-100 · 0 + 100 -100 0 +100 ' 
Grid Potential (Bias.\- Modulating Voltage),Per Cent ' .  

FIG. 222.-Typical linearity curves of grid-modulated amplifier for 8ev�ral conditions, 

voltage, but does not allow for the flattening off of the positive peaks 
of the modulating voltage, which must be taken into account by the 
use of Eq. (156) . ,Typical linearity curves for several operating condi
tions are illustrated in Fig. 222. It is apparent that, if the load iIhped
ance is high and the grid is not driven positive, the modulation. can be 
made very linear, but that with a low load impedance or with positive 
grid operation, the result�ng increase in output is at the expense of , 
linearity or of variable driving power. 1 

The performance ' of a grid-modulated Class C amplifier can be 
calculated by the exact or approximate methods of Sec . 61 in much the 
same manner as the calculations for the plate-:modulated Class C amplifier 

1 It is to be noted by comparing Figs. 152 and 222 that operation with zero grid 
current and a low load impedance gives a characteristic that is curved in much the 
same way.as is the dynamic ,characteristic of a power tube. Hence by using a single
ended power tube to supp!:- the modulating voltage it is possible by proper adjustment 
to balance the curvature "f the dynamic characteristic of the power tube against

'
the 

�urvature of the modulation characteristic of· the modulated amplifier and to obtain 
as a result a substantially dist.ortionless over-all characteristic with a load impedance 
low enough to give appreciable output. 
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are- carri�d out. Thus, for any particular value of modulating voltage, 
variou� valttes of minimum' plate voltage are assumed and the required 
load impedance is calculated. From these data a curve is plotted .showing 
the-relationship between minimum plate voltage and required load imped� 
ance, and the conditions corresponding to the actual load impedance arE. 
obtained . Such calculations . using the approximate method ' are very 
helpful · in preliminary design to determine the proper load impedance, 
output power that can be expected, etc. ; in the case where no grid current · 
flows, they will also give t�e linearity curve with satisfactory precisien. 
When the grid is driven positive, the distortion is greatly influenced by 
the grid current at the peak of the cycle and linearity under such condi
tjons is l?est determined by experiment. 

The carrier power obtainable from a grid-modulated amplifier is 
approximately one-quarter of the power that the, same tube will deliver' 
operating as a simple Class C amplifier. This is because the peak power 
of the modulated amplifier corresponds to Class C operation, and with a 
completely modulated wave is f.our times the carrier power. ThB plate 
efficiency during the unmodulated intervals is approximately one-half 
the efficiency · obtained with simple Class C operation. This results 
from the fact that, if the minimum plate voltage is small at the crest of 
the modulation cycle, then when there is no modulation the vo,1tage . across the- load is halved, causing the minimum plate potential and 
hence the plate loss to become large. 

ppon comparing the grid- and plate-modulated ampt'ifiers �t .:will be . 
�oted that the grid-modulated amplifier has a relatively ' low plate 
efficiency and a low power output in proportion to the size of the modu
lated tube, but requires . very little modulating power. In contrast with 
this the plate-modulated amplifier gives a ml),ch larger output in propor
tion to the size of the modulated tube, but 'requires a large modulator 
power. As a consequence the over-all efficiency, considering both 
modulator and modulated-:tube capacities, is roughly .the same: The 
choice . between the two methods of modulation is ' hence largely one of 
conveni�nce since both methods of modulation will give completely 

. modulated waves having negligible distortion. 
Grid M o d'litlation with Screen-grid and Pentode. Class C Amplifiers.

Grid mqdulation can be readily appli.ed to screen-grid and pentode Class 
C amplifiers . The principles involved in the operation design and 
adjustment are much tlie. same as wheri triodes are use� 'except tliat no 
neutralization is needed. 

. . 

" 75. Suppressor-grid Modulation.-· This method of modulatlon makes 
use of a pentode tube adjusted to operate as a c'lass C aUlplifier. Modu
lation is ·�ccomplished by applying to the suppressor grid the modulating 
signa"l 'voltage superimposed upon a suitable negative bias, as illustrated 
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in Fig., 223. This' arrangement takes advantage of the fact, that the 
lowest plate potential at which appreciable' plate current starts to flow 
is prop�rtional to the suppressor-grid potential, as indicated in ,Fig. 65. 

� If the load impedance in the plate circuit fo loaa of the tube is high, then the minimum 
plate voltage will always be only slightly 
more than the value at which the plate 

FIG. 223.-Circuit of suppressor- current approaches cut-off. This makes 
grid modulated amplifier. the output voltage follow variations in 

the suppressor-grid potential very closely, insurip.g relatively linear 
modulation. 

In the practical adjustment of suppressor-grid modulated amplifiers 
the first st�p is to obtain the proper control-grid bias, screen-grid poten
'tial, and excitation to give the required angle of flow and total space 
current, just as in the case of a Class C amplifier. The load impedance 
is then adjusted to the highest value at which most of this total space 

- current goes/to the ,plate when the suppr�ssor is slightly positive, but still 

• 

10 
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FIG, 224.-Linearity curve of typical suppressor-grid modulated amplifier . . Note 
that it is impossible to obtain complete modulation without introducing appreciable 
distortion, 

not suflidently positive to draw very much current. This copdition 
corresponds to , the crest of the modulation cycle. The suppre'ssor ' 
potential required to reduc(J the output to substantially zero is then: 
determined experimen.tally, thereby obtaining the bias voltage and tbe 
modulating voltage required for complete modulation . 

. The power output of a suppressor-modulated amplifier at the crest 
of the modulation cycle corresponds to the output obtainable from the 
same tube operating as a '  Class C amplifier, so that for 100 ' per ' cent 
modulation the carrier power is approximately one-fourth of that obtain
able from the same tube when used as a simple amplifier . •  The plate 
efficiency wheI) adjusted for complete modulation is the same , as in the 
grid-modulated amplifier, i.e., approximately one-half the plate efficiency 
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for Class C ,oper.ation� and is lo'Y for the same reason. The total efficiency ' 
including the screen-grid lo�ses is lower with suppressor modulation than 
with control-grid modulation because with suppressor-grid modulation the 
total space current is practically constant throughout the modulatioiI 
'cycle, resulting in a large screen current at the troughs of the modulation 
cycle and consequent high power loss ,at the screen grid. The relations 

, involved are illust:rated in Fig. 224, which shows the plate current, screen 
current, and output voltage as a function of suppressor voltage in a 
typical case. . ' 

It will be no·tOO that suppressor-grid modulation is very similar to 
control-grid modulation, the primary difference being that the' exciting 
and modulating volt ages are applied to different grids. The linearity 

(a) Circuit of Van De y Sij l 
modulated amp J ifie y 

Loadimpedance fo modlJiafed, 
wave r 

Ze 
Plcde ---;"'E + 

voltage � 

VU QV VV.v � lfV V v VU,V 

(b) Details of modulation operation , 
Plafe currenf flowing when signal 
and carrier are bofhapp/ied to grid 

- _ ...-'. --- -
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FIG. 225.-Circuit of van der Bijl type of modulated, Class A amplifier, together with 
oscillograms showing detail� of operation. The curvature of the grid-voltage-plate-current 
tube characteristic causes the amplification of the carrier to depend upon the grid potential, 
which in turn varies in acc,ordance with the signal. 

obt�ined with suppressor modulation is about the, same as, with control
grid modulation when the control grid is driven positive, but is decidedly 
less ' than the linearity obtainable wit� the control-grid modulation 
operated without grid current. 

76.' The van der Bijl Type of Modulated Class A ' Amplifier.-This 
type of mod.ulator consists of. an or,dinary Class A power amplifier, to the 
grid of which are applied a small radio-frequency carrier vqltage and a 
large signal voltage. Because of the ' curvature of the piate-current-grid
voltage characteristic the ' amplification of the small carrier voltage 
depends upon the amplitude 'of the signal voltage, thus causing the 
amplified output to be t'he desired modulated wave. The detailed 
mechanism by which the modulation is produced is shown in Fig. 225. 
The degree of modulation depends upon the curvature of the Eu � Jp 
characteristic and the amplitude , of the signal voltage that is applied to 
the grid. In order to obtain a high degree of modulation the t';1be must 

.. 
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be operated over a curved portion of the Eg - I p characteristic, and the 
signal voltage must J?e large. 

An analysis of the van� der. Bijl modulator can be readily made 'by 
means of the complete equivalent circuit of the vacuum-tube amplifier 
illustrated in Fig. 151 and discussed in Sec. 55. The side bands of the' 
modulated output are the sum a�d difference frequency terms produced 
by the second-order action when the input consists of two sine wayes · 
[�ee Eq. (135b)], while the carrier is the carrier-frequency output produced 
by first-order action. Analysis based on the equivalent circuit shows that 
for best results tire load i;rppedanc� in the plate circuit &hbuld have negligi-
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FIG. 226.-Plate and resonanf-circuit currents as a function of plate-supply voltage in a 
typical oscillator' having grid leak and condenser, and adjusted for efficient operation. The 
oscillating. current is seen to be almost exactly proPQrtiop,al to the plate voltage , so·that the 
oscillations can be modulated by varying the plate-supply voltage about the average value Eo as shown in' the figure. 

ble impedance to the signal frequency and at the same time offer to the 
modulated wave a resistance equal to one-third the plate resistance at the 
operating point . . 

The van de.r Bij l type of modulated amplifier is relatively easy to 
adjust and requires negliglbh� signal power. At the . same time, ' its 
usefulness is limited by the .fact that the plate efficieney, i.e., the ratio of 
power contained in the modulated. wave to the direct-current plate power, 
is very low and by the fact that a high degree of distortionless modulation 
is hard to ob�ain� This system of modulation is used extensively. in 
carrier-current telephone �omm'l:lnication, where only 'small amounts of 
modulated power are required and where a high degree. of modulation is 
not necessary because the 'carrier component is suppressed by the means 
described in Sec . 80. 

. . . . 
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'77. Plate-modulated Oscillator.-In this method of modulation 
adv�ntage is taken of the fact that in an oscillator 'a�justed to operate at 
good efficiency. tile alternating voltage developed across the tuned circuit 
is almost exactly proportio:raal to the plate potential as. explained in Sec . 
66 and illustrated in Fig. 226. lt is hence possible to modulate the 

. output of such an oscillator by superimposing the signal upon the plate-
(Q) D i rect ( or Impedornce) Coupl i ng 
<- - - - - Mo dulafed OScil/afor -t-power A�plirier(Modu!&"or)---> 

Oscillafor fllDe R.F. Choke " /Modulafor(power . 
' )t  amplifier) fll1!e ��I���-� -�-�--� 

(b)· Auto Tran sformer Coupl i ng 
�---M.0dulafed Osc/llafor- - * - Po wer AmpliFier (Moetularor) -)oo. 

Oscillator tUf;e ' . . 1 'MocIulafr)r (power . ..;. R. F. Choke . ampliTier) fllhe r---'1t�-f-�-- L. F-�---'--., �' . Oufpuf of 
speech 'RmpliFier 

, !<-) 

• 
FIG. 227.-Circuits f;'r the plate-modulated oscillator. In each case the oscillator plate 
circuit repre�ents the load impedance to which the amplifier power output is .delivered. 

supply potential by coupling a power amplifier {or modulator) to the 
oscillator' in one of the arrangements illustrated in Fig. 227. 

The power relations existing in a plate:-modulated oscillator ' are 
similar to those of the plate-modulated ·Class C amplifier. The' plate . 
battery is hence called upon to supply tht power for generating the carrier 
while the modulator must deliver sufficient power to generate the side
band energy. The plate efficiency is th� $�me as that Qf an ordinary 
oscillator, and so ranges commohly fro. m 60 to 80 per cent. 

The linearity of 'a properly adjusted plate-modulated oscillator is 
practically perfect be·cause. under such conditions the minimum plate 

, potential reached during the radio-frequency cycle is small and approxi':' 
mately proportional to the effective 'plate-supply voltage, m,akin� thE;l 
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voltage developed across the load always proportional to the plate 
pot�ntial. The on11 special precaution required to obtain good linearity, 
other than arranging the t"ube to operate at high plate' �fficiency and to 
have an effective tank-circuit Q that is not tQo high, is to employ a small 
enough grid condenser so that the grid bias is capable of following the 
modulation at the higher modulation frequencies. In order to avoid 

(a) Circuit 'of NOI1-Lineal' Modulator 
' Carrier � J: 
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distortion from this source, it is essen
tial that the grid condenser reactance 
at the highest modulation frequency 
be at . least several times the grid-leak 
resistance if 100 per cent modulation 
is to , be employed. The chief limita
tion of this type of modulation arises 
from the fact that the frequency gen
erated by ordinary oscillators dependE ' 
somewhat ' upon the plate-supply volt
age. The carrier frequency generated 
by a plate-rriod,ulated oscillator there
fore tends to vary with the modulation 
envelope, introducing fr�quency mod�
lation (see Sec. 81) . As a result the 

( ' ''_.J 1-'- ..J U' C -L ', __ ..J '  c· it -'- plate-modulated oscillator, which was C I"lCIiIU IlITe", nCll\l'e OmCIIIm:u 111 II'CU Currem 
once the u.niversally used method of 

vu V Q V V � �V yv" .. v U U modulation, is now employed only 
under special circumstances.�\ 

78. M i s c e ll a n e o u s  Methods of 
Modulation.-While the p r e  c e d i n  g 
sections des,cribe the most common 
types of modulators, m a n y  o t h e r  
methods have been devised. The most 

FIG. 228.'-Circuit of modulator util
izing a non-linear circuit element, 
together with details showing mecha
nism of , operation. The signal voltage 
varies the impedance offered to the 
carrier voltage and thus causes the cur
rent tha.t flows to be a modul�ted wave. 

, . important and representative of these 
miscellaneous modulation methods are briefly considered in the follow-, ' 
ing paragraphs. 1  

Modulators Employing a Non-linear I mpedance.-, l\tlodulators utilizing ' 
non-linear impedances operate by superimposing the signal. and carrier 

, voltage upon each other and i-pplying the combination to a circuit 
1 For still other methods of modulation see : 

Charles A. Culver, An Improved 'Sys�em of Modulation in Radio Telephony, 
Proc. I.R.E., vol. 11 ,  p. 479, October, 1923; and Series Modulation, Proc. I.R.E., 
vol. 23, p. 481,  May , 1935. , ' 

Ernest G'. Linder and Irving Wolff, Note on ail Ionized Gas Modulator for Short 
Radio Waves; Proc. I.R.E., vol. 22, p. 791, June, 1934. 

For the modulation of laboratory oscillators, see the author's book " Measure- . 
mentl;! in R�dio Engineering," 1st ed. ,  pp. 294-298. 

. '  
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element having an impedance that depends upon the applied voltage. 
The action that takes 'place is shown in Fig. 228 and in a broad way can be 
summarized by stating that the carrier-frequency current that flows 
depends upon the amplitude of the superimposed signal-frequency volt
age, with th� result that a modu-

' .  

lated wave is produced. The only 
essential difference between the 
.non-linear impedanc� and van der 
Bijl �odulators is that the latter in
volves amplification. . Non-linear 
modulation . is often unintention
aJly produced in vacuum-tube am
plifiers by the curvature of the 
plate-voltage-plate-current char
acteristic. A practical application 

FIG. 229.-Grid-current · modulator, in 
which the non-linear relation between grid 
current and gtid voltage is used to produce . 
a modu1ated wave of grid current that, in 
flowing through the series grid impedance, 
produces a voltage drop which is then am
plified by the tube. • . 

of the non-linear circuit.;.element method of modulation is in the grid
current modulator shown in . Fig. 229,1 which makes use of the noI).
linear resistance. that exists between grid and cathode of a vacuum 

(01) VOIriOlble resis+� (b) Absorp+ion ioop method . OInce modu la+ion of modulation in which 
by m eOlns of vOIriOlble microphone 
microp�one resis+OInce is cou pled 

into o mten n Ol  

. '  � .  . '  �Soun;e of' ," --M/crophom? 
. Microphone carrier ;:' . . . 

'._� rrequencyrtfi3 Source of carrier 
energy -Frequency 

. 
� 

energy . 

(c) Modul Olto� u!?in�' vOIriOlble 
resistOlnce formed by pIOlte-cOI+hocle 
circuit of vOI cuum tube 
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'-+"T'T"-+r-.,.......,y.' power fube 
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FIG. 230.-Representative modulation 
. methods employing a circuit element having 
an impedance that depends on the signal 
amplitude., 

tube operated at zero grid bias. 
. The signal and carrier volt ages 
are applied to the grid of the tube, 
and as a result of .the non-linear 
grid-cathode tube resistance a 
modulated carrier wave flows In 
the grid ' circuit. This wave is 
forced to flow through the grid 
impedance Z 0' across which there 
is produced . a voltage drop that 
is amplified in the plate circui� of 
the tube by ordinary . amplifier 
action . . 

Non-linear . modulators em
ploying thyrite blocks and copper
oxide rectifier units to supply the 
ilOn-linear . circuit arrangement 
find use in telephone and similar 
applications where the �mount of 

modulated power requireq is quite small and the degree of modulation 
required is I).Dt necessarily 4igh. 

. . 

Modulatio";' by Mean$ of a Variable Impedance�-A number of methods 
of modulation which operate by varying an impedarice in accordance with 

1 See Eugene Peterson and Clyde R. Keith, G:rid Current Modulation, BeU 
System 'reeh. Jour., vol. 7, p. 1O�, .January, 1928. 
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r 
the intelligence to be transmitted are shown in Fig. 230. The cirtuit 
shown at Fig. 230a, which is probably the first modulation system ever 
devised, operates by varying the resistance of the ante.nna circuit in 
accordance with the resistance of a carbon-type microphone. A modifica
tion of this circuit is shown at Fig. 230b, in which the microphone is 
inductively coupled to the antenna systoem. ' Both of these arrangements 
can be ' used to modulate small amounts of power but at best are rather 

. unsatisfactory. 
A recently developed . abso.rption modulator system is shown ip 

'Fig. 230c. This makes use of a losser tube arranged so that the power 
absorbed is controlled by the potential applied to the losser grid. An 

. essential feature of the arrangement is the choke in series with the plate 
of the radio-frequency , power tube. This choke must offer ·a high 
impedance t<? the modulating frequency, .and tends to maintain the plate 
current of the power tube constant, thereby improving both the over-all 
efficiency of the modulating system and the degree and linearity of 
modulation obtainable. " 

79. Comparison of Modulation Methods.-An idea as to the advan
tages, disadvantages, and fields of usefulness of the various sy�tems of 
modulation Gan be gained from the following discussion. ' 

The plate.:.modtilated oscillator is simple, has good plate efficiency, 
and is the most linear of all modulation systems, but is of limited useful
ness because �f the frequency modulation 'produced by the plate-voltage 
variations. Hence this system of modulation is employed only where 
simplicity is all important, and in laboratory and test oscillators . . 

The plate-modulated ClaSs C amplifier is the method of modulation 
most widely used in radio, work. The linearity can be made 'sufficiently 
high to meet all practical requirements, and the plate efficiency is high. 
The chief disadvantage is the large amount of modulating power required, 
which is an especial disadvantage where amplification of the signal 
frequencies is difficult, as in tel�wision. 

Control-grid modulation has the advantage of requiring negligible 
modulating power, but this- is counteracted by low plate efficiency, with 
the result that, when the total ipstalled equipment, including both the 
modulated ' amplifier and modulator tube, is considered, ther� ' is little 
difference in econo�y between control-grid and plate modulation. When 
the control-grid modulator 'is operated without drawing grid current, 
the linearIty is of the same character as obtainable with plate modvlation, 
but the output produced by a given tube tends to be low. The output 
can be increased by driving the control gnd slightly positive, but this 
introduces more distortion than is ordinarily permissible in broadcast 

. transmitters, although the performance is still satisfactory for such 
services 'as police radio where,the transmission of information rather than 
entertainment is the objective. 

' 
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Suppressor-grid modulation corresponds very closely to control-grid 
modulation in which the control grid is driven positive. The power 
out'put, linearity, and plate' efficiency are of the same order of magnitude, 

, with suppress6r-�rid modulation having the advantage of' requiring no 
neutralization and of being simpler. to adjust. 

The van der Bij l modulated amplifier is widely used in the Qalanced
modulator circuit of Fig. 23 1 to produce single. side-band energy for 
carrier telephone communication, but is not used where appreciable 
power is required because of the low efficiency and the fact that it is 
difficult to obtain 100 'per cent modulation without excessive distortion . 
Non-linear modulators employing thyrite or copper oxide have displaced 
the van der Bijl modulator to some extent in recent years. 

, Absorption systems of modulation are no longer employed, although 
the"recent arrangement of Fig. 230c has practical possibilities, particu�arly 
as it can readily be applied to existing code transmitters . 

80. Carrier-suppression and Single Side-band Systems of Communi
cation.-,-The carrier component of a modulate'd wave has frequency, . 
amplitude, and phase that are not affected by the presence or absence of 
modulation, and so contains no part of ·the intelligence being trans
mitted. The carrier wave can therefore be suppressed at the transmitter 
by some arrangement ' such as the balanced modulator circuit shown in 
Fig. 231 .  Here the carrier volt- " r--' __ --, 
age is applied to the two modu
lator tubes in the same phase, as 
shown in the , figure, while the 
m o d  u l a  t o  r ·  s i g n a l  voltage is 
applied in opposite phase to the 

�iIf-+--___ --"'; J out" . 
(conmining • 

�, no cart:Jer) 
Output 
trr;msf'ormer with center ftlpped prilT1Q/}' 

two grids by means of the center':' FIG. 23 1 .-Balanced modulator circuit 
t d t f Th t arranged to suppress the carrier wave from appe rans ormer. e ou - the Qutput widlout altering the side bands. 
puts in the plate circuits of the 
two tubes aTe combined through ' a transformer with a cent er-tapped 
primary in such a way that voltages applied to the two grids in th� same 
phase cancel each other in the output, while volt ages applied to the two 
grids 1800 out of phase are added in the output. The result is that the 
carrier voltage, which is applied to the two tubes in the same phase, does 
not appear in the se,condary of the output transformer, whereas the side
band components, which are produced in opposite phase, are added to 
give an, output that is a modulated wave from which the carrier c<;ml
ponent has been removed. 

Since each side band taken alone contains all the information present 
in a modulated wave, it is possible to carry on communication by trans
mitting only a single side band and by suppressing the carrier and other 

. side band at the transmitter. The single side band is obtained by first 
suppr.essing the carrier by some such arrangement as shown in Fig. 231 
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and by then passing the resulting side bands through filter circuits that 
are sufficiently selective to transmit one side band while suppressing the 
other. 

The single side-band system of communication is able to transmit a 
. given signal with a frequency band only half as wide as that required by 
a modulated wave consisting of two side bands and a carrier, and also 
s�ves over two-thirds in power because of the suppression of the carrier. 

(OI)Original Signal (Consisting of FundamentQI ana its 3rd HOIrmonic) 

I ! 
-';c----+-r : j . 'I . I I .  

(b) Original  Signal Modulated on (:Qrrier Wave 
. / I I J 

_ _  .",A ... II+lI+Frr---t-, -L-

- -�""""�""I&. 

I . (c) Modulated Wave After Carrier 

, 

FIG. 232.-Character of waves produced when carrier is  suppressed, and when carrier 
and one side band are both suppressed. When the carrier is removed, the envelope varies 
at a. frequency that is twice that when the carrier is present , whilE!, when only a single side 
band is present, the envelope varies in accordance with the difference frequencies formed by 
the components of the original signal, which in the case shown consisted of a fundamental 
wave and its third harmonic. · . 

Single side-band transmission is extensively used in carrier-current 
communication · over wire lines, but the difficulty , of producing l�rge 
'amounts of single side-band power at radio frequencies and the difficulty 
of r�ceiving the signals have prevented single side-band transmission from 
being standard practice in radio work. 

Signals in which the carrier, or the carrier and one side band, have 
been suppressed are received by combining them with a locally generated 
oscillation havi�g a frequency as close as possible to that of the original 
carrier. In the case of single side-band transmission lesults are satis- ' 
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factory if the local oscillation is within 5 to 10 cycles of the correct 
' frequency. However, when both ' side bands are transmitted, the local 
oscillation must have exactly the proper frequency and even the cOTI:ect ' 
phase, which makes double side-band carder-suppression systems of 
transmission entirely impractical. 1 

The waves that are ,  sent out by carrier-suppression and single side
band systems of communication. differ in appearance from a modulated 
wave in several respects as is apparent from Fig. 232, which shows the 
same signal transmitted by amplitude-modulation, carrier-suppression, 
and single side-band systems. The wave with carrier suppression differs 
from the modulated wave primarily in having an envelope ,that varies in 

" Amplitude Modulorted Wcwe 

,-

" Satne IHtelligel1ce Transmitted by Frequency 
Modulated Wave " ' 

c Sil1g1e C�le of Frequel1CY Modulated Wave �r GIn lnrlClnt 
Wi1e11 the frequency is Increasing 

, SiI1B wave \ 6howI1 fOr ;. CDmpt:¥ri$Ol1;o 

AcflX¥lKCmt 

FIG. 233.-Character of waves produced by frequency modulation, together with large-scale 
reprodu'ction of a single cycle. showing' how the wave shape's are not sinusoidal. . \ 

amplitude at twice the modulation frequency as a result of action ,b�twe{m 
the two side bands. The wave representing a 'Single side band consists 
of a number of frequenc.y components, on� for each component in the 
original signal. Each of these components has an amplitude propor
tional' to the amplituae of the corresponding signal component and a 
frequency differing fro:pl that -of the carrier by the signal frequency. The 
result is that in a general way the envelope amplitude of the single side-·band signal increases with the degree of modulation and varies in accord
ance with , the , difference frequencies formed by the various frequency 

, co�ponents of the single side-band interacting with each other. 
81. Frequency and Phase Modulation.-Instead of transmitting 

intelligence by varying the amplitude of the radiated' wave, it is also 
possible to carry on communication by keeping the amplitude of the 

1 See R. V. L. Hartley, Relations of Carrier and Side Bands in Radio Trans
mission, Proc, I.R.E., vol. 1 1 ,  p. 34, February, 1923. 
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wave constant and varying the frequency in accordance with the . signal 
to be transmitted. This is known as frequency modulation and resutts ' 
in e, ' radiated wave having the appearan�e shown in Fig. 233b. The 
extent of the frequency variation in such a wave is made proportional to 
the amplitude of the signal, while the rate of frequency variation, i.e . ,  
the number of times the frequency is changed between the minimum and 
maximum values per secoI).d, corresponds to the modulation frequency in 
amplitude modulation. Thus, if a 500-cycle sound wave is to be trans
mitted by frequency modulation of a 1 ,000,000-cycle carrier wave, this 
could be done by va:rying the tran�mitted frequency between 1 ,000,010 
and 999,990 cycles, 500 times a second. If the pitch of the sound wave 
is increased to 1000 cycles, the carrier frequency would be varied between 
the same two limits 1000 times a sec0nd, while a sound wave of twice 
the intensity will be transmitted by varying the carrier frequency 
through twice the frequency range, i.e:, from 1 ,000,020 to 999,980 cycles 
in the above case . 

. 

Frequency-modulated waves can 'be readily 'produced by varying 
the capacity of the .oscillator tuned circuit . The simplest 'way of doing 
this is, t0 employ a small auxiliary condenser, one plate of which is a thin. 
diaphragm that is vibrated by the voice currents in the same manner as 
is the diaphragm of a telephone receiver. l Reception is accomplished by 
converting the frequency-:modulated wave into an amplitude-modulated 
wave by detuning the resonant circuits of the receiver so that the received 
frequency falls slightly to one side of the resonant point . As the fre
quency of . the modulated wave varies, the. response of the tuned cir-' 
cuit becomes alternately large and small, thus producing amplitude 
modulation. 

Analysis of the Frequency-modulated Wave .-A superficial examina
tion of frequency modulation might lead one to believe that intelligence 

. could be transmitted in ' this way . with an extremely narrow frequency 
band, since .in the case cited above it appears that only 20 cycles band 
width "is required to transmit the 500-cycle sound wave. ,This is not 
correct, however, because the variation in the frequency prevent� the 
individual cycles from · being exactly sinusoidal i� shape. This is illus
trated in Fig . 233c, w�ere it is apparent that, since the changing frequency 

• 
1 In the case of a high-power oscillator tube the diaphragm and its driving mecha-

nism can be . placed in an evacuated chamber, thereby enabling the arrangement to 
handle high voltages with small clearances between the plates. 

Another very practical method makes use of the fact that the sending-end 
reactance of a transmission line one-eighth wave length long depends on the receiving
end resistance', and this r.esistance can be supplied 'by the plate circuit of a tube and 
varied by applying the signal to the grid. See Austin V. Eastman and Earl D. 
Scot�, Transmission Lines as Frequency Modulators, Proc. I.R.E. , vol. 22, p. 878, 
July, 1934. 

. . 
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,causes the time required to complete one-quarter cycle to differ from ' 
the time required by the next qliarter cycle, the actual wave contain:;;; 
more than a single frequency. In fact, exact analysis shows that the 
frequen�y"'modulated wave not only cont&ins the same side-band fre
quencies as does the ampiitude-modulated wave but also has higher 
order side bflnds that differ' fr:om the carrier frequency by int"egral multi
ples of the modulation frequency. Thus, when a carrier wave of fre
quency fo is frequency modulated ' at a rate of fs cycles per second, the , resultant , wave conta�s oomponents 'having frequencies of fo, fo + fs, 
fo .:... fs, fo + 2f8, fo - 2fs, fo + 3fs, fo -:- 3fs, etc . 

The e,xact nature ()f a frequency-modulated wave can be determined 
by writing down the equation giving the instantaneous wave , amplitude 
and then determining �he freguency components contained in the result . 
The frequency-modulated wave can be readily shown to be expressible 
by the following equation 1 

i = Im sin (wt
'
+ <I> + mf sin vt) 

where w and v are 211'" times the carrier and audio frequencies, respectively, 
<I> is an arbitrary phase constant, and mf (called the modulation index) is 
the ratio " 
, Variation in carrier frequency away from average carrier frequency , 

Audio frequency 

By making use of Bessers functions it can be readily demonstrat�d that , 
this wave consists of a carrier wave plus a series of side bands such as 

1 See Hans Roder, Amplitu'de, Phase, and FJ;equency Modulation, Proc. I.R.E., 
vol. . 19� p. 2145, December, 1931 ;  Balth. van der Pol, Frequency Modulation, Proc. 
I.R.E., vol. 18, p. 1 194, "July, 1930; John R. Cars on, Notes on the Theory of Modula-
ti9n, Proc. I.R.E: ,' vol. 10, p. 57, February, 1922: , 

The equation of the frequency-modulated wave . is derived as follows : If the 
current is defined by the relatiQn i = A sin 4>, the� the frequency at any instant is 
(d4>/dt) /27r, and ,4> = <I> + J27rldt, where . <I>  is an, arbitrary phase constall: In the 
case of frequency modulation, the instantaneous frequency 1 is f = IQ (1 -+ Ok �os vt) ,  
where kj is a constant. Substituting this in  the integral 'giving 4>, and ,1enoting 
(wt + <1» by wot, results in 

where 
i = A.,. sin (wot + mj sin vt)t 

variation in radio frequency away from the mean 
audio frequency 

This can then be rewritten as 

i = Ao {Io(mr) sin (wot) + Il(mj) [sin (wo + v)t 
- sin (wo -:- v)t] + I2(mj) [sin (wo, + 2v)t + sin (wo - 2v)t] + 

where I .. (x) means the Bessel function of the first kind and the nth order. 
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described above . Since Bessel's functions are not familiar to most 
engineers, the results to which they lead have been plotted in Fig. 234, 
which shows the amplitude of the first-, second-, and third-order side-
band components, i.e., the �ide bands that . differ from the carrier fre-

. quency by fa, 2fa, and �Va. These curves 
..... I-...... show that, when the modulation index mf 
C! O. 8 1----"��-+--+--t-+_+___t ii I\<="f'frier is less than 1, i.e. , when the range through .� o.� .. \.. ......1;-, which the frequency is varied is less than 
8 '-__ �/ the audio frequency, the amplitude of the 
't$ -a4 �+-�-+'�-��-+--� � first-order side band is approximately pro-] 0.6 /'" r-.... nrstorclersictefclI1r:i • I th d I t' . d h' l v I ...... ' � portlOna to e mo u a IOn In ex, w I e 0E 0.2 / comRonenfs 
1: 0 '-,A 1 v the higher order side bands are cOrilpara-

::> -0.2 '" 1 ./ � 0. 6 Seco'hd or�e;+;;;;;bcmd tively small. l. When the modulation index 
:l ",,,---,,,,,,",-co,,}7ponenrs exceeds unity, i.e., when the ran. ge through 

:!: o. 2 �-j,,;C-./-+--+--fI� ""t---+--+---I Q.. O ';...0' "1..1",: _ whi.ch the radio frequency "is varied is § -0.2 . ! ..... I'--' -..... greater ' than the signal frequency, the . . 4) o.{) - Third order side hcmcl-
d d th h' h d . > ............. -1-. RmPfJnenfs secon . an o · er Ig er ·or er components 

� o'�I--,,*I..--"'�I--+--f--+--f"" ......... o-l--I become of importance while the carrier � -0. 2 I---+--+--+--f-t----+-�=i -- amplitude drops rapidly and may even be 
0!::-�1---::2�=3�4-=-5 -=-6---:7�8 zero. When the modulation index exceeds 

Modul ated Index mp Or "¥
. 

unity, -there will be side-band components 
FIG. 234.-Amplitudes of fre-

quency components of a frequency- of appreciable magnitude extending on 
or phase-modulated wave assuming either side of the carrier 'up to the extreme that the amplitude of the unmodu-
lated wave is 1 . 0. In the case of limits between which the radio frequency 
the side bands the amplitude shown is varied. is the amplitude of .the individual 
side-band component and not of . Frequency modulation is not particu-
the pair of companion side bands larly satisfactory as a means of transmit-taken together. ' . 

ting intelligence. The freq�ency band is at 
least as great as that employed with amplitude modulation and' is in 
general somewhat greater. Also the reception of frequency-modulated '. signals is not so simple a matter as the reception of amplitude-modulated . . . 
waves. 

Phase M odulatio·n.-In phase modulation the int.elligence is trans� 
mitted by varying the phase rather than the frequency of the radio 
wave. The equati�n of a pliase-modulated wav� is 'as follows 

i = I sin (wt + <I> + 1np sin vt) . 

1 The question naturally arises as to why frequency modulation under such con
ditions is not the same as amplitude modulation, sin�e the modulated waves contain . 
substantially the same frequ'ency components in the two cases. The difference lies in 
the fact th'at the carrier phase with �espect to the side-band phase differs hy �o • 

. Hence a frequency-modulated wave in which the second and still higher order side 
bands are negligible can be converted into an amplitude-modulated wave by shifting 
the carrier phase 900 with respect. t� the side bands. 
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where I is the· amplitude of the wave, w and v are 2". times -the radio and 
. audio frequencies, respectively, et> is an arbitrary . constant, aitd mp the . 
angle in radians through which -the phase is displaced about the average 
phase. ' This equatiop is seen to be identical with that for the frequen�y-

- modulated wave, the only difference being in the interpretatioI!: of the 
modulation index ni, which in the case of phase modulation .depends 
only on the ' amplitude of the modulation and is independent of . the 
frequency of the audio signal. . It is hence appa;rent that the phase
modulated wave contains the same side-band components as does the 
frequency-modulated , wave, and, if the modulation index�s in the two 
cases are the same, the' relative amplitudes of these different components 
will also be the same. As long as the modulation index is �ess than 
unity (i.e. , phase shifts less than 57.3°) ,  only the first-order side-band 
components are of appreciable magnitude, but each additional 57.3° of 
pbase shift will add an'other pair of important side-band ' components . 
The relative amplitude of the carrier and the first · three side: bands can 
be obtained from Fig. '234 for any given modulation index . 

. Combinations of Phase, Amplitude, and Frequency Modulation.
Frequency and phase modulation are often combined· with amplitude 
modulation ' as undesir.able · by-products. For example · in the plate
modulated oscillator the plate-supply voltage of the oscillator tube .is 
varied in accordance with ,the intelligence being t'ransmitted, and, since 
the generated frequency depends' more or less upon the plate voltage, 
the ' oscillations actually generated possess both frequency and amplitude 
modulation. For this reason modulated oscillators are practically never 
used in radio communication. 

Combined phase and amplitude modulation can occur in a number of 
ways. ' Thus, if the tank circuit of a modulated amplifier or· linear ampli
fier is not tuned exactly to resonance, there will be a 'phase shift that will 

. vary with the modulation because the effective tube resistance (and 
hence the phase shift) varies with the amplitude modulation. Anbther 
source of combined amplitude and 'phase modulation 'is energy transfer 
between the carrier wave after m9dulation and the unmodulated exciting . 
frequency. Such coupling causes a phase shift in the exciting vO,ltage 
appljed to the modulated amplifier, and, as the phase shift depends 
upon the amount of energy transfer, it will vary with the amplitude 

. modulation. !  
. 

, 

Phase and frequency modulation that occurs as· a by-product of 
. amplitude modulation is very undesirable in radio transmitters .' This 
is because such modulation prodl.J.ces high-order side-band frequencies, 
which represent energy radiated upon adjacent frequen�y bands and 

1 For further information soo' W. A. Fitch, Phase Shift in Radio Transmitters, 
Proc. I.R.E., vol. 20, p. 863, May, 1932. 

. 
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which may' interfere with other communications. Pha.se modulation is 
particularly bad in this respect because the modulati�n index mp of 
phase modulation is independent of the frequency of modulation, whereas 
with frequency modulation the index mf is inversel� proportional to the 
modulation frequency and so tends to 'be low when the modulation 
frequency is high enough to make the second- and third-ord�r side bands 
lie irr adjacent channels. 

Problems 

1. The , equation of a modulated wave is 

e = 25(1 + 0.7 cos 5000t - 0.3 cos 19,000t) sin 5 X 106t 

' .  

a. What frequency components does the modulated wave consi�t of, and what 
is the amplitude of each ? " 

, 

b. Sketch the modulation envelope and evaluate the�degree of modulation for the 
peaks and troughs. ' , 

2. Write the equ�tion of a 100-volt carrier wave of 1000 kc when modulated 40 per 
cent at 400 cycles. , 

3. Calculate the total band width to which a radio receiver should respond for 
satisfactory reception of (a) ordinary broadcast signals, (b) p�rfect reproduction of 
speech and music, (c) telegraph code signals sent at 30 words per minute, (d) radio 
signals that represent radio extensions of wire telephone systems: 

4. The Class C ampfifier of the example in Sec . 61 (page 328) is to be completely 
modulated, using plate modulation with a transformer-coupled modulatOr such as 

, shown in Fig. 215c. 
a. Specify the undistorted audio power that the modulator must develop and the 

effective load impedance that the tube offers to the modulator. ' 
b. Design a suitable modulator using commercial , tubes ill a push-pull circuit , 

, The design includes the selection of suitable tubes, specification of operating con
ditions, and a statement as to the turn ratio of the output transformer: 

6. a. In Prob. 4, obtain a linearity 'curve by calculating and plotting the output 
when the total plate voltage (i.e . ,  direct-curr.eRt voltage plus modulating voltage) is 0, 
0.293, 1.0, 1 .707, and � times the direct-current voltage. 

b. From these results calculate the second-, third-, lmd fourth-harmonic 
distortion. 

6. a. Design a grid�modulated amplifier (100 per cent modulation) using the 
' Type 800 tube of Fig. 75 (p, = 15) for a plate-supply voltage of 1000 and permitting 
the grid to go a reasonable amount positive. In 'this design specify the proper voltages 
for the grid, the approximate load impedance, the expected carrier power, and' the 
approximate grid current to be expected at the crest of the modulation cycle. 

b. Calculate the maximum permissible internal impedance of the source of modu
lating voltage for a second-harmonic distortion not to exceed 5 p�r cent as a result of 
grid current [using Eq. (156)], and, from this and the audio voLtage required, design 
the audio-modulating system . ' . 

7. The average power loss at the screen grid is much higher in a suppressor-grid 
modulated amplifier than the screen loss when the same tube is used as a Class C 
amplifier. Explain. , ' {-

8., Explain th� action of a van der Bijl modulat�d Class, A amplifier by a mathe
. matical analysis based on the equivalent circuit of Fig . 151 and the related analysis 
in Sec., 55, using only the first- and second-order effects. 
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9. Design a modulator that will completely modulate the modulated oscillator 
of Fig. 226. The design should include determination of undistorted power required, 
selection of suitable modulator tubes, tube operating conditions, load impedance which 
the oscillator offers to the modulator, and �ssential details of a '  suitable couplin'g 
arrangement between modulator and oscillator. 

10. Sketch a series o'f oscillograms illustrating the action of the variable impedance 
modulator of Fig. 230c, and give an explanation of the operation based on these 
oscillograms. 

11. By making reasonable assumptions as to plate efficiencies involved, estimate 
the total direckurrent input power required by'modulator and modulated tubes when 
the carrier power is 1000 watts and the modulation is zero and 100 per cent, for (a) 
plate-modulated Class C amplifier, Class A modulator; (b) plate�modulated Class C 
amplifier, Class B audio modulators ; (c) grid-modulated amplifier; (d) suppressor
grid modulated amplifier. 

12. Make a mathematical analysis of the balanced modulator of Fig. 231,  demon
strating the. action whereby the side bands appear in the outpu� while the carrier does 

, not, and also showing what current components flow through the battery.' 
13. A wave is frequency modulated at an audio rate of 5000 cycles per second. 

Plot the relative amplitUde o� the first-, second-, and third-order side-band components 
as a function of the amount the frequency is varied away· from the carri,er up to 15,0Q0 
cycles. ' 

, 

14. Using a table of Bessels functions, determine the values of modulation index 
for which the second-, third-, and fourth-order side-bands of a frequency- or 'phase
modulated wave have an amplitude that is 1 per cent of the amplitude of the unmodu-
lated carrier., ' 

• 

• 

• 
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CHAPTER X 

VACUUM-TuBE DETECTORS 

82. Detection of Radio Signals.-Detection is the process 'of repro
ducing the , transmitted intelligence from the modulated radio wave. 
Sjnce all systeins of radio communication in practical use transmit 
intelligence by varying the amplitude of the radiated wave, the detection 
process, which is also sometimes spoken of as demodulation, must 
ordinarily produce , currents that vary In accordance with the amplitude , 

' of the modul�ted radio signals. This is done by rectifying the modulated 
signal to obtain a pulsating direct current varying in magnitude in 
' accordance with the original signal. 

Rectification is obtained by applying the modulated radio wave to a 
, circuit in which the current that flows is not propoi't·ional to the Impressed 

voltag�. During the ' history of radio communication many types of 
detectors have been employed, including mechanical, electrolytic, crystal, 
magnetic (utilizing hysteresis) , and others, but all these have been dis
placed by the modern vacuum tube. 

Detectors are c<?mmonly described by such expressions as power, 
weak-signal, square-law, and linear. A detector is a power or weak-signal 
detector according ' to whether it is intendeq to reetify large or small 
radio-frequency volt ages, with carrier amplitudes of 1 or 2 volts being 
generally considered as the dividing point between ' strong �nd weak 
signals. A linear detector develops a rectified output proportional to 
the amp'litud� of the input voltage while a square-law detector develops 
an output proportional to the· square ,of the amplitude. Weak-signal 
rectifiers are always of' the square-law type, w�le power detectors are 
usually, but not necessarily; linear rectifiers. 

An ideal detector reproduces in �ts output the 'exact intelligence 
modulated upon the radio wave. If the detector fails to do this, distor
tion results, which may be of several types. The detector output may 
include frequencies that were not contained in the original modulation, 
thus giving rise to amplitude distortion. The detector may also dis
criminate between modulation frequencies, fii,ving an output that depends 
upon the modulation frequency, and may thus introdu� frequency dis
tortion. Finally a detector may reproduce the different components 
in the original modulation in altered phase relations, resulting in phase 
distortion. ' 

424 
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, 83. -The Diode Detector.-The two-electrode tube, or diode, repre
sents one of the simplest and also one of the most Widely used detectors. 
Such detectors take ' ad�antage of the fact that current flows through a 
diode only when the plate is positive, 'and make use of a circuit arrange
ment' such as illustrated in Fig. 235a" where the resistance-condenser 
combination RC represents the load across which the rectified output 
voltage is developed. The mechan:ism , or' operation of a diode cJetector 
when a large signal voltage is applied can be ' understood with the aid 
of Fig. 235.  At e,ach positive peak of input voltage the plate is more 
positive than the cathode, causing a pulse of plate current to flow, which 

, charges the condenser C to a potential 
only slightly less than ,the' peak volt- (0) A ctuol � I"cuit  of oIiode 
age of the input signal. Between ' � :( : � :  ··-f)lode 
peaks the plate �f the diode is less --.3 /� � R R;c.;;;':td 
positive than the cathode 'as a result Signal inpuf '  -'L oad reDs/once ' 
of the negative charge on condenser Cb) Inpu+ v oltage Cl ppl i e G4  to diode 
CJ so that no current flows �through ��!�rlUI[n�-ij���rrnft-lIJL.. __ -1\ 
t�e tube. During this interval some V'V y V ]]]l[1fIIHl � IJJttPY-iL l/Yr , 
o( the charge upon the condenser U U II 
leaks off through the resistance R, ' ( c ) Vo l +oge ac rOSE d i od e c o ndense r C 

only to be replenished at the next � c peak of the modulated wave. ' When 
-, ---,-----

���-

, equilibrium exists the voltage devel- ' (d )  Tot a l vol +Clge Clpf'liecl ,between plate 
, and cathode of d I ode �;':d :::s\�:e �:�e�:�:

g
� :�O�t: '�_�IDJtrvif� . 

�lgnal peaks so that the difierence ' �Ull�_[U�' 
between the tw.o, which represents the -

1 1 (e ) Current flowing througJ, d iode +ube VO tage between the p ate and cathode 
of the diode tube, is just sufficient to A A A A A A AA A A AA A AA A A " .. ..  1 
produce the plate-current pulses re- ' FIG. 235.-Circuit of simple diode 

, , ' quired to replenish the charge that detector, with ' oscillograms illustrating 
mechanism of operation. 

leaks off , the condenser b e t  w e e  n 
peaks. , In the usual case , the resista,nce R is much greater than the 
plate resistance of the diode, and this equilibrium consequently corre
sponds to a voltage across the condenser C which is only slightly less 
than the peak voltage of the radio-frequency signal. When this. is 
true, the voltage ,across the resistance R is a measure of the peak ampli
tude of the wave. ' Hence, as the envelope v�ries with the modulation, 
the voltage across the resistance R will vary likewise, thereby reproduc� 
ing the modulation envelope and recovering the intelligence modulated 
on the carrier wave. 

. ' . 

The ratio of this output voltage developed across the resistance R 
to the voltage represented by the envelope of the modulated wave iR , the , 

, I  
I 

· 1  
i -: 

, I 
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detection efficiency, and can be made high by making the resistance R 
large compaTed with the' diode plate resistance Rd. Under practical 
conditions the ratio' R/Rd is of the order of 20 to lOO, corresponding to 
efficiencies from 80 to 95 per cent: 1 In an ideal diode having a linear 
relationship between plate current and plate voltage the efficiency 
depends only upon the ratio R/Rd and is independem of signal voltage, 
but with the curved characteristic of a�tual tubes the efficien9Y increases 
somewhat as the signal becomes larger. 2 

The power that a diode detector absorbs from the input voltage can 
be represented by a resistance shunted across the diode ' input circuit . 
When the detection efficiency 'YJ is high, this equivalent input resistance 
is almost exactly R/2'YJ, and so is slightly 'greater than one-half the load 
resistance ' R.3 A high load , resistance R therefl)re reduces the power 
absorbed by the detector because with a high load resistance the energy 
dissipated in the load' is less in proportion to the voltage across it . The 
input resistance of a diode detector 'tends to be independent of the sIgnal 
voltage in the case of an ideal tube having linear characteristics, but in 
the' p�actical case it tend� to drop somewhat with small applied voltages 
because of the curvatur'e of the tube characteristics. 

Distortion in Diode Detectors.-' The simple diode detector of Fig. 235 
may fail to reproduce ' faithfully the modulation envelope, either as a 
result of lack of proportionality between the signal voltage applied to 
the diode and the rectified voltage developed across the load resistance 

. or as a result of inability of the voltage 'across the load resistance to follow 
the modulation envelope wh6n the modulation frequency is high. 

. 

Lack of proportionality between the output voltage and modula.tion 
envelope is the result of curvature in the tube characteristic, making the 

1 The efficiency can be readily measured by applying a sine wave voltage to the 
detector input and determining' the outpu� voltage by observation of the resulting 
direct current flowing in the load resistance R, This measurement can be carried out , 
using an audio voltage by making the condenser C large enough to be an effective 
by-pass across R for the frequency used. 

2 For further information on the detection efficiency and diode input resistance, 
see C. E. Kilgour and J. M. Glessner, Diode Detection A�alysis, 'Proc. I.R.E., voL 21, 
p. 930, July, 1933. 

3 This is shown as follows : The diode current flows only when the signal voltage 
is at or near its crest value, as is cl�arly shown in Fig, 235. ' The power absorbed by 
the detector input is accordingly slightly less than the product of the crest signal voltage 
and the average diode c�ITent. ' Since the average cunent is equal to ."E/R, where �he 
output voltage across R is ."E and E is the crest value of signal voltage, one can write 

P , I _ ."E2 _ (effective �igllal) 2  OWel oss - R - (R/2.,,) 

The denominator of this l�st term represents the. equivalent input resistance to the 
signal, which is, accordingly, R/2"l' ' 
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efficiency of rectification vary according to . the envelope amplitude. 
Trouble from this source may be minimized by making the load resistance 
high compared with the diode plate resistance and by making the carrier ' 
amplit.de applied to the diode reasonably' large. The dete�tion efficiency 
will then be high at all times even if not constant, arid the rectified 
voltage developed across the load re�istance will follow the modulation 
envelope quite closely. Under practical conditions when the load 
resistance and ' signal are suffici�nt to 
make the detection efficiency 80 per cent (a) Input voltage applied to diode 

is. of the order of 2 per cent for a COIrl- . nnffffnnnIlLlIl\lIl1lillhJt�1\ or higher, the distortion from this source �nn]l� ' 

pletely modulated wave. With small ' .  Ulllillllll�] ���[aull" � 
s�gnals the distortion increases and ulti- . (b) V91tage across diode condenser C 
mately reaches 25 per rent for a com:... · Oiagonal clipping of negafive Peaks" 

o ,.."",..- .  pletely modulated wave when the signal . /-
voltage is a fraction of a volt . . 

1 Path fhaf would avoid disfortion 5, . The vo tage across the conden�er C (t, Total volta�e �etween plate and 
can die away only as fast as the charge cathode 0 diode 
can le�k off thr�u�h the load 're�istance R, ' mti11ffi1tmff���lt�)r�r� 
and thIS sets .a lImIt to the maXImum rate ·llll·UUllHU� / 
at which the modulation envelope can ' . ' / 

V a r y w i t  h 0 u t introducing distortion. 
. 

. This is illustrate� in Fig. 236, in which the (d) Current flowing th r:ough diode tube 
conditions are such that, beginning with A A 6 A A 6 A. A A" A • 6 
the point marked " 0," the, envelope of the FIG. 236.�peration of diode 

detector when output voltage cannot 
input signal dies away faster than the follow . the modulation envelope, 
voltage across the condenser can leak illustrating . diagonal clipping of 

negative peaks. 
away ' through the load resistance. Tpe . 
result is a diagonal clipping off of the modulation envelope which pro
duces both amplitude and frequency distortion in the output voltage . 
Trouble of this sort can be avoided by proportioning the resistance
condenser combination so that the rate of decay of voltage can follow 
the highest modulation frequency �f importance. To achieve this it is 
necessary to satisfy the equation 1 

X '  . m  
R � vI - m2 ( 185a) 

where X = reactance of the effectIve shunting capacity C at the mod'u]a
tion frequency in question and m = degree of modulation. 

It is ' to be Doted that for m = 1 (complete modulation) it is impossible 
for the output voltage to follow the modtilatjon envelope at the trol.lghs 

. . 
1 This equation can be derived as fO,Hows : The rate of change of 'voltage across a 

condenser C, charged to a voltage E', caused by leakage through a resistance R, is 
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of the modulation cycle. However, if X/R is equal to 2 to 3; it is possible 
for the output voltage to 'follow the modulation envelope up to modula-:
tiomJ of 0.9 to 0.95, and even with completely modulated waves the 
distortion will , then be relatively small. 1 

, 
• 

Design of Simple Diode Detectors.-The desirable properties for a 
diode detector are high efficiency, .high input resistance, and low distor
tion. Best results require a reasoI,lably large carrier voltage (10 volts or 
more) together with a careful balance between the load resistance R • • 

and the shunting capacity C across the load. 
The capacity C should be as small as possible in order to have a high 

reactance X to the modulation frequency, but at ,the same time must be 
at ieast five to ten times the plate.;..cathode interelectrode capacity of the 

. -E' /RC. If the equation of the envelope of the modulated signal wave is 
e = E(l + m cos 27rjt) 

than the rate of change of envelope is 1 
de ' 
dt = ...,.. mE27rj sin 27rjt 

and at the time t = to the envelope magnitude eo is 
eo = E(l + m cos 27rjto) 

The grid condenser rate of discharge can follow the rate of change of modulation 
envelope at any time to of the modulation cycle provided -E' /RC � de/dt, where 
de/dt is evaluated at t = to and E' = eo, or whElP. -mE27rj sin 27rfto � -E(l + m cos 
27rjto) /RC. This can be reduced to ' 

X 1 m sin 27rjto 
R = 27rjCR � ( 1  + m cos 27rjto) 

The point on the modulation cycle where it is most difficult for the grid-co�denser 
charge to keep up with the envelope change is at it time to that makes the right-hand 
member of this last equation maximum, which is when cos 27rfto = -m. The maxi
mum va�ue of the right-h�nd member of the equation is therefore m/ V1 - m2, and 
the charge on the grid condenser can decrease at least as fast as the modulation 
envelope changes when X/R � ' m/V1 - 'm2• 

This derivation and the relation expressed-by Eq. (185)are due to F. E. Terman 
and N. R. Morgan, Some Properties' of Grid Leak Power Detection, Proc. I.R.E., 
vol. 18, p. 2160, December, 1930. A slightly different derivation is given by E. L. 
Chaffee, "The Theory of Thermionic Vacuum Tubes," p. 578, a�d leads to a 'l7i3 in the 
denominator of the right-hand term, but this is not quite so accurate, as it fails ' to 
take into account the fact that the current through the diode is zero at the critical 
part of the cycle. 

' . ' 

1 It is to be noted that Eq. (l85a) , can be rewritten as 
XR j Impedance of diode load to the 

m � VX2 + R2 = (modulation frequency , " R ' 5 Resistance of the diode load 
(to direct current 

, The significance of this relation is discussed in detail later in this section. 

( 1851» 

I , I 
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diode in order that most of the signal 'voltage 'available will be used up as , 
drop across the diode tube, and only a small part of the signal voltage· will 
appear as drop across the diode condenser C. The values of diode capac
ity commonly employed are in the range 50 to 100 p.p.f. This includes 
stray capacities and the plate-cathode capacity of the diode, since these 
are effectively in shunt with C insofar as the modulation-frequency volt
age developed across the load resistance is concerned. . In some cases, par
ticularly when the cathode is grounded, ' the stray . capacity 'from the 
tuned input circuit to ground is sufficient to furnish all the shunting 
capacity' required across the load resistance. ' 

With the capacity C fixed by these considerations, the load resistance 
R is assigned the highest value that is permissible in view of Eq. (185a) . 
A high resistance increases the ' detector efficiency a.nd makes for high 

(01) Diode circuit with fi lter (b) Diode with direct
current voltagC! blocked from output 

l I 
Modulallot" f'requency 

. . Dutpuf 

(C) Diode with provision for 
obtaining vol tagefor 
automatic volume control 

Recfifi'ea' ou/put 

FIG. 237.---:Diode detector ,circuits \' 
input resistance to the radio-frequency signal, but at the same time tends 
to cause distortion at the higher modulation frequencies. The practical 
compromise is . usually a value of resistance such that at the highest 
modulation frequencies of importance X/R is from 1 to 3.  Values of R 
of the order of 250,000 ohms are commonly used ' in the reception of 
ordinary broadcast signal�. 

In practical detectors it is generally found ' necessary to provide a 
' filter such as shown �n Fig. ' 237a in order to prevent any radio-frequency 
voltage from reaching the output . In this filter the condensers Cl and C� 
are commonly equal, while R2 may be several times R I. The total 
load resistance R with filter is RI + R2, while the effective diode capacity 
C is between Cl and Cl +:C2• A filter reduces the output by the factor 
Rd(Rl + R2) as a result of the voltage drop in RI. 

Diode Rectifiers with Complex Load Impedance. I-It iR commonly 
desirable to block off fro� the output the �irect-�r;rent voltage developed 

1 The material in this section is based largely upon studies made by H. A. Wheeler 
under the auspices of the Hazeltine Corporation, and made available to t.he author 
vy that org!'tnization and Mr. Wheeler. 

,J 
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across the diode' load resistance, by" the use of a resistnnce and con�enser 
as illustrated in Fig. 237b. , It is also, common practice to use the direct
currel1t voltage developed across the' diod� load, resistance for automatic 
volume , control by means of an arrangement such as illustrated in Fig. 
237c for separating this direct voltage from th� alternating modulation
frequency voltage. These modifications cause the .impedance that the 
load offe�s to the modulation'-frequency component of the output voltage 
to differ from and in general :be less' than the' resistance that the diode 
load circuit offers to the rectified direct current . The result is a modifica
tion of the properties of the d�ode detector in several important respects. 

(01) I n put vol tage OIppl ied to d i ode 

�nnnn nf�in1lJl5M,11nn Uuullul1 U � ,llV - �' �1I ' 
, (b) ,!oltage across diode condenser C � /Negafive peak ......... v� " � P ;.r clipping 

(c) 10tOl l vo l t Clge between plCl�e , anol cGlthoole of oI i o d e  

(01) Current flowing through di ode tl-lbe 

A AAAA AAA AAAAAAAAA , .  

. ' 

FIG. 238.--0peration of diode detector when the diode load circuit offers a lower resist
ance impedal�ce to the modulation frequency than to direct currents, showing the clipping 
of the negative peaks that results when the degree of modulation is high. 

Whe;l the impedance offered' to the dii·ect-current component of the 
rectified current differs from the load impedance to the alternating 
current of modulation .frequ�ncy, it is found that, when the degree of 
modulation is high, the' negative peaks are clipped off as iliustrated in 
Fig. 238, with resulting amplitude distor�ion. 1 The reason for this �an be 
understood by the following explanation : An unmodulated carrier wave 
applied to the dIode detector produces a direct-current component of 
the rectified current such that the voltage which this current develops 
in flowing through the direct-current resistance offered by the diode load 
circuit is j ust slightly less than the cre:::;t carrier voltage. When the 
carrier is modulated, the, rectified current thro'ugh the diode varies, giving 
the equivalent of an alternating current of modulation frequency super
imposed upon the direct current. The magnitude of this alternating 

1 This was first observed by Kilgour and Glessn�r, loco cit. ' 
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'current is such that the voltage drop which it produces in flowing through . 
the alternating:..current impedance . that the load offers is just less than 
the crest alternating voltage contained in the modulation envelope. 
It is 'apparent that, if the impedance which . the dio.de load offers to the 
alternating current i� less th!Ln the impedance offered to direct curr�nt, 
then the alternating current that flows through the diode will be larger 
than if the load impedance were the same to all components of the 
rec;ltified current, Now �he maximum possible amplitude that the 
altepiating . current can have without being distorted . is a peak value 
equal to. the direct current produ'ced by the carrier, because, .when this is 
sllperimposed upon the d-c current, the instantaneous current �hrough 
the diode then reaches zero during e'ach modulation cycle . Hence 
the maximum d�gree of modulation that ·can be rectified without distor- . 
tion is given by the equation! 

degree of�mod�lation = I loa� to modulation
,
frequency (186a) 

Maximum allOWable} � Magnitude of the impedance of diode 

m f?r d�stortIOnless � ReSIstance of the dIOde load . ' . 

rectificatIOn ( circuit to direct current 
. 

Whenever the degree of modulation excee.ds the value given by Eq. (lS6a) , 
the negative p�aks will be clipped off. 2 . '  • 

. When the diode IO,ad circuit offers dtfferent impedances to alternating 
and direct currents, the input ' impedance that the diode offers to the 

. source of exciting voltage is not the same for the side-band frequencies 
as for the car·rier. . The input resistance' to the carrier as already derived 
i's R/2'YJ, where R is the load resistance offered to direct current and 'YJ 
is the efficiency of detection. The input resistance offered to the side
band frequencies is Zm/2'YJ, where Zm is the impedance that the diode load 
offers to the modulation frequency. Hence, when the impedance of 
the diode load circuit is less for alternating than for direct currents, the 
side-band components of the input modulated wave tend to be reduced. 
This causes the degree of modulation of the wave applied to the 'diode 
to be l�ss than the degree of modulation of the actual signal by an 
amount -that depends 'upon the ratio Zm/ R; and upon the output imped-· 

1 It will be noted that this equation is a general case of Eq. (185a) , as it must be 
since the latter is for an analogous situation in which the load impedance offered to 
the high modulation frequencies is less than the load resistance offered to direct current 
as a result of the shunting effect of the diode condenser C. 

2 When the amount of �lipping is small, the total r.m.s. distortion that. results is 
roughly : 

. .  

Approximate t 
r m.s. distortion � 

[Actual modulation] - [modulation allowed by Eq . rt86a) ] 
2 (actual modulation) 

. (l86b) 

• 
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. ance ZB and Zs' of the source of exciting voltage to carrier and side-band 
frequencies, 'espectively, according to the equation 1 

Degree of modulation Of } IZ I I (z + R) 1 _. _ �_---::--==:----:�--,-- _ m X :.IB 2-; �de input voltage ./ 
Actual degree of modulation � 1 ( ' Z ) I R ZB' '+ ' 2: of original signal '/ 

(187) 

In Eq. (187) the angle assigned to Zm is leading for the upper and lagging 
for the lower sideband. When the output .impedance Zs 'of the source is 
high and th� ratio Zm/ R departs appreciably from unity, the resulting 
reduction in degree of modulation 'is considerable. This makes it much 
easier to satisfy Eq. (186) and thus tends to reduce the amplitude distor
tion �hat would otherwise occur 'when the signal as transmitted has a high 
degree of modulation. . 

. 

Examination of the diode load circuit shows that the imp�dance which 
is offered to the modulation frequency decreases at very high modulation 
frequencies as a result of the shunting condenser C. . At high modulation 
frequencies having a high degree of modulation this tends to cause a 
diagonal clipping of the negative peaks as illustrated in · Fig. 236. How
ever, if the input circuit tends tci discriminate against the higher modula
tion frequencies, thi� reduces the degree of modulation of the voltage 

, actually applied to the diode. Where this reduction varies with modula
tion frequency in exactly the same way as the diode load impedance falls 
off with frequency, diagonal cl�pping of the output wave is avoided. 
The higher modulation frequencies are then discriminated against by 
being reproduced at lower than normal volume, but the rectification 
process produces no harmonics. 2 

• 

A typical design of a diode rectifier arranged· to supply a direct-current 
voltage for. automatic-volume-control purposes, and at the same .thne 
develop a modulation-frequency output free of superimposed direct 

1 This is derived �s follows : To the carrier the diode . offers a load resistance R /2TJ, 
so that the presence of the diode reduces the carrier voltage across the tuned input 
circuit by the factor I (R/2TJ) /(Z. + R/2TJ) I .  Since the input im�edance to

' 
the side 

bands is Zm/2TJ, the presence 
.
of the di

.
ode reduces these by the factor 1 (;;) 1/ 

I ( Z.' + 
.
;TJm) / . The ratio of th�se two reduction factors gives the factor by which the 

modulation is altered, and leads at. once to Eq. (187) .  
2 Thus, when the signal is completely modulated at a frequency such that the tuned 

inpui circuit gives 70.7 per cent. response to the side�band frequencies, the degree of 
modulation of the 'voltage actually applied to the diode is only 70.7 per cent, and 
according to Eq. (186a) the fequired ratio Zm/R is· 0.707. It will .be noted that this 
corresponds to X/R = 1 in Eq. (185a) , which makes the diode load impedance 0.707 of 
its value to direct current . 
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current, is given in Fig. 239. Here the combination RIC 2 is a filter that 
prevents carrier-frequency voltages developed across Cl from reaching 
the modulation-frequency output. The resistance-condenser combina
tion R4C4 across the resistance R2 is a filter for delivering modulation
frequency output free from superimposed direct current, while the 
combination R3C3 is a filter for delivering to the automatic volume con
trol direct-current voltage proportional to the carrier and free of modula
tion. In shunting these last two resistance-condenser combinations 
across R2 instead of across the condenser Cl, some of the output voltage 
is thrown away as drop in resistance RI. This is necessary, however, in 
order to provide radio-frequency filtering and in order that the effective 
load impedances to alternating and direct currents will not be too widely 

OUfput imp'edance 
= 160,000 ohm�1 

-4il�1-+--, 100-( P,�2 
To aUfomatic 
volume confrol oa at 7 mfaJC3 

'()IOO ,,204000 
f' ' 

R4 
/,000,000 

"'-'il-'-;::Modulafion-f"requency 
0.01 mf'(;?''VolumC::�:;:rol 

act.jusfmenf 
FIG. 239.-Typical design of diode detector in which provision is made for an automa.tio

volume-control voltage and for obtaining the modulation-frequency output free of direct� 
current voltage. 

different. With the proportions shown in Fig. 239, Zm/R = 0.76 at 
the lower modulation frequencies, and the degree of modulation of the 
diode input voltage at which peak clipping begins is 0.76. However, 
because of the fact that the input resistance to the side-band frequencies 
is lower than to the carrier, substitution in Eq. (187) shows that, for the 
input circuit of Fig. 239 and assuming the detection efficiency is 90 per 
cent, the original radio signal must be modulated 88 per cent to make 
the degree of modulation at the diode terminals 76 per cent. . With a 
completely modulated signal voltage there will be some negative peak 
clipping, but the amount will be relatively small, representing a distortion 
of approximately 5 per cent. Harmonic distortion at the higher side
band frequencies has been minimized in the design of Fig. 239 by making 
Cc = Cl and proportioning so the input resistance of - the diode approxi
mately equals the output resistance of the tuned exciting circuit . The 
impedance of the diode load circuit then falls off with modulation fre
quency in the same way as does the output of the exciting circuit , thereby 
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satisfying the requirement for high-frequency reproduction without 
harmonic distortion. 

Tubes for Diode Detectors.-The tube used as a diode detector should if 
possible have a low plate resistance. The diodes employed in actual 

i_II��-Signa'VO'1r:Ige � tilpp/iedlo grid 

FIG. 240.-Details of action taking 
place in plate rectifier, showing how a 
modulated wave applied to the grid ad
justed to cut-off will cause plate-current 
impulses having an average value that 
varies in accordance with the modulation 
envelope. 

practice include small especially de
signed two-electrod� tu bes, diode 
sections built into triode and pentode 
tubes, and also ordinary triodes con
verted into diodes by connecting the 
grid and plate elect.rodes together. 

84. Plate Power Detectors.-In 
the plate detector, also sometimes 
called bias detector and anode detec
tor, advantage is taken of the fact 
that, when an amplifier tube is biased 
approximately to cut-off and a rela
tively large alternating voltage is 
applied to the grid, there will be a 
pulse of plate current during each 
positive half cycle of the applied 
voltage and no plate current during 
the negative half cycles, as illustrated 
i n  F i g .  2 4 0 . The amplitude of 
these pulses of plate current is propor

tional to the alternating voltage applied to the' grid so that, if tiis input is 
a modulated wave, the average value of the plate current will vary in 
accordance with the modulation envelope and thereby reproduce the 
intelligence contained in the transmitted signal. A useful output is 
obtained by placing in the plate circuit of the tube an impedance to the 

Mod()lafed 
signal 

Mod()lafed 
signal 

Nofe : Bias resi�;fors ac(j()sfed so fhaf bias approxima!rs 
c()f orf wifh normal rafed carrier voltagE' 

FIG. 241 .-Typical plate-detector circuits. 

modulation frequency. Typical circuit arrangements suitable for anode 
detection are illustrated in Fig. 241 .  When triode tubes are employed, 
either resistance or transformer coupling is satisfactory, while with 
pentode detector tubes resistance coupling is generally preferred. Some 
form of filter such as illustrated in Fig. 241 is always necessary to prevent 
radio-frequency currents from reaching the output. 
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An.alysis of Plate Detectors.L-The quantitative relations that de
termine the modulation-frequency output of a plate detector can be 
expressed in terms of the equivalent circuit of Fig. 242a. Here the 
plate circuit of the detector tube (or) Constant-voltClge- ( b) ConstClnt-current-
has been replaced by a generator generator Form generqtor Form 

developing a modulation-frequency �i. = - sc m Eo 

voltage of ER and having an internal RdUZL 

-

resistance Rd. 2 It will be noted that Er= Rd ZL 
TJJ.L m Eo ___ _ _ 

this equivalent circuit is of exactly FIG. 242.-Equivalent plate circuits of 
the same form as the equivalent cir- plate detector. Note the similarity to the 

cuit of the amplifier (see Sec. 43 and equivalent amplifier circuits of Fig. 91 . 

Fig. 91) ,  and so can be made use of in the same way in calculating the 
output voltage, frequency-response characteristic, proper load imped-

1 This treatment of anode power detection is a modification of the method of 
analysis originated by Stuart Ballantine, Detection of High Signal Voltages-Plate 
Rectification with a High Vacuum Triode, Proc. I.R.E., vol. 17, p. 1 153, July, 1929. 

The analysis of the anode detector is carried out by a method differing from that 
used with the diode because of the fact that under practical circumstances, particu
larly when dealing with pentode tubes, the diode method of approach is quite cumber
some and does not enable the frequency response to be easily determined. 

2 The proof for this is derived as follows : When a. carrier voltage Eo modulated 
to a degree m is applied to the grid of the tube, the amplitude of the alternating input 
voltage varies sinusoidally about Eo by an amount mEo. This variation in the signal 
voltage produces a. variation in the rectified plate current of !l.Ip. 

If the degree of modulation is not too great, then to a first approximation one 
can write 

aIp E aIp E !:!.Ip = aE.m 0 + aEp!:!. p 

where aIp/iJEp represents the rate of change of rectified plate current with plate 
voltage as evaluated in the presence of an unmodulated carrier voltage Eo, !!..Ep repre
sents the change of plate voltage produced by the rectified current !l.I p flowing through 
the load impedance ZL in the plate circuit, and aI pjaEa is the rate of change of rectified 
plate current with carrier voltage as taken at constant plate voltage and evaluated 
about a carrier voltage Eo. Substituting !:!.Ep = -ZLMp in the equation gives 

!l.I p = 
aI PmEo _ ZL!l.I p alp aEa aEp 

Solving this for !l.I p results in 

E ( aIpjaE3) m 0 aIp/aEp 

(ZL + aIp�aEJ 
This equation then represents a voltage 

E aIp/aE3 m 0aIp/aEp 
acting in a circuit having an impedance comprising a load impedance ZL in series 
with a resistance aEp/ aI p. 
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ance, etc. When dealing with anode detectors employing pentode tubes, 
it is convenient to transform this equivalent circuit, into the constant
current form shown in Fig. 242b, which is analagous to the constant
current form of equivalent amplifier circuit shown in Fig. 91c. 

The generator voltage ER that can be 'considered as acting in the 
equivalent circuits of Fig. 242 is given by the expression 

where 
J.I. = amplification factor of tube 

m = degree of modulation of carrier 
Eo = carrier voltage 

D (a/ p/ aE)E=oEo ffi . f . 
= (.:1/ /.:IE ) = e clency 0 converSiOn 

J.I. v p v P E=Eo 
E = alternating voltage applied to grid 
/ p = direct-current component of plate current 
Ep = direct-current voltage applied to the plate. 

(188) 

The maximum possible value that the efficiency of conversion D can 
have is unity, and practical values are commonly of the order of 0.8 if 
the applied carrier voltage is reasonably large. The exact value depends 
upon the carrier amplitude and upon the direct-current volt ages actually 
applied to the grid and plate, but is independent of the load impedance 
connected in series with the plate circuit except insofar as this load 
impedance may alter the direct-current voltage at the plate. ! 

The detector plate resistance Rd is the dynamic resistance of the plate 
circuit when measured at the operating point in the presence of an applied 
carner. That is 

(189) 

The value of the detection plate resistance Rd depends upon the direct
current volt ages actually applied to the grid and plate and upon the 
carrier amplitude, but is independent of the load impedance placed in 
series with the plate circuit except insofar as the direct-current plate 
voltage is affected by the load. With large signal volt ages and a bias 

1 The efficiency of detection D can be measured by applying to the grid of the 
detector an alternating voltage (of any convenient frequency) equal to the carrier 
voltage Eo for which D is desired and by noting the d-c plate current. The crest value 
of this alternating grid voltage is then increased by a small increment llEs, after which 
the plate voltage is altered by any amount llEb such that the d-c plate current is the 
same value as before the addition of the grid voltage increment. The ratio llEb/ ilEa 
is then p.D. 
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that approximates cut-off, the effective plate resistance of the detector 
usually exceeds twice the plate resistance obtained for amplifier operation 
under normal conditions. 

The quantity Dp./Rd = Se has the dimension of a conductance, and 
can be termed the conversion transconductance (or the conversion mutual 
conductance) . This ratio is of particular significance in the constant
current form of the equivalent plate circuit of the anode detector as 
shown in Fig. 242b, and is of especial usefulness in connection with anode 
detectors employing pentode tubes. The value of the conversion 
transconductance Se for pentode tubes with a large carrier voltage and a 
bias approximating cutoff is normally about 0.3 to 0.4 of the mutual 
conductance for normal amplifier operation. 

The equivah:.nt circuits of the anode detector illustrated in Fig. 242 
are exactly correct when the degree of modulation is small, provided the 
efficiency of detection, conversion transconductance, and detection 
plate resistance are evaluated for the direct-current volt ages actually 
applied to the grid and plate electrodes in the presence of the unmodu
lated carrier. The circuits are also correct for high degrees of modulation 
provided the detector is reasonably linear. If the grid of the tube is not 
driven positive at the crest of the modulation cycle, the plate detector 
will generally be substantially linear except when the carrier becomes 
quite small. The detector then becomes a square-law device (see next 
section) . 

Design of Anode Detectors.-The load impedance placed in series with 
the plate of the anode power detector is designed exactly as in the case of 
voltage amplifiers, but using the equivalent detector plate circuit of Fig. 
242 instead of the equivalent amplifier circuit of Fig. 91.  The only 
essential difference in the circuit arr.angements is that in the detector it is 
necessary to include in the coupling arrangements a by-pass condenser 
and filter as shown in Fig. 241 to prevent radio-frequency voltages from 
reaching the output, while providing a low impedance path in the plate 
circuit to radio-frequency currents. The condensers in this filter must 
be small, for they are effectively in shunt with the load impedance and so 
tend to reduce the high-frequency response, particularly when resistance 
coupling is used. 

The tubes used for audio-frequency voltage amplification are also 
suitable for anode power detection. Both triode and pentode tubes are 
satisfactory, although the latter are preferred because of their greater 
gain. The grid bias should be approximately cut-off or slightly less, and 
so depends upon the screen potential in pentodes and upon the plate 
potential in triodes. When a bias resistor is used, its value should be 
chosen so that the necessary bias is obtained in the presence of the rated 
carrier 'input 1!oltage. 
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It is generally desirable to, avoid driving the grid positive as this 
causes energy to be absorbed at the peaks of the modulation cyele and 
therefore tends to introduce distortion. If the grid is not driven positive, 
the largest carrier voltage that can be applied has a crest value half the 
grid bias. This fixes the power-handling capacity of the tube, which is 
hence larger when the screen or plate potential is greater. With a given 
degree of modulation the detector will be more linear the larger the 

(b) 

�--+---+--+---TE�Uf •• r! Ouf� 

./ Signal vo/fQgeJ Rg Signal volfage 
FIG. 243.-Circuits of grid-leak power detector. 

carrier voltage, up to the point where the grid becomes positive at 
the crest of the modulation cycle, while with a given carrier voltage the 
amplitude distortion increases as the degre'e of modulation approaches 
100 per cent. 

85. Miscellaneous. Grid-leak Power Detector. L-Typical circuit 
arrangements for grid-leak power detection are shown in Fig. 243, where 
the grid-leak resistance Rg and grid-leak condenser Gg form an impedance 

that corresponds to the load im
pedance RC of the diode detector 
(see Fig. 235a) . The grid circuit, ' 
comprising the source of exciting /(C)Grid Voltage ��r:��� voltage, the leak-condenser com- , \ 

(A.) SignOl) Voltage ���;e;t���s bination RgCg, and the grid-cathode 

(8) Gri d Current 

� 
"0 > 

\ / D)Grid VoltOlge , 
for Improper 
Grid Leak
Conclenser 
Proportions 

FIG. 244.- Details of action taking place 
in grid circuit of grid-leak power detector of 
Fig. 243 when a modulated radio-frequency 
voltage is applied to the detector. 

' of the tube, functions as a diode 
rectifier exactly as illustrated in 
Figs. 235, 236, and 238, with the 
grid electrode performing the same 
function as the plate of the diode . 
The mechanism of operation is illus
trated in Fig. 244. The voltage 
e x  i s  t i n  g between the grid and 

cathode of the tube consists of the radio-frequency signal voltage plus the 
voltage drop developed cross the load impedance RgGg by the rectified 
grid current. Since this latter potential is applied to the grid of the tube, 
it is amplified by the use of a suitable plate-coupling arrangement. The 

1 A somewhat more extended discussion of grid power detection is to be found in, 
F. E. Terman and N. R. Morgan, Some Properties of Grid-leak Power Detection, 
PrQc. I.R.E., vol. 18, p. 2160, December, 1930. 
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amplified modulation-frequency component can then be separated and 
utilized as desired . 

. The grid-leak power detector corresponds in many respects to a 
diode rectifier plus one stage of amplification. In particular, the leak
condenser combination RgC g is ./ proportioned according to the same 
factors effective in determining the proportions of R and C in the diode 
(see Sec. 83) , and the input resistance, requirements for avoiding fre
quency distortion, and efficiency of detection are all determined by the 
same factors in both diode and grid-leak power detectors. The usual 
proportions for the leak-condenser combination is therefore a grid-leak 
resistance Rg normally between 100,000 and 500,000 ohms and a grid
condenser capacity Cg of the order of 50 to 100 J.LJ.Lf. 

The maximum signal voltage that can be applied to a grid-leak power . 
detector without producing distortion is limited by the fact that the tube 
must amplify without distortion the total voltage applied between grid 
and cathode if the modulation-frequency voltage developed across the 
load impedance RgCg is to be properly reproduced. Distortion is most 
likely to occur at the crest of the modulation cycle, since this is when 
the maximum voltage is applied to the grid. With a completely modu
lated wave of carrier amplitude Eo and · a detection efficiency of 1/, the 
exciting voltage has a crest amplitude 2Eo, and the total voltage across 
RgCg has � maximum of 21/Eo, where Eo is t.he carrier amplitude. This 
makes the maximum negative instantaneous voltage applied to the 
grid equal to 2(1 + 1/)Eo, which must be amplified in the plate circuit 
with negligible amplitude distortion. It is apparent that the amount of 
voltage which can be handled is proportional to the direct-current plate 
potential at the operating point. Since the permissible plate potential 
is limited by the fact that, when no carrier voltage is applied, the grid 
bias is zero, the power-handling capacity of a grid-leak power detector is 
appreciably less than the power capacity of the same tube when operated 
as a Class A amplifier. With ordinary tubes the maximum carrier voltage 
that can be handled without overloading is approximately one-third to 
one-half of the signal voltage that can be handled by the same tube 
acting as an audio-frequency amplifier at the same plate voltage, and the 
modulation-frequency output voltage obtainable is roughly 0.3 to 0.4 of 
the output obtainable from the corresponding amplifier. 

The Wunderlich Tube . L-The Wunderlich coplanar-grid tube was 
originally developed as a grid-leak power detector for a circuit such as 
illustrated in Fig. 245. Here each individual grid functions in coopera
tion with the cathode to rectify the voltage applied between it and the 

1 For additional information on tb.e theory of the Wunderlich tube, see F. E. Ter
man, Further Description of the Wunderlich Tube, Radio Eng., vol. 12, p. 25, May, 
1932. 
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center tap of the input circuit, with the load impedance RgCg common to 
both grids. It will be observed that this arrangement is essentially the 
same as the full-wave center-tapped rectifier circuit illustrated in Fig. 266b 
and commonly used to supply plate power for radio receivers. The 
voltage developed across the load RgCg by the rectified grid current is 
applied to the two grids in parallel, and so is amplified in the plate circuit 
by ordinary amplifier action. The radio-frequency input voltage is 
applied to the two grids in phase opposition, so that, as far as radio-

frequency volt ages are concerned, the iOUfPuf two grids neutralize each other's effect 

. Nofe :  �q commqnly fUrnished by sfmy 

on the plate current, and the plate circuit 
does not carry radio-frequency currents. 
The result is that the allowable modu

cQPQclry orco" ro grol./nct lation-frequency voltage that can be 
FIG. 245.-Circuit of Wunderlich developed by a Wunderlich tube is sub

detector tube. stantially the same as the audio-fre-
quency voltage that can be developed by a corresponding triode tube 
at the same plate potential . The Wunderlich tube hence develops 
approximately three times as much output voltage as the ordinary 
grid-leak power detector before overloading. The considerations deter
minining the grid-leak and grid-condenser proportions are the same 
in the Wunderlich tube as in a diode detector except that the input 
resistance from grid to grid is approximately 2R/1J as a result of the 
center-tapped input arrangement. 

Square-law Detectors.-The term square law is applied to any detector 
in which the rectified direct-current I p  

Plafe currenf / wave . ,-Increase In plale 
:' currenl caused 
\ I by applicalion 

- ._- - - - -�!.-- ofsi!1nal 

0" Applied vollage 

output is proportional to the square 
of the effective value of applied signal 
voltage. T h e  s i m p l e s t  f o r m  o f  
square-law detector is an amplifier 
adjusted as shown in Fig. 246 so that 
the operating point is on the curved 
part of the grid-voltage plate-current 
characteristic curve. When a signal 
voltage is applied to such an ampli
fier, the positive half c y c l e  s a r e  FIG. 246.-Vacuum tube adjusted to 

operate as a square-law device. 
amplified more than the negative half 
cycles, causing an increase in the d-c plate current and also introducing 
frequency components in the output current not present in the applied 
signal. 

When the instantaneous plate current never reaches zero, the situa
tion can be analyzed by the power-series method discussed in Sec . 55, 
from which the behavior can be expressed in terms of the generalized 
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equivalent circuit of Fig. 151. If the signal voltage is not too large, the 
. limited portion of the tube characteristic made use of can be approxi

mated by a section of a parabola (i.e., only the first two terms in Eq. (126) 
need be considered) , and the behavior then follows that of a true square
law device. Under such conditions the output can be divided into two 
components : first, an amplified reproduction of the input signal; second, 
direct-current, harmonic, and combination frequency terms. It is this 
second component of the plate current that is responsible for the detector 
action of a square-law device. 

These second-order effects are discussed in Sec. 55 and so will be 
summarized here only very briefly as follows : The contributions of the 
second-order action consist of a d-c rectified current proportional to the 
square of the effective value of the applied signal, together with second 
harmonics of each frequency component of the applied signal and sum and 
difference frequencies formed by every possible combination of frequencies 
contained in the input signal. The amplitude of each second-harmonic 
component is proportional to the square of the amplitude of the cor
responding fundamental part of the signal, while each combination fre
quency has an amplitude proportional to the product of the amplitudes of 
the individual components involved. Thus, when the signal consists of 
sine wave of amplitude El and frequency h, the output will consist, in 
addition to the amplified sine wave, of a direct-current term having an 
amplitude proportional to E12 and a second-harmonic term of frequency 
2h and amplitude proportional to E12. When the input signal consists of 
the sum of two sine waves having amplitudes El and E2 and frequencies 
11 and 12, the output will contain, in addition to the amp'lified signal, 
second-order contributions consisting of a direct-current term propor-

E 2 E 2 
. 

tional to 2
1 + ; , second-harmonic terms of frequencies 2h and 212 with 

amplitudes proportional to E12 and E22, respectively, sum and difference 
frequency terms having frequencies h + 12 and h - 12, respectively, and 
amplitudes proportional to E1E2• When a signal is a modulated wave, 
the fact that the rectified output is proportional to the square of the 
amplitude of the signal causes the output to be a distorted reproductio� 
of the modUlation envelope. With sinusoidal modulation the distortion 
is all second harmonic and has a percentage 100 X m/4. For purposes of 
analysis the modulated wave can be thought of as three frequency com
ponents, the carrier and two side bands. The output then contains the 
rectified direct-current term, second harmonics of each of the three 
components, two difference-frequency terms formed by the carrier com
bining with the two side bands to give the desired modulation-frequency 
output, and a second harmonic of the modulation frequency arising from 
the difference frequency formed by the two side-band components. 

I 
I 

, I 
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A square-law detector is of importance for a number of reasons. In 
the first place, any detector becomes a square-law devic:e when the applied 
signal is quite small. The square-law detector is also shown in Sec. 87 to 
give distortionless detection of heterodyne signals. Moreover, square
law detectors also have a simple and exact law of behavior, and do not 
generate high-order harmonics of the carrier frequency by producing 
current pulses representing chopped-off sections of sine waves. The 
square-law detector is not particularly efficient, but it finds considerable 
use in special circumstances, as, for example, in vacuum-tube voltmeters 
and other laboratory measuring equipment. 

The usual form of square-law detector is an ampJifier biased so that 
the operating point is on the curved part of the plate-current character
istic, as shown in Fig. 246. A modification of this arrangement is to bias 
the tube approximately to cut-off and to apply a moderately large signal 
voltage. This gives a square-law response to the positive half cycles of 
the applied voltage with suppression of the negative half cycles, result
ing in a half-wave square-law device sometimes used in vacuum-tube 
voltmeters. 

Square-law detectors making use of grid-leak grid-condenser arrange
ments were widely used in the early broadcast receivers. The circuit is 
the same as for grid-leak power detection, but the grid-leak resistance 
and grid-condenser capacity are proportioned differently, values of 1 to 
5 megohms and 0.00025 p.f being common. Such a weak-signal grid-leak 
detector makes use of the curved relationship existing between grid cur
rent and grid voltage in the vicinity of zero grid potential to produce a 
rectified grid current which in flowing through the leak-condenser com
bination RgCg develops a modulation-frequency voltage that is amplified 
in the plate circuit. Such an arrangement is the most sensitive of all 
practical weak-signal detectors, but is now no longer used. The reader 
who wishes to study the weak-signal grid-leak detector is referred to the 
extensive literature upon the subj ect . 1  

1 The following is a list of references selected from the extensive literature on  the 
detection of weak signals : Stuart Ballantine, Detection by Grid Rectification with 
the High-vacuum Triode, Proc. I.R .E. , vol. 16, p. 593, May, 1928; John R. Carson, 
The Equivalent Circuit of the Vacuum-tube Modulator, Proc. I.R.E., vol. 9, p. 243, 
June, 1921 ;  E. L. Chaffee and G. H. Browning, A Theoretical and Experimental 
Investigation of Detection for Small Signals, Proc. I.R.E., vol. 15, p. 1 13 ,  February, 
1927 ; F.  M.  Colebrook, The Rectification of Small Radio-frequency Potential Differ
ences by Means of Triode Valves, Exp. Wireless and Wireles.� Eng., vol. 2, p. 946, 
December, 1925; F. E. Terman, Some Principles of Grid-leak Grid..condenser Detec
tion, Proc. I.R.E.,  vol. 16, p. 1384, October, 1928; F. E. Terman and T. M .  Googin, 
Detection Characteristics of Three-element Vacuum Tubes, Proc. I.R.E., vol. 17. 
p. 149, January, 1929. 
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Vacuum-tube VoUmeters. L-A detector can be used · as a voltmeter by 
making use of the rectified d-c current to measure the voltage applied to 
the detector. The resulting vacuum-tube voltmeter is one of the most 
useful measuring devices available for audio and radio frequencies. It 
consumes little or no power from the voltage being measured,  and when 
properly designed it can be calibrated at a low frequency, such as 60 cycles, 
and used at any radio or audio frequency up to ultra-high frequencies. 2 • 

Circuit arrangements for several typical vacuum-tube voltmeters 
are illustrated in Fig. 247. The arrangement' (a) is an ordinary anode 
detector in which the change in d-c plate current is used as a measure of the 

(01) (b) 

M �\ 
�€+) � 

Zero borlance----.:;, 

Unknown -,i ¥ J volt-age vo/{age (-�II-+-�:-+--J�./ L-::tlll ........ �-J 
Bypass \ 'Mi/!iamefer 
condenser� or microammefer 

(c) (c O 

FIG. 247.-Typical vacuum-tube voltmeter circuits. 

+ 

voltage applied to the grid. The circuit shown at Cb) is a modification 
of (a) in which the residual d-c current that is present in the absence of an 
applied signal voltage is balanced out of the meter by the arrangement 
shown, thereby enabling the indicating instrument to read the increment 
of plate current directly. In these arrangements the relationship between 
the alternating voltage being ' measured and the resulting d-c current 
produced in the plate circuit depends upon the adjustment of the bias. 
If the tube is operated with a bias appreciably less than cut-off and the 
signal voltage is limited in amplitude, so that operation is always on the 

1 For further information on vacuum-tube voltmeters see ' the author's book, 
" Measurements in Radio Engineering," 1st ed., pp. 1�1. 

2 At rather high, but not extremely high, radio frequencies the vacuum-tube 
voltmeter will have substantially the same calibration as at low frequencies, but the 
transit time of the' electrons will cause power to be consumed by the tube even when 
no grid current flows. When a plate detector biased to cut-off is employed, the result
ing equivalent input resistance is approximately inversely proportional to frequency 
and is considerably higher than the input resistance of the same tube operated under 
ordinary amplifier conditions. See discussion by J. G. Chaffee: Proc. I.R.E., vol. 24, p. 105, January, 1936. 
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curved part of the characteristic ' as illustrated in Fig;. 246, the detector 
operates as a square-law device and so gives a change :in d-c plate current 
that is exactly proportional to the square of the effective value of the 
applied voltage. On the other hand, if the bias approximates cut-off, 
then for signal voltages that are not too large the change in d-c plate 
current produced by the signal is very nearly proportional to the square of 
the effective value of the positive half cycles of the signal, giving what is 
termed a half-wave square-law characteristic. Fimtlly, if the bias is 
appreciably greater than 'cut,:"off, the indications are determined largely 
by the peak amplitude of the wave. With adjustments that give half
wave square-law or peak action, reversing the polarity of the applied 
voltage will in general change the reading of the instrument when the 
applied voltage is not a sine wave. This effect is known as turnover, 
and can be avoided by operating the vacuum tube as a full-wave square
law device. 

A diode detector can be used as a peak vacuum-tube voltmeter by 
means of the arrangements illustrated in Fig. 247 c and 247 d. In the 

. circuit of Fig. 247 c the use of a high load resistance R will make the direct
current voltage developed across this resistance only very slightly less 
than the crest amplitude of the applied signal, so that a microammeter 
M placed in series with the load resistance R will read peak voltages. A 
modification of this arrangement is illustrated in Fig. 247d. Here the 
signal is applied to the diode and a positive bias voltage V is applied to the 
cathode and adjusted . until the microammeter M just shows signs of 
current. The peak voltage is then equal to the cathode bias V. 

Detection of Frequency-modulated Waves.-Frequency-modulated sig
�als are detected by first converting into amplitude modulation and then 
rectifying in the usual manner. The conversion from frequency to 
amplitude modulation is accomplished by passing the frequency
modulated signals through selective circuits that discriminate against 
one side band in favor of the other, as, for example, by detuning the 
receiver slightly off resonance so that the response is different for the two 
side bands. Receivers for frequency-modulated waves are discussed in 
greater detail in Sec. 1 13. 

Electron-oscillator Detectors . 1-Electron oscillators, either of the Bark
hausen or of the magnetron type, are among the most sensitIve detectors 
at extremely high frequencies. Typical circuit arrangements of such 
detectors are illustrated in Fig. 248, and are seen to be essentially ordinary 
electron oscillators of the type discussed in Sec. 71, with means provided 
by which energy from the incoming signal is superimposed upon the 

1 See Kinjiro Okabe, The Amplification and Detection of Ultra-short Electric 
Waves, Proc. I.R.E., vol. 18, p. 1028, June, 1930; Nello Carrara, The Detection 'of 
Microwaves, Proc. I.R.E. , vol. 20, p.  1615, October, 1932. 
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oscillations. The injection of this energy into the circuits of the electron 
oscillator influences amplitude of oscillations and thereby affects the d-c 
current flowing to the anode, giving an effect equivalent to a rectification. 
The best results are obtained when the frequency of the electron oscilla
tions is approximately the same as the frequency of the incoming signal, 
although the exact adjustment is not highly critical and marked rectifying 
action is present even with low-frequency signals. !  

86. Comparison of Detection Methods.-The diode detector is by far 
the most widely used of all detectors because there is no practical limit to 
the voltage it can handle, because it has lower distortion than other 
detection methods when properly proportioned, and because it develops a 

(01) 8OI rkhOlusen osci l lOl+or 
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Anfenna- frQns!?,ission line 
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fransmission line 

'--'-�IIIIIIIIIII--� 
FIG. 248.-Circuits for electron-oscillator detectors. 

direct-current rectified voltage of the proper polarity for use in automatic
volume-control systems. The only disadvantage of a diode detector is the 
fact that it absorbs appreciable power from its exciting circuit, but this is 
largely compensated for by the fact that the diode rectifier can be supplied 
by an added section built into an ordinary triode or pentode tube, and the 
combination of diode and tube gives an over-all sensitivity that is fully 
as great a's obtained froin any other method of detection, even taking into 
account the input losses. 

The plate detector has the advantage over the diode in that it con
sumes no input power, but, because of the relatively low conversion 
transconductance of the tube when biased for detector operation, the over
all sensitivity is usually less than that of the same tube provided with a 
diode section and used to amplify the diode output. The plate detector 
has a limited power-handling capacity, has higher distortion than the 
diode, and cannot directly provide a voltage for automatic-volume-con
trol purposes. It has therefore been largely displaced by the diode. 

The grid-leak power detector is similar to the diode with respect to 
input resistance, distortion, and the fact that its output voltage is of the 
proper polarity for automatic-volume-control use, but the power-handling 
capacity of grid-leak power detectors employing triode and pentode 
tubes is so low that it is impracticable to obtain sufficient automatic
volume-control voltage without overloading the detector. The Wunder-

1 See H. E. Hollmann, The Retarding Field Tube as a Detector for Any Carrier 
Frequency, Proc. I.R.E., vol. 22, p. 630, May, 1934. 
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lich tube increases the power limit to the point where practical automatic 
volume control is possible, but the power-handling caphcity is still limited 
and the diode is generally considered preferable . 

Square-law detectors are characterized by high distortion when 
rectifying modulated waves, and have low detection effLciency. They are 
also of limited power capacity if the exciting voltagE is restricted to a 
strictly square-law part of the tube characteristic. Square-law detectors 
are used primarily in heterodyne detection, where this nethod of rectifica
tion is distortionless, and in laboratory equipment, particularly vacuum
tube voltmeters. 

87. Heterodyne Detection.-When two signals of slightly different 
frequencies are superimposed, the envelope of the rE:sulting oscillation 
varies in amplitude at a frequency that is equal to the difference between 
the frequencies of the two alternating currents, and swings through 
an amplitude range equal to ' the crest amplitude of the smaller of the 
two voltages, as is shown in Fig . 249. This result is obtained be�ause at 
one moment the two waves will be in phase and so will s.dd together, while 
a short time later the higher frequency wave will be one-half cycle ahead 
of the other wave and so will combine with it in phase opposition. The 
rate at which the amplitude of the envelope varies is called the beat 
frequency (or the difference frequency) , and the production of such 
beats by combining two waves is known as heterodyning. Since rectifi
cation of such a heterodyne signal gives a rectified current that varies in 
amplitude at the beat frequency, heterodyne action gives a means of 
changing the frequency of an alternating current. 

The procedure for changing the frequency of an unmodulated wave 
by heterodyne action is to superimpose upon this signal a local oscillation 
having a frequency that differs from that of the signal by the desired 
frequency. The local oscillation may have either �" higher or lower 
frequency than does the signal, since it is only the difference that is 
important. This heterodyne signal is then applied to a detector, and 
the desired beat frequency will be contained in the reetified output. If 
the wave that is to have its frequency .changed is modulated, the ampli
tude of the beats that are produced by the superpm;ition of the local 
oscillation will vary in accordance with the amplitude of the modulated 
wave, and the final result of the heterodyne operation is to change the 
frequency of the carrier wave to the new beat frequency without disturb
ing the character of the modulation. 

The heterodyne principle of frequency changing has a number of 
important applications in radio communication. It can be used to 
change the carrier of a radio-telegraph signal to an audible frequency such 
as 1000 cycles, which can be used to actuate a telephone receiver. This 
result is accomplished by making the difference between the signal and 
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local oscillation frequencies a suitable audio frequency, and is known as 
" heterodyne code reception. Another application of the heterodyne 
principle is in the superheterodyne type of radio-frequency amplification, 
in which the heterodyne principle is used to change the carrier frequency 
of the radio signal to a ·  predetermined and readily amplifiable radio 
frequency at which the amplification takes place. In this way the 

t: ---t-
...1-.. 

FIG. 249.-Typical heterodyne waves, showing how the combining of two waves of 
slightly different frequencies results in a wave which pulsates in amplitude at the difference 
frequency of the component waves, and how the wave shape of the envelope of the resultant 
wave depends upon the relative amplitudes of the two components. 

frequency of the signal is changed to fit the amplifier, rather than the 
amplifier adjusted. to fit the signal. Heterodyne action can also be 
employed to �eparate frequenci�s that differ from each other by a rela
tively small percentage. Thus it would be practically impossible to 
separate currents having frequencies of 1,000,000 and 1,001,000 cycles 
by the use of tuned circuits, but this can be readily accomplished by the 
use of heterodyne action. For example, if the local oscillation has a 
frequency of 999,000 cycles, the heterodyne action will change the original 
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frequencies to 1000 and 2000 cycles, respectively, which can be separated 
with ease. 

Analysis of Heterodyne Detection .-The object of heterodyne detection 
is to produce sinusoidally varying currents of the difference frequency. 
When this result is accomplished the detection is distortionless, while, 
if the detector also produces harmonics of the beat frequency, distortion 
is introduced. The characteristics required for distortionless detection 
can be determined by considering the equation of the envelope of a 
heterodyne signal. When two sine waves of amplitudes Eo and EB and 
having a difference frequency w/27r are superimposed, the shape of the 
resultant envelope depends upon the relative amplitudes of the two 
waves, as shown in Fig. 249, and has the equationl 

Instantaneous amplitude of envelope = v'E1l2 + Eo2 + 2EIlEo sin wt (190) 

The shape of the resulting envelope is identical with the output wave of a 
full-wave rectifier when the superimposed volt ages are of equal amplitude, 
and approaches a sine-wave variation only in the limit when one of the 
components is extremely small compared with the other. The shape of 
the envelope is such that square-law detection, that is, rectification in which 
the output is proportional to the square of the envelope, gives distortionless 
heterodyne detection, while linear rectification, by reproducing the envelope 
of the heterodyne signal, fails to do so . 

The character of the distortion that results from linear detection of a 
heterodyne signal can be obtained from a Fourier analysis of the envelope 
equation. 2 When this is done, it is found that the difference-frequency 
component of the output is largely independent of the amplitude of 
the stronger signal component Eo and is nearly proportional to the strength 

1 In its most general form the equation of the envelope of a heterodyne signal 
can be written as 

where cP1, cP2, etc ., are phase angle constants and ch, 152, etc., are 211" times the fre
quency by which their respective terms differ from the frequency of the Eo term. 
The envelope of Eq. (191) can be found by solving Eq. (191) for zero, equating to 
zero the partial derivative with respect to w of this transposed equation, and simul
taneously solving the resultant equation with Eq. (191 ) to eliminate w. Carrying 
out these operations gives the result 

' 

Envelope = {Eo2 + E12 + E'}.2 + . . . 
+ 2EoE1 cos (c51t + c/)}) + 2EoE2 COB (c52t + cP2) + 
+ 2E1E2 COB [(151 - c52)t + (cf>1 - cf>2) ] + . . . } �  (192) 

When only two components are present and cf>l is taken as zero , this equation reduces 
to Eq. (190). 

2 For information as to details of such analyses, see F. E. Terman, Linear Detection 
of Heterodyne Signals, Electronics, vol. 1 ,  p. 386, November, 1930. 

• 
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of the weaker component Ell' The magnitude of the deviation from this 
approximate relation is indicated by the fact that increasing the stronger 
signal component from equality with the weaker component to a value 
many times the weaker component, while holding the latter constant, 
increases the difference-frequency output by approximately 18 per cent. 
The amplitude of the distortion frequencies produced" in linear detection 
of heterodyne signals is greatest when the two signal components are of 
equal size, under which condition the second harmonic of the beat fre
quency is 20 per cent. 

When the signal that is to have its frequency changed by heterod�e 
action ' contains several frequency components, square-law detection of 
the heterodyne signal produces an output that contains every possible 
difference frequency that is present in the heterodyne signal, and these 
various difference-frequency components of the output each have an 
amplitude proportional to the product of the amplitudes of the two waves 
producing the difference frequency. 

These considerations relating to the relative behavior of square-law 
and linear detection of heterodyne signals show that square-law detection 
is to be preferred from the point of view of avoiding distortion, and that if 
linear detection is employed the superimposed local oscillation should have 
an amplitude that is much larger than that of the signal which is to have 
its frequency changed. Under practical circumstances linear detection 
is usually employed because the amplitude of the local oscillation is 
relatively large, and it is almost impossible to maintain square-law action 
when this is the case. 

The output of a detector that is rectifying a heterodyne signal always 
contains components other than the difference-frequency current and its 
harmonics. When the heterodyne signal contains two components, the 
most important of such new frequencies has a frequency that is the 
sum of the two frequencies being combined, while complex combination 
frequencies also are usually present in small amplitudes. The exact 
nature of these additional products of rectification depends upon the 
detector characteristics and is of little importance since these components 
have not been found to have practical �sefulness. 

88. Converters for Superheterodyne Receivers.-The superhetero
dyne receiver is so widely used that special tubes and methods have been 
devised for performing the frequency-changing operation involved. The 
heterodyne detector for such purposes, commonly referred to as first 
detector, converter, or mixer, is required to develop a difference frequency 
ordinarily in the range 75 to 500 kc by combining the incoming signal with 
a local oscillation differing in frequency by the desired amount. The 
principal arrangements employed in practice are plate d�tection, the 
6L7 mixer tube, and the pentagrid converter. 



" 

450 RADIO ENGINEERING [CHAP. X 

The plate-detector type of mixer is illustrated in Fig. 250, and is an 
ordinary pentode plate detector biased approximately to cut-off, with, 
provision for introducing a locally generated voltage in the tube circuits. 
The output load impedance is a tuned circuit resonant at the difference 
frequency to be produced, and is designed exactly as in any ordinary tuned 
amplifier. The local 'oscillator may be of any type, and can be coupled 
into the mixer tub'e in any convenient way, but preferably in such a 
manner that the voltage introduced is approximately constant as the 
frequency of the oscillator is varied to accommodate signals of different 
frequencies. For best results the amplitude of the local oscillator voltage 
applied to the tube should be as large as possible without overloading 
the detector, since in this way the conversion transconductance will be at 
a maXImum. With pentode mixer tubes the det�etor plate resistance is so 

Inpuf circulf funedfo signal Trequ�ncYJ 
r-;:�--\='::=-J 

Oufpt!f cli-r;:uif 
funeol fo differen� 
fi>equency 

'-Coueled fo local osclI/cdor 
F.IG. 250.-Circuit of typical plate-detector type of mixer tube. 

high that it can be considered infinite, so that the difference-frequency 
output is given by the equation 

where 

Output carrier voltage developed} 
I I d = SeZJ£o across p ate oa 

Eo = carrier amplitude of applied signal 
ZL = load impedance in plate circuit to difference frequency 
Se = conversion transconductance. 

(193) 

The conversion transconductance in this equation is the same conversion 
transconductance discussed in Sec; 84, and so can. commonly be expected 
to be in the neighborhood of 0.3 to 0.4 of the mutual conductance of the 
same tube operated as an ordinary amplifier. 

The plate-detector type of mixer has the disadvantage of introducing 
coupling between the local oscillator and the circuit tuned to the incoming 
signal. This can cause undesirable interaction, particularly in the high
frequency bands of all-wave receivers, where the local oscillator and signal 
frequencies differ by only a small percentage. Under such circumstances 
adjustment of the input tuned circuit will affect the oscillator frequency, 
and strong interfering signals having frequencies differing only slightly 
from the local oscillator frequency will tend to make the latter synchronize 
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automatically with the interfering signal (see Sec. 69) . As a consequence 
the plate-detector type of mixer, while perfectly satisfactory for broad
cast and lower frequencies, has very important shortcomings when used 
at higher radio frequencies. -

The Hexode Mixer Tube (or 6L7) . �The hexode mixer tube or 6L7 
. completely isolates the local-oscillator and signal-frequency circuits by 
the expedient of utilizing the local oscillator to suppressor-grid modulate I 
the amplified signal-frequency currents . The 6L7 tube contains five 
grids connected as shown in Fig. 251 .  The first or inner grid G1 is the 
normal control grid, designed to have a variable-mu characteristic, and 
has the signal voltage applied to it. The next grid G2 is an ordinary screen 

. . grid while the third grid G3 is a suppressor 
. 

Inpufcircuif Gs 
grid that is used to suppressor-modulate tynedfo G-+\ slgnQI G3' \ 
the electron stream produced ' by the frequency , 
control and screen grids G1 and G2• The 
next grid G4 is a screen grid while Gs is a 
suppressor grid that is connected to the 
cathode. It will be noted that this 
arrangement is essentially a suppressor
grid-modulated amplifier, modified by the 
addition of grids G4 and Gs in order to 
make the plate resistance of the tube 
similar to that obtained with an ordinary 
pentode. The arrangement is capable FIG. 251 .-Circuit of typical 6L7 

mixer tube. of producing a difference frequency, since, 
when the local oscillator is modulated upon the incoming signal, the 
lower side band has a frequency that is the difference between the signal 
or carrier frequency and the modulating or local oscillator frequency. 

The plate resistance of the 6L7 mixer is so high that it can be considered 
as infinite for all practical purposes, so that the difference-frequency out
put can be expressed in terms of the load impedance in the plate circuit 
and the conversion transconductance by Eq. (193) . The value of the con
version transconductance of the 6L7 mixer tube depends upon the total 
space current of the tube and upon the negative bias and oscillator volt
ages applied t,o the grid G3• For best results this grid should have a 
direct-current bias corresponding to plate current cut-off, while the 
oscillator voltage superimposed should be sufficient to drive this grid G3 
positive. The necessary bias is generally obtained by some self-bias 
arrangement such as that of Fig. 251 .  Under such conditions the con-

1 For further information see C. F. Nesslage, E. W. Herold, and W. A. Harns, 
A N�w Tube for Use in Superheterodyne Frequency Conversion Systems, Proc. I.R.E., 
vol. 24, p. 207, February, 1936. 
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version transconducta.nce is of about the same numerical magnitude as in 
other types of converten�. 

The Pentagrid Converter.-The pentagrid converter is a combined 
oscillator and detectdt tube. A typical circuit arrangement is shown in 
Fig. 252, where the cathode, first grid G1, and second grid G2 function as an 
ordinary triode oscillator with grid G2 acting as the anode electrode. 
,This oscillator serves to control the flow of electrons from the cathode, 
causing the current to travel toward the plate in pulses occurring at the 
peak of each cycle of the �scillator. Most of the electrons in the pulse 
drawn from the cathode pass through the spaces between the wires of 
G2, pass the screen-grid Ga which is for the purpose of providing an electro
static shield, and come to rest in front of the grid G4, where a virtual 
cathode is formed. The signal voltage is applied to G4 and so controls 

the number of electrons that the 
plate is able to draw from this 
v i r t u a l  cathode. Grid Go is a 

OLjfp<!ff' screen grid that serves to make the clrc(J1 
plate current substantially inde-
pendent of plate voltage, thereby 
giving the tube a high plate resist-

QScill.ctfor cireuifs ance corresponding to that obtained 
FIG. 252.-Circuit of typical pentagrid con- with a sereen-grid tube. The 

verter tube. virtual cathode in front of G4 forms 
wi th each pulse of space current and then disappears between pulses. As 
a consequence the current actually arriving at the plate is modulated by 
both oscillator and signal voltages, giving a result equivalent to modu
lating the signal upon the oscillator frequency,_ thereby developing a 
difference frequency as one side band . 

. The screen grid Go makes the effective plate resistance of the detector 
extremely large, so that the load circuit is designed exactly as in the case of 
a pentode or screen-grid tube, and the output voltage can be expressed 
in terms of the load impedance and an equivalent transconductance 
according to the Eq. (193) . The numerical value of the conversion trans
conductance under ordinary conditions is approximately that of a cor
responding plate detector or 6L7 mixer. In the usual pentagrid converter, 
grid G4 is provided with a variable-mu characteristic, making it practicable 
to control the conversion transconductance and hence the output by 
varying the bias on this grid. 

The pentagrid converter has the merit of simplicity in that it avoids 
the necessity of a separate oscillator tube and also eliminates much wiring 
that would otherwise be required. Its usefulness is limited, however, by 
residual coupling between the oscillator and signal sections of the tube. 
This is in spite of the screen grid Ga, and is the result of capacity between 
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G4. and the space charge of the virtual cathode formed in front of this grid. 
Inasmuch as the space charge pulsates at the oscillator frequency, the 
effect of this capacity coupling to the space charge is to cause oscillator
frequency currents to flow from grid G4 through theJuned input circuit to 
ground� Trouble from this cause becomes more pronounced at high 
frequencies and as the percentage difference between local oscillator and 
signal frequencies is reduced. 1 The result is that the pentagrid converter, 
while entirely satisfactory for use with signals of broadcast and lower 
frequencies, becomes increasingly unsatisfactory with signals of higher 
frequency. 

(a) (b) (c) 

MJ 
\ '--___ ---I 
'Regenerafion confrol 

FIG. 253.-Typical circuits for regenerative and oscillating detectors. The telephone 
receivers indicated in the figure can be replaced by an amplifier when further amplification 
is desired. 

89. Regenerative and Oscillating Detectors.-In examining the action 
taking place in detectors employing either grid or plate rec�ification it will 
be noted that there are signal currents flowing in the plate circuit of the 
detector, in addition to the products of rectification, as is clearly shown in 
Figs. 240 and 244. It is possible to obtain regeneration by feeding back a 
portion of this signal energy to the circuits associated with the detector 
input by means such as illustrated in Fig. 253. Regeneration produced 
in this way by utilizing the radio-frequency energy in the detector plate 
circuit can be more readily controlled than .regeneration in amplifiers, and 
is occasionally used to increase the amplification and selectivity of radio 
receivers. 

Regeneration in detectors produces exactly the same action as regen
eration in radio-frequency amplifiers, since the regenerative detector is 
essentially a radio-frequency amplifier as far as the feedback is concerned. 
The effect of regeneration, no matter how produced, is equivalent to 
altering the effective resistance and effective reactance of the input 
circuit. The change of reactance caused by regeneration alters the 
resonant frequency slightly, making the resonance point somewhat 
dependent upon the adjustment of the regenerative control, but this 

1 There is also a certain amount of coupling between oscillator and signal circuits 
even at low frequencies as a result of the fact that the voltage on the signal grid affects 
the current flowing to the oscillator grid G2• See Paul W. Klipsch, Suppression of 
Interlocking in First Detector Circuits, Proc. I.R.E., vol. 22, p. 699, June, 1934. 



454 RA.DIO ENGINEERING [CHAP. X 

effect is small because the reactance change amounts to only a few ohms 
and so is small compared with the large reactances in the tuned circuit. 
The change of resistance resulting from regeneration is much more impor
tant because the res;tance of the tuned input circuit is so low that a 
few ohms added or subtracted represents a large percentage v�riatio'n. 
When the energy is fed back in the proper phase to reinforce the applied 
signal, the effect is to neutralize a part of the resistance of the tuned input 
circuit. This raises the effective Q and so increases the resonant rise 
of voltage (which is equivalent to added amplification) , as well as making 
the selectivity greater. 

When the regeneration is carried as far as possible (i.e., until the effec
tive resist�nce of the input circuit approaches zero) , the resulting amplifi
cation is verY 'great for extremely weak signals, and still large but less for 
strong signals. 1 

While representing an inexpensive means of obtaining radio-frequency 
amplification, regeneration has several disadvantages. In the first place 
regenerative amplification is obtained by lowering the effective resistance 
of a tuned, circuit, and, since this also greatly increases the selectivity, 
regeneration . tends to suppress the higher side-band frequencies contained 
in the signal. In the second place the adjustments required to give 
satisfactory regenerative amplification also depend upon the frequency 
of the signal so that it is necessary to readjust the regeneration controls 
for every new s.ignaL Furthermore the adjustments required to give 
appreciable regenerative action are rather critical, and a certain amount 
of skill is required to carry them out properly. Finally, when the 
.regenerative action is carried to the point where the circuit resistance is 
completely neutralized and becomes negative, as will inevitably occur 
from time to time as the result of accidental improper adjustments, 
oscillations will be set up which will heterodyne with any signal that may 
be present and produce annoying squeals. These disadvantages of 
regenerative amplification are so great that it is generally considered 
better practice to obtain radio-frequency amplification by the use of 
tuned radio-frequency amplifiers rather than by regeneration. 

Oscillating DetectoTs.-When regeneratio� is increaseq. to the poi.nt 
where the resistance of the resonant circuit is eompletely neutralized, 

1 This dependence upon signal voltage arises because the third-order curVature of 
the tube characteristic causes the effective plate resistance of the tube to be slightly 
greater for large signals than for small, thus reducing the regeneration for large signals. 
Analysis shows that, when the regeneration is made as great as possible without 
oscillation in the absence of a signal, the amplification is inversely proportional to the 
two-thirds power of the signal voltage and directly proportional to the response 
obtained when no regeneration is present. See Balth. van der Pol, The Effect of 
Regeneration on the Received Signal Strength, Proc. I.R.E., vol. 17, p .  339, February, 
1929. 
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there will be set up oscillations which will heterodyne with any signal 
currents in the resonant circuit. The resultant beats are rectified by 
the detector and cause difference-frequency currents to appear in the 
detector output. The oscillating detector therefor� acts as a heterodyne 
detector in which the detector tube generates the heterodyne oscillations, 
as well as functioning as a rectifier. The circuits used in oscillating 
detectors are the same as those employed for regenerative detectors, 
the only difference being that the regeneration is increased to the point 
where oscillations are produced. Grid-leak power rectification is always 
employed in oscillating detectors because of its high sensitivity aI!d 
because it automatically supplies the proper grid bias for the oscillations. 

The oscillating detector is used extensively in the reception of code 
signals, particularly short-wave code signals. Compared with a separate 
heterodyne for such purposes, the arrangement has the advantage of much 
greater sensitivityl and of being simpler to adjust. Thus, when the local 
oscillations have a frequency suitable for heterodyning the code signal to 
an audio-frequency such as 1000 cycles, the input circuit is automatically 
tuned approximately to resonance with the incoming signal. The oscil
lating detector arrangement is not suitable for use with superheterodyne 
receivers, however, and is also usually avoided in code reception of the 
lower radio frequencies. This is because under such conditions the differ
ence frequency is a large percentage of the signal frequency, so that when 
the oscillations have the proper frequency the input circuit is very con
siderably detuned from the signal frequency. 

The great sensitivity of the oscillating detector is a result of the 
large regenerative amplification that the signal undergoes before being 
rectified. When no signal is present, the oscillations have an amplitude 
such that the effective plate resista.nce of the tube has a value for which 
the regeneration exactly neutralizes the resistance of the resonant circuit. 
When this condition exists, the regenerative amplification to a super
imposed oscillation is very great because the situation is much the same 
as that which exists in an ordinary regenerative detector adjusted to 
give the maximum possible regeneration. The difference in the two 
-cases, however, is that with the regenerative detector this adjustment is 
very critical and impossible to maintain, whereas in the oscillating detector 
the oscillations automatically assume an amplitude that picks out ,this 
critical condition and maintains it with complete stability. 

The regenerative amplification which the signal undergoes in an 
oscillating detector can be analyzed by considering that the signal repre-

1 Thus a simple oscillating detector will make practically any short-wave code 
signal that is above the noise level audible in a telephone receiver. Effective amplifi
cations as high as 15,000 are indicated under optimum conditions. See H. A. Robin
son, Regenerative Detectors, QST, vol. 17, p. 26, February, 1933. 
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sents a voltage that is induced in the resonant circuit in addition to the 
voltage induced by the feedback from the plate circuit . The phase 
of the signal with respect to the oscillation changes from aiding to opposi
tion at a rate corresponding to the difference frequency, as in the case 
of any heterodyne signal. To a first-order approximation the variation 
in the amplitude of the resultant wave applied to the grid of the tube 
acts as though there were no signal voltage applied to the detector, but 
rather as though the regeneration of the oscillating detector were alter
nately decreased and increased from its actual value at a rate correspond
ing to the beat frequency. The oscillating detector hence has its greatest 
sensitivity when a small change in the regeneration will produce a large 
change in the amplitude of the generated oscillations. This condition 
is always realized when the regeneration has the smallest value at which 
oscillations will exist and when the resonant circuit has the highest possi
ble Q (i .e., lowest possible actual resistance) . 

Typical oscillating-detector circuit arrangements are illustrated in 
Fig. 253. Pentode tubes are generally used, with the regeneration control 
obtained by varying either the screen 'Voltage or the electrostatic or 
magnetic coupling between input and plate circuits. When the regenera
tion control is applied to the screen voltage, the circuit design should be 
such that oscillations will stop when the screen is of the order of 20 to 
40 volts. If the stopping point is at higher potentials, the oscillations 
start and stop with an annoying thump, whereas, if the critical point is a 
lower voltage, the conversion efficiency of the arrangement as a detector 
is low because of the small plate current. 

When the oscillating detector employs a triode tube, trouble is some
times encountered from a sustained audio-frequency sound which occurs 
when the adjustment is such that oscUlations are just barely maintained . . 
This is known as " threshhold " or " fringe " howl, and is to be avoided 
since it occurs under conditions for which the oscillating detector is most 
sensitive. Threshhold howl may occur in grid-leak arrangements when 
the audio-frequency load impedance in the plate circuit of the triode is 
inductive, and it can be cured either by using resistance coupling or by 
shunting the inductive load with a sufficiently low resistance . Thresh
hold howl does not ordinarily occur when pentode tubes are employed. 1 

90. Superregenerative Detectors.2-A superregenerative detector is a 
regenerative detector which is varied from an oscillatory to a non-oscil-

'1 The mechanism of threshhold howl is described by L. S. B. Alder, Threshhold 
Howl in Reaction Receivers, Exp. Wireless and Wireless Eng., vol. 7, p. 197, April, 
1930. 

. 

2 For further information on superrege�eration, see Hikosaburo Ataka, On Super
regeneration of an Ultra-short Wave Receiver, Proc. I.R.E. , vol. 23, p. 841, August, 
1935 ; D. Grimes and W. S. Barden, A Study of Superrege:neration, Electronics, p. 42, 



SEC. 90] V ACUU M-TUBE DETECTORS 457 

lating condition at a low radio-frequency rate. During the oscillatory 
interval, oscillations build up, only to be suppressed, or " quenched," 
and the resulting action is such that with proper adjustment an applied . 
signal is amplified enormously before detection. A typical superregenera.., 
tive circuit is shown in Fig. 254, and consists of a tube arranged to regen
erate in the manner shown in Fig. 253c, but supplied with a plate voltage 
that is a low radio frequency, such as 25 kc. Oscillations then build up 
during the half cycles when the plate (a) Ci rcu it 
is positive, but die out (i.e. ,  are � if, , quenched) during the time the plate =- � 
is negative. For proper operation � � �-----

Source of low n:rclio Frequency volfage) 
the oscillations must die out com- (b) Signal 
pletely before they start to built up, 
which is equivalent to saying that 
the average resistance of the circuit 
must be positive. 

When no signal is present, the 
initial pulse that starts the building 
up of oscillations is supplied by 
thermal agitation, shot effect, etc., 
and the resulting oscillations are as 
illustrated to the left in Fig. 254e. 
The area under the envelope of -the 

. (c) VoltOlge on plate 
+ [\ [\ [\ /\ [\  - V  V V V \/\ 

(01) EfJectiv� rOldio frequ�ncy' resistolnce of I nput tuned CirCUIt 

+1\ 1\ 1\ 1\ 1\ I - V V V V V 

curve of oscillations depends upon (e) Voltage bui lt  up acrOSS c.ondenser C 
the amplitude of the initiating pulse, 
and, since this is a chance factor of 
thermal agitation, etc., the areas 
under successive envelopes differ in 
a random manner, and the rectified 
o u t  p u t  contains a characteristic 
hiss. However, upon the applica

) o 0 0 0 0  
(f) D. C. Plate circui t  

FIG. 254.-Simple superregenerative 
circuit, together with details showing the 
mechanism . by which superregenerative 
amplification is obtained. 

tion of a signal that has a greater amplitude than the random volt
ages, the signal then becomes the initiating pulse, thereby suppressing 
the characteristic hiss and causing the building-up process to get under 
way faster, . as shown to the right in Fig. 254e, where the shaded area 
represents the difference caused by the presence of the signal. Inasmuch 
as the initiating pulse, and hence the time required. to reach full amplitude, 
is proportional to the amplitude of the signal, the shaded area in Fig. 254e 
will vary with the amplitude of the signal, and hence will reproduce in a 
rough sort of way the modulation of the signal. 

February, 1934 ; Edwin H. Armstrong, Some Recent Developments of Regenerative 
Circuits, Proc. I.R.E., vol. 10, p. �44, August, 1922 ; M. G. Scroggie, The Super
regenerative Receiver, Wireles8 Eng. , vol. 13, p. 581, November, 1936. 



458 RADIO ENGINEERING [CHAP. X 

The output of the superregenerative detector is obtained by rectifying 
the oscillations that are built up across the tuned circuit, using a grid-leak 
condenser combination as shown in Fig. 254a. The bias voltage devel
oped across this combination will be proportional to the average amplitude 
of the oscillations, and so will vary in accordance with the shaded area as 

(0) S i g n a l  

Cb) Proper quenchln� frequency 

o 0 0 0 & 0 
(c)  .Quench InQl .  frequency too low 

o o o 

illustrated in Fig. 2541, causing the 
plate current to be reduced by the 
presence of It signal by an amount 
that varies in aecordance with the 
modulation envelope. 

In order to obtain best results 
with a superregenerative detector it is 
necessary to have a proper balance 
between the circuit proportions and 
the amplitude and frequency of the 
quenching oseillation. The effect of 
the quenching frequency is illustrated 
in Fig. 255. S t a r t i n g  wi  t h  l o w  

Cd ) Quenching frequency too high quenching frequencies, it is seen that 
o 0 � 0 0 � 0 0 O· {) 0 at first increasing the quenching fre

FIG. 255.-0scillograms showing effect 
of quench frequency upon output of 
superregenerative detector. The shaded 
area represents the output caused by the 
presence of a signal. 

quency increases the number of times 
the oscillations build up in a given 
length of time and therefore increases 
the total of all the shaded areas 

almost in direct proportion to the quenching frequency. The output and 
hence the sensitivity therefore increase with quenching frequency, until 
an optimum value is reached such that the oscillations just have time 
to approach full amplitude when they are quenehed. With quenching 

(a) Self-quenching ci  .... cuif (b) S�par.ate ly quenched c i rCUit 

L _ _ _ _  y-' 
f;uench oscillafol' '/ 

FIG. 256.-Circuits of typical superregenerative detectors. 

frequeneies higher than this, the width of the shaded area decreases and 
there is a tendency for the oscillations to be qUel�ched before they have 
time to build up to full amplitude, so that, although the number of shaded 
areas per seeond increases, the size of each area is so diminished that the 
net result is a considerable loss in sensitivity. 

Two additional circuit arrangements for producing superregenera
tion are illustrated in Fig. 256. The arrangement at (a) is partieularly 



. ,- -

SEC. 91J VACUUM-TUBE DE7lECTORS 459 

useful because it requires no special circuits or auxiliary quenching 
oscillator. This circuit obtains the quenching action by operating the 
circuit so that interrupted oscillations are produced by the mechanism 
discussed in Sec.  66, thereby making the arrangement self-quenching. 
The interrupted oscillations can be obtained by use of a high grid-leak 
resistance, a relatively large grid-condenser capacity, and sufficient 
regeneration to make the circuit strongly oscillatory. The frequency of 

. interruption can be controlled by varying either the regeneration :or the 
grid-leak resistance. 

. 

A properly adjusted superregenerative detector is characterized by 
extremely great sensitivity. A single tube is capable of giving an audible 
output with signals that have an amplitude comparable with the thermal 
agitation voltages present in the input circuit. Experience with super
regenerative detectors also indicates that they are much less susceptible 
to such interference as ignition noises than are most receivers. The reason 
for this appears to be that there is an inherent limiting action contained 
in the mechanism of operation whereby very loud signals produ'ce only 
slightly more output than do weak signals. As a consequence strong 
intermittent noise voltages produce outputs only slightly larger than those 
obtained from weak signals. 

At the same time the superregenerative detector has a number of 
limitations. In the first place, a characteristic hiss is always present in 
the absence of an applied signal, and, though this hiss disappears in the 
presence of a signal, it makes superregeneration impracticable for such 
purposes as broadcast receivers. A superregenerative receiver also 
possesses rather poor selectivity, this being necessarily true because of the 
large number of side-band frequency components produced by the quench
ing action. The principal practical use of superregeneration has been in 
the reception of signals of such high frequency that ordinary methods of 
amplification cannot be employed. 

91. Detector Output When the Applied Signal Consists of Two 
Modulated Waves.--Circumstances commonly arise where in addition to 
the desired signal there is also a relatively weak but not negligible inter
fering signal applied to the detector input. The most important effects 
produced under such conditions are : (1 ) the suppression of the weaker 
signal when a linear detector is employed and when the difference in 
carrier frequencies of the two signals is above audibility ; (2) �n audible 

., beat note representing the difference frequency between the two carriers 
when these differ in frequency by an amount lying in the audible range ; 
(3) a flutter occurring when the carrier frequencies are almost but not 
exactly in synchronism ; and (4) distortion occurring when the carriers are 
of identical frequency and when both desired and undesired stations are 
broadcasting the same program. 
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When two modulated signals of unequal araplitudes and of carrier 
frequencies that are so different as to produce an inaudible beat frequency 
are simultaneously applied to the input of a linear rectifier, it is found that 

the weaker of the two ' signals is not 
rectified. This is because under these 
conditions the envelope of the com-

( 8) 

UnciesireGl Weaker Si9nC11J 

(C) 

" � ...... ... 
l 

� \: ..... ... 
Oesired and Undesired Signals 

Superimposed 
,supersonic beed frequency 

� CDl _ 
WOIve(C)After linear Rectif'ication 
FIG. 257.-Wave forms obtained in 

the linear detection of a signal consisting 
of a weak modulated wave superimposed 
upon a strong modulated wave. The 
rectified output of the linear detector is 
seen to contain no component varying at 
the modulation frequency of the weaker 
signal. 

bined signal is as shown in Fig. 257, 
having a principal modulation repre
senting the desired modulation and a 
minor variation corresponding to the 
inaudible beat frequency between the 
two carriers. This minor variation is 
modulated in accordance with · the 
modulation of the undesired carrier, 
but upon linea'r rectification the detec
tor output follows the modulation 
envelope and hence contains no com
ponent that follows the modulation of 
the undesired weaker signal. This 
suppression of the weaker modulation is 
equivalent to an increase in the effective 
selectivity and represents an important 
property of a linear detector. 1 In order 
that the suppression of the weaker 
signal may be eomplete, it is necessary 
that the strong signal be considerably 
larger than the weaker and that the 
d e t e c t o r  b e  exactly linear. With 
o r d i n a ry rectifiers the suppression 
becomes very pronounced when the 
ratio of signal amplitudes exceeds 2 to 
1 .  This suppression of the weaker 
signal does not. occur in the case of 
square-law detectors. 

When the difference between the 
carrier frequencies 0 f t h e  d e s  i r e  d 

and undesired signals is in the audible range, a number of undesired 
I For further information and details of the method of analyzing,this phenomenon, 

see R. T. Beatty, Apparent Demodulation of a Weak Station by a Stronger One, Exp. 
Wireless and Wireless Eng., vol. 5, p. 300, June, 1928; S. Butterworth, Note on the 
Apparent Demodulation of a Weak Station by a Stronger One, Exp. Wireless and Wire
less Eng., vol. 6, p. 619, November, 1929; E. V. Appleton and D. Boohariwalla, The 
Mutual Interference of Wireless Signals in Simultaneous Detection, Exp. Wireless and 
Wireless Eng. , vo!. 9, p. 136, March, 1932. 
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components of audible frequency appear in the output of both square
law and linear detectors. The component having the largest amplitude 
is the difference frequency between the two carriers, and this is the most 
disturbing component when it exceeds 100 to 200 cycles. 

When the frequencies of the two carriers differ by less than about 
50 cycles, the most disturbing components in the output are the difference 
frequencies formed by the carrier of the strong or desired signal hetero
dyning with the side-band frequencies of the weaker or undesired 
signal to produce what can be termed side-band noise. When the carrier 
frequencies differ by only a few cycles a second, this side-band noise gives 
rise to the characteristic flutter commonly heard when two or more broad
cast stations are simultaneously transmitting on approximately the same 
frequency. When the two carriers are both weak enough so that there is 
a background of noise, the 1l0ise level in the detector output will also 
flutter at a frequency corresponding to the difference frequency between 
the two carriers, and may in some cases produce an effect more annoying 
than the side-band noise. 

> 

In the event that the two signals come from stations which have their 
earriers synchronized and which are modulated with identical programs, 
the detector output will not ordinarily represent a distortionless reproduc
tion of the original modulation unless one of the carrier amplitudes is 
much weaker than the other. This is because the relative phase with 
which the two carriers and their respective side-band components com
bine in the detector input depends upon the distance to the transmitter, 
time differences in the transmission of the program, and the side-band 
frequency involved. The result is that, when the carrier amplitudes 
are of approximately the same order of magnitude, certain side-band 
frequencies will tend to cancel while others will be reinforced ; furthermore 
at certain locations the two carriers will also tend to cancel and thereby 
distort the envelope of the wave applied to the detector input. In order 
'for distortion of this sort to be imperceptible under the worst practical 
conditions, it is necessary that one carrier have an amplitude at least four 
times that of the other carrier. 

The exact nature of these effects which occur when the two carrier 
frequencies differ by only a small amount, or are synchronized, depends 
upon whether a linear or square-law rectifier is used, upon the relative 
amplitudes of the two .carriers, and upon their degrees of modulation. 
The exact analysis is too involved to be presented here, but is to be found 
in the literature. 1  

1 The most extensive work on this subject is that of C. B .  Aiken. The method 
of analysis that he has employed in attacking the problem, as well as the essential 
results, are contained in the following papers : Charles B. Aiken, Theory of the Detec
tion of Two Modulated Waves by a Linear Rectifier, Proc. I.R.E., vol. 21, p. 601,  April 
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Problems 
1. Explain the detailed mechanism accounting for the fact that the efficiency of 

detection of a diode detector is increased by: (a) increasing the load resistance R, 
(b) decreasing the plate resistance of the diode. 

2. Explaip. the detailed mechanism whereby the input resistance of a diode detec
tor of good efficiency increases with load resistance R but is nearly independent of the 
diode plate resistance. 

3. In a diode detector as shown in Fig. 235a, 11 = 0.90, C = 100 p.p.f, R = 200,000 
ohms, 

a. Calculate and plot as a function of modulation frequency, the maximum degree 
of modulation that the " signal input " to the detector may have for distortionles: i 
rectification. 

b. Assume that the signal voltage is induced in a tuned circuit resonant at 600 kc, 
having Q = 60 and a resonant impedance of 50,000 ohms. (1) Calculate and plot, as 
a function of frequency up to 20 kc off resonance, the magnitude and phase of the 
output impedance of the tuned circuit (i.e. , the impedance that the diode sees when 
looking toward the tuned circuit) .  (2) Similarly calculate and plot the relative 
side-band amplitude of the voltage developed across the tuned-circuit output when 
the diode load is removed. (3) Calculate the magnitude and phase of the load imped
ance which the diode offers to the tuned circuit as a function of side-band frequency 
up to 20 kc off resonance. (4) From (1) and (3) calculate the ratio of degree of modula
tion appearing at the input terminals of the diode to the degree of modulation of the 
voltage actually induced in the resonant circuit, up to modulation frequencies of 
20 kc. (5) Calculate the maximum degree of modulation that the diode can handle 
without distortion, and from this determine and plot the maximum allowable degree of 
modulation of original induced signal that can be rectified without distortion up to 
modulation frequencies of 20 kc. 

4. In a diode detector the input circuit has a resonant impedance of 160,000 ohms. 
Assuming an efficiency of detection of 0.90, calculate and plot maximum permissible 
degree of modulation of original induced signal without negative peak clipping as a 
function of the ratio of a-c to d-c impedances of the diode load for ratios between 1 and 
0.5 and for d-c load resistances of 1 50,000, 300,000, and 600,000 ohms, and also 
calculate and plot the approximate r.m.s. distortion if the original induced signal is 
completely modulated. 

6. a. In the diode circuit of Fig. 239, go through the calculations giving the 
maximum allowable degree of modulation of the original induced signal without 
negative peak clipping, and the calculations determining the distortion when the 
original signal is completely modulated. 

b. On the assumption that the carrier input voltage in Fig. 239 is 20 volts crest 
value and is completely modulated, calculate (1) direct-current voltage developed for 
automatic-volume-control purposes, . (2) modulation-frequency voltage developed 
a·cross R4 at moderate modulation frequencies, (3) radio-frequency voltage appearing 
across R4 when the radio-frequency voltage across Cl is ! volt. 

6. Design a plate detector using a 56 tube with Eb = 250 volts and having a 
transformer-coupled output. In this design specify grid bias and maximum allowable 

1933 ; A Study of Reception from Synchronized Broadcast Stations, Proc. I.R.E., 
vol. 21, p. 1265, September, 1933; The Effect of Background Noise in Shared Channel 
Broadcast, Bell Sys. Tech . Jour. ,  vol. 13, p. 333, July, 1934. Also see Hans Roder1 
Superposition of Two Modulated Radio Frequencies, Proc. I.R.E., vol. 20, p. 1962.
December, 1932. 
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carrier amplitude that can be handled, while allowing for complete modulation ; 
estimate detector plate resistance and from this specify proper primary inductance of 
output transformer for 70.7 per cent response at 60 cycles; and estimate maximl,lm 
audio output voltage obtainable with reasonable detector efficiency and a transformer 
turn ratio of 2. 

"l. In a 6C6 pentode tube with Eau = 100 volts, the control-grid bias for cutoff 
is -6 volts. When a carrier of 3 volts crest is applied, the d-c plate current flows in 
half-cycle pulses that have a maximum value of 2 ma and an average (or direct-current) 
value of approximately 0.5 ma. From this information, and with reasonable assump
tions as to conversion transconductance, design a resistance-coupled plate detector 
using a 6C6 tube with Esu = 100 volts and Eb = 250 volts, calculate the amplification 
in the middle range of frequencies, and compare with the gain of resistance-coupled 
amplifier using the same tube and plate-supply voltage as given in Table VII, Chap. V. 

8.  a.  Design a grid-leak power detector of suitable proportions for handling 
broadcast signalsr using a 56 tube with transformer coupling in the plate circuit. In 
this design estimate the proper plate voltage from data given in tube manuals. 

b. Estimate the largest completely modulated carrier that can be handled with
out overloading, and also the output voltage, assuming a transformer step-up ratio 
of 3. 

. 

9. Using the analysis of Sec. 55, derive formulas for the rectified d-c current, the 
modulation-frequency current, and the percentage of second-harmonic distortion of 
the modulation frequency which results when a sinusoidally modulated wave is applied 
to the grid of a pentode tube operated where the tube ' has a true square-law 
characteristic .  

10. A triode vacuum-tube voltmeter is  adjusted to operate over the square-law 
part of the tube characteristic. Demonstrate by mathematical analysis that, when 
the applied voltage has components at several frequencies, the rectified d-c current is 
proportional to the square of the effective value of the applied voltage wave and is not 
affected by the relative phases of the various components. 

11. In the vacuum-tube voltmeter circuits of Fig. 247a and b, what would be the 
result of (a) omitting the by-pass condenser in the plate circuit, (b) making the con
denser of insufficient capacity so that it is only a partial by-pass . 

12. Two sine waves having equations el = El sin (WIt + 4>1) ,  and e2 = Et sin 
(W2t + 4>2) are applied to a square-law heterodyne detector. By the method of analy
sis given in Sec. 55 determine the various components of current that appear in the 
detector output. 

13. A modulated wave having the equation e = Eo (l + m cos vt) sin wot is com
bined with an oscillation el = El sin wti, and the resulting combination is applied to a 
square-law detector. By means of the method of analysis given in Sec. 55 determine 
the various current components that appear in the detector output, and show that 
these include a carrier of frequency (wo - Wl) /27r modulated in the same manner as 
the original input wave. 

14. In a pentagrid converter, the load impedance in the plate circuit consists of a 
band-pass filter such as described in Prob. 17 of Chap. V. If the conversion trans
conductance at the operating point is 350 micromhos, calculate and plot the output 
voltage as a function of the difference frequency produced, when the signal is 1 mv. 

16.  Tubes with variable-mu characteristics are commonly employed in converten: 
of the plate-detection type, but are seldom used as ordinary plate power detectors of 
modulated waves. Explain the reasons for this. 

16. In the circuit of Fig. 253c, aSsume that a signal voltage e. is acting in series with 
the tuned circuit. By setting up an equivalent plate circuit for radio frequencies in 
which it is assumed wL < < Rp, derive an expression for the voltage eg across the tuned 



464 RADIO ENGINEERING [CHAP. X 
circuit, taking

-
into account the voltage that the coil Lp induces in series with the signal 

e. and assuming that the resonant circuit is tuned to the frequency of e.. From this 
expression write an equation giving the equivalent resistance that the circuit has in the 
presence of regeneration, by comparing the resonant rise: of voltage actually obtained 
with the rise in the same circuit when regeneration is .absent. Finally, discuss the 
effect of M on the equivalent resistance of the circuit, keeping in mind that M may 
be either positive or negative . 

17. In an oscillating detector to which there is applied a reasonably strong signal, 
it is found that, as the resonant frequency of the oscillator tuned circuit is varied 
about the frequency of the signal, the pitch of the beat note first decreases until a low 
value such as 400 cycles is reached, then ceases until the oscillator circuit is tuned 
slightly to the other side of resonance, whereupon the low pitch reappears and becomes 
higher as the adjustment process continues. Explain the silence in the region where 
the oscillator tuned circuit is approximately in resonance with the signal. 

18. In a �uperregenerative receiver that is to be tuned over a considerable fre
quency range, it will be found that the optimum value of quenching frequency will 
vary somewhat with the frequency to which the receiver is tuned. Discuss the factors 
that contribute to this. 

19. In a superregenera:tive detector it is found that, when two signals are simul
taneously applied to the detector, the stronger signal almost completely suppresses 
the weaker signal as far as the rectified output is concerned. Explain how the mecha
nism of the superregenerative detector leads to this behavior. 

20. Two modulated waves having equations el = El (l + ml cos VIt) sin WIt and 
e2 = E2(1 + m2 cos V2t) sin w2t are applied to a square-law detector. If the difference 
(W2 - WI) /21r in carrier frequencies is a moderate audio frequency, enumerate the 
various audio-frequency components of the rectifier output current and give the rela
tive amplitudes of each. 



CHAPTER XI 

SOURCES OF POWER FOR OPERATING VACUU,M TUBES 

92. Cathode Heating Power.-The most frequently used sources of 
power for heating the cathodes of tubes are commercial lighting circuits 
(both alternating and direct) , direct-current generators, storage batteries, 
and dry cells and other types of primary batteries. Commercial alter
nating-current power is used wherever possible because of its economy 
and simplicity. Direct-current generators are sometimes used in radio
telephone transmitters to eliminate the possibility of hum when alternat
ing current is used to heat the filaments. Storage batteries are employed 
in automobile and airplane radios. Primary batteries, such as dry cells 
and air-cell batteries, are used in portable equipment and where com
mercial power sources are not available. 

When 60-cycle filternating current is used to heat the cathode of a tube, 
there is always the possibility of introducing 60-cycle and 120-cycle 
components in the plate current, and also of modulating at these fre
quencies 'any signal voltages being amplified. These effects give rise 
to what is commonly termed alternating-current hum since the result is a 
low-pitch hum appearing in the loud-speaker. Alternating-current hum 
is worst with filament-type tubes, but may also be present to some extent 
even when indirectly heated cathodes are used. 

Alternating-current Hum in Heater-type Tubes. I-When the heater 
is operated with alternating current, hum may be introduced by alter-

. nating electrostatic and magnetic �elds rising from the heater current, or 
as a result of capacitive coupling and leakage between heater and the grid 
and plate electrodes. Electrostatic fields from unshielded portions of the 
heater influence the plate current in the same way as does a signal 
voltage on the grid, and they may introduce both fundamental and second
harmonic hum. The fundamental hum depends upon the potential of the . 
heater with respect to the cathode, and may be r�duced to a low value by 
the use of a suitable heater bias. The second-harmonic hum, however, is 
not affected by this procedure, and the only sure means of eliminating 
hum of this sort is to shield the heater and its lead wires adequately. 
The magnetic field produced by the heater current will introduce second-

1 More detailed discu�8ion of this subject is given by J. O. McNaily, Analysis in 
Reduction of Output Disturbances Resulting from the Alternating-current Operation 
of the Heaters of Indirectly Heated Cathode Triodes, Proc. I.R.E., vol. 20, p. 1263, 
August, 1932. 
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harmonic hum by the same mechanism that is discussed below in connec
tion with magnetic fields in filament-type tubes. This effect can be 
minimized by using a heater geometry such as a double spiral or narrow 
loop, which creates a minimum of external magneti.c field, and also by using 
a high-voltage low-current heater. Leakage and capacitive couplings 
to the grid and plate electrodes cause current from the heater circuit to 
flow through the external grid-circuit and plate-circuit impedances, and 
thereby introduce hum voltages in these circuits . Capacitive couplings 
can be eliminated by the proper arrangement or shielding of heater lead 
wires ; leakage when present is usually the result of a fihn of " getter " 
material on the glass insulation between lead wires, and it can be prevented 
by arranging matters so that the getter cannot be deposited where the 
heater wires pass through the envelope of the tube. 

(Q) Center-tCllppeo/ resistor ' (b) Center-tOlppeo/ trOlnsformer 

Source 01' filament power 

(c) Center·tOlppeo/ trOlns· 
former with self bias 

- \ 
, 'oias resisfo.r 

FIG. 258.-Methods of connecting the grid and plate return leads of filament tubes when 
alternating filament current is used. 

When special care is taken, the hum in heater-type tubes can be 
reduced to the point where it is less than the normal thermal-agitation 
noises, and low hum tubes of this character are available to be used where 
needed. The general run of heater tubes such as are commonly used in 
radio receivers have somewhat more hum. The exact level depends 
greatly upon the design of the tube and in some cases is great enough to 
produce a hum voltage of a few millivolts across a high resistance in the 
�a� cireuU. 

. 

AUernating-current Hum in Filament-type Tubes.-The use of alternat
ing current for heating the cathodes of filament-type tubes always 
introduces a certain amount of hum. In order to keep this within reason
able limits, it is absolutely essential that the grid and plate return leads 
be" brought to a point that is at SUbstantially the same potential as that of 
the mid-point of the filament ; this may be done by one of the methods 
indicated in Fig. 258. Otherwise the return point would beconle alter
nately more and less positive than the average of the filament as the heat
ing current goes through its cycle, and this is equivalent to applying 
volt ages having the frequency of the heater current to both grid and plate 
circuits. As a result of the cente,r-tapped arrangement required with 
alternating heating power, the bias required is Etlv'2 volts more with 
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a-c heating current than with direct current, where E f is the effective value 
of the alternating-current voltage employed. 

Mter the fundamental frequency component of the alternating-current 
hum has been eliminated by one of the arrangements shown in Fig. 258, 
there remains a residual hum that has a frequency twice that of the fila
ment current. This double-frequency hum can arise from the cyclical 
variation of filament temperature, the effect that the alternating magnetic 
flux set up by the filament current has on the space current of the tube, 
and the effect that the voltage drop in the filament has on the space 
current . l  Since the heat generated in the filament at any instant is 
proportional to the square of the instantaneous filament current, the 
filament temperature will pulsate at twice the frequency of the filament 
current. The heat capacity of filaments used in vacuum tubes is so high, 
however, that the resulting variation in filament temperature is very small 
with 60-cycle filament current and produces negligible hum when tem
perature saturation is present. The magnetic field produced by the 
filament current deflects the electrons flowing to the anode according to 
the principles discussed in Sec. 24 and causes the plate current to be 
slightly larger when the fila�ent current is zero than when the current is at 
either a positive or a negative maximum. The voltage drop in the fila
ment causes the negative half of the filament to supply more electrons to 
the anode than does the positive half, and, since the number of electrons 
drawn from the filament is proportional to the three-halves power of the 
electrostatic field, the current from the negative end of the filament is 
increased more by the filament drop than the current drawn from the 
positive end is decreased. The total space current of the tube is hence 
slightly greater when there is a voltage drop in the filament than when the 
entire filament is at the same potential. ' 

The hum introduced by the alternating voltage drop in the filament can 
be reduced by using a low filament voltage and by arranging the filament 
in a V or W construction. Such arrangements cause electrons to be 
interchanged between the terminals of the filament and this action tends 
to smooth out the hum-producing action. The hum introduced by the 
magnetic' field is 1800 out of phase with the hum arising from the voltage 
drop in the filament, since the magnetic flux tends to reduce the plate 
current when the filament current is large while the voltage drop that 
accompanie� this large current tends to produce an increased anode cur
rent. In filament-type tubes designed to be operated with alternating 
current, the hum is kept low by the use of a low filament voltage and a 

1 A more detailed analysis of the factors producing the double frequency hum 
is given by W. J. Kimmell, The Cause and Prevention of Hum in Receiving Tubes 
Employing Alternating Current Direct on the Filament, Proc I.R.E., vol. 16, p. 1089, 
August, 1928. 
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filament geometry such that with normal operating conditions the 
magnetic and voltage-drop effects tend to balance each other. 

The use of alternating current to heat filament cathodes is permissible 
only where the tubes involved normally carry large signal currents, as, 
for example, in the power stage of a radio receiver or public-address 
amplifier, in radio transmitters, etc. Under such conditions the desired 
signal is so large as to make the hum negligible in comparison. Even 
then, if extremely low hum level is important, as in the case of radio
telephone transmitters, it is sometimes found desirable to use direct 
current for heating filaments. Filament tubes operated from alternating 

' / - I, f ''W Bias resisfor 
'By-PC1Ss condenser 

Fllfer:for 
ZL Pflwer supply sysfem B (+) 

t--:il-........ ....-v�m'++ Bf') ;f '" " Filler ror gr/d hi'cr; --R�$i$loll1ce OT , filfer choke fhaf develops 
hias volfotge 

I 
• I 8/as reslsf(lr.' 

I 
{ By-pass cOl7denser 

FIG. 259.-Methods of using the plate-supply voltage to make the grid negative with respect 
to the cathode. 

current are never used in low-level audio-frequency amplifiers, and are 
not considered very satisfactory in low-level radio-frequency amplifiers. 

93. The Grid-bias Voltage.-' The grid-bias voltage for voltage ampli
fiers and small-power tubes is practically always derived from the plate
supply voltage by one of the arrangements illustrated in Fig. 259. The 
systems shown in Figs. 259a and 259b, involving a resistance between the 
cathode and ground in order to make the cathode positive with respect to 
the ground, is most commonly used, but the arrangement in Fig. 259c is 
also employed to some extent in biasing power amplifiers, since by placing 
the filter choke in the negative power lead, as shown, the resistance of the 
choke can be utilized to produce the bias. 

Batteries were once universally employed for developing bias voltages, 
but are now used only in battery-operated equipment and in special 
circuits where self-bias arrangements are very complicated. Since a 
negative grid draw� no current, the principal requirement of the bias 
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battery, often called C battery, l is a long shelf life. Bias batteries usually 
consist of a number of small dry cells assembled �n a moistureproof carton, 
although special bias cells having an unusually long life under open-circuit 
conditions are coming into use. 

Bias voltages for" large-power tubes can be obtained from self-bias 
arrangements, direct-current generators, rectifier-filter systems, and in the 
case of Class C amplifiers and oscillators by 
grid-leak grid-condenser combinations. When 
direct-current generators are employed, a filter 
must be placed between the generator and the 
tube as shown in Fig. 260 in order to eliminate 
commutator ripple. When rectifier-filter sys
tems are employed, it is essential that a load 

FIG. 260.-Filter circuit 
for eliminating ripple in out
put of direct-current gener
ator. 

resistance be connected across the output of the filter, as otherwise there 
is no return path by which grid current can reach the cathode. 

Regeneration in Self-biased Tubes .-The self-bias arrangements of 
Figs. 259a and 259b have a tendency to produce regeneration because 
the amplified signal curre�ts flowing in the plate circuit produce a voltage 
drop across the bias resistance, and this drop is applied to the grids of 
the tubes. In order to minimize this effect, the bias resistance is always 
shunted by a condenser, as shown in Figs. 259a and 259b, in order to 
short-circuit the bias resistance to alternating currents and prevent an 
alternating-current voltage from developing across it. This expedient 
is very effective at the higher audio and at radio frequencies where the 
capacitive reactance of the condenser is very small, but fails at low audio 
frequencies where the capacitive reactance is large. 

Regeneration resulting from a grid-bias resistance acts exactly as 
does regeneration produced by a common plate impedance (see Sec. 51) 
and can be analyzed in the same way. Considering Figs. 259a and 259b, 
it is readily demonstrated that2 . 

Actual amplification taking into} A (194) account regeneration from self bias = 
1 + p.Zc 

. � + � + � 
1 The terms A, B, and C to indicate filament, plate, and grid-bias batteries, 

respectively, originated when vacuum tubes 'first began to be used. The first tube 
circuits required filament and plate batteries, and, in order to differentiate clearly 
between the two batteries, the early instructions designated the filament battery as 
Battery A (i.e.,  Battery 1) and the plate battery as Battery B (i.e., Battery 2), and 
these letters ultimately came to be used as the name of. the battery. Later, when the 
importance of the grid-bias battery was discovered, it was natumlly called a C battery 
(i.e., Battery 3) . 

2 The derivation of Eq. (194) follows : The voltage eD acting on the grid of the 
tube is (ea + er) , where e. is the applied signal and er is the voltage developed across 
th� bias impedance Ze. The voltage er can be expressed in terms of eD by making 
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where 
A = vector amplification obtained without regeneration 
J.' = amplification factor of tube 

Rp = plate resistance of tube 

[CHAP. XI 

Z c = impedance between terminals of bias resistance (impedance of 
combination formed by bias resistance and shunting capacity) 

Z L = load impedance in plate circuit of tube. 
In pentode and screen-grid tubes when the plate resistance can be con
sidered as substantially infinite in comparison with the load resistance, 
Eq. (194) reduces to 

Actual amplification taking into} A 
account regeneration from self-bias = 1 + GmZc 

where Gm is the mutual conductance of the tube. 

( 195) 

Examination of Eqs. (194) and (195) shows that in order for the 
by-passing of the self-bias resistance to be adequate, the voltage developed 
across the bias impedance Z c by the amplified plate current must be small 
compared with the signal voltage being amplified. There is no difficulty 
in meeting this requirement at radio and the higher audio frequencies, but 
at low audio frequencies the capacity required tends to become excessively 
large. The effect of insufficient by-pass condenser, or of no condenser at 
all, depends upon the character of the load impedance in the plate circuit, 
as is apparent from Fig. 261 .  

When there is an input transformer, th� arrangement illustrated in 
Fig. 262 provides a simple means of avoiding regeneration at the lower 
audio frequencies. By making the reactance of the condenser Cc much 
smaller than the resistance RI, the grid return to alternating current is 
effectively to the cathode, so that any alternating voltage developed 
across the bias impedance does not result in a potential being applied 

. 
use of the equivalent plate circuit of the vacuum tube, which leads to the relation 

The voltage ell actually acting on the grid hence is 

Solving this for ell/e. gives 

ell 1 
- = -----=---

1 + ,.,zc 
ZL + Rp + Zc 

Equation (194) now follows at once. • 
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between the grid and cathode. At the same time the circuit arrangement 
is such that to direct currents the grid is at ground potential while the 
cathode is positive with respect to ground. By making the resistance Rl 
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FIG. 261 .-Effect of insufficient by-pass capacity in different amplifiers employing self
bias resistors. 

large it is possible to meet the requirements for 'proper operation with a 
reasonable value of capacity for Cc. 

94. Sources of Anode Power.-The commonest sources of direct
current power for operating the anode (i.e. ,  plate, screen-grid, or space
charge-grid) electrodes of vacuum tubes are In ur 
rectifier-filter systems operating from commercial fr'ftnsformer 
lighting circuits, 1 10-volt direct-current lighting 
circuits, dynamotors and vibrators operating from 
low-voltage storage batt.eries, dry batteries , and 
high-voltage storage batteries. Rectifier-filter sys
tems are most commonly used because of their 
economy and convenience. Direct-current lighting 
circuits of 110 vplts are employed to a limited extent 
in equipment designed so that it can be operated in 

'Bias resisfoy 
FIG. 262.-Circui t 

that avoids regeneration 
from bias resistor when 
an input transformer is 
used. 

IO'calities where this PO'wer is used for lighting purpO'ses. Vibrators and 
dynamO'tO'rs are found in automobile radiO's, aircraft equipment, etc. ,  
where the only convenient source O'f power is a low-vO'ltage stO'rage 
battery. High-voltage stO'rage batteries are cO'mmO'n in cO'mmercial radiO' 
statiO'ns whe.re enough tubes are in O'peration to' provide a heavy direct-

, I 
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current load. Dry batteries, or "B batteries," are used primarily where 
other sources of power are either not available or not convenient, as in 
portable equipment, receivers in isolated locations, etc . Such batteries 
consist of a number of small dry batteries assenlbled in a moistureproof 
carton. 

95. Rectifiers for Supplying Anode Power.--As a result of a long 
period of evolution and development the 'high-vacuum thermionic 
rectifier and the hot-cathode mercury-vapor rectifier have become prac
tically standard in vacuum-tube power-supply systems. Mercury-arc , 
rectifiers are, however, used in some installations requiring very large 
amounts of direct-current power, while copper oxide rectifiers find 
application 'for such purposes as supplying direct current for speaker 
fields. 

High-vacuum Thermionic Rectifiers.-The'" high-vacuum thermionic 
rectifier consists of a vacuum tube containing an electron-emitting cathode 
surrounded by an anode or plate electrode. Such a two-element tube 
acts as a rectifier because it will pass current only when the plate is 
positive with respect to the cathode, and so when placed in series with 
an alternating supply voltage and a load impedance will permit current 
to flow in only one direction. 

The characteristics of the two-electrode vacuum tubes were discussed 
in detail in Sec. 27 and are incorporated in the curves giving the relation
ship between the anode current and anode voltage, such as those of Fig. 51.  
When the plate voltage is not too large, the electrons are emitted from 
the cathode more rapidly than they can be drawn to the positive plate, 
causing a space charge to be formed in the vicinity of the cathode and 
making the anode current substantially independent of the cathode 
temperature. Under these conditions the current that the anode 
draws from each part of the filament is proportional to the % power of the 
anode voltage with respect to that part of the filament, and when the 
voltage drop in the filament is negligible in cOlllparison with the anode 
voltage, which is nearly always the case in high-vacuum rectifiers, 
the total anode current is almost exactly proportional to the % of the 
anode voltage. If the anode vortage is very high, however, the electrons 
are drawn away from the cathode as fast as emitted. The plate clirrent 
is theri determined only by the electron emission and is independent of 
the plate voltage, i.e., voltage saturation is present. 

The important characteristics of the high-vacuum thermionic rectifier 
are the allowable peak plate current and the maximum allowable peak 
inverse voltage. The peak plate current represents the maximum 
electron emission which the cathode can be counted upon to supply during 
the useful life of the tube and is therefore determined by the cathode. 
Since the rectifier never allows current to flow for more than half of the 
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time, the average plate current, i.e., the d-c output current, will never 
exceed one-half of the peak plate currept and may be less. The maximum 
allowable inverse plate voltage is the largest negative voltage that may be 
applied to the plate with safety, and determines the direct-current voltage 

, that can be obtained from the rectifier tube.  The exact relationship 
between direct-current output voltage and the allowable inverse voltage 
depends upon the rectifier circuit employed, but in general the inverse 
voltage will be at least as great as the direct-current voltage and in . 

certain rectifier. connections will be 1r times as great. 
High-vacuum thermionic rectifier tubE!s are constructed in much 

the same way as the corresponding power tubes ; in fact, most types of 
rectifier tubes are merely standard filament-type three-electrode tubes 
with the grid omitted. The only exception to this is in the case of small 
rectifiers used in supplying anode power for radio receivers, where the 
low inverse volt ages encountered permit a construction that places the 
plate very close to the filament. Large rectifiers are water cooled and 
employ tungsten filaments just as do the water-cooled power tubes, 
while the medium and small rectifiers are air cooled and make use of 
either thoriated-tungsten or oxide-coated cathodes. The size of the 
filament is determined by the required maximum peak plate current, 
while the spacing of the electrodes and degree of vacuum determine the 
m.aximum safe inverse voltage. The losses which must be dissipated 
by the tube consist of the filament-heating power and the average plate 
loss. The average plate power will never exceed one-half the instantane
ous power that is dissipated in the tube when the voltage drop between 
plate and filament has the value required to make the plate current 
equal the allowable peak value, and is less than the plate loss in the cor
responding power tube because, when there is no grid to shield the plate, 
the ' full space current is obtained with a relatively low plate potential. 
The characteristics of a number of representative high-vacuum thermionic 
rectifiers are shown in Table XI. 

The high-vicuum thermionic rectifier can be built to withstand 
inverse volt ages in excess of 100,000, and commercial tubes having peak 
plate currents of 7.5 amp. are available. The efficiency of the high
vacuum thermionic rectifier is high, particularly when used to develop 
large direct-current voltages, for the voltage drop in the tube is a rela
tively small fraction of the output voltage, and the cathode-heating 
power is only a small fraction of the output. The development of the 
hot-cathode mercury-vapor tube has, however, limited the field of the 
high-vacuum thermionic rectifier to the production of direct-current 
voltages greater than those which can conveniently be obtained from 
the mercury-vapor type of tube, and to low-power low-voltage applica
tions (notably in broadcast receivers) where the superior ruggedness and 
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freedom from transients of the high-vacuum type of tube makes it more 
satisfactory than the hot-cathode m,ercury-vapor rectifier. 

TABLE XI.-CHARACTERISTICS OF TYP�CAL HIGH-VACUUM THERMIONIC RECTIFIER 
TUBES 

Rating Filament data 

Maximum 
allowable Maximum Voltage 

peak plate safe drop with 
Type current, inverse one-half Volts Amperes Watts Type 

milli- voltage peak 
amperes current 
(approx. )  

80 * 2�0 1 , 400 62 5 2 10 Oxide 
filament 

5Z3* 500 1 , 400 61 5 3 15 Oxide 
filament 

83V* 400 1 , 100 22 5 2 10 Heater 
84 * 120 1 , 000 17 6 . 3  0 . 5  3 . 2  Heater 
81 340 2 , 000 120 7 . 5  1 . 25 9 . 4  Oxide 

filament 
217A 600 3 , 500 210 10 3 . 25 32 . 5  Thori-

ated fila-
ment 

836 1 , OOOt 5 , 000 110 2 . 5  5 12 . 5  Heater 
214t 7 , 500 50 , 000 2 , 000 22 . 0  52 . 0  1 , 144 Tungs-

I . ten fila-
ment 

* These tubes have two cathodes and two anodes, and so are essentially two half-wave rectifiers in 

one envelope. The allowable plate current and voltage drop are given for a single anode, but the fila

ment data are for both filaments. 

t The maximum allowable average plate current in this tube is 0.25 amp. 

t This is a water-cooled tube now becoming obsolete. 

The Hot-cathode M ercury-vapor Rectifier. I-The hot-cathode mercury
vapor rectifier is essentially a high-vacuum thermionic rectifier which 
contains mercury vapor in equilibrium with liquid mercury. The dis
tinguishing characteristic of such a tube is that the plate is able to draw 
.the full electron emission of the cathode when only 15 to 20 volts positive 
with respect to the cathode. The reasons for this behavior can be 
explained as follows : When the plate is more positive than the filament, 
some of the electrons collide with mercury molecules, and, if the voltage 

1 For a more detailed discussion of tubes of this type see H. C. Steiner and H. T. 
Maser, Hot-cathode Mercury-vapo·r Rectifier Tubes, p,·oc. I.R.E., vol. 18, p. 67, 
January, 1930; H. C. Steiner, Hot Cathode Mercury Rectifier Tubes for High Power 
Broadcast Transmitters, Proc. I.R.E., voL 23, p. 103, February, 1935. 
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difference between plate and cathode is at least 10.4 volts, which is the 
ionization potential of mercury, some of these collisions will be sufficiently 
severe to knock electrons out of the mer·cury-vapor molecules (i.e., will 
cause ionization by collision) . When the plate becomes about 15 volts 
positive �ith respect to the cathode, these ionizing collisions - become 
very numerous. The electrons thus produced are attracted to the 
plate, but because of the low pressure of the mercury vapor (1 to 30 p.) 
the increase in plate current which results from the ionization is entirely 
negligible . The positive mercury ions which result from mercury mole
cules losing electrons are drawn toward the filament, but, being very 
heavy, they move much more slowly than do the electrons (only about 
%00 as fast) , so that, although the rate of production of positive ions is 
relatively slow compared with the rate of emission of electrons from the 
filament, the number of positive ions that is present at any one time in 
the interelectrode space is of the same order of magnitude as the number 
of electrons. The positive mercury ions therefore produce a positive 
space charge that is of about the same magnitude as the negative space 
charge produced by the electrons emitted from the filament, giving a 
resultant space charge that approaches zero. This neutralization of the 
negative space charge by the slow-moving ions permits the plate to draw 
the electr�ns from the cathode as fast as they are emitted when the plate 
is only 15 to 20 volts positive with respect 'to the cathode. The result is a 
relation between anode voltage and anode current such as illustrated in 
Fig. 85 and also discussed in Sec. 38. 

Since the positive ions eventually fall into the filament, it might be 
thought that the filament life of hot-cathode mercury-vapor tubes would 
be very short. Experiments by Langmuir and Hull have shown, however, 
that cathode disintegration by positive-ion bombardment with mercury 
molecules does not take place to an appreciable extent unless the positive 
mercury ions have fallen through a potential that is in excess of about 
22 volts. If the plate is therefore never allowed to become more than 22 voUs 
positive with respect to the -filament, the positive-ion bombardment of the 
filament produces no injurious effect. It is therefore apparent that, at 
plate voltages of 15 and 20 volts positive with respect to the cathode, it is 
possible to produce sufficient ionization to enable the plate to draw the 

i '  entire electron emission of the cathode while at the same time avoiding 
I • cathode disintegration by positive-ion bombardment. 

The important characteristics of the hot-cathode mercury-vapor 
rectifier are the maximum allowable peak plate current, the maximum 
permissible average plate current, and the maximum safe inverse plate 
voltage. The peak plate current is determined by the electron emission 
that can be obtain.ed from the filament and is unaffected by the presence 
of the mercury vapor. The safe average current is determined by the 
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allowable heating of the plate. The maximum safe inverse plate voltage 
is the sparking voltage through the low-pressure mercury vapor, and is 
somewhat lower than would be the case with the mercury removed. 

More care must be taken in the operation of hot-cathode mercury
vapor rectifiers than is necessary with high-vacuum tubes. In the 
first place the bulb temperature must be maintained between definite 
limits because this temperature determines the pressure of the mercury 
vapor. If the pressure is too low (low operating temperature) , the 
intensity of ionization is reduced to the point where the voltage drop 
across the tube that is needed to cause neutralization of the negative 
space cha'rge exceeds the cathode disintegration value, while, when the 
pressure is high (high operating temperature) , the inverse voltage at which 
spark-over or flashback takes place is reduced excessively. These effects 
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FIG. 263.-Effect of operating 
temperature on voltage drop and 
flashback voltage of a hot-cathode 
mercury-vapor tube. The differ
ence between the mercury and the 
ambient (room) temperature rep
resents the temperature rise of the 
coldest part of the tube and is de
termined by the design. 

of temperature are shown in Fig. 263. In 
the second place the instantaneous plate 
current must never be permitted even 
momentarily to exceed the allowable peak 
plate current, since in increasing the plate 
current there is danger that the voltage 
drop in the tube will reach the value at 
which cathode disintegration starts. Thus 
a momentary short circuit which would 
merely heat up the plate of a high-vacuum 
tube will cause permanent damage to a 
mercury-vapor tube. Finally, the filament 
of a hot-cathode mercury-vapor tube must 
be brought to full operating temperature 
before the plate voltage is applied, for 
otherwise the voltage drop ,in the tube 
during the warming-up process will exceed 
the cathode-disintegration value and the 
filament will ,be permanently damaged. 

Where mercury-vapor types of rectifiers are employed, it is customary to 
insert a time-delay relay in series with the rectifier plate circuit, which is 
thereby held open until the filament has had tim,e to reach its operating 
temperature. 1 

In connecting hot-cathode mercury-vapor rectifier tubes in parallel 
in order to obtain high output currents, the anodes of the two tubes 
should be connected to opposite ends of an inductance, to the center of 
which is brought the line connection. This arrangement is necessary to 

1 In very' small hot-cathode mercury-vapor tubes the filament-heating time is 
so small that it is common practice to turn Oil the filament and plate voltage 
�4nultaneously. 
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insure that the two tubes will carry equal anode currents. Otherwise the 
tube having the smallest internal voltage drop would usually carry nearly 
all the current even when the difference in the voltage drops required 
to produce copious ionization in the tubes is only a fraction of a volt. 

The distinctive constructional features of a hot-cathode mercury- ' 
vapor tube are the glass envelope, relatively small plate, and an oxide
coated, cathode having a filament voltage never over 5 volts. The glass 
envelope and small plate can be used even in tubes haviltg the highest 
anode current ratings because of the low power loss in the tube. The 
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'FIG. 264.-Typical hot-cathode mercury-vapor tube, together with details of the heater 

type cathode. 

plate is usually in the form of a cup fitting over the cathode, as in Fig. 
264, because this reduces the tendency to flash back, and also shields the 
plate-cathode space from external electrostatic fields. Oxide-coated 
cathodes are used because of their high efficiency, while low-filament 
volt ages are necessary because the total voltage drop in the tube is nor
mally about 15 volts and the filament potential should be small compared 
with this. In hot-cathode mercury-vapor rectifier tubes having high 
current ratings, the cathodes are usually of the heater type, constructed 
as shown in Fig. 264a in the form of a cup containirig vanes or disks that 

' are coated with emitting oxide. This provides a large emitting surface in 
proport�on to heat-radiating area and is permissible because the space
charge neutralizing action of the positive ions penetrates even into 
the remote pockets of the cathode. Such a cathode is heated from a cen
tral heater and is in turn surrounded by one or more shields which are 
polished to reduce the radiation of heat . 

.. I 
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Compared with the high-vacuum rectifier the hot-cathode mercury
vapor tube has the advantage of higher efficiency, better regulation, lower 
filament power, and low first cost . At the same time the mercury-vapor 
tube has a limited inverse-voltage rating, displays a tendency to flash 
back, produces radio-frequency transients, and will suffer damage to the 
cathode as a result of momentary overloads. When these considerations 
are balanced together, the result is that the hot-eathode mercury-vapor 
tube is found to be best for use with transmitters, where the large powers 
involved make economic considerations important, but not in radio 
receivers where ruggedness and freedom from radio-frequency transients 
are fundamental considerations. 

fABLE XII.-CHARACTERISTICS OF TYPICAL HOT-CATHODE MERCURY-VAPOR TUBES 

Rating Filament data 

Maximum Maximum . 

Type allowable allowable Maximum 

peak plate average safe Volts Amperes Watts plate inverse current, current, voltage amperes amperes 

866 1 . 0 0 . 250 7 , 500 2 . 5  5 12 . 5  
866A 1 . 0 0 . 250 10 , 000 2 . 5  5 12 . 5  
872 5 . 0  1 . 25 7 , 500 5 10 50 
872A 5 . 0  1 . 25 10 ,000 5 6 . 75 33 . 75 
869A 10 . 0  2 . 5  20 , 000 5 18 90 
857 40 . 0  10 22 , 000 5 30 150 
870 450 75 16 , 000 5 65 325 

l 

Mercury-arc Rectifiers.-Mercury-arc rectifiers are used to provide 
direct-current power in some of the very large radio transmitters. The 
rectifiers used for this purpose are of the grid-controlled type developed for 
industrial use, and give an output voltage that can be varied by changing 
the phasing of the grid electrodes. Comp'ared with a hot-cathode mer
cury-vapor rectifier, the mercury arc has the advantage of lower operating 
cost, since there are no tube replacements, and a peak current not limited 
by the emission capa,bilities of a filament. As a consequence of these 
factors a mercury-arc rectifier competes on more or less even terms with 
the hot-cathode mercury-vapor rectifier in installations requiring power 
of the order of 100 kw and more. l  

1 A description of a typical grid-controlled mercury-arc rectifier suitable for radio 
use is described by S. R. Durand, Steel Cylinder Grid Controlled Mercury-arc Recti
fiers in Radio Service, Proc. I.R.E., vol. 23, p. 372, April , 1 935. 
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The Copper Oxide Rectifier .-The copper oxide rectifier makes use of 
the fact that, when a thin film of cuprous oxide is 
formed upon a metallic copper surface, the resistance 
that this film offers to electrical currents is small for 
currents flowing in -one direction and high for currents 
going the opposite way. Each individual copper oxide 
film will stand a back voltage of only a few volts, so that 
it is ordinarily necessary to .employ a number of films in 
series. This is accomplished by building up a pile of 
alternate rectifying and lead washers, as shown in Fig. 
265, and clamping the whole together. Rectifiers of 
the copper oxide-film type find their greatest usefulness 
for such low-voltage high-current uses as charging 
b a t t e r i e s and developing direct-current power for 
speaker fields, operating control equipment, etc . 1  

96. Rectifier Circuits.-The various types of recti
fier connections that may be employed with a single

FIG. 265.-As
sembly of units of 
copper oxide type 
of thin-film rectifier. 
The cuprous oxide 
film is formed di
rectly on the surface 
of the copper and 
has its thickness ex
aggerated in the 
figure. 

-

phase source of power are shown in Fig. 266, together with the wave 
Cl! Half \\bye Rectifier Circuit le form of the voltage which is developed 
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• has the very � great disadvantage of 
c full 'IIoNe BritAcae Circuit . 

delivering an output voltage that is 
I� ��')C.e� f f b . . . d' 
--.J .  . +_ I ,Of6Vppty - I ar rom eIng a continuous uect-LV'YY current potential and of producing a 

. direct-current magnetization in the 

FIG. 266.-Rectifier circuits for opera
tion with single-phase power sources, 
together with · wave forms of voltage 
developed across a resistance load. 

core of the supply transformer as 
a result of the rectified current that 
flows through the secondary; it is 
therefore seldom used. 

The rectifier circuit most com
monly employed with a single-php.se 
power source is shown in Fig. 266b, 
and consists of two rectifier units 

operating in conjunction with a center-tapped transformer in such a way 

1 An excellent discussion of the theory of copper-oxide rectifiers is given by 
J. Slepian, Thin Film Rectifiers, Tram. Amer. Electrochem. Soc., vol. 54, p. 20lr, 1928. 
Information on the performance of such rectifiers is given by L. O. Grondahl and 
P. H.  Geiger, A New Electronic Rectifier, Trans. A.I.E.E., vol. 46, p.  357, 1927. 
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that the two tubes alternately supply rectified current to the load, giving 
the so-called "full-wave " rectifier output voltage shown. Such a 
full-wave rectifier not only produces a direct-current voltage that is more 
nearly constant than that produced by the half-·wave rectifier, but also 
avoids direct-currerlt saturation in the core of the supply transformer 
since the direct-current magnetizations in the two halves of the trans
former secondary are opposed to each other and give zero resultant 
magnetization. 

The bridge-type of full-wave rectifier shown at Fig. 266c requires four 
rectifier units instead of the two called for by the center-tapped trans
former arrangement, but has the advantage of requiring only one second
ary winding instead of two. This circuit is widely used with copper-oxide 
rectifiers but is seldom employed with rectifiers of the thermionic type 
since the different cathodes are not at the same potential and so cannot 
be connected in parallel and supplied from a single filament transformer 
secondary. 

The rectifier circuit shown at Fig. 266d is known as the voltage
doubling circuit because it has the unique property of delivering a direct
current voltage that approaches twice the alternating voltage which is 
supplied by the transformer. This is accomplished because of the fact 
that the two condensers Cl and C 2 are alternately charged to the full 
voltage of the transformer, and, since the condensers are in series, the 
output voltage can reach twice that of the alternating supply. The 
wave form of the output delivered by such a rectifier system depends 
upon the load and the size of condensers Cl and C 2. The voltage
doubling circuit finds its chief usefulness where the required direct-current 
output voltage is greater than can be obtained from a single tube, as in 
x-ray work. 

Polyphase Circuits .-When a polyphase source of alternating power is 
employed, the number of possible rectifier connections is almost unJjmited, 
although only a relatively few of ,these are of practical importance. l 
The polyphase rectifier 'circuits most commonly used with three-phase 
power sources are shown in Fig. 267 and develop across a resistance load 
voltages that have the wave forms indicated in the figure. The three
phase half-wave circuit is essentially three half-wave rectifiers of the 
type shown in Fig. 266a, with each leg of the secondary Y forming 
one phase. In such an arrangement each rectifier tube carries current 
one-third of the time, and the output wave pulsates at three times the 
frequency of the alternating-current supply. In order to avoid direct-

1 For a more complete list of polyphase rectifier circuits see R. W. Armstrong, 
Polyphase Rectification Special Connections, Proc. I.R.E., vol. 19, p. 78, January, 
1931. Also see D. C. Prince and F. B. Vodges, " Mercury-arc Rectifiers and Their 
Circuits, "  McGraw-Hill Book Company, Inc., New York. 
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current saturation in the transformer, it is nec'essary to employ a three-
phase transformer rather than three single-phase transformers. ' 

The circuit of Fig. 267b, which employs six tubes and two three-phase 
Y-connected secondaries, is essentially two three-phase half-wave recti
fiers of the type shown in Fig. 267 a connected in parallel, but with the 

. polarities such that dunng the period when the output voltage of one 
three-phase unit is at a minimum the output of the other unit is maximum, 

(01) Three PhOlse Hollf Wowe Recti fier Circui+ 

(b) Three PhOlse Hor lf WOIve Dou ble V Rectifi er Ci rcuit 

(c) Th ree PhOlse Fu l l  WOIve Rectifier Circuit 

I..< One cycle J �+� 
FIG. 267.-Rectifier circuits for operation with three-phase power sources, together with 

wave forms of voltage developed across resistance load. 

so that the ripple in the output wave is small and has a fundamental 
frequency six times that of the power supply. The two three-phase 
units are connected in parallel through an interphase reactor (or " balance 
coil ") which enables each three-phase unit to operate independently . 

. If it were not for this reactor, each tube would carry the load current 
only one-sixth of the time, whereas with the reactor each tube carries 
current one-third of the time, and at any instant there are always two 
tubes delivering �urrent to the load. The balance coil should have suffi
cient inductance so that the alternating current flowing as a result of the 
voltage that exists across the coil has a peak value less than one-half 

I ' -
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the normal direct-current load current (i.e., a peak value less than the 
direct current in one leg) . Since the direct current flows in opposite 
directions in the two halves of the winding, no dir�ct-current saturation 
is present, and an air gap need not be provided in the core. The result is 
that the interphase reactor requires only a small amount of material. 

The three-phase -full-wave rectifier circuit shown at Fig. 267 c gives. 
the same output wave as does the double three-phase half-wave rectifier 
of Fig. 267b but differs in that the tubes are arranged so that full-wave 
rectification is obtained through eaGh leg of the seeondary winding. This 
circuit requires only one three-phase secondary and no interphase reactor, 
but the filament transformer must have four separate secondaries. 

Polyphase rectifiers are used where the direct-current power required 
is in the order of 1 kw or more. Compared with the single-phase .circuits, 
the polyphase rectifiers, particularly those of the full-wave type shown 
in Fig. 267b and c, develop an output voltage wave that is much closer 
to a steady direct-current potential than is the case with single-phase 
arrangements, and the more desirable polyphase circuits give a higher 
output voltage in proportion to the peak inverse voltage and also utilize 
the possibilities of the transformer more effectively. 

Fila1fl'ent Transformers.-The filaments of thermionic rectifiers are 
. usually heated by alternating current obtained from a filament trans
former having a secondary, or secondaries, insulated to withstand the 
direct-current output voltage. In the case of small rectifiers, such as those 
employed in radio receivers and low-power transmitters, it is common 
practice to add a special secondary to the rectifier transformer for the 
purpose of securing filament power, but where appreciable amounts of 
power are involved it is preferable to employ a separate filament trans
former. The number of secondaries required for filament heating ranges 
from one in the case of the simpler circuits to four for the three-phase 
full-wave circuit, where it will be noted one of the four secondaries 
must have sufficient capacity to operate three filaments, while the other 
three each supply only one filament. The filament windings are usually 
provided with a center tap to which the cathode connection of the 
rectifier is brought in order to equalize the flow of plate current in the 
two legs of the filament. 

In certain cases, notably " a-c-d-c receivers," and in power-supply 
systems employing a storage battery and vibrator, heater-type rectifier 
tubes are employed and are designed to have sufficient insulation between 
heater and cathode to permit operation of the heater from a grounded 
source. 

97. Filter Circuits Having a Series-inductance Input.-The pulsating 
voltage delivered by the rectifier output can be sInoothed into a steady 
direct-current voltage suitable for applying .to the anode circuit of a 
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·Fi lters with Series Induefctnce !npl!ts 
� I Fi lter t= i lter 

Reclinerl 
J 

Fi lters with Shunt Condenser Inputs . Fi lter d I Filter I e 10 Section)1 

�� �1������1� 
__ �� I I I 

• 
c I filter I 

J!f1R I I 

R 

FIG. 268.-The filter circuits most commonly employed to smooth out the pulsating rectifier 
output into a steady direct-current voltage. 

1' ,  

01 - Gircuit 0", Rectifier Gilnal Filter r£:'�� tHechi'iert·-····· FiNer ·  " '-" '--1 
��tJ�r:F: f�'R 

b -VoltGilge RelOltions eePf5\-VOlfage (lfpplied-loLf byreclifier 
• VOlftzge tzC1'OS6 CL 

--�����������������p: Volf�e across Ci ( Subsfr::mfi(lfl/v conskinf " 
C - Curren+ RelOlti ons �renfin Ll . --"'""" 1CV�f�"..:2 �� .... Cvrrenf/" R (Subslanfi",lI� constant) -------------------------------------

d - Currents in Inali vidUOlI Tubes 
TUp:] � 
Tube R 

FIG. 269.-0scillograms showing action taking place in filter having a series-inductance 
input when supplied power from a single-phase full-wave rectifier. These curves are 
idealized in that they neglect transformer leakage reactance, tube drop, and the effect of 
energy losses in the filter inductances and condensers. . 

• 
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vacuum tube by being passed through an electrieal network, commonly 
called a filter, which ordinarily consists of series inductances and shunt 
condensers. The most commonly used filter circuits are those shown in 
Fig. 268 and may be divided into two general classes according to whether 
the input consists of a series inductance or a shunt condenser. Each 
type of filter may be further subdivided according to the number of 
sections or filter elements involved . 

The action that takes place in a properly adjusted filter having a 
series-inductance input can be understood from an examination of the 

( b) VolmQle Relations 
./'-... C'>. ,e.., p ,c:." c..... 7�# V V v v. \ . .1 Volftl.tie OIpplisd 'Vo!f/)/ge /)/pplled to 10/)/M 

t:R..fi!Jer input (Subshllnflf)fJIy consfttnf) 
(c) Current Relations 

C\. /'\ 'Y" /'\ /'\ /\ V' V' '* vrv y Current in Lr' 'Current In load , 
-----'----(Subsfanfially consf/)/nf)-
(01) Current in IYlolivioluOII Tubes 

Current il1 First Tube 

t1 t1 
Current il1 SeconolTube 

r1 rJ 
Current in Third TL-lbe 

t1 rJ 
FIG. 270.-0scillograms showing action 

taking place in a filter having a series-induct
ance input when supplied power from a 
three-phase half-wave rectifier. These curves 
neglect the effect of transformer reactance, 
tube voltage drop, and losses in the filter 
elements. 

oscillograms of Figs. 269 and 270. 
Consider first the case of a full
wave single-phase rectifier deliver
ing its output to the filter of Fig. 
268c. The eurrent flowing into the 
filter tends to increase when the 
voltage output of the rectifier is 
high and tends to decrease when 
the rectifier voltage is low, but, if 
the input inductance is reasonably 
large, as is the case in Fig. 269, 

. these variations in current are 
relatively s]nall, and to a first 
approximation the input current 
can be considered constant, with 
each rectifier tube carrying the full 
current for one-half of the time. 1 
The first condenser tends to absorb 
what variations 'there are in the cur
rent entering the input inductance, 
with the result that the voltage 
that appears across the terminals 
of this condenser is more nearly 
constant than is the input current. 

The voltage across the first condenser is applied to the second induct
ance and is smoothed out still more by the action of this inductance 
and the second condenser, with the result that the potential appear
ing across the load is substantially pure direct current with a value equal 
to the average output voltage of the rectifier. 

The action that takes place in the three-phase half-wave rectifier 
circuit is somewhat similar and is shown in Fig. 270. The special 

1 In the case of the full-wave bridge circuit there are always two rectifier tubes in 
!3eries so that each tube carries the full current half of the time even though there are 
two tubes operating at any instant. 

• 
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features to note here are that the output wave of this type of rectifier is 
more nearly constant than that of the full-wave single-phase type, and 
that each tube carries the output current only one-:-third of the time. 

Examination of the oscil�ograms of Figs. 269 and 270 shows that the 
voltage across the first condenser Cl is nearly constant at a value cor
responding to the average voltage of the rectifier output. The potential 
difference across the first filter inductance hence approximates the 
difference between the actual instantaneous voltage of the rectifier 
output and the average value of this output voltage. When the voltage 
output of the rectifier is above the average, the current tends to increase, 
while when it is less than the ave-
rage the current through the induc- Circuit Lt 
tance decreases. The amplitude of ACSup��IIIIIWM!M&Clr-±��-���� 
the current variation that results �� , _ o(filter 
d d th · f th . d t Voltage WeAVe when Lt is Large epen s upon e SIze 0 e In uc - Oufput volfage of'recfiFier -

ance in the way that is shown in f\ f\ (£:(· f)..vo/�ageacrossCJ 
Fig. 271 . When the input induct- I V \f<-----i.!0 �Approximafe) 

. I h . __ 1 l� Volfage ance IS very arge, t e current van- Total Current Enterin� filter ar:t"OS$ L, 
t· 1· ·bl 11 h L Small a IOns are neg IgI y sma , as s own r', r, b r'�- 1,_, . , C / , .  � I '  

by curve a and each tube passes a .k.)c\:L.k{:,&L¥I�odi,ra�(y 
f 

' 
t h t 

. . y \ Y \ i \ y� ) arge wave 0 curren t a IS apprmam- , ! , ! , "  , 'L,lnfinife 
t I H th · t ·  d t Current in First Tube 

a e y square. e mpu ID uc - r'..-c r .... , 
ance is only moderately large, the rk 41;: M input current varies as shown at b, _----'-_.L---L..'--_-'-'----'-'--_ 

Current in Seconol Tube and the current waves passed by the ('f-c ('\ 
individual tubes have ' a ratio of tt43:: re-4) average to peak value that is lower 
than in case a. As the input induct
ance is reduced, the current vari
ations become larger until a point is 

FIG. 271.-0scillograms showing the 
efi'ect of changing the size of the series input 
inductance when a single-phase full-wave 
rectifier is used. . 

finally reached when the rectifier ceases to draw current continuously 
throughout the cycle, which results in the condition shown at Fig. 271c. 
This last condition is to. be avoided under normal operating conditions 
because it leads to a low ratio of average to peak anode current in the 
individual rectifier tubes and also results in poor regulation of the direct
current potential. 

Analysis of yoUage Delivered by Rectifier to the Filter .-The action 
taking place in a filter having an input inductance of sufficient size to 
maintain a continuous flow of current from the rectifier can be calculated 
with an accuracy sufficient for most practical purposes by considering 
that the rectifier applies to the filter input a voltage having a wave 
shape shown by the idealized curves of Figs. 266 a:nd 267. This neglects 
the resistance and the leakage reactance of the transformer and the drop 
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in the rectifier but is justified because these factors are merely modify
ing influences in rectifier-filter systems of the type used in supplying 
anode power. The idealized output wave of the rectifier can be con
sidered as consisting of a direct--current component upon which are super
imposed alternating-current voltages. Thus, in the case of the full-wave 
single-phase rectifier, the output wave has the equation 
Output voltage of single-phase full-wave rectifier = 

2E( 2 . 2 2 - 1 - - cos 2wt - - cos 4wt - - cos 6wt -
7r 3 15 35 " 

. . . ) , 
(196) 

. where E represents the crest value of the alternating-current voltage 
applied to the rectifier tube and w is the angular velocity (2-rrf) of tile 
supply frequency. In this case the direct-current component of the 
TABLE XIII.-CHARACTERISTICS OF RECTIFIERS OPERA'IED WITH A FILTER SYSTEM 

HAVING A SERIES INPUT INDUCTANCE 

Rectifier circuit 

Single-
phase, Single-

Three-
Double 

Three-
full-wave, phase, 

phase, 
three-

phase, 
center- full-wave phase, 
tapped bridge 

half-wave 
half-wave 

full-wave 

connection 

Voltage Relation8 (Direct-current compo-
nent of output voltage taken as 1.0) : 

a. R.m.s. value of transformer second-
ary voltage (per leg) . . . . . . . . . . . . . . .  1 . 1 1 *  1 . 1 1 0 . 855 0 . 855 . 0 . 428 

b. Maximum inverse voltage . . . . . . . . . .  3 . 14 1 . 57 2 . 09 2 . 42 1 . 05 
c. Lowest frequency in rectifier output 

(F = frequency of power supply) . . . .  2F 2F 3F 6F 6F 
d. Peak value of first three alternating-

current components of rectifier out-
put 

Ripple frequency . . . . . . . . . . . . . . . .  0 . 661 0 . 667 0 . 250 0 . 057t 0 . 057 
Second harmonic of ripple fre-

quency . . . . . . . . . . . . . . . . . . . . . .  0 . 133 0 . 133 0 . 057 0 . 014 0 . 014 
Third harmonic of ripple frequency 0 . 057 0 . 057 0 . 025 0 . 006 0 . 006 

Current Relation8: 
Average anode current 

0 . 500 0 . 500 0 . 333 0 . 333 0 . 333 e. Peak anode curr;ent 
. . . .

. .
. . . . . .  

f. 
Average current per anode 0 . 500 0 . 500 0 . 333 0 . 167 0 . 333 

Direct-current load current' 
. . . . . . .  

Tran8former Utilization Factor8: 
g. Primary . . . . . , . . . . . . . . . . . . . . . . . . .  0 . 900 0 . 900 0 . 827 . 0 . 955 0 . 955 
h. Secondary . . . . . . . . . . . . . . . . . . . . . . . .  0 . 637 0 . 900 0 . 675 0 . 675 0 . 955 

NOTE : This table assumes that the input inductance is sufficient.ly large to maintain the output 
Clu-rent substantially constant, and neglects the effects of voltage drop in the rectifier and the 
transformers. 

* Secondary voltage on one side of center tap. 
t The principal component of the voltage across the balance'coil has a frequency of 3F and a peak 

amplitude of 0.500. 
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output wave is 2/rr times the crest value of the alternating-current wave� 
the lowest frequency alternating-current 'component in the output is 
twice the supply frequency and has a magnitude that is two-thirds of 
the direct-current component, and the remaining alternating-current 
components are harmonics "Of this lowest frequency component. Table 
XIII gives results of such analyses for the waves delivered by the single
phase full-wave rectifier, by the three-phase half-wave rectifier, and by 
the three-phase full-wave rectifier. It will be observed that in the 
three-phase half-wave rectifier the lowest alternating-current frequency 
is three times the frequency of the power supply, wh�le in the three-phas� 
full-wave rectifier it is six times that of the power sup·ply. In all cases 
the amplitude of the alternating-current components diminishes rapidly 
as the order of the harmonic is increased. 

Calculation of Direct-current and Alternating-current Components of 
Filter Output.-If the voltage drop in the rectifier and the leakage react-

. ance of the supply transformer are neglected, the direct-current voltage 
delivered to the load is less than the direot-current input to the filter, 
as calculated from Table XIII, by an amount equal to the voltage drop 
in the resistance of the filter inductances, and the regulation of the 
output voltage is then the regulation that would result from the filter 
resistances. Actually, the resistance and the leakage reactance of the 
supply transformer and the . voltage drop in the rectifier tube cause 
the direct-current output voltage to be lowered somewhat and make the 
regulation poorer, although Table XIII will give the magnitude of the 
direct-current output voltage delivered to the filter input with an accu
racy sufficient for most ' purposes. 

. ' 
The alternating-current voltage that appears across the output of 

the filter is the potential that is developed across the filter output when 
the alternating-current volt ages given in Table XIII are applied to the 
filter input. Since the smoothing action of the filter results from the 
fact that the series inductances of the filter choke out these alternating
current voltages, while the shunt condensers tend to short-circuit them, 
the 'output condenser must have a reactance that is low compared with 
the load resistance, while each inductance must have a high reactance 
compared with the reactance of the condenser that immediately follows 
it. Furthermore the input inductance must also have sufficient reactance 
in relation to load resistance to satisfy Eq. (198) if current is to flow into 
the filter throughout the cycle. 

An exact determination of the alternating-current voltage that 
appears across the output of the filter involves considerable labor because 
of the complicated electrical networks involved, but for most purposes it 
is permissible to simplify the analysis by assuming that the reaGtance of 
each condenser is small compared with the reactance of the .inductances 

' I I 
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immediately preceding and following the condenser, and that the react
ance of the output condenser is small compared with the load resistance. 
The fraction of the alternating-current voltage applied to the filter input 
that reaches the filter output is then given by the following equations . l  

For the filter of Fig. 268c : 

Alternating-current voltage across load 1 
Alternating-current voltage applied to input r= w4.L:;:--:lL:-2--::C�l--;;Cv-2 

For the filter of Fig. 268b : 
Alter:r;:tating-current voltage across load 1 

Alternating-current voltage applied to input - W�LlCl 
For the filter of Fig. 268a : 

Alternating-current voltage across load 
�----�--��----�----=-����---- -Alternating-current voltage applied to input 

R 

(197a) 

(197b) 

(197c) 

In these equations w is the angular velocity (27rf) corresponding to the 
frequency of the component involve El, and the alternating-current 
voltage applied to the input is given by Table XIII for different rectifier 
connections . An examination of Eq. (197) shows that the filtering action 
increases very rapidly wIth the number of filter elements, i.e., the number 
of inductances and capacities. The filter is also seen to be more effective 
the higher the frequency, and this, coupled with the fact that the largest 
component of the alternating voltage in a" rectifier outpu� is always the 
one having the lowest frequency, makes it permissible to neglect all 
frequency components in the rectifier output except the fundamental 
in calculating the alternating-current voltage that will appear across 
the load. 

Factors Involved in the Design of Rectifier-filter Systems.--The input 
inductance of a filter should ordinarily be of sufficient size to maintain a 
continuous flow of current from the rectifier under normal operating con
ditions, i.e., the crest or peak value of the alternating current flowing in 
the input inductance should be less than the direct-current load current. 
This condition is realized by satisfying the approximate relation2 . 

1 The derivation of a relation such as given by Eq. (197a) is as follows : The 
alternating current which flows in Ll as a result of an applied voltage E is 
E/wLl if the reactance of Cl is small compared with that of Ll• Practically all 
this current flows through Cl because of the much higher reactance of the path 
through L2, so that the voltage developed across Cl is E/w2L1Cl• This potential is 
then applied to L2 and C 2, and, if the reactance of C 2 is low compared with the load 
resistance, a repetition of the method used to get the voltage. across Cl shows that the 
alternating-current potential across C2 is E/w4L1L2C1C2, and Eq. (197a) follows at 
once. 

2 In order to insure a continuous flow of current in the rectifier, the crest value of 
the alternating current flowing through the input inductance must not exceed the 
avera�e or direct current. Since the direct current is equal to the direct-current 
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wL1 � lowest frequency component of alternating-current voltage in rectifier output 
Reff direct-current voltage in rectifier output 

(198a) 

where wL1 is the reactance of the input inductance to the lowest ripple 
frequency and Reff is the effective load resistance, i.e., the actual load 
resistance plus direct-current resistances of the filter inductances. In 
the case of the single-phase full-wave rectifier with 60-cycle supply, this 
becomes 

L 
Reff 

1 = 1 130 (198b) 

The higher the load resistance, i .e . ,  the lower the direct-current load 
current, the more difficult it is to maintain a continuous flow of current, 
and with a given L1 Eq. (198) will not be satisfied when the load resistance 
exceeds a critical value. 

When the load on an inductance-input filter varies, the voltage 
regulation will be poor unless Eq. (198) is satisfied at all times. In 
order to do this with a practical inductance at small load currents, it is 
_necessary to connect a bleeder resistance across the filter output to 
increase the current in the input inductance. Even then, with the 
bleeder drawing a reasonable proportion of the total current, the input 
inductance required will normally be larger than required for suppressing 
hum. An economical way of meeting this situation is to make the air 
gap of the input inductance small so that the incremental inductance is 
high with small currents. With large currents the incremental induc
tance drops, but Eq. (198) is still satisfied, and the filtering, though not 
so perfect as with a larger input inductance, is still acceptable. An input 
inductance adjusted to operate in this way is sometimes referred to as a 
swinging choke. 

The ratio of average to peak anode current depends upon the rectifier 
connection and upon the size of the input inductance. Table XIII gives 
the results for the common circuits when the input inductance is infinite . 
When the input inductance is finite, the peak anode current is the sum 
of the direct-current output current and the crest value of the alternating 
current flowing in the input inductance. Since the largest . part· of this 
alternating current is the component of lowest ripple frequency, the 
following relation is approximately true, provided Eq. (198) is satisfied : 

Peak current with finite input inductance = 1 + El Reff 
Peak current with infinite input inductance Eo wL1 

(199) 

voltage ill the rectifier output divided by Reff, while the crest alternating current 
in the first inductance is very nearly equal to the fundamental ripple-frequency 
voltage contained in the rectifier output, divided by the reactance wL1 of the input 
inductance to this lowest frequency component of the ripple voltage, Eq. (198a) follows 
at once. 

I j 
I 

. � 
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El is the amplitude of the lowest frequency component of the ripple 
voltage as given in Table XIII, Eo is the direct-current output voltage 
of the rectifier, and Reff and wL1 have the same meaning as in Eq. (198a) .  

The maximum inverse voltage that the rectifier tube will be called 
upon to withstand depends upon �he rectifier connections and may vary 
from only slightly more than the direct-current output up to 7r times 

Rectifier Circuit this potential. Values for the com-
ac+ monly used circuits are given in 

A.csvpp(.y � 
_ 

Table XIII. 
A transformer used to supply 

Current in One-Half of SeeondGlry 

� ____ .I--____ '-___ ,,----

Current in Other Half' crF �ondary 

power to a rectifier will normally run 
hotter than when delivering the same 
amount of energy to a resistance 
load because of the irregularly shaped 
current waves drawn by the rectifier. 

___ --..IL _ ___ I .... ____ I ... ___ 
L Thus in the case of the full-wave 

Current in Primary 

�----r----I-----I---r 
single-phase rectifier the current 
waves with a large input inductance 
have the shape shown in Fig. 272. 
The ratio of direct-current power 
output to the normal alternating

FIG. 272.-Wave shapes of current in 
primary and secondary windings of a current rating for the same trans-
center-tapped transformer supplying a former losses is called the utilization 
single-phase full-wave rectifier operat-
ing into a filter with large series input factor of the transformer and depends 
inductance. upon the rectifier connections. 
Table XIII gives the utilization factor of the primary and secondary 
windings for some of the more commonly used reetifier connections . 

By making use of Eqs.  (197) , (199) , and Table XIII it is possible to 
design rectifier-filter combinations having an input inductance and to 
calculate everything about the performance except the voltage regulationl 
with an accuracy that is sufficient for most practical purposes. The 
method by which this is done is illustrated by the following example : 

Example.-It is deSIred to design a three-phase half-wave rectifier-filter system 
to operate from a 60-cycle power supply and to deliver a direct-current output of 
2500 volts and 0.4 amp. with a ripple that must not exceed 2 per cent. If the direct
current resistance of the filter inductances is neglected, the rectifier must deliver a 
direct-current output voltage of 2500 volts, and Table XIII shows that the r.m.s. 
voltage which each secondary leg must develop is 2500 X 0.855 = 2135 volts. Since 
the utilization factors of the primary and secondary, as given by Table XIII, are 
0.827 and 0.675, respectively, each leg of the primary must have a rating .,f 2500 X 
0.4/(3 X 0.827) = 403 watts, and each leg of the secondary a rating of 2500 X 0.4/ 

1 Methods have also been devised for calculating the voLtage regulation, but these 
are so complicated as to be beyond the scope of this book. For further information 
see D. C. Prince and F. B. Vodges, loco cit. 
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(3 X 0.675) = 493 watts. Table XIII shows that, in order to satisfy Eq. (198), 
wLdReff > �; since Reff = 2500/0.4 = 6250 while Co) = 2'K180, L1 must be not less 
than 1 .38 henries. Tentative calculation based on Eq. (197b) shows that the filter 
of Fig. 268b with Cl = 1 .0 p.f and L1 = 9.8 henries will keep t4e ripple voltage down 
to 2 per cent and will be generally satisfactory. Reference to Table XIII and Eq. 
(199) shows that the peak anode current will be 0.4(1 + 0.14) = 0.456 amp., while 
the maximum inverse voltage that each rectifier must stand is 2500 X 2.09 = 5225 
volts. Type 866 mercury-vapor tubes (see Table XII) would meet these require
ments. In actual practice the secondary voltage of the transformer would be made 

(-<J) Actua l circuit 

Transformer; rRecfifier / A'lfer ,1 � , 
� - _L. - -'>1'<- _\" _ ->0<- _ L.. - - .,., I I I I :. : L , : A.h 1Cit+---+�--J:-'-i-"" R sUP� 

(b) Equiva lent circuit 
L R 5 

f 1: sin 
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.. . ... /'-<>......... Eo 
ii; R� El tc --->-10 = R eff 

• 

(c) Actual shape of voltage wave across input condenser C 
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I 

/ 
I 

I 
J 

kto� 

, , \ \ \ \ 

(d) ���al wav�ape of 7\ntflOWing through 

H,+-tc� 
FIG. 273.-Actual and equivalent circuits of condenser-input filter system, together with 

oscillograms showing operation under typical conditions. 

greater than 2135 volts by perhaps 10 per cent to compensate for the loss of voltage 
caused by the resistance of the filter inductance, the voltage drop in the rectifier, 
the leakage reactance of the transformer, and the transformer resistance. , 

98. Filter Circuits, Having a Shunt-condenser Input.-When the 
input to the filter is a shunt condenser, the action is somewhat different 
from that which takes place when a series inductance is used, as is appar
ent from the oscillograms of Fig. 273. Each time the crest alternating
current voltage of the transformer is applied to one of the rectifier anodes 
the input condenser charges up to just slightly less than this peak voltage, 
and then discharges into the first inductance until another rectifier anode 
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reaches a peak potential, when the condenser i13 charged again. The 
rectifier current flows only a small part, of the time, si�ce during most ' 
of the cycle the condenser is more positive than all the anodes . During 
this discharge period the condenser voltage drops off nearly linearly 
because of the fact that the first filter inductance draws a substantially 
constant current from the input condenser. The result is that the input 
condenser applies a saw-toothed voltage wave to the first inductance. 
This first inductance and the remainder of the filter then act to prevent 
the alternating-current voltage across the input condenser from reaching 
the load. 

The detailed action that takes place in a condenser-input filter system 
depends upon the load resistance, the input capaeity, the leakage react
ance and resistance of the transformer, and the characteristics of the 
rectifier tube, in a way that is relatively complicated. For purposes of 
analysis the circuit of Yig. 273a can be replaced by the approximate 
equivalent circuit of Fig. 273b. Here the rectifying action of the tube is 
replaced by a suitable switch S which is assumed to be closed whenever 
one or the other of the rectifier anodes is conducting current and which • 
is open the remainder of the time. The voltage drop produced in the 
rectifier tube is accounted for by placing a fixed resistance Rr in the 
circuit as shown. The transformer is replaced by B,n equivalent generator 
having a voltage equal to the open-circuit secondary voltage E8 sin wt 
measured to the center tap and having an internal impedance equal to 
the effective leakage inductance L and effective resistance R8, which are 
measured between one of the secondary terminals and the center tap 
when the primary winding is short-circuited. (Note that R8 depends 
upon both primary and secondary wire resistances.) The input con
denser is represented by C, and 'the first inductance of the filter system I 
is assumed to draw a constant current 10, which is equal to the direct
current voltage Eo developed across the input condenser divided by the 
effective load resistance (i.e., actual load resistance plus resistance of 
filter inductances) . 

An analysis of the voltage and current relations existing in the equiva
lent circuit of Fig. 273b gives the results shown in Fig. 274, in which the 
direct-current voltage across the input condenser, the peak space current 
through the rectifier tube, and the ripple voltage are e�pressed as a 
function of load resistance for various circuit parameters, assuming a 
60-cycle source of power and the full-wave rectifier circuit of Fig. 273a. 1 

1 This analysis is carried out as follows : Assume that E sin (wt + wto) represents 
the applied voltage, with t = 0 being the instant at which the current starts to flow 
through the rectifier tube (i.e., when the applied voltage in rising just becomes equal 
to the voltage across the condenser) . Then to is the time that elapses between the 
instant when the applied voltage passes through zero and the instant when the current 
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Discussion of Properties.-Consideration of Figs. 273 and 274 shows 

, that ' the addition of a shunt condenser to the input of a filter produces 
�ertain fundamental changes in behavior. The output voltage is 
appreciably higher than with an inductance input while the ripple voltage 
is less, and the direct-current voltage across the filter input drops as the 
load current increases instead of being substantially constant. Also 
the ratio of peak to average anode current in the tube is higher, and the 
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utilization facto� of the transformer is always rather poor with condenser 
input systems. 

- ,  The effect of the circuit parameters upon the performance of the con
denser-input system is shown in Fig. 274, while the detailed mechanism 
starts to flow. At time t = 0 the switch S in Fig. 273b is assumed to be closed and to 
remain closed until a time tt when the resulting pulse of current becomes zero, when 
the switch is assumed to be opened and to remain open until the next half cycle when 
the second rectifier anode draws current. 

During the interval from t = 0 to t = t t ,  during which S can be considered as 
closed, the sum of the voltage drops in the circuit is equal to the applied voltage, 
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that produces these results is illustrated in Fig . 275. With the usual 
circuit proportions the direct-current voltage output and the regulation of 
this voltage depend primarily upon the load resistance and the source 
impedance (i.e., impedance formed by the tube and transformer resistance 
and the transformer leakage inductance) and only to a moderate extent 
upon the input-condenser capacity. It will be noted from Fig. 274b 
that under certain conditions the leakage inductance resonates with the 
input capacity to give a higher output voltage with a small input capacity 
than with infinite input capacity. The ripple voltage is determined 
primarily by the input capacity and load resistance, and is affected only 
slightly by the source impedance. The shape of the current pulses flow
ing through the rectifier tube, and particularly the ratio of peak to average 

(a) Effect of load resistance 
Vo ltage across input condenser 

� ,'-' \ ---t-" \ --'I::. .-Low load I ' I  ' F-
t \; \ resismnce 

Cu rrent flowi ng through tube 
A, {' I \ I �--Low load i \ " \ res/stance , , 

(c) Effect of leakage inductance 
Voltage Clcross input condenser 

��=_� lncreased 
I \ I \ �J (eakarae / \/ \, mduc nee 

Cu rre nt fl owing lh rough tube 

'I "\ l -, leakage 
�J1Jt:/JnCreaSed 

\ \ inductance 

(b) Effect of input-condenser capacity 
Vo ltage acrosS input condenser 

(cO Effect of tube and transformer 
resi stance 

I�------l�'------::!!-High capacify \ I \ inpuf condenser 
I \/ \, 

Current fl owi ng through tube 

t \ ---High capaeify / ,  input condenser 
I , 

Vol tClge ,!cross input condenser 

?--""----¥�� / . \ , \ -Increased / \/ \ resistance 

Current fl owi ng th rough tube 
A. I , _--Increased //\\ " 'f res/stance 

FIG. 275.-Effect of circuit parameters on behavior of condenser-input filter system. 

value of these pulses, is controlled by the load resistance and source 
impedance, but tends to be independent of the input capacity. 

. 

It is apparent that, when a high output voltage with good regulation 
is desired, the source impedance should be made as low as possible . On 
giving the differential equation 

E sin (wt + wto) = � + Ri + alIi idt - lot] + E sin wto 
This can be rewritten as : 

E sin (wt + wto) - E sin wto + I;J = � + Ri + �itidt 
(200a) 

(200b) 

The notation is indicated in Fig. 273b. It will be noted that the term E sin wto is the 
voltage across the condenser at the time t = o. Inspection of Eq. (200b) shows that 
this is an ordinary differential equation of an R-L-C circuit, with the equivalent of 



, ' 

SEC. 98) SOURCES OF, POWER FOR OPERATING VACUUM TUBES 495 

the other hand, when it is important that the peak currents be kept down, 
a high source impedance is desirable. A low value of ripple voltage across 
the input condenser requires �he use of a large input capacity. In 
three separate applied voltages given by the terms on the left-hand side of the equation. 
Starting with the initial conditions that at t = 0, i = 0, and di/dt = 0, and following 
the usual method of solving differential equations, the solution is found to be 

For o8cillatory case (1/LC > R2/4L2) : 

i = Io � 1 - �1 + (�yE-af sin [tlt + arctan (�) J �  
+ �[sin (wt + wto - 'Y) - YM'}. + N2E-ae sin (tlt + arc tan �) ] (201a) 

For non-oscillatory case (1/LC < R2/4LI) : 

i = I o[ 1 - ( 1 ) (a2E-a1t - aIE-a2t) ] a2 - al 

where 

+ � j sin (wt + wto - 'Y) - y w2 + a22E_alt sin (wto - 'Y + arctan �) Z t a2 - al a2 

i = anode current at tIme t 
10 = d-c output current of rectifier 

(201b) 

E = crest alternating-current voltage developed by one-half of transformer -
secondary 

R = resistance in series with transformer secondary (see Fig. 273) 
L = leakage inductance of one-half of transformer secondary (see Fig. 273) 
X = wL - w� = reactance of leakage inductance �lu� input' capacity at power-

supply frequency 
w = 211" times power-supply frequency Z = yR2 + X2 'Y = arctan X/R 
tl - - I� - (�) I 

- 'JLC 2L 
a = R/2L 

al = a - �a2 - le 
a2 - a + ... I a2 - � - 'J LC 

.. 

C = capacity of input condenser 
t = time 

to = time elapsed between zero of voltage wave and instant when anode current 
starts to flow (see Fig. 273) M = sin (wto - 'Y) 

N = 
V w2

tl 
+ a2 sin (wto - 'Y + arctan �) 

Equations (201a) and (201b) give the current that flows through the rectifier 
tube from the instant to at which the current begins to flow until some instant tl at 

I '" 
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considering source impedance, it makes little difference to a first approx
imation whether the impedance results from high resistance in tube and 
transformer or from high leakage induct�nce, as the effects of both are 
similar. 

When hot-cathode mercury-vapor tubes are employed with condenser
input filter systems, the voltage drop across the tube is constant at 
approximately 15 volts for all currents. This can be taken into account 
by calculating the performance as though the tube had zero resistance, and 
then reducing the direct-current voltage by 15 volts while keeping the load 
current, ripple voltage, and peak space current unchanged. The equiva
lent circuit of Fig. 273b also applies to inductanee-input systems under 
conditions where the input inductance is insufficient to satisfy Eq. (198b) , 
since the input inductance is then equivalent to added leakage inductance. 
This makes it possible to determine the amount of inductance that must 
be placed in series with the input lead to keep the peak space current 

which the instantaneous current as given by the equations becomes zero, after which 
the current remains zero until the second anode becomes positive. It is to be noted 
that the current through the rectifier tube can never reverse in polarity even in the 
oscilla tory case. 

The d-c load current 10 is the average current flowing through the rectifier, 
and so is obtained by averaging the pulse of current ovml a half cycle of the supply 
frequency. That is [=tJ 10 = 2/ i dt t = o  (202a) 

where i is the current given: by Eq. (201),  f is the supply frequency, and lt is the time 
at which the anode current becomes zero (see Fig. 273). 

'It will be noted that, in order to obtain a solution of Eqs. (200), it is necessary 
to know 10, It, and to, and that at the same time 10 depends upon i, It, and to'. Because 
of the complexity of the relations involved, a straightforward solution of Eqs. (200) 
is impractical. The most satisfactory procedure for finding the current puls� corre
sponding to a load current 10 consists in assigning a reasonable value to to in Eq. (200a) 
or (200b) and then calculating and plotting the current from t = 0 up to the instant 
t = t1 at which the current pulse becomes zero. The area �nder this curve of current 

. is determined by a planimeter, and the average value over the length of time 1 /2f is 
determined. This average represents the direct-current value of the pulse, and, if 
to was correctly chosen, will equal 10. If, as is usually the case, this is not true in the 
first trial, then further values of to are tried until the correct value is found. 

The voltage developed across the input condenser is :  

Voltage across C � E ·  t + 1 it . dt lot 
= sm Cl) 0 - t - -from t = 0 to t = it C 0 C 

1 = E sm wto + - - - t 
Voltage across C } , . Io( 1 ) 
from t = t 1 to t = 

.2f C .2f 

(202b) 

(202c) 

where i is givet;l by Eq. (201a) or (201b) ,  as the case may be, and the notation is as 
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down to a safe value when hot-cathode mercury-vapor tubes are employed 
with a condenser-input filter system. 

The use of the curves of Fig. 274 in calculating tl1e performance of 
condenser-input filter systems can be understood by the following 
example : 

Example.-A load of 4000 ohms is to be supplied by direct current from a con
denser-input rectifier filter system. The power transformer develops a potential of 
300 volts r.m.s. on each half of the secondary. The effective leakage inductance 
and resistance are 40 mh and 125 ohms, respectively, and a Type 80 rectifier tube is 
used. The input condenser is 4 mf, and is followed by a single-section filter consisting 
of a 10-h choke with 400 ohms resistance and an 8-mf condenser across the output. 

The first step in the solution is the determination of the effective load and source 
resistances. The former is the actual load resistanc", plus the choke resistance, or 
4000 + 400 = 4400 ohms. The average resistance of the rectifier tube is approxi
mately 62/0.125 = 498 ohms, so that the source resistance is 125 + 498 = 623 ohms. 
Reference to Fig. 274 shows that, for these values of source and load resistances and 
input capacity, one has 

Eo/E . . . . . . . . . . . . . . . . . . . . . . . . . . 
lmAx/lo . . . .  . . . . . . . . . . . . . . . . . . " . 
ER/Eo . . . . . . . . . . . . . . . . . . . . . . . " . 

For L = 0 

0 . 73 
2 . 9  
0 . 12 

For L = 0. 1 For L = 0.040 

0 . 73 0 . 73 
3 . 00  2 . 95 
0 . 115 0 . 127 

The last column is obtained by interpolation between the first two. From this column 
one has : 

D-c voltage across input condenser = 0.73 X 3000 = 309 
D-c voltage across actual load = 309 X 4000/4400 = 281 
D-c current in load = 309/4400 = 0.0703 amp. 
Peak space current = 0.0703 X 2.95 = 0.207 amp. 
Ripple voltage across input condenser = 0. 127 X 309 = 39 volts crest 

Ripple voltage across load [from Eq. (197o)j  = (754) 2 X 199
x 8 X 10 

0.86 volts crest 

above. The direct-current voltage Eo developed across the input condenser is t he 
average of the condenser voltage, or 

. 10 Iotl 2f (t1 (t . dt dt Eo = E srn wto + 4fC - C + C Jo Jo t (202d) 

The ripple voltage across the input condenser can be obtained by harmonic analysis 
of the wave represented by Eqs. (202b) and (202c) . 

The principal approximations involved in the above analysis are : (1 ) the rectifier 
is replaced by a fixed resistance during its conducting period j (2) the current flowing 
into the first inductance is assumed to be constant throughout the cycle ; (3) the 
source of power exciting the primary of the power transformer is assumed to have zero 
internal impedance. The errors that result from these approximations are small 
under practical circumstan�s, and the method of analysis is capable of giving an 
accuracy that is sufficient for all ordinary design purposes. The use of a constant 
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Filters with shunt-condenser inputs are generally employed in radio 
receivers, small public-address systems, etc. ,  when the amount of direct
current power required is small. Compared with inductance-input 
filters, the condenser-input arrangement produceE a higher direct-current 
voltage, but has poorer regulation, higher peak space currents, and 
poorer transformer utilization. As a consequence the condenser-input 
arrangement is not favored where large power is required or where regula
tion of the direct-current voltage is important. 

99. Rectifier-filter Systems. Miscellaneous Comments.-The recti
fier and filter connections that should be used in a. particular case depend 
upon the individual circumstances . Polyphase rectifiers are preferred 
when the direct-current power is in the order of several kilowatts or 
more because the ripple in the output of a polyphase rectifier is of small 
magnitUde and of high frequency and so can easily be filtered out. 
Smaller outputs are most conveniently obtained from single-phase full
wave rectifiers, usually of the center-tapped transformer type shown in 
Fig. 266b. 

Filters with series-inductance inputs are always used in polyphase 
circuits and are also preferred with high-power single-phase rectifiers 
because of the high ratio of average to peak current that is obtained with 
a series-inductance input. The use of a shunt-eondenser input causes 
the ripple voltage. appearing across the filter input to be less than with 
the series-inductance . input, but the ratio of average to peak rectifier 
current is smaller, so that the condenser input is employed only in 
low-power single-phase rectifiers, such as those used to supply plate 
power for broadcast receivers . .  The filter inductances may ordinarily be 
placed in either the positive or negative lead.!  

The condensers used in filters must be capable of continuously with
standing a direct-current voltage that is equal to the crest alternating
current voltage applied to the rectifier. Ordinarily a single condenser 
should be used to withstand the entire voltage, rather than several con
densers in series. When condensers are in series, the direct-current 
voltage stress divides between them in proportion to their leakage resist-
resistance to represent the voltage drop in the rectifier tube is perhaps the most serious 
of the approximations, but, if the resistance is chosen so that the voltage drop pro
duced by the peak rectifier current is equal to the voltage drop actually across the 
tube at this instant, the error will be small. 

This footnote is based largely on material in the thesis submitted by Dr. R. L. 
Freeman in partial fulfillment for the doctor's degree at Sta,nford University. 

1 However, if it is essential that the hum output be extremely small, then the filter 
chokes must be placed in the ungrounded lead or there will be a residual hum caused 
by the capacity to ground of the transformer secondary winding. See F. E. Terman 
and S. B. Pickles, Note on a Cause of Residual Hum in Rectifier-filter Systems, Proc. 
I.R.E., 22, p. 1040, August, 1934. 
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ances rather than their dielectric strength, and the leakage resistances 
are variable and uncertain. 

The inductance coils used in the filter must have laminated iron cores, 
with an air gap that is sufficient to prevent the direct current from 
saturating the iron. The inductance that is effective to the alternating 
currents will vary with the superimposed direct current as discussed in 
Sec. 6 and will normally be greatly lowered by the presence of the direct 
current. The insulation between the winding and the core must be 
capable of withstanding the full direct-current voltage delivered by the 
rectifier output. 

The transformers used in rectifier-filter systems that supply power to 
radio receivers and high-gain audio-frequency amplifiers are often 
provided with grounded electrostatic shields between the primary and 
secondary. Such a shield prevents disturbances that originate on the 
power line from being transferred to the output through capacity between 
the primary and secondary windings. 

b-Fil+er with Series e-TOIpped Choke Type 
ResonOlnt Shunt Circuit of ResonQlnt Filter 

To Co 
1'f?difi"er R 

FIG. 276.-Filter circuits using tuned elements. 

The effectiveness of a filter in suppressing a particular frequency can 
be improved by tuning one of the series inductances to parallel resonance 
at the desired frequency as shown in Fig. 276a, or by tuning one of the 
shunt capacities to series resonance as shown in Fig. 276b. Such arrange
ments, however, have the disadvantage that the tuning reduces the 
attenuation of the other frequency components of the ripple, and also 
that each resonant circuit must be individually adjusted. 

The tapped-choke arrangement of Fig. 276c was at one time exten
sively used in radio receivers ; it has the advantage of giving less hum 
with the same total filter condenser capacity than do conventional 
circuits. For effective hum suppression the capacity Co' must be so 
adjusted in relation to the tap on the coil that the branch through Co' 
offers a capacitive reactance such that the alternating-current hum 
voltage developed across the left-hand section of the coil will induce a 
voltage in the right-hand portion of the coil which exactly bucks out the 
hum voltage applied to the filter. Under such conditions there is no 
a-c current flowing in the right-hand side of the coil and there is a com
plete cancellation of the hum having the frequency for which the adjust
ment has been made. While the tapped-choke arrangement is both 
simple and effective, the introduction of electrolytic condensers has 
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shifted the economic balance in such a way that this system is now seldom 
used. 

Filters using series resistance instead of series inductance are com
monly employed where high voltages and low 

R currents are involved, or where it is necessary to 
Inp�ufPUl' drop the voltage. Such an arrangement is illus-
F 277 R . trated in Fig. 277 and results in a suppression given 10. .- eSlstance-

condenser filter. approximately by the formula 

where 

Alternating-current voltage arcoss load 1 
Alternating-current voltage applied to input - RwC 

R = series resistance 
C = shunting capacity following the series resistance 
w = 21r times the ripple frequency involved. 

To fube 
filamenfs and 
speaker field 

+ 8  

, } 
T f ElecfrolyNc 

rilfer con
densers 

FIG. 278.-Circuit diagram of non-synchronous vihrator power supply. 

(203) 

100. Miscellaneous Supply Systems. Vibrator Systems. I-THe vibra
tor power-supply system produces direct-current plate power from a 
storage battery by using a vibrating contact to change the direct current 
from the battery into alternating current which can be stepped up in 
voltage by a transformer and rectified to produce high-voltage direct
current power. A typical vibrator circuit is shown in Fig. 278, in which 
the vibrator operates on the same principle as the ordinary buzzer. 
The resistances R and the condenser Cl are for the purpose of preventing 
sparking at the ccmtacts, while the condenser C absorbs transients that 
would otherwise produce radio interferenc�, and the radio-frequency 
chokes prevent radio-frequency surges from getting into the battery. 

Another form of vibrator power system known as the synchronous 
type is shown in Fig. 279. Here the vibrating armature has a pair of 

1 For further information see WaIter Van B. Roberts, Vibrator Power Supply from 
Dry Cells, Electronics, vol. 7, p. 214, July, 1934.; Vibrators, Electronics, vol. 9, p. 25, 
February, 1936. 
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contacts that rectify the output voltage of the secondary, thereby dis
pensing with the rectifier tube required in the non-synchronous arrange-
ment of Fig. 278. . 

The vibrator represents an inexpensive means of obtaining plate 
power from a storage battery, but has the disadvantage of a limited life 
and of requiring a relatively complicated filtering and shielding system 
to prevent surges from producing interference in the radio receiver. The 
synchronous type of vibrator is more r - - - - - -- - � - - - -, 
complicated than the non-synchronous 
type, but eliminates the rectifier tube 
with its voltage drop and so is used about + B 
as frequently as the non-synchronous 
arrangement. 

Dynamotor.-A dynamotor is a com- � _ _ _ _ _ _  _ 

bined motor generator having two or 
more separate armature windings and a 
common field circuit. One of the arma-
ture windings is operated from a low- FIG. 279.-Circuit diagram of syn-

chronous vibrator power supply. 
voltage direct-current power source, 
commonly a storage battery, to give motor operation, while the other 
windings then serve as generators to produce the desired direct-current 
voltages. 

Dynamotors using permanent magnetic fields and operating from a 
storage batt�ry are often used for supplying the anode power required by 
automobile radio receivers . Compared with the vibrator systems the 
dynamotor has the advantage of longer life and less trouble from radio
frequency surges, but is considerably more expensive. 

Self-rectifying Circuits.-If an alternating voltage is applied directly 
to the plate of an oscillator in place of the usual direct-current potential, 
the oscillator will operate on the positive half cycles of the applied I 
voltage ' and so will generate wave trains having the character shown in 
Fig. 280. These are known as interrupted continuous waves (abbrevi
ated Le.W.) and are occasionally used in radio telegraphy. Another 
type of self-rectifying oscillator circuit is shown in Fig. 281, in which 
the two plates of a two-tube oscillator are supplied with alternating
current volt ages that are 1800 out of phase, and a large inductance is 
inserted in the common filament return lead. This arrangement is 
electrically equivalent to a single-phase full-wave rectifier circuit with a 
filter consisting of a single inductance (see Fig. 268a) . When the induc
tance is large, the total current drawn by the two tubes is substantially 
constant, and the generated oscillations will also be of constant amplitude. 
Practically, however, it is impossible to maintain the total current entirely 
constant, and as a result modulated oscillations are generated. 
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Self-rectifying oscillator circuits find· their chief usefulness under 
conditions where the complications of a rectifier-filter system are' to be 
avoided. These circuits are not suitable for ordinary commercial radio 
transmitters because the voltage that is applied to the plates of the 
oscillators is not constant, and as a result the generated oscillations suffer 
both frequency and amplitude modulation. 

Anode Power for Aircraft Radio Equipment .-Aircraft radio receivers 
commonly obtain plate power from a small dynamotor operating from 
the 12-volt storage battery on the plane. Anode power for airplane 

\ I 
\, /1 

'--_/ 
FIG. 280.-Interrupted continuous waves generated by applying an alternating-current 

voltage directly to the plate of an oscillator. 

transmitters is more' of a problem, however, because the power require
ment is large. The most common arrangement employs a dynamotor 
operating from the 12-volt storage battery of the plane, together with a 
battery-charging generator operated from the airplane engine. This 
arrangement has the disadvantage of giving only about 30 min. emergency 
service when the battery is fully charged but with the plane engines not 
operating. In large planes the demand for electrical power for lighting, 
starters, fuel pumps, ·etc. ,  is becoming so heavy that the pr�ent trend is 
toward the use of a generator driven by an auxiliary gasoline engine . 
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FIG. 281.-Self-rectifying oscillator circuits capable of generating oscillations of substan
tially constant amplitude if the filter choke i s  very large. 

Problems 

1. Explain the alternating-current hum effects that are produced in a filament
type radio-frequency amplifier tube that is operated from alternating current, keeping 
in mind that the radio-frequency coupling circuits will not transfer audio-frequency 
voltages. 

2. Determine a suitable by-pass condenser for the bias resistor of a resistance
coupled amplifier using a 6C6 tube and designed according to the fourth column of 
Table VII, Chap. V, assuming that the regeneration from the bias impedance is not 
to affect the amplification seriously for frequencies above 60 cycles. 
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3. In the resistance-coupled amplifier of Fig. 97 the bias resistor is 6000 ohms. 
Calculate the actual amplification curves for Cc = 0.01 mf when the by-pass con
denser in parallel with the bias resistance is (a) 1.0 mf, (b) omitted. 

4. Discuss the practicability of using a self-bias arrangement consisting of a 
resistor between cathode and ground for (a) a Class C amplifier, (b) a linear amplifier, 
and (c) a Class B audio amplifier. 

6. In a push-pull Class A audio amplifier, explain why it is that no by-pass con
denser is needed in shunt with the bias resistor between cathodes and ground. 

6. a. Explain why in a Class AB push-pull amplifier the bias arrangement of 
Pig. 259c is equivalent to a self-bias arrangement such as Fig. 259a and b, while the 
arrangement at d behaves more nearly as a battery bias. 

b. On the assumption that the anode voltage is obtained from a rectifier-filter 
system, discuss the relative power-transformer secondary voltages required for the 
various bias arrangements of Fig. 259. 

7. Explain why it is customary to design a rectifier tube with a maximum per
missible plate dissipation that is less than the plate dissipation that would result- if 
the allowable peak current were drawn continuously through the tube by applying a 
direct-current anode voltage. 

8. If the negative lead of a power-supply system is to be grounded, discuss the 
difference in insulation requirements of the transformer secondary winding for (a) 
the single-phase circuits of Fig. 266, (b) the polyphase circuits of Fig. 267. 

9. Describe in detail the way in which the three-phase full-wave rectifier circuit 
of Fig. 267 c operates. 

' 

10. From the information given in Table XIII and Fig. 266 discuss the relative 
merits of the full-wave bridge versus the full-wave center-tap circuit for single-phase 
rectification where an inductance input is used in the filter. 

11. a. Check the results given in Table XIII for the single-phase full-wave center
tapped connection. 

b. Check the results given in Table XIII for the three-phase half-wave circuit. 
12. The power supply for the final power amplifier of the transmitter of Fig. 282 

employs six Type 869A hot-cathode mercury-vapor tubes in a three-phase full-wave 
circuit operating from 60 cycles. The power supply is rated at 18,000 volts and 
4 amp., and has a single-section inductance-input filter consisting of 0.5 henries and 
3.0 mf. Neglecting the resistance of the filter inductance and the leakage reactance 
and resistance of the power transformer, calculate (a) peak current through the 
rectifier tubes, (b) peak inverse voltage, (c) secondary voltage of power transformer, 
(d) kva rating of transformer primary and secondary windings, (e) amount of 360- ' 
cycle and 720-cycle ripple vortage appearing in the output. 

13. a. In the power-supply system of Prob. 12, determine total power loss in the 
six rectifier tubes, including both filament power and plate dissipation, and from this 
calculate the rectifier efficiency. In evaluating the tube loss assume a tube drop of 
12 volts. 

b. Assume the Type 869A hot-cathode mercury-vapor tubes of Ca) are replaced by 
Type 214 high-vacuum tubes, which have a tube drop of approximately 1000 volts for 
the current which will flow through the tube with this power-supply system. Deter
mine the total rectifier tube power (both filament power and plate dissipation).  Cal
cula te the over-all efficiency of the rectifier and the extra power required with high
vacuum tubes as compared with hot-cathode mercury-vapor tubes. 

14. Design a power-supply system for operating a push-pull Class C amplifier 
using 852 tubes (allowable plate loss 100 watts per tube) ,  and operating at Eb = 

3000 volts. The maximum allowable ripple voltage is 2 per cent and the available 
power is 60 cycle, single phase. Use hot-ca.thode mercury-vapor rectifier tubes. 
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15. Two Type 46 tubes are to be used in a push-pull circuit as Class B audio 
amplifiers, with a plate potential of 400 volts. The plate (mrrent drawn by the com
bination with no applied signal is 12 ma, and with full signal is 130 ma. Design a 
suitable inductance-input filter system which will maintain good regulation from no 
signal to full signal and which will not have more than 1 per cent ripple voltage. 

16. Explain in a qualitative manner why in a condenser-input filter (a) the direct
current output voltage increases with load resistance, (b) the ripple voltage across the 
input condenser decreases with increased load resistance, and (c) the ripple voltage 
becomes more and the direct-current voltage less when a smaller input condenser is 
used? 

17. a. In a particular condenser-input rectifier-filter system the power transformer 
develops a potential of 375 r.m.s. volts across half the secondary, while the effective 
transformer resistance and leakage inductance referred to one-half of the secondary 
are respectively 92 ohms and 28 mho If a 4-mf input condenser is employed with a 
5Z3 tube, calculate and plot direct-current voltage and ripple voltage across the input 
condenser, and the peak anode current as a function of load resistance. 

b. Design a filter system to follow the input condenser which will make the ripple 
in the filter output less than 0.01 volt when the load resists,nce is 2500 ohms. 

18. Explain why electrolytic condensers are extensively used for filter condensers 
up to about 500 volts peak and for cathode by-pass condensers, but are not suitable 
for blocking condensers, etc. 

19. In a vibrator supply system such as shown in Fig. 278, sketch oscillograms 
showing (a) current flowing in each half of primary, (b) . voltage across each half of 
the primary, and (c) voltage across the secondary winding. 

20. Describe the operation of the self-rectifying circuit of Fig. 281, with particu
lar reference to the action of the choke in the common lead. In this discussion sketch 
oscillograms illustrating the general character of the plate voltage and plate current 
in each tube and the voltage and current in the choke. 



CHAPTER XII 

RADIO TRANSMITTERS 

101. Radio Transmitters. 'General Considerations.-A radio trans
mitter is essentially a device for producing radio-frequency energy that is 
controlled by the 'intelligence to be transmitted. A transmitter accord
ingly represents a combination of oscillator, power amplifiers, harmonic 
generators, modulator, power-supply systems, etc. ,  which will best 
achieve the desired result. Inasmuch as these various elements which 
go to make the completed transmitter have already been individually 
considered, the present chapter is devoted to a consideration of combina
tions most commonly employed in commercial equipment. 

Commercial , transmitting equipment is ordinarily mounted on a 
framework of structural-steel members fronted by a vertical metal panel 
containing the controls and meters necessary for adjusting and monitoring 
the transmitter. All equipment appearing on the panel is at ground 
potential, and instruments which must be observed during adjustment or 
operation and which are, not at ground potential are located behind the 
panel and viewed through windows. The steel frame is normally 
enclosed with wire mesh of some sort and is provided with doors that 
cut off the transmitter power when opened. Typical examples of this 
general type of construction are to be found in Figs. 283, 284, and 289. 
This type of construction requires a minimum of floor space in proportion 
to the amount of apparatus involved, makes the transmitter accessible 
for inspection and repairing, and eliminates all hazard to persons. 

' 

The design of most radio transmitters, particularly those intended for 
broadcast and short-wave transmission1 is dominated by the need of 
maintaining the transmitted frequency as nearly constant as possible 
over long periods of time. In broadcast work two or more transmitters 
are commonly 'assigned the same carr�er frequency, and in order to 
minimize the resulting interference it is essential that the carrier fre
quencies be as nearly as possible the same. In . short-wave work, par
ticularly with code transmitters, the side bands required are so narrow 
that the frequency separation between transmitting stations is deter
mined primarily by the frequency stability of the carriers. For exampler 
� code transmitter operating at a speed of 1000 letters per minute requires, 
according to Sec. 72, a side band 131 cycles wide. With perfect stability 

505 



./ 

506 RADIO ENGINEERING [CHAP. XII 

of the carrier frequency two such transmitters could operate on fre
quencies differing by only 300 cycles, and a relatively limited space in 
the frequency spectrum could accommodate a large numher of trans
mitters . Actually, however, it is impracticable under commercial 
conditions to maintain the carrier frequency of a short-wave transmitter 
closer than about 0.03 per cent to the assigned value, so that, if the 
carrier frequency is 20,000 kc, the actual frequency spacing must be of 
the order of 12,000 cycles. The importance of frequency stability is 
more or less proportional to the carrier frequency, since a given percentage 
of variation represents a smaller number of cycles at ·a low than at cl. high 
carrier frequency. 

102. Code Transmitters.-The design of a code transmitter depends 
primarily on the frequency stability required and the power to be gener
ated. Where the frequency stability must be high, as is the case with 
most types of short-wave code transmitters, the entire design must be 
built around some fonD. of oscillator that will maintain a constant 
frequency, such as a crystal oscillator, a resonant line oscillator, etc. 
Where the frequency stability need not be particularly great, as is the 
case in long-wave transmitters and in certain classes of short-wave 
equipment such as amateur transmitters, it is often possible to introduce 
a number of simplifications by sacrificing frequency stability. Typical 
examples of the most commonly used types of code transmitters are 
discussed in the following paragraphs. 

Crystal-controlled Commercial Short-wave Code Transmitters.-. When 
the frequency stability of the transmitted carrier is of importance, one 
of the most satisfactory arrangements is to employ a crystal oscillator. to 
control the frequency. With such an arrange1nent the entire design 
must be built around the fact that the amount of power that can be con
trDlled by a crystal is relatively low, while the highest frequency obtain
able commercially from a crystal is of the order of 6000 kc. Greater 
power requires the use of Class C amplifiers, while higher frequencies 
involve the use of harmonic generators. The usual crystal-controlled 
short-wave transmitter makes use of a crystal oscillator involving a 
tube having a rating of the order of 772 watts and generating a frequency 
in the range 1500 to 4000 kc. The crystal is followed by an amplifier 
tube, commonly termed a buffer amplifier, whic� isolates the crystal 
from the remainder of the transmitter. In order to be sure of the 
highest possible frequency stability, the buffer tube is usually operated so 
that it draws little or no grid current, and the crystal and buffer tubes 
normally have a separate power supply and operate continuously even 
Fhen the key of the transmitter is up. The buffer tube is followed by 
harmonic . generators and Class C amplifiers as required to develop thQ 
required power output and frequency. 
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The cparacteristic "features of a well-designed crystal-controlled short
wave · code transmitter are illustrated by the high-power transmitter 
shown in Fig. 282. This particular transmitter is designed to operate 
in the frequency range 3000 to 21,500 kc (lOO to 14 meters wave length) 
and is capable of delivering a power output of 30 to 40 kw. The trans
mitter itself is divided into two parts, the first of which is an exciter unit 
containing the crystal oscillator, buffer amplifier, harmonic generators, 
and power amplifiers capable of delivering I-kw output. The second unit 
is a one-stage power amplifier using water-cooled tubes, and it is con-• 
nected to the exciter unit by a short transmission line. This arrange-
ment, with the final power amplifier separated from the remainder of the 
transmitter, is frequently used in high-power equipment because it 
simplifies the problem of shielding the low-power-Ievel circuits from the 
strong fields produced by the final power amplifier. The exciter unit can 
be considered as a complete transmitter of moderate power, and its output 
can be delivered directly to an antenna if desired. 

The sequence of tubes in the exciter unit is "as follows : 

7�-watt trio de crystal oscillator. 
75-watt screen-grid buffer amplifier. 
75-watt screen-grid frequency doubler. 
75-watt screen-grid frequency doubler (second doubler) . 
500-watt screen-grid tube used as frequency doubler when output frequency is 

in excess of 12,000 kc, and otherwise employed as power amplifier. 
Two 500-watt screen-grid tubes in push-pull amplifier circuit. 

The final power amplifier unit consists of two water-cooled tubes in a 
neutralized push-pull circuit. 

The crystal oscillator employs the circuit shown in Fig. 206, and is 
followed by .a buffer amplifier consisting of a screen-grid power tube. 
By the use of suitable shielding and a separate power supply for the 
crystal oscillator and buffer tubes, the generated frequency is virtually 
independent of the conditions existing in the remainder of the transmitter. 
In order to prevent the frequency from varying with temperature in the , 
case of X- or Y-cut crystal plates, an oven is provided for maintaining the 
crystal temperature constant, and the crystal is operated at a relatively 
low amplitude so the internal heating due to its own losses will be sI\lall. 

The harmonic generators and amplifiers following the buffer tube are 
of the Class C type and increase the crystal output to approximately 1 kw. 
For frequencies above 12,000 kc the three tubes following the buffer 
amplifier are all adjusted to generate second harmonics, and the crystal 
is ground to generate a frequency one-eighth of that to be transmitted. 
For frequencies in the range 6000 to 12,090 kc the crystal is ground to 
one-fourth of the transmitted frequency, and only two harmonic genera-
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tors are employed, the third tube being used as an ordinary Class C 
amplifier. Likewise m the frequency range 3000 to 6000 kc only one 

] 

harmonic generator is employed, and the remaining tubes are used as 
Class C amplifiers. 

Tuning is accomplished in the exciter unit by means of variable 
condensers, changing inductan'ce coils as required, and by short-circuiting 
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turns of the indu ctance coiL.:; . In the power-amplifier unit rougb tuning 

can be accomplished by changing coils an d by adj usting the tuninp; 
capacity in steps, while fine tuning makes URe of a copper ring rotated 
i n  the field of the inductance.  Several crYHtals arc provided in the 
crystal bolder, and s\vitchcs op'erated from the panel make it possible to 

have available two frequencies of transmh;::;ion, with the change over. 
from one to the other requiring only a few seeonds. 

Three separate an ode power-supply systemR are provided. 'l'h(� 
crystaJ osei llator and buffer amplifier operate from a fiingle-phmm Gen t.er-

FlO. 283a.-Exciter unit or transmi t.ter of Fig. 282-front view of panel. 
tapped rectifier usi ng Type 866 mercury-vapor tubes . A voltage dividing 
resistance UCl'OHS the output of the rectifier m akes it possible to obtain 
anode, Hereun-grid, and control-grid bias volt-ages from a single rectifier. 

The remainder of the exci ter receives its anode power frorn a thrcc
phase full-wave rectifier using Type 872 mercury-vapor tubes in conjunc
tion v-lith a filter consisting of a series input inductance follmved by a 
shunt condenser. This un�.t delivers 3000 volts direct current, which 
is a.pplied direc tly to the plates of the 500-watt screen-grid power-ampli

fier tubes. Lower volt ages for the other tubes and for the screen gIid� 
are obtained either by means of voltage-dropping resistances from the 
3000-volt source or from a I500-volt tap obtained by conn ecting to 
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th e neutral point of the secondary star through a filter inductance. This 
tap causes three of the six rectifier tubes to do double duty by also func
tioning in a three-phase half-wave circuit to give 1500 volts output . The 
grid-bias voltagcs required by the exciter are obtained either from a 
1000-volt motor generator or from a sui table rectifier-fi1 ter l1nangement 
with the aid of a voltage-dividing resistance. The power-amplifier unit 
has a Rcparate three-ph ase full-wayc rectifier using Type 869A m ercury-

FIn. 283fJ.-Exd tcr u n i t  of trunsmi l tcr of Fig. 282-rear view \vi th shields in place. 
vapor tubes und delivering a direc t.-currcnt output of 4 amp . at 18, 000 
voltH. The filter consists of a O. 5-henry scries input inductance followed 
by a 3-,uf shunt condenscr. 

It is to be understood that this de::;criptioll of thc transmitter ha� 
dealt only with the outstanding features and has omitted innumerable 
details that must be taken into account in the actual construction in 
order to obtain satisfactory results. l  For example it is necessary to 

1 For further dctails concerning an carlier but only slightly different version of this 

transmitter, sec I. F. Byrncs and J. B. Coteman, 20-40 Kilowatt High-frequency 
Transmitter, Proc. 1 .1?'.E. , vol. 1 8, p. 422, March, 1930. 
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. shield the parts of the transmitter from each other by means of  copper 

shields, the location of which is indicated by the dottecl lines of Fig. 282. 

Uadio-frequency choke coils and by-pu.s1'i eonclenscrs must a1so be pro

vided in many pl aces not shown in this schematic diagram if parasitic 

oscillations and regeneration are to be avoided, find it is also ncceRsary 

to arrange the various parts of the trall:-5m iUer in relation to each other 

i n  such a way as to minimize undesirahle Rtray couplings while makinp; 
the connectiom; as short and a s  direc t as possible'.  

FIG. 283c.-Exci tcr uuit of  transmi tter o f  Fi g. 282-rcar vi ew with <�overs of shicldlOr 
removed . 

Photographs showing different view!:) of the complete transmitter 
are given in Figs. 283 and 284 and serve to bring out the more obvious 
features of construction. 

-

\Vhile the high-power transm i tter that has been described incor
porates aU th e typical features of a short-wave crystal-controlled code 

transmitter, it is of course possible to modify the layout in m any detail.,; . 

Thus the buffor tube is often made . to serve as a harmonic generator by 
tuning its tank. circuit to twice the frequency generated by the crystal. 
Triodes are also commonly used as harmonic generators instead of 
screen-grid tubes, and can be llsed as radio-frequency amplifiers in place 
of screen-grid tubes provided neutralizeu circuits arc employed . In 
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Rome cases t. he harmonic-generator tubes are called upon to generate ' 
the third or even the fourth harmonic instead of the second, although 

the power ou tput on these higher harmonics is small. Sometimes tuned 
circhits use only the capacities suppl ied by tubes, leads, etc . ,  and are 
adj usted to resonance by varying the circuit inductance. 

FIG.  284a.-Front ,,;c w  of :10- to 40-kw output power amplifier. 

Crystal-controlled Short-wave A matc'Ur Code Transmll.ler.-Amateurs 
interested in sbort-wave telegraphy have developed a great variety of 
low-power code transmitters. The better grade of these employ crystal 
u::5cillutol's followed by harmonic gellerators and Class C amplifiers as 
required to develop the desired frequency and ou tput power. A typical 
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transmitter of this class is illustrated in Fig. 285, and makes use of a 
crystal oscil lator followed by a harmonic generator and a push-pull 
Class C amplifier using neutral ized triodcs. Descriptions of innumerable 
transmitters of this type are to be found in the amateur's handbooks and 
magazines, and many of these- transmitters represent great i n genuity 

,-

---- �-

FIG. 284b .-llcar view of 30� to 40�kw output power nmpliCi cr. 

in adapting available tu bes to give a maximum power output in propor
tion to cost . \Vhile amateur equipment is usually designed to operate 
less conservatively than commercial - equipment, the essential features 
are the same as for commercial equipment ; in fact many low-power 
commercial transmitters arc essentially commercial adaptations of 
amateur designs. 
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M aster-oscillator Power-amplifier Transmitters.-Master-oscillator 
power-amplifier arrangements are commonly used in transmitters operat
ing at frequencies below 500 kc, since the percent.age frequency stability 
required l!t these lower frequencies is less than with short-wave trans-

Clas� C amplifier 

. ,  . 

- Ec + EB 
" . 3e FIG. 285.-Typical amateur crystal-controlled code transmitter. 

mitters. Master-oscillator power-amplifier transnu tters are also employed 
to some extent in ' portable equipment, in amateur work, and in ·other 
circumstances where the transmitter is required to operate somewhere 
within a band of frequencies but is not required to maintain any exact 
frequency to a high degree of precision. 

-125 V +2000 V 

FIG. 286.-Simplified circuit diagram of 2-kw ship transmitter designed for use in the 
frequency range 125 to 500 kc. This transmitter consists of a master oscillator and inter
mediate and output amplifiers and is keyed by opening the ground connection of the plate 
and grid return leads. 

Compared with crystal-controlled transmitt.ers, the master-oscil
lator power-amplifier arrangement has the advantage of �implicity. 
The master-oscillatot can operate at the transmitted frequency and can 
be designed to deve!op sufficient power to excite the final power amplifier 
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directly. This eliminates the . chain of frequency multipliers and Class 
C amplifiers commonly required to develop large powers when crystal 
control is employed. 

A typical master-oscillator power-amplifier transmitter for marine 
radio-telegraph communication at frequencies below 500 kc is shown in 
Fig. 286. This consists of a master oscillator, followed by a buffer 
power amplifier which excites a final Class C power amplifier. A typical 
low-power master-oscillator power-amplifier short-wave transmitter is 
illustrated in Fig. 287 and consists of a master oscillator which excites a 
screen-grid Class C power amplifier directly. 

The frequency stability of a master-oscillator power-amplifier arrange
ment is usually less than that of a crystal-controlled transmitter because 

"Blocking condenser fOr shunt feed 
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FIG. 287.-Circuit diagram of typical low-power master-oscillator power-amplifier short

wave transmitter. 

of the variation in oscillator frequency with temperature, electrode 
voltages, etc . ,  but, by careful attention to design details and by placing 
voltage regulators in the power-supply systems, the frequency stability 
can be made quite high, in fact, adequate to meet the governmental 
regulations for code transmitters. If, in addition, the master oscillator 
and its associated tuned circuits are placed in a compartment that is 
maintained at constant temperature, the frequency stability can be 
still further improved. Transmitters of this latter type, involving a 
low-power tuned-circuit oscillator followed by harmonic generators and 
Class C amplifiers, have a frequency stability comparable with that of the 
ordinary crystal-controlled transmitter. 

Transmitters Employing a Simple Oscillator.-8imple oscillators 
delivering their output directly to the antenna have the disadvantage 
that any change in the load, such as might be produced by wind blowing 

'. 
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on the antenna, reacts upon the oscillator and tends to change the 
frequency. It is consequently necessary with such transmitters to 
arrange matters so that the inherent frequency stability is as high as 
possible and so that the load is essentially a resistance that is relatively 
loosely coupled to the tank circuit of the oscillator. 

103. Keying of Code Transmitters.-The output of a high-power 
crystal-controlled transmitter is ordinarily turned on and off in accord
ance with the characters of the telegraph code by means of a keying 
system which operates on one of the low-level amplifier or harmonic 
generator tubes in such a way as to remove the alternating-current excita
tion from the grids of the large tubes . The full power output is thus 
controlled by keying only a small amount of energy and a low-power 
relay can be used. The crystal oscillator and its buffer tube normally 
have an independent source of anode power and are allowed to operate 
continuously in order that the generated frequency may reach an equilib
rium value that is unaffected by the rapidity and eharacter of the keying. 

There are a number of ways by which a power-amplifier or harmonic
generator tube may be prevented from delivering output to "a succeeding 
tube. A typical example is illustrated in the schematic diagram of the
high-power transmitter shown in Fig. 282. Keying is accomplished here 
in the first doubler stage by reducing the plate voltage supplied to 
the doubler tube to the point where the output is insufficient to bring the 
instantaneous grid potential of the succeeding tube above cut-off. The 
keying unit consists of two 50-watt tubes in parallel, the plates of which 
are fed in parallel with the plate of the first doubler tube through a 
common resistance from the 3000-volt power supply. When the key is 
down, a negative bias exceeding the cut-off value is placed on the grids 
of the keying tubes so that the keying unit draws no current and allows 
normal voltage to be applied to the plate of the doubler tube. When 
the key is up, a slightly positive voltage is applied to the grids of the 
keying tubes, causing these tubes to draw a large plate current through 
the series resistance and hence to reduce the potential that is applied to 
the plate of " the doubler tube to a very low value. Another method 
consists of an arrangement that places a large additional bias voltage 
on the grid of one of the amplifier or harmonic-generator tubes when the 
key is up and removes the extra bias when the key is down. The added 
bias is made sufficient to block the tube and so prevents operation of the 
transmitter. 

In the master-oscillator power-amplifier type of transmitter the ideal 
keying arrangement would permit the oscillator to operate continuously 
from a separate power source and would key in the power-amplifier 
circuit. From a practical point of view, however, a separate power 
source for the master oscillator is seldom justified. A variety of methods 
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are employed for keying such transmitters, including the use of a relay 
in the high-voltage supply, a key or relay in the primary circuit of the 
plate-supply transformer, and various means for blocking one or more 
of the- tubes. A typical arrangement of the latter type is illustrated in 
Fig. 286, and inv�lves grounding the grid and plate return leads through 
the key.1 When the key is down, the tubes operate in a normal manner ; 
when the key is up, the plate and the filament assume the same potential 
(i.e., ground potential) , causing the negative plate lead and hence the 
grid potential to become negative with respect to the filament, thereby 
blocking the tubes. A modification of this method is shown in Fig. 287; 
where the key removes the ground from the amplifier filaments to block 
operation. 

Transmitters in which there is an oscillator that delivers its power 
directly to the radiating system are usually keyed in the same manner 
as master-oscillator power-amplifier arrangements. 

Keying Troubles.-A proper keying system gives clean-cut dots and 
dashes having constant carrier frequency and produces a minimum of 
interference. To achieve this it is necessary to pay proper attention 
to the details of the keying action. 

Constant carrier frequency means freedom from frequency variations 
during the interval or' a dot or dash, and also freedom frot:n drift in fre
quency during operation. Frequency variation during a dot or dasn 
produces an effect commonly termed a chirp, and may be the result 
either of power-supply systems with poor regulation or of rapid heating. 
Gradual drifts in frequency during transmission can be attributed to 
gradual heating of tuned circuits, tubes, etc., causing the frequency to 
drift steadily during use and to be different for continuous operation than 
after a period of rest. These slow drifts can be virtually eliminated in 
crystal-controlled oscillators by proper design, and in the' case of other 
systems can be minimized by operating tubes and equipment conserva
tively and by sending out dots during otherwise idle intervals in order 
to maintain the temperature somewhere near normal. 

Some keying systems fail to give clean-cut dots and dashes, particu
larly when the speed of keying is high. Thus, if the keying is done on 
the primary side of the plate power transformer, a brief interval must 
elapse after the key is depressed before the normal direct-current voltage 
is obtained from the filter output, while, after the key breaks the circuit, 
the transmitter will continue to operate for a brief time as a result of the 
energy stored in the filter inductances and capacities. 2 The result is 

, 1 For other keying methods in which one or more of the tubes are made inoperative, 
see " Radio Amateur's Handbook," American Radio Relay LeagUe. 

2 Other methods of keying also produce transients that distort the code characters 
somewhat. For example, in the keying arrangement of Fig. 282 the load on the 

I '  
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that the code. characters are rounded off and tails tend to form after each 
impulse ; with very fast keying there may be actual overlapping. 

Code transmitters with poorly designed keying systems also commonly 
produce interference in near-by radio receivers even when these are 
tuned to an entirely different frequency from' the transmitted carrier. 
This interference is in the form of thumps or clicks which occur as 
the key makes and breaks its circuit. Such key clicks are caused by 
high-order side-band frequencies produced by the sudden starting and 
stopping of oscillations . .  In a hypothetical case where the transmitted 
energy is assumed to be turned on and off instantly, the resulting wave 
can be considered as containing side-band cOlllponents extending all 
the way from zero to infinite frequency, and, although the amount of 
energy at any one frequency is extremely small, int.erference is produced in 
near-by radio receivers . The remedy for key clicks is either to make 
the radiated energy pass through tuned circuits which suppress the 
high-order side-band components or to use a tilne delay or lag circuit 
in association with the keying so that the transmitted signals are turned 
on and off gradually rather than abruptly, thereby preventing the genera
tion of high-order side bands. Either method is satisfactory. In the 
former it is necessary to provide proper shielding so that the undesired 
side-band components will not be radiated without passing through the 
tuned circuit ; in the latter method it is necessary to proportion the lag 
circuit carefully to avoid seriously distorting the code characters, while 
at the same time suppressing the clicks. 

104. Radio-telephone Transmitters.-In radio-telephone transmi�ters 
the output is modulated in accordance with the intelligence to be trans
mitted, instead of being simply turned on and off by means of a key. 
The usual radio-telephone transmitter consists of a stable oscillator, 
usually a crystal oscillator, followed by a chain of amplifiers, one of which 
is modulated by one of the methods described in Chap. IX. The 
oscillator is practically never modulated because the accompanying 
frequency modulation would result in the production of high-order side 
bands. The modulation may take place in the final power amplifier, 
which is referred to as " high-level" modulation, or may take place in 
one of the lower power stages, which is termed " low-level" modulation .. 
In the latter case it is necessary that all the amplifiers following the 
modulated stage be linear amplifiers in order to avoid distortion of the 
modulation. The use of low-level modulation has the advantage of 
requiring only a small amount of modulating power, but the disadvantage 
rectifier-filter system supplying the final power tubes varies with the keying, thus 
setting up transients in the filter system which distort the transmitted impulses. For 
further information concerning such transients, see Reuben Lee, Radio Telegraph 
Keying Transients, Proc. I.R.E., vol. 22, p. 213, February, 1934. 
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of requiring linear amplifiers, which arc difficult to adj ust and which 
also have low average efficiency when handling modulated waves. High-

1 

2 
FIG. 28Da.-Views of ReA l-kw,broadcast transmitter. 

level modulation eliminates the necessity of linear amplifiers but requires 
correspondingly more audio-frequency modulating power. Both systems 
are capable of giving satisfactory performance, so that the choice is 



SEC. ] 041 RA DIO TRA NSMITTERS 521 

determined by an economic balance beh,,"een power costs, tube costs, etc . ,  

and this depends t o  a considerable extent upon the dcsign details and the 
type of audio-frequency pO\vcr amplifier employed. 

1 

3 
FIG. 289b.-Vicws of ReA I -kw broadcast transmitter. 

Broadcast Transrnitte1's.-The transmitters used ill radio broadc&'3ting 
represent the highest development in radio-telephone transmitters from 
the point of view of frequency stabiIit,y, fidel ity of modulation , etc. 
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Crystal-controlled oscillators are universally employed to meet the 
frequency-stability requirements, and, since the broadcast frequencies 
are in the band 550 to 1500 kc, it is possible to grind crystals to generate 
the desired carrier frequency and thereby to dispense with harmonic 
generators. The crystal oscillator is followed by one or more stages of 
Class C buffer amplifiers, after which comes the modulated amplifier. 
In the case of low-level modulation this is followed by one or more stages 
of linear amplification. The only methods of modulation employed to 
any extent in broadcast work are the grid-modulated and plate-modulated 
Class C amplifiers, both of which permit complete modulation with 
relatively little distortion. 

Schematic diagrams of typical broadcast transmitters are shown in 
Figs . 288, 290, and 291 .  The transmitter of Fig. 288 is an RCA I-kw 
model employing high-level modulation. The tube sequence in the 
radio-frequency chain is as follows : 

5-watt crystal oscillator . .  
772'-watt screen-grid Class C amplifier. 
lOO-watt neutralized triode Class C amplifier. 
Two lOO-watt triodes operated as neutralized push-pUll Class C amplifiers. 
Four 250-watt triodes connected in parallel push-pull� and plate modulated. 

The audio-frequency system consists of a three-stage amplifier, the final 
stage of which is a Class B audio amplifier capable of delivering sufficient 
audio power (about 800 watts) to modulate completely the output of 
the final radio-frequency power amplifier. Photographs of this trans
mitter are shown in Fig. 289. 

The schematic diagram of a 50-kw Western Electric transmitter using 
low':'level modulation is shown in Fig. 290. The tube sequence in the 
radio-frequency system is as follows : 

5-watt crystal oscillator. 
5-watt Class C buffer amplifier. 
50-watt Class C amplifier: 
50-watt plate-modulated Class C amplifier. 
Two 250-watt tubes as linear push-pull amplifiers. 
Two 35-kw water-cooled tubes as linear push-pull amplifiers. 
Six 35-kw water-cooled tubes as linear push-pull amplifiers. 

The audio-frequency system consists of a two-stage amplifier, the final 
stage consisting of a 250':'watt tube operated as a Class A amplifier. 
Complete modulation is obtained by operating the modulated radio
frequency amplifier at an appreciably lower plate voltage than the 
modulator tube. 

The schematic circuit diagram of a 5-kw West-ern Electric transmitter 
employing low-level grid modulation is shown in Fig. 291 .  The sequence 
of tubes in the radio-frequency chain is as follows : 
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&-watt crystal oscillator. 
&-watt buffer amplifier. 
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Two &-watt tubes connected in parallel as Class C amplifier. 
Two 250-watt tubes connected in push-pull and grid modulated. 
Two 10-kw 'Yater-cooled tubes as push-pull linear amplifier. 
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The audio-frequency system consists of a two-stage amplifier, the second 
stage being a single triode capable of developing an undistorted power 
output of 10 watts when operating as a Class A amplifier. When the 
linear amplifier is omitted and the output of the modulator is delivered 
directly to the antenna, the result is a lOO-watt transmitter suitable for 
low-power broadcast stations. 

In comparing these three transmitters certain essential differences 
will be noted. The arrangement employing high-level modulation with a 
Class B audio amplifier has a greater over-all power efficiency and a 
smaller installed tube capacity than the other systems in proportion to 
carrier power and so tends to be preferred in high-power stations where 
the power and tube cost is high. 1 Low-level modulation, while less effi
cient than high-level modulation employing Class B modulators, has the 
advantage of requiring less audio-frequency amplification and of avoiding 
the possibility of audio distortion which develops in Class B audio ampli
fiers not carefully supervised. Grid modulation has the advantage of 
requiring relatively little audio power, but the disadvantage of making 
the modulator efficiency quite low. 

The performance of a commercial broadcast transmitter leaves very 
little to be desired. Thus the manufacturers of the transmitter of Fig. 
288 specify the following performance :2 

Carrier stability ± 10 cycles. 
Frequency response flat within 1 db from 30 to 10,000 cycles. 
Audio harmonics (r.m.s.) less than 2.5 per cent at 400 cycles for 95 pe:r: cent 

modulation. · . 

Short-wave Radio Telephone Transmitters.-Transmitters used for 
broadcasting at high frequencies are similar to the broadcast transmitters 
described above except for the fact that harmonic generators must be 
employed between the crystal oscillator and the modulator to obtain 

1 A description of a 500-kw broadcast transmitter employing high-level Class B 
audio modulation is described "by J. A. Chambers, L.' F. Jones, G. W. Fyler, R. H. 
Williamson; E. A. Leach, and J. A. Hutcheson, The WL W 500-kw Broadcast Trans
mitter, Proc. I.R.E., vol . 22, p. l 151, October, 1934. ' This transmitter is notable in 
that the Class B audio amplifier required to modulate the 500-kw carrier completely 
consists of eight lOO-kw water-cooled tubes developing an undistorted power output 
of approximately 800 kw. 

2 An extensive survey of the problem of high-quality broadcasting is given by 
Stuart Ballantine, High Quality Radio Broadcast Transmission and Reception, Proc. 
I.R.E., vol. 22, p. 564, May, 1984. 
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the high frequencies. Short-wave transmitters used for airplane, police, 
amateur, and other similar purposes are similar in a general way to 
short-wave broadcast transmitters but need not ordinarily meet the 
same high requirements with regard to stability of carrier frequency, 
audio-frequency range, and distortion. This permits the' use of other 
modulation systems, such as the suppressor-grid modulated or control-

Crysfcf! 
oscillafor 

Class C amplifFeror SClP/lressor-gricl . .  
hQrmonic generafor moaulafea Qmplifier 

+ E S  
Audio �II c:rmplifier ---.3 

fF Anfenn .. LV 
+ Ea 

Suppressor hiQ3 
FIG. 292.-Typical amateur telephone transmitter employing suppressor-grid modulation. 

grid modulated Class C amplifier in which the grid is driven positive. 
An example of a typical amateur transmitter eInploying suppressor-grid 
modulation is shown in Fig. 292. 

Transmitters designed for use in airplanes nlUst be light in weight, 
compact, and have the highest possible over-all power efficiency. This 
requires care in the design, and in some cases resort to special circuit 
arrangements to utilize effectively the full possibilities of the equipment. 

Oscillafor 

hi-sf radio
frequency 
am pli!","£! r 

+ Ea - Ec 
Aucl,o . � 
amp/iT/er t r -

+Esg 
FIG. 293.-Schematic circuit diagram of Western ElectrIC 50-watt transmitter intended for 

airplane use. 

An example of such an arrangement is the Western Electric transmitter 
of Fig. 293. This consists of a crystal oscillator with the crystal ground 
to the frequency to be transmitted, followed by two stages of screen-grid 
radio-frequency amplification. Modulation is accomplished by simul
taneously modulating the screen voltage of the tubes in both stages of 
radio amplification. The adjustment is such that the carrier wave is 
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partially modulated in the first radio�frequellCY amplifier tube, and this 

partially modulated wave is then completely modulated in the second 
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FIG .  294.-Photographs of typi cal airplane short-wave telephono transmitter. 

radio-frequency amplifier. \Vith this particular transmitter it is possible 
to obtain complete modulation of a 50-watt carrier with only 1 watt of 
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audio power and with a maximum distortion of less than 10 per cent. 
Photographs illustrating the kind of construction commonly employed 
with airplane equipment are given in Fig. 294. 

Long-wave Radio-telephone Transmitters.-Radio-telephone transmit
ters operating below 500 kc are usually of the master-oscillator power
amplifier type with the modulation introduced into one of the Class C 
amplifiers. An example of such a transmitter is shown in the schematic 
circuit diagram of Fig. 295, which is a United States Coast Guard 500-
watt transmitter intended for use in the frequency range 125 to 500 kc, 
and including pro,:,"ision for either telegraph or telephone communication. 
The transmitter consists of a 50-watt oscillator, an intermediate radio
frequency amplifier made of three 50-watt tubes in parallel, and a I-kw 

Master 
Osci 1 I00tor 

50 watt tube 

'Modulation t--;.--+--IH choke 
Bias battery +?,OOOV +/,000 V. 

�IITC. r�pply 

FIG. 295.-Circuit diagram of radio-telephone transmitt er in which the frequency is 
controlled by a master oscillator. This transmitter is intended for use in the frequency 
range 125 to 500 kc, and is not arranged to give 100 per cent modulation . 

'output amplifier. Telephone communication is obtained by modulating 
the plate circuit of the output amplifier by a I-kw modulator tube, the 
grid of which is excited by a 50-watt audio-frequency amplifier tube. 

105. Miscellaneous Features of Radio Transmitters. Control and 
Monitoring Systems .-Large radio transmitters are usually made so that 
the transmitter may be placed in operation by p�essing a single push 
button. The circuit thus closed causes the various contacts to be made 
in the proper sequence and with the requisite tirne delay, and interlocks 
are provided to prevent damage to the transmitter if some part fails 
to function. Transmitters are also provided with a certain amount of 
relay protection 'which will take care of overvoltages, undervoltages, 
failure of the circulating water in water-cooled tubes, short circuits, etc. 

Satisfactory performance of radio transmitters is insured by system
atic monitoring of the carrier frequency and the quality of the signals. 
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The frequency Qf brQadcast 't,ransmitters is cQntinuQusly checked against 
a secQndary �tandard Qf frequency cQnsisting Qf a carefuliy designed and 
Qperated crystal QscillatQr. The signals Qf Qther tYPQS Qf transmitters are 
nQrmally checked periodically fQr frequency' against a primary Qr secQnd
ary st�ndard IQcated within range Qf the transinitted signals. 

In code transmitters the character Qf the transmitted signals Qbtained " 
with hand keying is usually Qbserved at the �ransmitting statiQn by 
listening Qn an insensitiv� well-shielded radio. receiver. In high-speed 
transmissiQn, tape Qr QscillQgraph recQrding is used to. detect faulty keying. 

The usual prQvisiQns for mQnitQring the quality Qf signals transmitted 
by a radiQ-telephQne transmitter comprise a IQud-speaker Qperated by 
rectifying a PQrtion Qf the mQdulated output with a linear detector, and 
SQme methQd, cQmmQnly a cathQde-ray device, fQr Qbserving the linearity 
and degree Qf modulatiQn. In this way it is PQssible to.' maintain a , 
clQse check upon the perfQrmance Qf the transmitter and to detect 
imprQper Qperating cQnditiQns such as Q'vermQdulatiQn and other fQrms Qf 
distQrtiQn. 

Hum in Radio�telephone Transmitters.-In bro.adcast transmitters 
trQuble is cQmmonly experienced' frQm the alternating filament cur,rent 
mQdulating PQwer-line hum uPQn the ' carrier ' in , sufficient amount to. 
cause annoyance during intervals when the carrier is Qtherwise unmQdu� 

. '  lated. Remedies include the use Qf direct-current generatQrs fQr supply
, ' ing filament PQwer, the ' intrQductiQn of a neutralizing hum in the 

audio-frequency system, and the use Qf negative feedback as discussed 
belQw. ' 

Application of ,Negative Feedback to Radio-telephone Tran,smitters.-' 
The amplitude distQrtiQn and hum in the mQdulatiQn envelQpe can be 
greatly reduced by making- use Qf a modified fQrm Qf negative feedback. 

, One methQd Qf dQing this is to. apply a sinall PQrtiQn Qf the radiQ-frequency , 
Qutput to. a linear rectifier, thereby develQping an audiQ-frequency vQltage 
that ' reprQduces the nlOdulatiQ� envelQpe. This audio. frequency is 
then fed back into. the audiQ-amplifier �ystem in the same way as a 
portiQn Qf the Qutput is ' superimpQsed UPQn the input in the negative 
feedback amplifier discussed in Sec . 52. , An alternative arrangement 
applicable to. linear an;tplifiers but nQt to. mQdulated amplifiers consists 
in simply cQupling the input 'and output tuned circuits in such PQlarity as 
to. give negative feedback. When the feedback prQcess is prQperly 
carried Qut, the result in either case is essentially the same as in the 

'. Qrdinary feedback amplifier) there being a marke.d reductiQn in bQth 
alternating-current hum and in the distQrtiQn Qf the modulation envelope. 

In applying negative feedback , to. radiQ-frequency ' , systems it is 
, necessary to' take the same precautiQns a,s in Qrdinary negative fe'edb'ack 
amplifiers, keeping in wind that a stage' Qf tuned radiQ-frequency amplifi':' 
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cation produces phase shifts in the modulation envelope which are of the 
same order of magnitude as the phase shifts produced in a sIngle stage of 
audio-frequency amplification. 

The transmitters shown in Figs. 290 and 291 make use of negative 
feedback. Here a portion of the output is rectified by a full-wave recti
fier tube and is introduced into the grid circuit of the next-to-final audio 
stage in such a manner that the phase is correct for negative feedback. 

Suppression of H armonics.-Since Class . C and linear amplifiers 
generate harmoniCB, it ' is necessary that care be taken to avoid the 
radiation of energy on frequencies other than the desired carrier fre
quency. The tank circuit of the 'final power amplifier helps greatly in 
suppressing the undesired harmonics, particularly if the effective Q of the 
circuit is high . However, in the case of high-power transmitters addi
tional selectivity is required. This is commonly supplied by placing 
between ' tank circuit and antenna a coupling sy�tem involving induc
tances and capacities designed to ' discriminate very strongly against the 
harmonics of the carrier frequency, while transmitting the desired carrier 
and side bands with relatively little discrimination. The effectiveness 
of suppression obtained increases with the reactive 'Volt-amperes circulat
ing in ' the network, depends somewhat, upon the extent the total induc
tance and capacity is subdivided, and is increased by the use of capacitive 
coupling. 1 

It is to be noted that the use of a push-pull connection will eliminate ' 
second harmonics provided the push.,..pull . stage is balanced and the 
coupling between the tank circuit' and the antenna is so arranged that 
stray capacities do not transfer second-harmonic energy. 

SimuUaneous Two-way Telephone Conversation on the Same Frequency. 
Radio-telephone channels that are links in wire telephone systems 
sometimes make use .of the same frequency for transmission in both direc- ' 
tions. This presents special problems because the radio receiver that ' 
picks up the "signals from the distant transmitting station is necessarily in 
close proximity to the local transmitting station which is operated on the 
same frequency. Trouble is avoided by making use of relays which 
switch the lan<l lines to the transmitter or to the receiver, depending on 
whether the speech is coming into, or going out of� the radio system. 

, The normal relay position connects the receiving equipment to the land 
lines and disconnects the transmitters. If, however, voice currents are 
received at the radio station from the land line, a relay disconnects the 

. . 

1 For a detailed discussion of methods for avoiding ha,rmonic radiation and particu-
larly for information on the design of coupling networks, see J. W. Labus and ' Hans " 
Roder, The Suppression of Radio-frequency HaTmonics in Transmitters, Pr,oc. I.R.E. , 
\T01. 19, p. 949, June, 1931 ; Yuziro Kusunose, Elimination of Harmonics in Vacuum
tube Transmitters, Proc. I.R.E., vo1. 20, p. 340, FehruaIY, 1932. 
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receiving equipment from the land lines and places the transmitter' on . 
the circuit instead. In order that no speech will be lost during the 
brief interval when the relays are changing the connections, a time delay . provided by an artificial line or a long speaking tube is placed between the • 

point in the circuit where the voice energy operates the relay and the 
point where the relay contacts ,change the connections. A schematic 
diagram of the circuits involved is shown in Fig. 296. 1 

Production of Single . Side-band Signals.-Radio-telephone signals 
consisting only of a single side band with the carrier and companion :side 
band suppressed have cer�ain advan-
tages . . Such signals are produced by 
initia11y modulating the audio-fre- . 
quency signals upon a relatively low 
carrier frequency using the balanced IAndline 
modulator system of Fig. 231 to sup
press the carrier. The undesired side 
b�nd is then eliminated by the use 
of filters, which .c�n be made suffic
iently s.elective to separate one side 
band from the other provided the 
c,arrier frequency is not too great. 
The remaining side band is then. 
modulated , upon a second ' carr\er 

FIG. 296.-Circuits. , involving voic«;l
operated relay and time-delay network for 
making possible two-way radio-telephone 
communication using the s�me frequency 
for transmission in. both directions. 

, wave of considerably higher frequency . than the first, and ,one of 
the resulting side bands is again selected by the use of suitable filters. 
This process can be repeated as' many times as is necessary to bring the 
frequency up to the desired value, after which linear aIl1plification is 
employed to produce the required power. The only single side-b�nd 
radio system in comIllercial operation is the long-wa.v� transatlantic 
telephone which has the schematic transmitter layout illustrated in 
Fig. 297. 2 ' 

Synchronous Operation of Broadcasting Transmi�ters.-In � number of 
instances the carrier frequencies of two or more bro�dcast stations have 
been synchronized in order to reduce interference. The usual method of 
doing this involves the use of a relatively low control frequency' trans
mitted over ' telephone wires. For example, in one installation a 4-kc 

1 Arrangements of this type are used in most 'radio links which attempt to provide 
, two-way talking service, even when difierent transmission frequencies are used in the 

two directions. For example, see G. C. Crawford, Echo Elimination in Trans-atlantic 
Service, Bell Lab. Record, November� 1927. 

. 

2 A corresponding single side-band short-wave radio-telephone system has been 
devised and used experimentally for transatlantic operation with considerable success. 
See F. A. Polkinghorn and N. F. Schlaack, A Single Side Band Short-wave System fo!' 
Transatlantic Telephony, Proc. I.R.E., vol. 23, p. 701, July, 1935. 
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signal is transmitted to each broadcast station and is used as a reference 
against which the frequency actually transmitted is continuously com
pared by automatic mea�s. · If the transmitted frequency deviates from 
synchronism with .a harmonic of the reference frequency, means are 
provided by which the transmitted frequency is' automatically brought 
back to the desired value. A number 'of variations of this general 

. procedure are possible, such as transmitting , the control frequency by 
radio, continuously comparing the two transmitted frequenCies against , 
each other and then either automatically or manually adjusting one of 
the transmitters if the frequency difference be90Ines excessive, etc.1 

Adjacent Channel Interference . L-Radlo-telephone transmittert3 some
times produce interference on frequencies that are outside of the normal 
side-band range and yet are relatively ·close to the carrier frequency. 
Such adja�ent channel interference is caused' by high-order side bands 
resulting either from distortion of the modulation , ' envelope or from 

33,700 
Cycles 

Secol1d Filte 
Tral1sl!1its 41 000 to 71,600 Cycles 

3 . 
Stagl� 

Amplifier 

55,500+5 55,500+5 
, 12z.qOO�S 

89,200 
Cycles 

,..----., To 
Water antenna Cooled Tube �plifier 1---...... 

FIG. 297.;-Schematic .layout of long-wave transatlantic telephone, showing how the single 
side band is generated and amplified to a high-power level. . , , 

frequency or phase modulation of the transmitter. Thus, if the highest 
modulation frequency supplied to a transmitter is 5000 cycles, distortion 
of ·th� modulation envelope produces second-9rder side bands that 
extend to 10,000 cycles on either side of the carrier, fifth-order side bands 
extending 25,000 cycles, etc. These extended side 'bands will commonly 
interfere with the local reception of signals from distant transmitters 
long before the distortion involved is of sufficient magnitude otherwise to 
impair the transmitter performance. Ovennodulation caused , by 
�ccasional audio-frequency peaks is the ' commonest ' cause of adJ acent 
channel interference, since, when the peak value of the modulating 
voltage becomes greater than that required for 100 per cent modulation, 

" 
I For further ' information on synchronized broadcast ,transmitters, see , L. McC. , 

Young, ,Present Practice in the Synchronous Operation of Broadcast Stations ,as 
Exemplified by WBBM and KFAD, Proc. I.R.E., vol. 24, p .. 433, March, J936; 
G. D. Gillett, Some Developments in Com�on Frequency Broadcasting, Proc. I.R.E., 
vol. 19, p. 1347, August, 1931.  

2 For further information on this subject, see Ira J.  Kaar, Some Notes on Adiacent ' 
Channel Interfer{lnce, Proc. I�R.E., vol. 22, p. 295, Mat:ch, 1934. 
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the trough of the modulatio� envelope will b�. zero for a portion' of the 
time, giving rise to a distortion that ordinarily contains high-order 
harmonic components. 

. , 

Phase and frequency modulation produce high-order side bands as 
explained in Sec. 81, and· hence can give rj.se to adjacent channel inter
ference. Frequency modulation occurs when the oscillator is modulateq., 

. or when the buffer amplifier located between the oscillator and the 
· modulated stage allows the modulation to produce a reaction back upon 
· the oscillator. ' Phase modulation occu·rs when the tank circuit of the 
modulated amplifier or one of the succeeding linear amplifiers is not 
tuned exactly to resonance, or when ' there is some coupling between 
circuits , carrying modulated currents �nd circuits on the .oscillator side 
of th� modulated tube which carry uninodulated currents. 

Transmitters Employing Frequency and Phase M odulation .-Frequency 
and phase modulation are similar to each other insofar as the end result ' 
is concerned, but differ in the, method by which the modulatio� is obtained 
and in the effect of the modulating frequency upon the modulation index. 

FIG. 298.-;--Simpie arrangement for producing a frequency-modUlated signal. 

The term frequency modulatio'n is hence commonly used to designate 
phase modulation as well as pure frequency modulation. , No commer,cial 
communication system using frequency modulation has yet been placed 
in operation, but extensive experimental work upon such systems is 
being carried out, and these systems show pr.omise for communication at 
very high frequencies. , 

pure frequency modulation is ' obtained by. varying the generated . 

. frequenGY in accordance with the amplitude of the modulated voltage. 
This can be accomplished in various ways, a typical arrangement being 
illustrated in Fig. 298. Here the modulating 'energy actuates an elec-

, tromagnet that, displaces a diaphragm representing one plate of a con
denser that is part of the tuning capacity of the� Qscillator. A ' simple 
'method of obtaining phase modulation is illustrated in Fig. 299a. Here 
a portion of the energy from a master oscillator is amplitude-modulated 
in any convenient manner, and after being shifted in phase by 90° is then 
combined with a larger amount of unmodulated energy from the same 
master oscillator. , The resulting wave has a phase and amplitude 
that vary with the modulation as illustrated by ' the vector dia,gr:;tms of ' 
Fig. 299b, and after being passed through a limiting amp�ifier to remove 
the residual amplitude modulation represents a phase-modulated wav:e. 

. . 
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The modulation index obtained with frequency or phase modula1;ion 
is increased by the use of harm'onic generators. Thus, if the original 
phase modulation represented a 200 variation in phase, three successive 
frequency doublers would increase the phase variation to 2 X 2 X 2 .X 20 
= 160°. 

Secrecy Systems.-In radio extensions of telephone systems it. is 
desirable to preserve privacy. One possible method of doing this con
sists in inverting all the speech frequencies by transmitting the high 
speech frequencies as low modulation frequencies and the low audible 
frequencies as hIgh modulation frequencies . This can be accoinplished 
by heterodyne action. Thus, if · the fre·quency band to be transmitted 
is 400 to 3000 cycles, heterodyning the speech band with 3400 cycles and 
then separating out the difference freq':lencies by :means of a suitable· filter 
will transform an original 3000-cycle i30und to 400 cycles, an ' original 
400 cycles to 3000 cycles, and so on. At the receiving end the speech ean 
be restored by a second heterodyne operation . . The system can be made 

(a) Circuit 

ModulOfi-ing volfage 

(b) VeCTor relOltions f.or 
oIifferent vOI lues of Ea 

E " 
�A+EB'�- B 

, \ E� 
EA 

FIG. 299.-Method of generating a phase-modulated wave. 

still more difficult to deciph�r by allowing the heterodyning frequ'ency to 
wobble sloWly about 3400 ·cycles and then .to wobble the heterodyning 
oscillator at the receiver correspondingly. Other secrecy systems involve 
such operations as dividing· the audible range into bands such as 400 to 
100f) cycles, 1000 to 1600 cycles, etc., and interchanging these bands 
by making use ·of the heterodyne principle. If, in addition, means are 
provided for at;Jtomatically changing the method of rearrangemen� every . 
few moments according to a prearranged system, complete priv.acy is 
practically assured. , 

Interrupted Continuous ·Waves .-In code transmitters · it is sometinles 
desired to interrupt the transmitted dots and dashes at. a rate approxi
mately 1000 cycles per' second, giving what is ternled Le.W. (interrupted' 
continuous waves) . This is commonly accomplished by the use of a 
self-rectifying circuit using 500-cycle power or by the use of some form of 
motor-driven interrupter or chopper. . Interrupted continuous waves 
can be received upon ordinary �adio receivers without 'heterodyne action ; 
they also have the advantage in short-wave work that a certain amount of 
frequency diversity is obtained as a result of the side bands produced by 
the interruptions. 
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Size of Successive Tubes in the Radio-frequency Chain .-The size of 
successive tubes in the chain of radio-frequency amplifiers is determined 
by the fact that the final amplifier tube must deliver the required output, 
while each preceding tube must deliver sU,fficiept output, to excite the 
tube that follows it. Inasmuch as the driving power required by a 
particular tube depends greatly upon the exact operating conditions, 
the size of tube required for excitation will depend greatly upon the design 
details. , Furthermore, the exciting power required by different tubes of 
the same type will often vary considerably as .a result of variations in 
secondary electron emission at the control grid. Consequendy it is 
usually desirable to de�ign� conservatively and to, provide considerably 
more driving power at ' each stage than is expected to be required under 

" ordinary , conditions. ' ' 

Transmitters lor Very High Frequencies.-At frequencies exceeding 
about 20 megacycles crystal-oscillator arrangements become complicated 
because of the large number of harmonic generators required . ' Under 
such ci,rcumstances , ordinary oscillAtors, iD: which the frequency is made 
stable by employing a specially designed resonant circuit having an 
extremely' high Q, are commonly employed. The mo'st widely used 
arrangement of this type makes use of a resonant transmission line to 
control the frequency as discussed in Sec . 67. 1 When temperature com- ',' 
pensation is incorporated, the frequency stability compares favorably ' 
with that of crystal-controlled transmitters. 

For wave lengths down to about 72 to 1 meter it is still possible ,to 
. employ master-oscillator power-amplifier arrangements, ' the preferable 
arrangement being to develop the 'final output power from a harmonic 
generator. 2 At shorter wave lengths it is necessary to employ electron 
oscillators either of the Barkhausen or split-anode type. Means have ' 1 been devised for modulating the output of such oscillatqrs so that radio� , , 
telephone signals can be transmitted, although in general the'se I,Uodulation 
systems all ' intro�uce an undesirably large amount of frequency , 
modulation. 

', 106. High-efficiency Systems for Radio-telephone Transmitters.
None of the layouts that have been described for radio-telephone trans
mitters are ideal. ' The high-level plate-modulated systems require a 

1 Another form of high-frequency oscillator haVing a high Q-resonant circuit is 
described by F. A. Kolster, Generation and Utilization of Ultra-short Waves in Radio 
Communication, Proc. I.R.E., vol. 22, p� 1335, December, 1934. This ' employs a 
specially designed one-turn inductance so arranged that the losses in the inductance 
a�d in the associated \uning capacity are extremely low. With temperature com
pensa:tion such an ,arrangement compares favorably with the. resonant-line oscillator, 
although it is not so satisfactory structurally. 

2 See N. E. Lindenblad, Development of Transmittel'§l for Frequencies above 300 
Megacycles, Proc. I.R.E., voL 23, p. 1013, September, 1931>. 

. 
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very large amount of undistorted audio-frequency power, whieh is difficult 
to obtain" and high-level grid modulation, while requiring relatively little 
audio power, is very inefficient. "Low-lE?vel modulation on ,the other hand 
requires the use of linear 3;Ipplifiers, which hav(� low average efficieIlcy 
when designed to handle a completely ,modulated wave. In order 
to overcome or minimi�e these disadvantages, a number of high-efficiency 
systems as described below have been devised. 

Cont�olled-carrier Transmitters. I-This type
' 

of transmitter , employs 
low-level modulation so .arranged that the carrier is tlJrned on and off as 
the amplitude of modulation varies . The transmitted wave in a, typical 
case is ' therefore as illustrated in Fig. 300,-, with the carrier amplitude 
varying in accordance with the envelope of the modulating volta.ge. 
'Vhen such a wave is applied to a linear amplifier, the average loss is ' 

C OI r ri e r - c.ol'ltrol l e9/ 
l'I1oolulOlteo/ WOlVe. 

FIG. 300.-Wave transmitted from a station employing controlled carl'ie!. 

, low b�cause during the silent intervals ljttle or no excitation i s ' applied 
to the linear amplifier and the tube losses are low, while during the peaks 
of modulation the linear amplifier is developing full output but is then 
operating under conditions favorable for high efficiency. Furthermore, 
with ,ordinary sounds, the average amplitude is much less than the peaks, . 
which are also relatively infrequent. The satisfactory reception of a: 
carrier-c'ontrolled signal presupposes the use of automatic volulne control 
of suitable characteristics at the receiving point in order that the output 
will be substantially independent of the carrier amplitude. 

A typi'cal circuit for producing a modulated wave having controlled 
carrier is illustrated in Fig. 301 .  Here low-level plate modulati(}n using a 
Class B audio modulator is employed. The contPOI of the I�arrier is' . 

1 For further details concerning controlled-carrier t:ransmitters, the reader is 
referred to recent issues 'of QST and Radio. Condensed information on the same 

. , subject is to be found in " Radio Amateur's Handbook " 'an d "The Radio Handbook." 
, , 
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obtained by using a separate 'power-supply system f<:>r the plate circuit 
of the 'modulated tul?e, ' and varying this supply voltage in accordance 

. with the modulation envelope by using the d-c current in. the plate circuit 
of the' Class B tubes to control ' a saturable reactor in series with 
the primary circuit of the, power-supply system. Since the d-c ,plate 
current of the Class B audio tubes is proportional to the amplitude 'of the 
modulating voltage, the saturation of the saturable reacto� will vary 
likewise, c�using t4e voltage across the primary of the power transformer 
to increase as the modulation comes on and to decrease during the quiet 
intervals. 

The controHed-carrier transmitter has the advantage of enabling a 
given lin�ar amplifier to develop nearly twice as much power output for a 

, , Moolulctfecl amp//fier 

R. F. 
, exciter. ' . 

Class B Ir--t=-------'---�t-� amplifier-' 

To Ea Tor 
class 8 stat,le 71 Aulo lransformer ' for b'oosfing II(J V. vo/fage , . 

. a. c. 
FIG. 301 .-CiI'cuit of controlled-carrier transmitter, showing saturable reactor method of 

. control. 

given ,average dissipation 'as when an ordinary modulation system is 
employed. The chi�f disadvantage ' is ' that, unless some fqrm or ' tim� 
q.e�ay is employed, there is a tendency for distortion to occur when the ', 
amplitude of modulation is suddenly increased, since" the amplitude of 
the carrier cannot be increased instantly. Furthermore it is necessary 
that the receiver have automatic volume control with suitable time con
stants. The result is, that, while the controlled-carrier system of trans
mission is not suitable for brQadcast use, it has found 'considerable favor in 

, amateur work and in otner transmitters where a limited amount of dis
tortioI). can be tolerated and where economy is of importance. ' 

High Efficiency ,Obtained ' by Dynamic Shift of the Operating Condi
, tions. l-The reason' for the low average , efli..ciency of iin�ar amplifiers is 

1 This method of obtaining high efficiency was develQped i�depende�tly but �ore ' 
or less si�ultaneously by the author and J. N. A. Hawki�8. For further details see • 
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that, when the carrier is unmodulated, the adjustments must be such that 
the minimum plate voltage of th'e l.inear. amplifier exceeds half the direct
current supply voltage. 'This is necessary to accommodate the peak 
amplitudes occurring with complete modulation.. The average efficiency 
can hence be improved by allowing the direct-current plate vortage to vary 
in accordance with the envelope of the modulating voltage in' 8uch a way 
that· at the peak of the modulation the direct-current plate voltage of the 
linear amplifier is large, while during unmodulated intervals the direct
current plate voltage is reduced to 65 per cent or thereabouts of its peak. 
By varying the grid bias along with the plate voltage so that the operating 

M oolu lating voltOlge 

P late voltage 

Gr iol  vo ltOl<3e 

FiG. 302.-0scillograms illustrating the action of a linear amplifier operated at high 
efficiency by dynamip shift of the operating point. 

point is always maintained at the same cut-off or proj ected cut-off po�nt, 
the linearity of the amplifier will not be interfered with.. Oscillograms 
illustntting the operation are shown in Fig. 302. 

A typical schematic circuit for carrying out the necessary operations is 
illustrated in Fig. 303. Here a saturable reactor , is  used to control the 
volt ages applied to the grid and plate electrodes of the linear amplifier. 
The d�c cqrrent for this reactor is obtained by rectifying a portion of the 

I 1 ·  . 
audio-frequency signal, so that the saturation will therefore vary with the 
J. N. A. Hawkins, A New High-efficiency Line�r Amplifier, Radio, no. 209, p. 8, May, 
1936 ; Expanding Linear Amplifier Notes, Radio, no. 210, p. 63, June, 1936; F. E. 
Terman and F. A. Everest, Dynamic Shift, Grid Bias Modulation, Radio, no. 211, 

• p. 22, July, 1936. 
. , 
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envelope of the modulation envelope. Only a portion of the grid bias is 
obtained from the variable source, and the ratio between fixed and variable 
bias is so proportioned that, as the saturation of the reactor is varied, the 
ratio of plate-voltage change to grid-voltage ch,ange is equal to the ampli
fication factor of the tube,. thereby maintaining the desired operating 
condition )rrespective of · the saturation of the reactor. In. such an 
arrangement the plate-supply voltage during the quiet intervals is just 
sufficient to accommodate the un-
modulated carrier with a reasonable . '  . . 
margin of safety. As the modula-
tion comes on, the reactor satu� 
rates, increasing both grid and plate 

. voltages and thereby enabling the 
linear amplifier to accommodate 
the increased amplitude of · the 
exciting voltage. 

These principles can also be 
applied to obtain a high-efficiency 

Modulcrled 

Variable 
b/aspower 
supply 

grid or suppressor-n'lOdulated am- " 

Plale power ...--tt" ""  supply 

plifier. It is merely necessary to . " ,,-
d· h I · . . . AudIO -">SC(furable rea Just t e re atlve proportIOns signal ./ reactor 

of ' variable and fixed grid bias so Recfifi"ed currenf ;/ 
that, when the exciting voltage is Auto fr(Jmsrormer fOr boosfing ��Lt 
present, but with .no modulating volfcrge 

voltage, variation in the saturation 
of the reactor will not produce · 
appreciable change in the carrier 
output. The modulation is then 

110 V 
Of. G. 

FIG. 303.--8chematic circuit for bigh
efficiency linear amplifier employing dy
namic shift of the operating point. 

superimposed upon the c�ntrol-grid or suppressor as the case may be . 
As .compared with controlled carrier, the dynamic-shift method of 

obtaining high efficiency has the advantage of " higher efficiency a:p.d of 
providing a carrier of constant amplitude. The chief disadvantages are 
the acc�sory equipment required to produce the d�amic shift and the 
fact that, unless time delay is introduced in the audio-frequency circuits 
leading to the modulator, there will be a tendency toward distortion when 
the m?dulation suddenly increases, exactly as in the case of the controlled 
carrier. 

High-ejficiency Linear Amplifier.-It is possible to maintain the average 
efficiency of a linear amplifier at a value exceeding 60 per cent by an 
ingenieus arrangement due to Doherty. l A sche.matic diagram of this 
amplifier is illustrated in Fig. 304a. Here the amplifier is divided into two 

.1 For further information see W. H. Doherty, A New High Efficiency Power 
AmpJifier for Modulated Waves, Proc. I.R.E., vo!". 24, p. 1 1 63, September, 1936 . . 
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parts : A1, , which deliv�rs its output to the load through an artifidal 
line equivalent to a quarter-wave-Iength transmission line, and A2 which 

(01) Fu ndamenta l ci rcuit 

Moa't/lafed wave�.-������ ______ �-v 

(b) Pnllctl ca l circuit  
" XI 

(c) Alternative form ofpractica l c'l rclJ it [ ,  Load 

Moa'ulatea' '----{�L �c' wave ---�+-�������------� 

(d) Cu rves 5howin� performance, of 
actu al high effi ci ency amplifi'er 

Exci ti n g Voltage 

FIG. 304.-Schemaj;ic 'diagram of Doherty's high-efficiency llnear ampbfier. 

delivers its output directly to the load. A phase shift of 90° is provided � 
the excitation of one of the amplifiers to ,compensate for the 1)0° phase 
shift in the artificial line and to. allow the outputs of the two amplifiers to 
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add. Amplifier A 1 is adjusted to operate as an ordinary linear amplifier 
while A 2 is biased so that no plate current flows until the exciting voHage 

· exceeds the value corresponding . .to the carrier amplitude. I 

The circuits are 8"0 designed t�at, when the carrier voltage is applied to 
A l and there is no plate current flowing in A 2, the effective load impedance 
in the plate circuit of amplifier A 1 is such as to make the minimum plate 
voltage of this tube quite s�all, while at the same time the alter�ating- · 
,current voltage across the load impedance (i.e., in the plate circuit ot 
A2) is exactly half the alternating-current voltage in the plate circuit bf 
A l. If the load impedance required in the plate circuit of Al is a re&i,stance 
RI, then the required relations are realized by making the load impedance 
actually used in the plate circuit of A2 a resistance Rd4 and by designing 
the quarter-wavelength 'line to have a characteristic impedance R li2. 2 . 
With this arrangement the amplification is substantially lrnear, while the 
efficiency normally exceeds 60 per cent. 

The operation can be explained as follows : For exciting voltages that 
do not exceed the carrier amplitude, amplifier A2 is inoperative and A l 
functions as ' an ordinary linear amplifier developing an output voltage · 
proportional to the exciting voltage. When the exciting voltage exceeds . 
the carrier amplitude, however, A2 also supplies energy to the load. , This . . 
causes the equivalent load impedance to the A 2 end' of the transmission 
line to be increased because the output from. A 2 increases the voltage across 
'the load in proportion to the current delivered to the load by the line. 
, Now in a quarter-wave-Iength ' transmi�siOIi line the impedance at the 
sending end' of the line is equal to Zo2jZ2, where Zo is the characteristic 
impedance of the line and Z� is the equivalent load impedance at the 
receiving end . . Consequently, as amplifier A2 delivers energy to 'the load, 
the imped�nce whi�h the sending end of the line presents to the plate of 
A I is decreased, thereby enabling A I to deliver more output power with the . 
same alternating-current voltage in the plate circuit, until at the peak of a 
completely modulated wave each tube delivers to the load ' twice as much '. 
energy as the carrier power. 

. 

The details involved are illustrated in Fig. 304d for an actual case. It 
will be noted that the alternating voltage in the plate circuit of tube A I 

· i:riarease� ·almost 'linearly with excitation ,up to .the ca�rier level and then 
flattens off abruptly at a value for which the crest alternating volt'age is 

1 The bias voltage required to accomplish this is very nearly Elqual to half the �ia.s 
required for cut-off with the plate-supply voltage used, plus an added bias voltage 
equal to the crest amplitude of the exciting carrier voltage. This is arrived at by 

· 
rioting that the alternating voltage in the plate circuit of amplifier A2 when there is no 
modulation is just slightly less' than half the direct-current plate-supply voltage. 

2 The series reactance Xl and shunt reactance X 2 required in the artificial lines of 
Figs. 304 and 305 to make the length exactly a quarter wave IEmgth and to have a 
oharacteristic impedance Z 0 are Xl - X 2 - ZOo 

-
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only slightly less than the . battery potential. The d-c plate current and 
hence the input power do not flatten off, however, but continue t o  increase 
almost linearly with the exciting voltage up to an amplitude corresponding 
to the peak of the modulation cycle. The alternating voltage in the plate 
circuit of amplifier A 2 · (i.e . , the output voltage) is �ubstantially linear up 
to the peak of the modulation cycle, while the d-c current of the second 
tube does not begin to flow until the exciting voltage approaches the 
carrier value, but it then increases rapidly and becomes equal to the d-c 
current of amplifier A 1 at the peak of the modulation cycle. 

Tut>e A 1 operates with low plate losses and good efficiency because, 
when the exciting voltage equals or exceeds the carrier value, the minimum 
plate voltage is small, while, with exciting volt ages less than the carrier 
vaiue where the efficiency is low, the power input and hence the plate 
losses drop off rapidly. Tube A 2 likewise operates witb low plate losses 
and good efficiency because no current flows in the plate circuit until the 
minimum plate potential is approximately half the supply voltage, and 
then there is not much input to the tube until the crest of the modulation 
cycle is approached, when the tube operates as a high-efficiency Class C 

. amplifier. As a c0nsequence the over-all efficiency in practice is of the 
orde� of 60 to 65 per cent, and is "subs�antially independent of the degree of 
modulation. 

The average power developed in the high-efficiency linear amplifier 
is divided unevenly between the �ubes. With no modulation A I· develops 
the full carrier output and A2 has no output, while with full modulation 
the powers · developed by A �  and A 2 are, respectively, 0.93 and 0.57 
of the carrier power. Hence the output of A 1 is roughly constant at the 
carrier value, while the output of A2  is approximately equal to the side
band power . . The division of losses is still more uneven, since A.. :� operates 
on the average at liigher efficiency than A I, and also is called upon to 
develop power only in proportion to the modulation. The result is 
that, although A2 must develop as much power to the peak of the modula- · 
tion cycle as A I, the plate dissipation that must be provided in A 2 is 
much less . 

In practical high-efficiency amplifiers it is permissible to combine the 
receiver-end capacity C" of the line with the tuned load ci!cui1j, while" a 
low-impedance path to harmonics in the plate circuit of A I can be obtained 
by substituting for the capacity at the A I end of the line a sharply resonant 
circuit detuned just enough to offer the required eapacitive reaetance, as 
in Fig. " 304b. An alternative arrangement . which permits the use of a 
transmission " line with low characteristic impedance and hence Low Xl IS . 
shown in Fig. 304c .. " In arranging for the excitation of amplifiers A 1 and 
A2 it is com�only found that, with an adjustment: that causes the carrier 
input to de�elop the proper output in A I, the peak of the modulation 

• 
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cycle will cause the grid of A I to, be driven �o far positive' that the grid 
current' and hence the driving power will be excessive. This trouble can 
be avoided by obtaining part of the bias for A l from a 'grid-Iea� arrange
ment so that the bias will increase at the peak of the modulation cycle, 
or i.t can be avoided by using a phasing arrangement consisting of a 
quarter-wave-length line arranged as shown in Fig. 304b. In this latter 
'arrangement, increased grid current reduces the impedance at the grid end 
' of the line and thereby lowers the voltage at the' peaks, and incidentally 
reduces the driving power. 

In the practical adjustment of a high-efficiency linear amplifier the 90° 
'phase shift required between the grids of the two tubes can be realized 
with the aid of a. cathode-ray oscillograph.  In tuning up the plate circuit 

, of the arrangement shown in Fig. 304a and b, the usual p�ocedure is to 
make the line inductance X I the calculated value and then to adjust the 
tuned load ' circuit LC 1J.ntil a cathode-ray oscillograph shows a 90° phase 
difference at the two ends of the line. The condenser C' at the sending 

. end of the ' line is then adjusted for minimum plate current in A I when 
the exciting voltage is fluch as to make A 2 inoperative. The load is then' 
coupled into the tank circuit Le and adj usted until the voltage across the 
load is half the voltage across the sending end of the quarter-wave-Iength 
line when the excitation is such as to make A 2 inoperative. With the 
circuit 'O,f Fig. 304c the adjustment procedure is the same except for the 
fact that the point at which the transmission line is tapped to the tuned 
circuits affects the load coupling required and also t,he tuning adjust- , 
ments of condensers C and C'. 

This type of amplifier, while v�ry new, shows every prospect of becom- , ) ing important in ,cases involving high power. ·  The over-all efficiency 
obtainable is higher than with any other system, even including high-level 
Class B audio, modulation, while at the same time the advantages of low- . 
level modulation are retained. The chief disadvantage is that, since the 
artificial line is not exactly a quarter wave length, long to the side-band 
frequencies, the system does not function exactly as outlined, particularly 
when the modulation frequency is high, with consequent distortion at 
high modulation frequencies. 

. 
, High-efficiency Grid-. and Suppressor-modulated Amplifiers.-The same 

principles outlined above can be applied to grid- or suppressor-modulated 
, amplifiers to obtain high-efficiency high-level modulation with low audio 
power. A schematic circuit diagram is illustrated in Fig. 305, and is 
essentially the same as fo� the linear amplifier of Fig. 304 except that the 
tubes, instead of bei;ng excited with a modulated wave, are excited by an 
unmodulated carrier voltage, with a modulating voltage applied' to either 

: control or suppressor grids. Amplifier A 1 is operated as an ordinary grid
or suppressor-modulated tube with the circuit adjustments such that with 
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no modulation and the sec<?nd amplifier inoperative the minimum plate 
voltage will ·be small, while the alternating-current voltage in the plate . 
circuit of A 2 is half the voltage in the plate circ:uit of Al  . . The second 
amplifier is so biased that it delivers output only on the positive half 

. cycles of the modulation . . Under these circumstances the tubes diyide 
the load exactly as in the case of the high-efficien�y linear amplifier, and 
the average efficiency is approximately the �ame, i.e., at least 60 per cent. ' 

Carrier � 
wave 

. ,,-
Audio modulafing volfC/ge 

·FIG. 305.-Scbematic diagram of high-efficiency grid-modumted amplifier 

Outphasing System of Modulation.-This is �n ingenious arrangement 
which takes advantage of the fact ti1at, when the side-band frequencies 
are shifted 90° from the phase position existing in an amplitude-nlOdulated 
wave, the envelope of the resulting wave is . of substantially constant 
amplitude irrespective of the amount of side ' band present. ! Such a 
wave can be amplified without distortion and with high effieiimcy by 

Vector Di�gram for Garner 

(c) \ . . ).--ReslJltant 
I differential (c') I OlJtPllt 

I 

Vector Di�gram 
for Si de-bands . (�-J(eslJltant (Cr a'tfterential OlJtput 

FIG. 306.---;Schematic layout of transmitter employing 
'
o'Utphasing modulation. 

a Class G amplifier, after which it can be convert.ed back into an ampli
. tu de-modulated wave by a suitable phase shift of the carrier with respect 
to the side-band components. 

. . 

1 The wave tlmt results .from this shift in phase of the side-band components is 
practi�ally . identical with a phase-modulated wave, ' the only difference being that 
there are no second- and higher order side bands present. The result can therefore 
be termed a quasi phase-modulated wave. 

. 

. . 
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A practical arrangem�nt for carrying out the necessary operations is 
illustrated schematic ally in Fig. 306. The balanced modulator shown can . 
be of the type illustrated in Fig. 231 and produces side.-band frequencies 
substantially free' of carrier. A portion .of the output of this modulator 
is shifted +900 in phase and combined with the output of the Class C 
amplifier marked a, 'while another portion is shifted in phase - 900 and 
combined . :with the output of the Class C amplifier marked a' . These 
resultant outputs are then amplified to the desired power level, and provi
sion is made for shifting slightly the relative phases of the two a�plifiers. 
The outputs of the two final Class C amplifiers marked' c and c' in Fig. 306 
are then connected to the load so that the input to the load is ,the vector 
difference of the outputs of the amplifiers. With this arrangement the . 
carrier supplied to the load is the difference 'o(two equal vectors which are 

. almost but not quite in phase opposition, and so is almost 90° out of phase 
with the carriers in the individual amplifiers as shown by. the vector 

. diagr�m of Fig. 306. On the {)ther hand the side-band frequencies com
bine substantially in phase in the output because they were initially in 
opposite phase in the two amplifier branches. ' As a r�sult, t�e original 
�od�lated wave is regained in -the output. 

. 

The outpha.Sing system of modulation combines the advantages of low� 
. level modulation with the high efficiency of Class C amplification, and 
with proper adjustment it will give very low disto�tion. The method has 
been used commercially in several of the high-power French broadcasting 

, transmitters with entirely satisfactory results. 1 
. .  . 

Problems 

1 . . Design a code transrpitter delivering 300 watts output at a frequency of 7500 kc 
and having crystal control with the crystal operating at half the transmitted frequency. 
The design includes a complete circuit layout with circuit constants specified as far 
as possible, choice of tubes, and rough determinlttion of tube-operating conditions 
(suclt as' preliminary estimates of grid bias, driving power, d-c plate current, plate 

. efficilmcy, etc., for each stage).  In this problem make full use of tube data given in 
� tube manuals, and provide approximately · 100 per cent more driving power than 

estimates indicate is necessary. 
2. E�plain in detail the operation of the keying system used in Fig. 287 . 

. 3. Explain .why the transmitter of Fig. 28:2 does not produce serious key clicks. 
4. a. Make sketches of the 'systems used in the transmitters of. Figs. 288, 290, and· 

291 to couple the modulator tube to the modulated amplifier. 
b. In each pf these arrangements .explain the factors that determine the extent 

to which the high and low audio frequencies fall off as a re'sult of imperfect coupling. 
5. In t�e transmitter of Fig. 288, d�aw to a large scale the circuit of the output • 

' stage (the part to the right of the dotted line) 1 label each circuit �lement, ana explain 
its purpose . 

. 1 For further information see H. Chireix, High Power Outphasing Modulation, . 
Pr.oc. I.R.E. , vol. 23, p. 1370, November, 1935. 

• 



546 RADIO ENGINEERIN,G [eRAY. XII 

6. In the transmitter of Fig. 288 determine values for the filter inductance and 
condenser such that the ripple voltage modulated up�n the transmitter output will 
not produce a degree of modulation exceeding 0.001.  . 

7. In the transmitter of Fig. 290, explain (a) the purpose of. the resistance shown 
in series with the neutralizing condenser of the 5O-watt modulated tube, (b) the r�ason 
for the resistance between ground and the center of the tank�circuit induct.ance of the 
first linear amplifier employing 35-kw tubes. 

8. Design a crystal-controlled transmitter for operation at 1600 kc and capable of 
developing 50 watts of completely modulated carrier, with high-level plate ·modulation. 
The design includes circuit for radio-frequency and modulator stages, selection of 
tubes (from tube manual), specification of circuit constants, and rough deiermination 
of such tube-operating conditions as expeeted output, d-e plate current, grid driving 
power, grid. bias, etc. In this problem make full use of tube data given in tube 
manuals, and provide 100 per Qent more driving power for each stage than estimates 
indicate will be needed. 

. 

9. Repeat Prob. 8, only using either control-grid or suppressor-grid modulati;n. 
10. In a radio-telephone transmitter where the modulator does not have sufficient 

capacity to modulate the carrier completely, it is possible to adjust the linea,r amplifi,er 
following the modulator in such a manner as to make the degree of modulation of the 
output of the linear amplifier greater than the degree of modulation of the input wave. 
Explain how this could be done, and discuss the �dvantages and disadvantages of the 
arrangement. ' 

11. In a radio-telephone transmitter, the effective Q of the tank circuits carrying 
the modulated waves determines the extent to which the higher side-band frequeneies 
are discriminated against. If the total response for all the circuits is not to fall 
below 60 per cent for a modulation frequency of 5000 cycles in the transmitter of 
Fig. 290, what is the highest effectiv:e Q permissible at a carrier frequency of (a) 
600 kc, (b) 1 500 kc? 

12. The discrimination against the higher audio frequeru;ies mentioned irr Prob. 1 1  
is commonly compensated for by equalization in the audio-frequency system. Explain 
the limitationspf such equalization when the degree of modulation is high at 1jhe higher 
modulation frequencies. 

13. Draw a separate diagram of the negative feedback arrangement employed in . 
the transmitter of Fig. 290, and explain the action in detail. 

14. Draw a circuit showing a negative feedback arrangement in which the radio
frequency output of a linear amplifier is fed back to a preceding linear amplifier. 
Explain how "the circuit functions and discuss its advantages and difficulties . , ,ft 

16. It will be noted in Figs. 288, 290, and 291 that the 50-kw transmit1jer is pro- _ 
vide.d with a much more elaborate network for suppressing harmonics than the lower 
powered transmitters. ' Explain the reason for thi�. 

· 16. Lay out a block diagram of a system for generating a single side-band signal 
having a carner frequency of 20,000 kc, when the e�sential speech range of 250 to 
3000 cycles is to be transmitted and it is assumtld that filters are available which will 
effectively separate frequencies that differ by l , per cent. -

17. In a broadcast transmitter, 10 watts of energy radiated on an adjacent channel 
• would produce appreciable interference. If this energy is assumed to be due to fourth

harmonic amplitude distortion at the transmitter when the carner is completely 
modulated at 5000 cycles, calcnlate the ·maximum percentage distortion that is allow- ' 
able for a 50-kw transmitter. 

18. Explain why problems of adjacent channel interference become mOl'e impor-
tant as the transmitter power increases. 

' 

,f 
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19. What is the maximum permissible phase m.odulati.on (in degrees) that can be 
t.olerated in a 50-kw br.oadcast transmitter if :  (a) each sec.ond-.order side-band fre
quency is to represent less than 10 watts .of energy available f.or adjacent channel 
interference, (b) same f.or each third-order side-band c.omp.onent, (c) same f.or each 
f.ourth-.order side-band c.omp.onent. 

[In .order t.o s.olve this problem it will be n�cessary t.o use a table .of Bessel's func
ti.ons, .or t.o use the series expressi.ons for the functi.ons. In the latter case the c.omputa"- . 
ti.ons can be simplified by n.oting that with the small arguments inv.olved n.ot m.o� 
than .one .or tw.o terrp.s .of the series need be used.] 

20. Explain why the arrangement .of Fig. 299 d.oes n.ot pr.oduce true phase m.odula-
ti.on if .the limiter is rem.oved. 

. 

21. A linear amplifier �s' used t.o amplify the .output .of a c.ontr.olled-carrier m.odu
lat.or. If the carrier amplitude f.o� c.omplete m.odulati.on is 500 'watts, what will be 
the appr.oximate plate l.oss and plate efficiency when (a) the full carrier is' applied to 
the amplifier but there is n.o m.odulati.on at the m.oment, (b) the full carrier is c.o�
pletely m.odulated, (c) the carrier has half the' full amplitude and there is n.o m.odula- .; 
ti.on, (d) the carrier is as in (c) but is fully m.odulated. 

22. Assuming reas.onable. values .of plate efficiency, estimate the t.otal plate . 
l.osses and the t.otal p.ower input (including m.odulator and radio-frequency tubes) 
required f.or a br.oadcast transmitter devel.oping a 5o,.kw carrier when (a) unm.odulated, 
and (b) c.ompletely m.odulated f.or the f.oll.owing systems : (1 )  high-level plate m.odula
ti.on using Class A 'audi.o system, (2) high-level plate m.odulati.on empl.oying Class B 
audi.o system, (3) l.ow-level modulati.on f.ollowed by c.onventi.onal linear amplifier, 
(4) l.ow':'level m.odulati.on f.oll.owed by D.oherty high-efficiency linear :i.mplifier, (5) l!' 
.outphasing system .of m.odulati.on, (6) l.ow-Ievel m.odulati.on f.oll.owed by linear amplifier 

. empl.oying dynamic shift .of the .operating p.oint. 
In making these estimates neglect all l.ow-level radi.o-frequency stages and all 

m.odulati.on stages except the last stage .of high-level systems. 
23. Design a high-efficiency linear amplifier capable .of delivering a carrier .output 

.of 10 kw. The design includes selecti.on '.of tubes, circuit layout including specificati.on 
.of circuit c.onstants, determinati.on .of tube .operating v.oltages, and design .of artificial 
lines. . 

�. . . . .  
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CHAPTER XIII 

RADIO RECEIVERS 

, ' ' 107. Characteristics of Broadcast Receivers.--The most important 
characteristics of � receiver for radio-telephone signals are the sensitivity, 
the selectivity, and t,he fidelity. The sensitivity represents the ability of 
the ,receiver to respond to small radio-signal voltages, and is measured 
quantitatively in terms of the voltage that must be induced in th� antenna 
by the radio signal to develop a standard output from the power amplifier . 

. This standard output' has been arbitraril� cho�en as 0.05 watt in a non
i�ductive load resistance havi'ng a value correspon ding to the load resist
ance into which the po�er amplifier is designed to operate. The 
sensitivity is arbitrarily defined as the effective value of. the carrier volt
,age that must be induced in the antenna to develop this standard output . 
whe� the carrier is modulated 30 per cent at a frequency of 400 cycles . 
The sensitivity is measured with the radio receiver tuned to give maxi
mum response at the carrier frequency involved and with the volume , 
controls adjusted for maximum volume. A curve showing .the sensitivity 
of a typical broadcast receiver as a function of carrier frequency is shown 
in Fig. 307 .. 

Selectivity is the property that enables a radio receiver to discriminate 
between radio signals of different carrier fr�quencies. Selectivity cannot 
be defined in a single term as can sens�tivity but must be expressed in ' the 
form of curves, such as those of Fig. 307, which show the amount by 
which the signal input must be increased in order to maintain the standard 
output as the carrier frequency is varied from the frequency to which 
the receiver is tuned. These curves therefore indicate the extent to 
which interfering signals · are discriminated against, ' and in general will 
depend somewhat on the carrier frequency. 

Fidelity represents �he extent to which the receiver reproduces the 
different modulation frequencies without fr�quency distortion. The 
fidelity of a radio receiver is expressed in curves, such as that of Fig. 307,
which give the variation in audio-frequency output voltage as th� modula
tion frequency of the signal is varied. In order to facilitate comparison, 
the output is expressed in terms of the ratio of act un 1 output to the ou�put 
obtained when the modulation frequency is 400 cycles. 

. 

M easurement oj Receiver Characteristics.-The characteristics of a radio 
receiver are measured by using an artificial signal to represent the voltage 

. ' 548 
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that is induced in the receiyipg antenna. 'This artifieial signal is applied 
to the input terminals through a network or " artificial antenna " that 
simulates the impedanc� of the actual antenna with wh,ich the receiver is 

. to be used. In making this test the receiver output is determined by 
substituting a resistance load of the proper value for the loud-speaker 
and measuring the audio-frequency power in this resistance. The experi
mental set-up is illustrated in Fig. 308. 

The equipment for produping the artificial signal is called a standard 
jignal generator, and consists of a thoroughly shielded oscillator coupled 
to an attenuating system that is capable of producing known voltages 
from about 1 ,uv up to perhaps 200,000 ,uv. Provision is normally made 
for modulating this voltage any amount up to 100 per cent at all modula
tion frequ'encies that will be encountered. 1 The artificial antenna used in 
making receiver tests depends on the circumst.ances. For the regular 
broadcast band (550 to 1500 kc) the standard antenna consists of a capac
ity .of 200 ,u,uf, a self-inductance of 20 ,uh, and a resistance of 25. ohms, all in 

Input ferminals 
ArfiFlcial ,''# of receiver 
anfenna /:/ 

" 
, : ,:,' ------. 

Standard t-W'WII'--I t-''Im'f'Jle . 
siqnal Receiver 

generafor under fe�f 

FIG. 308.-Schematic arrangement of equipment for making measurements of receiver 
·performance. 

series. For automobile radios the artificial antenna is a series. capacity of 
100 ,u,uf combined with 60 ,u,uf shunted across the receiver input terminals, 
while a resistance · of 400 to 600 ohms is commonly employed in tests of 
short-wave performance of all-wave broadcast receivers . 

. MisC(;llaneous Characteristics and Considerations.-In addition to the 
sensitivity, selectivity, and fidelity, .a broadcast receiver has other proper
ties that. warrant consideration. Among these are characteristics of the 
automatic-volume-control system, susceptibility to cross-talk interference, 
alternating-current hum level, noise level, audio power output obtainable 
without excessive distortion, and the nature and amount of the amplitude 
distortion in the output at different power levels . These characteristics 
are discussed further in Sec: 109, and can be readily found by appropriate 
methods. 2 

1 The t�sting of broadcast receivers is of such importance that standards have 
been established for carrying on the more important types of measurements on radio 
receivers. These are described in greater detail in the Report of the Standards Com
mittee of the Institute of Radio Engineeys. 

2 For example, see F. E. T�rman, " Measurements in Radio Engineering," 1st ed., 
Chap. IX, Mc Gr�w,-Hill Book Company, Inc. 
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108. Typical Broadcast Receivers.-Practically all broadcast receivers 
are of the superheterodyne type, and accordingly have a schematic layout 
following that indicated in Fig. 309 . The radio-frequency section is 
tuned to the signal frequency, and delivers a signf,tl voltage at th� grid 
of the first detector. The first detector (also called mixer a'nd converter) , 
together with its associated oscillator, converts the incoming ,oscillations 

. to a fixed predetermined " intermediate " frequency by use of the hetero
dyne principle. . The intermediate-frequ'ency section between the two 
detectors' is tuned to this predetermined difference frequency and delivers 

. . 

an intermediate-frequency voltage to the second detectqr where the 
modulation envelope is recovered from the wave by rectification. The 
resulting audio frequ�ncy'iS then amplified by the audio-frequency system 
and delivered to the loud-speaker for reproduction.. While all superhete
rodyne receivers follow the general scheme outlined in Fig. 309, individual 
receivers differ greatly in detail. Thus the radio-frequency section may 
indude one or m«;>re stages of amplification, or may be a simple tuned 

• 

. Radio 
Frequency' 
' Sect ion 

Osci l lator 
and 1st 

Detector 
Section 

Intermediate 
Frequency 

Section 

Second . 
. Detector 

Aud io 
Frequency 

Section 

FIG. 309.-Schematic diagram of superheterodyne receiver. 

circuit between the ·antenna and first detector. The first detector and 
oscillator section may involve any of the arrangements discussed in 
Sec . 88. Likewise, tl)e intermediate-frequency section may consist· of a 
simple tuned circuit between first and second detectors, or may include 
one o! two stages �f amplification. The second detector is nearly always 
of the diode type, while the audio-frequency system normally contains ' 
at least one stage of voltage amplification followed by a. power amplifier 
commonly employing a push-pull connection. 

All receivers also offer some combination of speciaJ features such as 
. automatic volu�e control, manual volume control, tuning indicators, 

tone control, quieting arrangements, automatic frequency control, etc. 
The number and exact nature of these incorporated in a particular receiver 
varies greatly with the . price and is affected . by merchandizing 
considerations. 

Typical Broadcast ReceirJers.-A general pjcture of the broadcast 
receiver situation can be obtained by considering a number of typical 
circuit arrangements. The receiver of Fig. 310 is a six-tube medium
price superheterodyne designed to . cover the regular broadcast band 
(540 to 1800 kc) and one short-wave band (1800 to 6600 kc) . In addition 

• 
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to the rectifier, there is a pentagrid· converter, variable-mu intermediate- . 
frequency amp).ifier, diode detector providing delayed automatic volume 
control, and an audio-frequency system consisting of a resistance-coupled 
high-mu voltage amplifier and a power pentode . A simple form of bass 
c.ompensation is employed in connection with the manual volume control, 
and a tone . control is also provided. 

A very simple midget type of superhet�r:odyne · receiver employing 
only four tubes is shown. in Fig. 311 .  The tube line-up, exclusive of the 
rectifier, consists of a pentagrid converter and a regenerativ.e second 
'detector of the grid-leak type, followed by a pentode output tube. 

A relatively high pri�ed all-wave broadcast receiver is shown in 
Fig. 31·2. This is a 13-tube re,ceiver, with the frequency range of 540 to 
18,000 kc divided into three bands. The tube line-up, not counting the 

5OuJI;f 

�I��� Gc(J 25, 000..0. ) �/. Omeg. �,� 
I Regenerafion control 

Huin bucking CQil 

Intermediafe rrequf!ncy 460 kc. 

FIG. 311 .-'-Circuit diagrams of. typical midget superheterodyn� of simplest and most 
inexpensive type. 

two rectifier tubes, consists ' of one stage of tuned radio-frequency . 
amplification, followed by a .pentagrid .converter, one stage of inter
mediate-frequency amplification, a combined diode detector and triode 
audio-frequency . voltage amplifier in one envelope, a second audio
frequency voltage amplifier, and a pair of push-pull output tubes 1 capable 
of delivering approximately 20 watts of undistorted audio power. ' In 
addition there are three tubes employed in an automatic-frequency-control 
system, and one (essentially a lamp) for pt'oducing volume expansion. 
The receiver incorporat·es automatic volume ·control, manual volume 
control with bass compensation, and a tone control. The intermediate 
frequency transformers have three tuned circuits �oupled to each other in 

I These tubes 'are of the direct-coupled type described by Charles F.  Stromeyer, 
. General Theory and Application of Dynamic Coupling in Power Tube Design, Proc. 
1.R.B. , vol. 24, p. 1007, July, 1936. 

. . 
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such a way as to produce a flat-top resonance curve about 10"kc wide and 
having very steep sides. 

Another all-wave broadcast receiver incorporating a different com
bination of features is illustrated in Fig. 313. This is a 13-tube super
heterodyne receiver, which covers the frequency range 540 to 23,000 kc in · 
four tuning bands. In addition to the rectifier, the "tube line-up consists 
of · either one · or two · stage� of tuned radio-frequency according to the 
frequency band, a first detector-oscillator combination consisting of a 
pentagIjd converter tube · with a separate oscillator feeding energy to the 
innermost grid of the tube, two stages of intermediate-frequency amplifica
tion, a diode-pentode tube functioning as the detector and first audio
frequency stage, a trio"de audio-frequency voltage amplifier, and a push
pull Clas� A power amplifier capable of developing 10 watts of un distorted . 
power. The second detector uses separate diodes for automatic volume 
control (A.V.C.) and detection. An auxiliary tube is used to operate a 
tuning indicator, while the thirteenth tube is for " quieting " and functions 
only in the broadcast band. Two loud-speakers are ·provided, one for 
high and one for low.and moderate audio frequencies . The band width to 
which the intermediate-frequency amplifier responds can be controlled 

. by ,:aryi.ng a resistance in series with a tertiary winding in the interme
diate-frequency transformers. The manual volume control includes a 
bass-compensating arrangement . The tone control for reducing the high
frequency response is made inoperative when the selectivi�y on the 
intermediate-frequency l;tmplifier is set for high fidelity. . 

Miscellaneous Types of Receivers.-There are several special-purpose 
types of broadcast receivers of sufficient importance to warrant considera
tion. These are the automobile radio, the bat.tery radio, and the alter
nating-current-direct-current type of receiver. The automobile radio 
differs from the ordinary broadcast receiver primarily in that it obtains 
both fHament and plate power from a 6-volt storage battery. This is 
accomplished by using 6-volt heater tubes and obtaining anode power "i?y 
one of the systems described in Sec. 100. The circuits of the automobile 
receiver are essentially the same as allY other receiver, except that the 
input is designed to operate with a different type of antenna. 

In battery receivers economy of filament and anode power is the 
major consideration. Such receivers employ tubes especially designed 
for low filament power (such as the 2-volt series of tubes) , and usually 
have Class B audio amplifiers in the power stage to reduce the anode power 
requirements. 

The alternating-cur�ent-:direct-current r,eceiver is designed to operate 
either from 1 10 volts ditect current or 1 10 volts alternating current . It 
employs heater-type tubes with 25-volt filaments that are connected in 
series acro�s t he 1 1 0-volt line. Plate power in the case of alternating-
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current supply is obtained by directlY- rectifying the line voltage without 
the use of a transformer, using a half-wave 'rectifier, while with direct
current lighting circuits the anode power is obtained directly without the 
need of rectifying, although for convenience ,the d-c current is usually 
passed through the rectifier tube and the filter system is used to eliminate 
ripple voltages. The general circuit arrangements employed in alter
nating-current-direct-current receivers are the same as in other receivers 
except that, since one side of the re�eiver is directly connected to, the ' 
1 10-volt power system, care must be taken in the construction to prevent 
shock hazard. 

Some of the very cheap midget receivers employ a simple iuned-radio
frequency amplifier circu�t . A typical receiver of this type is illustrated 
in Fig. 314, arid has a tube line-up consisting of , a  rectifier, one stage of 

R, F, 
6 D  

: FIG. 3 14.-Simple ' tuned radio-frequency type of circuit such as employed in some of the 
v�ry cheapest midget receivers. 

' 

tuned-radio-frequency amplification, a power detector, and a pentOde 
power tube. 

109: Bf'oa,dcast Receivers ; Miscellaneous Features.-Nwnerous spe
,cial features and , considerations are involved in broadcast receivers . 
Some of these have alreaQY been discussed in connection with amplifiers, 
detectors, power-"supply syste:Ins, etc.  The more important of the 
remainder are discussed below. 

A utomatic Volume Control.-All except the . least expensive receivers 
.are provided with some form of automatic volume control (abbreviated 
A.V.C.) to maintain the carrier voltage at the detector substantially 
constant. .This is accomplished by biasing the grids of the radio
irequency, intermediate-frequency and sometimes ' the converter tubes 
negatively with a direct-current voltage derived by rectifying the 
,carrier. 1' An ' increase in the signal hence increases the negative bias and 

1 In some cases less " control bias is applied to the final inteqnediate-frequency 
amplifier than to the remaining tubes, in order to mfuimize distortion in this tube with 
strong signals. This is done in the receiver of Fig. 312. 

: 1 



, . 

558 RADIO ENGINEERING [CHAP . . ,XIII 

thereby tends to counteract the increased signal by reducing the amplifica
tion, while, if the signal becomes weaker, the automatic-control bias is 
correspondingly less and the gain of the controlled tubes increases . 

. The actual details of automatic-volume-control systems may vary 
greatly. A simple diode detector can be ,used for both detection of the 
signal ,and for producing an automatic-volume-control bias by arrange
ments as illustrated in Fig. 239. In other cases a double diode detector 
is u!,ed, with one diode serving as the ordinary detector while the other 

' develops the automatic-volume-control bias. 
. 

The performance of an automatic-volume-control system can be 
improved· by delaying th� control action until the signal voltage at the 

. detector exceeds a predetermined value. Typical means of obtaining 
delay 'act�on are illustrated by the receivers of Figs. 310 and 313. In 
Fig. 310 the delay is obtained by connec.ting the anode of the second 
diode to the automatic-volume-control line and c01).necting the cathode of 
this anode. to a point that is negative with respect to ground. With no 
signal the conductivity ·of this second anode causes the A.V.C. system to 
asSUme the potential of the second 9athode, i.e., a moderate negative 
bias. This bias is maintained on the A.V.C. svstem until the rectified 

, " . 
signal develops a direct-current voltage equal to the second cathode , 
voltage, at which point the second diode becomes non-conducting and the 
automatic-volume-control system functions in the usual manner. In the 
receiver of Fig. 313 separate diodes are used for detection and A.V.C., 
with the A.V.C. anode biased negatively by the amount of delay desired. 

In some cases a separate intermediate-frequency amplifier stage is 
employed to supp�y voltage to the automatic-volume-control . rectifier. 
When amplification of , this type is employed to increase the. voltage ' 

. applied to the volume-control system, or when the rectified direct-current 
voltage is amplified before being used for. control purposes, the system is 
termed amplified automatic volume control. By combining such amplified 
control with delay action, it is possible to maintain the carrier 

'amplitude 
at the detector more' nearly constant than is otherwise possible. 

The automatic-volume-control bias is ordinarily applied to all radio
frequency and intermediate-frequency amplifier tubes (except possibly 
the tube preceding the detector) and also ' to the first detector. The 
controlled tubes are always of the variable-mu type in order to minimize 
cross talk. 

Manual Volume Control.-All receivers are provided with a manually 
operated volume control ' to control the level of the reproduced sound. 
, �en the receiver also has automatic volume coritrol, the manual control 
is practically always a potentiometer in the grid Circuit of the first audio� 
frequency amplifier tube. In the case of very' cheap receivers that have ' 
no automatic volume control, the manual con'�;rol ordinarily operates by 
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varying the bias volt�ge on the grids of the radio-frequency tubes and is 
sometimes combined with an antenna shunting �ystem that reduces the 
input voltage to the receiver at low volume settings. 

Bass Compensation.-The characteristics of the human ear a.re such 
that, when so�nds are reproduced at lower than normal volume levels, . 
the low notes appear to be abnormally weak while, when the sound is 
reproduced at greater than normal level, the low notes appear to be 
abhormally lqud. 1 ' In order to correct for this, the manual volume con
trol of most receivers is arranged so that at low levels the intensity of the 
low notes is not, reduced so much as is the volume of the higher pitched 
sounds. A simple example of such a bass-compensated volume control is 
found in the receiver of Fig. 310, where at low-volume settings the section 
of the potentiometer in use is shunted to ground through a resistance and , 
capacity combination which has a lower impedance to high frequencies , 
than to low frequencies and , which thereby discriminates against the 
former. Other arrangements are used in the receivers of Figs. 312 'and 
313. 

Tone Control.-Most receivers provide a tone control so that the listener . 
may discriminate against the higher audio frequencies. The tone control 
is usually some f�rm of resistance-capacity combination, with the arrange
ments shown in the receivers of Figs. 310, 312, �nd 313 being typical. 

. Tuning Indicators. -In receivers , provided with automatic volume 
control, difficulty is encountered in tuning the receiver because the 
automatic-volume-cont'rol system tends to maintain the output constant 

' even when not tuned exactly to resonance. At the same time, with slight 
mistuning the carrier is on the side of the response curve of the receiver, 
and considerable dIstortion results. Consequently, various devic�s hav.e 
been developed for providing assistance in tuning the receiver. 

The simplest form of tuning indicator is a direct-current meter through 
which flows the rectified output of the second detector. The tuning is 
then adjusted for a maximum d!3flectibn of the instrument. Another 
common arrangement employs a light valve actuated by ·the d-c current 
of the detector to vary the width of a shadow band. A more recent' 
development in tuning indicators is a special miniature cathode-ray tube 
In which the luminous a�ea is a sector of a circle having an angular spread 
determined by the negative bias applied to a pair of control electrodes. 
By deriving this bias from the automatic-volume-control sys�em the size 
of the luminous area serves as an aid to tuning . .  

Automatic-jrequency-control Systems .-The difficulty of accurately 
tuning a receiver ha�ing automatic-volume-control, as 'well as troubles 
caused by drifts in frequency of the beating oscillator when receiving 
short-wave signals, ' can be eliminated by an . arrangement that will 

J Further discussion of the characteristics of the ear is to be found in Sec . . 148. 
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automatieally shift the beating oscillator frequency 'so as to produce an 
intermediate frequency 9f exactly the proper value, provided the tuning is 
approximately correct. This is termed automatic frequency control 
(abbreviated A.F.C.) and is employed in the receiver of Fig. 312. Here 

.. the A.V.C. and A.F.C. systems are operated from a separatl? intermediate
frequency amplifier tube which has a load impedance consisting of a 
tuned primary circuit to which is coupled a tuned secondary circuit . l  
These are connected t o  a doubie diode tube as shown, so that the voltage 
applied to one diode is the vector sum of a component derived from the 
primary circuit and a component derived from the secondary circuit 
while the voltage applied to the second diode is the vector difference 
of these two component�. The diodes are so arranged that ·two bias 

. yoltages are obtained, one proportional to the bias developed by one of the 
diodes and used for A.V.C. purposes, while the other' is equal to the differ
ence between the rectified voltages developed by the two diodes and is u�ed 
to control the oscillator frequency. The operat.ion of the device takes 
advJ1ntage of the faCt that t�e voltage component produced by the second
ary circuit is in quadrature with the voltage component obtained from the· 
primary circuit provided the frequency of the signal is ex�ctly in resonance 
with the seGondary circuit . Under such 'conditions identical voltages are 
applied to the two diodes .and the A.F.C. bias is zero. · However, if the 
signal frequency differs from · the resonant frequency of the secondary, 
there will be a phase shift away ·from the qua4rature relation. This 
makes the voltage applied to one diode greater than the voltage applied 
to the other, so that the A.F. C. bias will be either positive or negative ' 
depend}ng upon which diode receives the larger signal. This A.F.C. bias 
i8, applied to the grid of a: pentode tube in which the plate circuit is in 
parallel with the tuned circuit of the oscillator, while the control grid is 
supplied with an exciting voltage that is · 90° out of phase with the alter- · 
nating voltage acting in the plate circuit . .  In su ch an arrangement the 
amplified grid voltage acting in the plate circuit draws from the oscillator 
a current 90° out of phase with �he voltage across the oscillator circuit:, so 
that the tube acts as a tuning reactance having a magnitude depending 
upon the amplification of the tube and hence upon the grid bias developed 
by the A.F.C. system. By proper arrangement of polarities, any devia- . . 
tion of the intermediate frequency from the proper value will cause the 
oscillator frequency to be shifted so as to reduce the deviation greatly. 

Quieting Systems.-In tuning a sensitive receiver provided with auto- . 
matic volume control, the noise output between' stations is high b�cause7 

1 A detailed discussion of the practical design of such A.F.C. systems is giv�n by 
R. L. :F'reeman, improvements'in A.F.C. Circuits, Electronics, vol. 9, p. 20, November, 
1936. D. E. Foster and S. W. Seeley, Automatic Tuning, 'Simplified Circuits, and 

, Design Practice, Proc. I.R.E., vol. 25, p. 289, March. 19:37. 
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when no signal is being received, the A. V.C. system increases the sensi
tivity of the receiver to the maximuPl possible value. Arrangements for 
eliminating this interstation noise are variously known as Q circuit�) 
quieting systems, squelch circuits, etc. A typical arrangement is 

, employed in the receiver of Fig. 313; where a' tube Tl is so arranged that it 
, biases the grid of the first audio tube beyond cut-off unless the grid bias on ' 
Tl approaches or exceeds cut-off. By using the A.V.C. system to bias Tl 
it is then possible to' make the receiver inoperative until a carrier of pre
'determined amplitude is present. 

, Vol,ume Expander.-In broadcasting, the operator at the transmitting 
. station usually finds it necessary to reduce the intensity of .the very loudest 
passages in order to prevent overmodulation of the transmitter, and' also 
to increase the intensity of the w�akest passages in' order to prevent their 
loss in the noise level: The full volume range of the original signal can, 
however, be restored at the receiver by introduci�g an' inverse effect, 
using an automatic volume expander such as discussed in Sec. 48. A very 
simple form of volume expander is used 'in the receiver of Fig. 312; and 
consists of a special lamp connected in shunt with the voice coil of the , 
loud-speaker'. During weak passages the filament of the lamp has' 
sufficiently low resistance to shunt a considerable portion of the output 
power around the loud-speaker, but during loud passages the lamp' 
filament becomes hot, thereby increasing the filament resistance and 
so increasing ' the proportion of the total 
output that is delivered to the loud-speaker. 

, 110. Alignment.-In the superhetero
dyne recei,ver the radio-frequency circuits 
are tuned to t�e incollling signal. being re
ceived while the resonant frequency of the 

#'�- Tuning 
condenser, 

', Trimmer 
conolenser ( Ac(jusfable) 

. oscillator circuit must at the same time FIG. 315,-Trimmer system fOI 
differ from the signal frequency by an tuned radio-frequency amplifiel' 

circuit. ' 
amount equal to the intermediate frequency. 
This introduces a problem of alignment, or tracking, since in the ordinary 

.receiver the , various circuits are adjusted simultaneously by a single 
con:troL 

. ' . 

The usual procedure is to use tuning condensers in which the various 
section� are as nearly identical as possible, and then to attain the neces-

. sary tracking by the use of trimmer condensers and by proper, coil induc
tances. In a receiver covering only the regular :broadcast band the , 
radio-frequency stages are aligned at the high-frequency end of the band 
'by ,means of adjustable shunt padding condensers, as illustrated in Fig. 
315, while at the low-fr:equency end of the band exact alignment iEi 
obtained by bending the �nd plates" of the condensers. When care is 
taken to insure that the coils and condensers are i:r;titially very nearly 
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alike, satisfactory tracking will then be obtained over -the entire band, 
e.xcept possibly for the antenna circuit, where the wide variety of an�en:qa 
constants encountered .makes perfect alignment under all conditions 
impossible. 

The oscillator of a superheterodyne receiver is ordinarily tuned by a . 

condenser that is identical with . the condenser gangs used with the radi.o-· 
frequency circuits, and is made to track, (i.e. , to produce the required 
difference frequency) by using series and parallel trimmer condensers 

OSC.LLAT O R  C I RCU ITS 

RADI O  F REQUENCY 
CI RCU I T  

Shunt trim mer Sh u nt trimmer 
on conden se'r on coil 
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FIG
·
. 316.--Trimmer systems for superheterodyne oscillator circuits. together.with schematio 

curves showing kind of tracking obtained for typical cases. 

as shown in Fig. 3i6., together with the proper choice of tuning inductance. 
Analysis of the equivalent circuits of Fig. 316 shows that by a suitable . 
choice of C2, Cs or C4, and LdL it is possible to make the diffe�ence in 
the resonant frequency of the radio-frequeney and oscillator circuits 

. exactly equal to an assigned value at three settings of the tuning condenser. 
Furthermore, if two of these frequencies of perfect tracking are near the 
extremes of the tuning range, while the third is located near the middl�· 
. then the- actual tracking will be almost perfe,�t throughout the tu�ing 
range, as shown in Fig. 316. .A mathematical analysis of the problem 
involves a rather complicated series of manipulations based upon the 
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' circuits of Fig. 316, but the essen�ial results are incorporated in the follow
ing equations,: 1 

For shunt trimmer on condenser: 

For shu,nt trimmer on coil: 

• 

where,. in addition to the notation of Fig. 316, 
fo = intermediate frequency . 

it, f2, fa =' frequencies at which exact tra'cking is required 
a = it + f2 + f3 
b2 = 1 J2 + hfa + fd3 
c3 = fJd3 . 
d = a + 2fo 
l2 = (b2d - 'c3) /2fo 

m2 = l2 + /02 +'ad - b2 
n2 = (c3d + 102l2)/m2 

,Co = 25,330/Ll02 = capacity required to tune L to fo. 

(204) 

(205) 

All frequencies are expressed in megacycles, irid1l;ctance in microhenries, 
and capacities in microinicrofarads. These formulas assume, that the 
distributed capacity of the coil is a part of the tuning' capacity C, which 
though an approximation is still sufficiently accurate for ordinary design 
purposes. 2  

1 This follows Laboratory Series Report UL-8, ReA Rawotron Company. Other 
equivalent formulas are given by V. D. Landon and E. A. Sveen, A Solution of the 
Superheterodyne Tracking Problem, Electronics, vol. 5, p, 250, August, 1932; Hans 
Roder, Oscillator Padding, Radio Eng. , val. 15, p. 7, March; 1935 ; A, L. M. Somerby, 
Ganging the Tuning Controls of a Superheterodyne Receiver, Wireless Eng. and Exp. 
Wireless, vol. 9, p: 70, February, 1932. ' . 

2 In actual practice the effect of the coil capacity is taken into account by a slight 
experimental readjustment of the shunt-trimmer capacity during the alIgnment 
process. 
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Tracking . Problem, in All-wave Receivers.-. In. all-wave receivers the 
tracking problem is complicated by the fact that .it is not possible to bend 
the end plates of a condenser gang to line up the low-frequency end of one 
band without thereby throwing out the adjustment for all other bands . 
The usual arrangement in all-wave 'receivers is to employ separate shunt 
trimmers associated with each coil . In the radio-frequency 'section, the 
high-frequency e'nd of each band is aligned by adjustment of these trim
ming condensers, while' accurate control of the coil inductance, maximum 
condenser capacity, stray capacity, etc. ,  is ordinarily depended upon to 
insure proper lining up at the low-frequency end of each tuning range. 1 

Each oscillator coil of an all-wave receiver is provided with its own 
series and shunt-trimming condensers following the arrangement of 
Fig. 316. This 'makes it possible to adjust each band separately. The 

. shunt trimmer is always adjustable, while an adjustable series trimmer is 
used for the lower frequency bands. In the high-frequency bands the 
required series capacity is so large ·that the most practica1.arrangement is a 
fixed condenser. Tracking at the low-frequency end' of the band is then 
obtained either by careful manuf�cturing control of the coil and condenser 
constants to insure uniformity or by individually adjusting the inductance 
of the oscillator coil. ' 

. In some of the less expensive two-band receivers only one set of coils is 
provided, and band changing is accomplished by short-circuiting a portion 
of each coil, as in the receiver of Fig. 310. In such an , arrangement the 
receiver is aligned only for the regular broadcast band, and manufacturing 
control of coil and condenser uniformity is depeIl:de'd upon to maintain at 
least passable tracking for the short-waNe band. , 

Experimental Procedure for Aligning Receivers.-- The alignment of a 
receiver can be readily carried out experimentally' by usiug a test oscillator 
and some form of output indicator. The first step is to line up the inter
mediate-frequency amplifier . This ·can best be done with a frequen�y- " 
modulated ,test oscillator combined with an output indicator consisting 
of a cathode-ray tube and a synchronized sweep circuit,2 but· a simple test 
oscillator with ordinary output indicator can be used if nothing better is 
available. The alignment is carried out by working step by step through 
the intermediate-frequency circuits fr·om second detecto.r toward the first 
detector, always applying the test oscillator io the grid of the tube imme
diately preceding the circuits under adjustment. 

1 In some cases, particularly in the high-frequency'bands where a small change in 
the inductance of the lead wires represents a considerable percentage change in the 
total inductance of the tuned circuit, it is necessary or desirable to adjust the circuit 
inductance individuaily for each coil by varying the position of a turn of the coil or by 
adjustment of the. lead wires. , 

. . , 

2 See'F. E. TElrmari, op. cit., p. 33,3, for further discussion of such test devices. 
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The next step is to align the radio-frequency and oscillator circuits for 

the broadcast band. ' The receiver dial and test oscillator are set to a 
frequency somewhere near the high-frequency end of the band, and the 
test oscillator is ,connected to the antenna input and adjusted so that 
only a small output is obtained. The shunt-trimming condensers on the 
radio-frequency stages are then adjusted until the output is maximum, 
after which the ,shunt trimmer on the oscillator condenser is varied to 
give maximum receiver output. l  The receiver dial and test oscillator are 
then set to a frequency at the low end of the band, and the series padding 
condenser of the oscillator is adjusted for maximum 

'response. ,If the 
receiver covers o�ly the regular broadcast band, it is also permissible to 
improve the alignment of the radio-frequency stages by bending the end 
'plates of the condensers. FinaHy, receive:t and test oscillator are retuned 

, to the original high frequency, and the shunt-trimmer condenser on the 
. ' oscillator is checked to' make sure that the change in the series padding 

. condenser h�s not affected the required shunting condenser. The receiver 
is now perfeCtly aligned at the high-frequency end of the band, and the 
oscillator tracks at both high- and low-frequency ends. and also at an' 
in-between frequency determined by the oscillator inductance' , which the 
manufacturer placed in the receiver. ' 

In all-wave receivers this process is repeated for each band, except t�at 
for the higher frequency bands the series trimmer on the oscillator is 
usually non-adjustable. , 

. 

In the design of receiver tuning systems the usual proceq.ure consists in 
calculating the, proper oscillator inductance by Eq. (204) or (205), and 
then with this inductance i� the circuit aligning the high- and low-fre':' 
quency ends of the band by series and shunt trimmers as explained. 
As a final check, the ' exact location of the third frequency of perfect 
tracking (the " cross-over " point bf Fig. 316) is obtained experimentally 
by noting- the extent to which' one of the trimmers must be readjusted to 
obtain perfect alignment at different dial settings. If the crossover 
point is at ,too high a frequency, the oscillator jnductance is then too high, 
and vice versa, as indicated in Fig; 316. 

111. Broadcast Receivers ; Construction and Design Considerations. ' Broadcast receivers are mounted on a chassis of plated sheet iron bent in , 
the f(;>rm of all inverted tray and suitably punched to receive sockets, coils� 
transformers, etc. ,  which are usually held in place either by eyeletting or 
by self-tapping'"screws. , This �hassis is then slipped into a cabinet which is 
essentially a piece of furniture rather than an electrical device, and is 
connected to' the loud-speaker by means of a flexible cord terminated in a-

1 All oscillator adjustments are preferably made while rocking the receiver tuning 
dial c;li'?;htly in order Ito take care of any slight interaction between the oscillator and 
radio-f: l'q lwney s1 a.gps, 
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plug. Photographs sho\ving the constru ction of typical receivers are 
sh own in Figs. 3 1 7  to 321 . The tubes, transformers, coil assemblies, 

FIG, 317.-Top and bottom of chassis of high-fideli ty receiver of Fig. 3 12. 
gang.tuning condenser, electrolytic condensers, and other bulky items are 
usually mounted on the top side of the chassis, while RmnlI parts such as 
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by-pass condensers, resistors, etc ., are placed below along with most of the 
wiring. The arrangement of parts is carefully worked out to avoid 
troubles from htm, rege·neration, etc., :while at the same time providing 

. for accessibility and ease of co·nstructiOli. In the wiring, leads carrying 
high-frequency currents, and also low-level audio-frequency leads, are as 
short and direct as possible. Shielded wires are sometimes employed and 
it is always necessary to place the critical leads carefully in order to avoid 
regeneration and whistles. The exact �rrangement of the other leads is 
unhnportant, and these are frequently run "haywire, " as shown in Fig. 
317, in order to reduce the cost of production. 

The maximum possible use is made of sub-assemblies in the construc
tion, because this simplifies the production and makes it easier to locate 
trouble. Thus coil as�emblies wit� their associated shield cans, trimmer 
condensers, etc ., are commonly constructed and tested separately and 
mounted upon the c.hassis as � single unit . 

Gost. is of prime importance in the design and construction of com
mercial equipment. Carbon-stick resistors with ·pigtaiI leads and tubular 
by-:-pass condensers with cardboard covering and pigtail leads are employed 
wherever possible. These are wired directly into the circuits so as to be . 

self-supporting or are arranged on mounti�g · s�rips, according to the 
circumstances. Chokes, coils, aIld transformers are ·.avoided wherever 
possible in order to reduce cost. The filter system for supplying the 
voltage to the power stage is · nearly always a single-section shunt-con
denser arrangement employing ele�trolytic condensers together with a 
choke provided by the field of the loud-speaker. Additional filtering for 
the remaining tubes is obtained by resistance-condenser combinations as 
seen in Figs. 310 to 314. . The radio-frequency coils of broadcast receivers are very small, and 
are usually, although not always, mounted in · a  shield can. The tuning 
coils for the regular broadcast band are either single layer or bank wound, 
preferably of Litz wire, while coils for the high-frequency bands of all
wave .receivers are nearly always a single layer of solid wire. Uniformity 
in coil inductance is. obtained

· 
by grinding the coil forms to exact dimen

sions, and is aided by winding the turns in threads. Residual variations · 
occurring in production· can be taken care of by classifying individual coils 
accord�ng to their exact inductances, or by individual adjustment of the 
position of the end turns. 

Intermediate�frequency coils are commonly arranged in pairs with the 
primaries and sec·ondaries separately tuned to provide a band-pass- effect, 
with the coupling usually slightly more than the critical val}Je. 1  Univer-

·1 It is to be noted that, when the output of an intermedi�te-frequency amplifier is · 
applied to a diode detector, the input resistance of the diode reduces the effective Q 
of the secondary circuit. This reduces the selectivity and �ain, and makes it neces-
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sal-wound coils are always. employed, and some form of iron-dust core 
is very common. Adjustment of the resonant frequency of the tuned 
circuits is obtained either by an adj ustable condenser ai·, in the case of 
some iron-core types, by a screw-driY�r adj'ustment of the core position. 

Coil and Band-rrwitching A1'rangemenis for .till-wave Reccivers.-In all

,,"1\ vc rcceiver:; the switching arrangement for ch anging coils must have 
low resistance, permit short leads, and in trodu ce negligihle coupling to 

FIG. :. H8.-Arrangement of chassis and loud-speaker in cabinet, showing moans used to 
mi nimi ze acoust i c  feed l?ack (same chassis as in Fig. 3 17) . 

other ci rcuits . The phYHieul arrangcmeut varie:-; wi tb UIO BHLllui'acturcr ,  
bu t th e tClldmu.·y is tmvul'd placi ng tuning cOll dcn scl'�, l'adio-fl'cq uoney 
n.nd oscillator coilH, and radio-fl'cqu pjwy, oK(�i l lator, and first detector 
tu bes, together with t.he bHll d-s clectillg switc'h, in a :-.mlH.'LHscmbly which 
CUll be inserkd ill the chas::;is as an incl-epC'lldcnt unit. Such con�tru ction 
is pmployed ill the receivers of Figs. 3 1 7  and, 321 . Thi:;; arrangement 
ftH'il itatcH trouble Hhooting, simplifie:; produetioll, and llul.kpH for flexibility I 
i l l  IlluIlufndlire by allowing th e same t.uning uu it to be pl aced in differen t. 
1I1O<.Ic18 of receiver/:! . 

sllry t u  use closer cuupling hetween primary and secondary coils thnn \vhcn the output 
I S  applied to the grid of an am plifier tuqe. 



HNC. 1 I 1 1  IlA D/O RECEI VERS 

A variety of coi l construction:" is employed on eommercial :.t1 I-wa\'C� 
hl'oadcast, receivers. In some casc.<.; separate coil forms arc used for earh 
band, and arc mounted dil'cctl�' on the switch as �hown in Fig. 3 1 7 , whl l(� 

. Oscillafor cods 
Band C Band A 

Oscillator coils 
Banef B BCtndD 

'/� 

Radio' � Frequency 
and osci/!cdbr coils 

Inferr.nedicr��trequency 
frans fOrm ers 

I 

Outpuf transfOrm er 
, Po wer fransfOrmer ' . ' .' 

Electrolyfic 
conc/anser asSembly 

fnfe rmed/C1fe� f'requenc y 
. .. . fr:ansfOrmers ' 

FIG. 319.-Chnssis of receiver of Fig. 313. In the lower view the ,shield cans are 
removed from the oscillator coil assem blies. Note the two s�t8 of ooils in tho same shield , 
and the individual tri mmer condensers at the base of the coil form. 

in other instances several coils are mounted on the same form as illm,· 
trated in Fig. 319, with wires brought out from the various sections to the 
switch . Coils are usually placed in shield calls� although they can be left 
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in the open, as in Fig. 3 1 7, if carefully placed . The unused coils, partic

ularly the ones for the lower frequency bands, are short-circuited to 

prevent their acting as resonant secondary circuits tuned by distributed 

FlU. 320.-Arrangc ment of ohassis  an d loud-speakers in the receiver of Figs. 313 and 319. 
Note the two lOlHl-speukcrs and the llcousti cal labyrinth. 

capucitip;-\. Tapped coils are used only in the less expensive two-band 
receivers, l:iuch as in the receiver of Fig. 3 1 0 .  

Sp urio'lls Responses in Superheterodyne lleceivers.-Superheterodyne 
receivers when not carefully designed are troubled v."ith a variety of 
spurious responses which appear as whistles. . The most important .of 
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FIG. 321 .-Chassis of an all-wave receivor in which the radio-frequoncy and oscillator 
circuits, together with associated tubes, are mounted in a separate unit that can be removed 
Crom the chassis. 
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these arise from image-fre,quency signals, from signals of intermediate 
frequency, and from ha�onics of the intermediate frequency. l ' 

, Image r�sponse arises from the fact that there are two possible 
signal frequencies that ' will form the required intermediate frequency at 
any dial setting. Thus with an intermediate frequency of 50 kc, such as 
was employed in the early superheterodynes, the local oscillator would' 
be adjusted to 1050 kc to receive a 1000-kc signal. Another, signal of 
1 100 kc would, however, also produce a difference ,freque!1cy equal to the 
intermediate frequency, and, so might be simultaneously , heard in the 
receiver output. The only- remedy for this IS to prevent the undesired 

, image signal from reaching the grid of the converter tube . ' This requires 
that the radio-frequency section have an adequate number of tuned cir
cuits and that the intermediate frequency be high enough to enable these 
circuits to suppress the image frequency. In receivers covering only the . . regular broadcast band the intermediate fr.equency is cOJ;nmonly 'about 

FIG. 322.-Typical circuit for suppressing image signals together with equatio�B for 
. maximum �uppresBion. 

262.5 kc, which makes· the image frequency differ from the desired fre
quency by 525 kc. In all-wave receivers a higher intermediate frequency 

. is employed, usually about 460 kc, and even then the image suppression 
is none too good at the highest frequencies, where the 920-kc difference , .  
between desired and.image frequencies represents only a small percentage 
of the' desired carrier frequency. 

. The , suppression of the image response can be greatly improved by 
means of special suppressing circuIts, of which the arrangement of Fig. 322 
is typical. 2 Here the antenna is brought to ground through � coupling 
coil L2, a portion of the tuning conductance L, and a capacity Cl of the 
order· of ten times the maximum tuning capacity. The resistance R is for 
broadening the antenna resonance. The . effect of the image voltage 

1 An extensive discussion of all the possible sources of spurious �esponses in a 
superheterodyne receiver. is given by Howard K. Morgan, Interfering Responses in 
Superheterodynes, Proc. I.R.E., vol. 23, p. 1164, October, 1935. 

2 For £urther discussion of this and, other circuits for suppret'?sing image signals, 
see Harold A. Wheeler, Image Suppression in Superheterodyne Receivers, Proc. I.R.E., 

. vol. 23, p. 569, June, 1935. 
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. produced at the grid of the tube � largely neutralized by the voltage that 
.the antenna current' induces in the cathode coil �3. With proper circuit , 

' proportions the suppression can be made almost complete at two carrier 
frequencies and will b� high at frequencies in between. At the same time, 
the desired carrier is not balanced out. ' The necessary design ' formulas 
are given in Fig. 322, and the suppression obtained is independent of the 
antenna constants. , 

The importance of image suppression is greatest in the regular broad-, 
cast band where the stations are numerous, po�erful; and spaced at nar
row frequency intervals . The image suppressio� pf ordinary all":wave 
receivers in the higher frequency bands is rather poor, but fortunately the 
higher 'frequency �tations are not so closely spaced in the frequency-spec
trum so that there is less likelihood of an image-fre'quency signal being 
present. , 

Strong signals of intermediate frequency from ships, etc . ,  may reach 
th� grid of the first detector when insufficient preselectivity is present, and " 
will then be aIP-plified by the intermediate-frequency amplifier. Inter-

. fere�ce of this type can be readily eliminated by designing the antenna 
' input circuit in such a manner as to discriminate against signals of inter- , 
mediate frequency . .  Thus in the receiver of Fig. 310 inductance L1 

and 
condenser Cl are in series resonance at the intermediate frequency and so 
by-p�s signa�s of intermediate' frequency directly to ground. ' 

When the intermediate-freque'ncy harmonics that are produced by the 
second detector get coupled into the radio-frequency input circuits, iIiter
f�rence in the form of whistles can be expected at certain places on the dial. 
Thus, if the intermediate fr�quenc'y is 452 kc and the 'signal being received 
is '900 kc, the second harmonic of the intermediate frequency is 904 kc and, 
if this gets back into the input circuits, it will give a 4000-cycle beat note 
with the desired sign�l. The remedy for trouble of this sort is adequate 
by-passing of ,the circuits of the second detector, together 'With shielding 
and/ proper placement of circuit elements. 

Cro88�talk.-Gross-talk is the name given'to iriterference resulting from 
interaction of radio signals" and it can 'be divided into two principal types. 
The ' first kind of cI:oss-tallf is produced by heterodyne detection of two 
sfgnals having a frequency difference lying within the tuning range of the 
receiver. For example, when one broadc�st station is ,operating on 1400 
kc and another on 600 kc, heterodyne detection of the two carrier waves 
will r�sult in the production of an 800-kc. difference frequency, which 
will be heard when the ' receiver is tuned at or near this difference fre
quency. The production of such cross-talk requires that the two inter- . 
fering signals , reach the grid of the first radio-frequency tube and that 
the characteristic curve of· this tube be curved at the operating point. 
The m�gnitude 'of the cross-talk output can be de'termined by consider-
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ing the first radio-frequency tube to be a weak-signal detector of the anode 
type. The resUlts of sl,lch an analysis' show that the magnitude of the 
cross-talk is proportion�l to the product 'of the interfering signal voltage"s 
that reach the 'grid, and increases with the curvature of the tube charac
teristic . . Heterodyne cross-talk is therefore most prominent when the 
interfering sig:Qals are produced by powerful local stations and when the 
automatic volume control places the operating point of the radio-frequency 
tubes very close to cut-off. This type of cross··talk can be suppressed '  
almost completely by using a tuned input c:lrcuit between the grid of the 
first tube and the antenna, since such' a circuit win prevent at least one of 
the interfering signals from reaching the grid of the first tube. 

. 

r:Phe second kind of cross-talk is heard under the following· circum
stances : The receiver is tuned to a powerful local station-the " desired " 
'signal-which is so strong as to require a low-gain condition of the auto
matic volume control. At the same time there is another powerful local 

., station-the " unwanted " signal-operating on a frequency not greatly 
different from that of the station being received. During the interval in 
which the desired .station is sending out an unmodulated carrier wave the 
mopulation of the unwanted signal will be heard, but if the desired station 
ceases to radiate its carrier wave the interfering signals from the unwanted 
statio� disappear. Such cross-talk is caused by the unwanted signal 
modulating the carrier wave of the desired signal by the mechanism dis
cussed in Sec. 55. This is much more troublesome than the first kind of 
cross-talk because it can occur when the frequencies of the unwanted and 
desired signals are only slightly different. 

This type of cross-talk is a result of third-order curvature in the tube 
characteristic and can be evaluated in terms of . the cross�talk factor 
discussed in connection with Eq. (137) . Such cross-talk was very com
mon in the early radio receivers, but has been largely eliminated by the 
development of the variable-mu tube with its low third-order curvature at 
low plate currents. 

Alternating-current Hum.-An alternating-current power-line hum 
often appears in the output of radio receivers energized by alternating 
current . The chief causes of such hum are . ripple in the output of the 
rectifier-filter system, hum pick-up by the input circuits of the first audlo
frequency tube, . and power-line disturbances that are coupled into the 
receiver through the power transformer. HUln from rectifier ripple is 
particularly troublesome when a push-pull power amplifier is not used, 
and in such cases it can be greatly reduced by providing the filter choke 
with a hum-bucking coil that is connected in series with the voice coil of 
the loud-speaker as in Fig. 310. By suitable ' design the ripple voltage 
induced in this bucking coil will neutralize the hum voltage in the ampli
fier output . . Hum pick-up by the input circuits to the audio-frequency 

• 
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system can be prevented by shielding the grid ·lead as in Fig. 310 or by 
careful placement_ with respect to wires . carrying a-c currents. Power
. line disturbances represent radio·Jreqtiency oscillations produced by 
spark discl:targes and failing insulation ; they can be eliminated either by 
the use ' of a grounded electrostatic shield between the primary and . secondary of. the power transformer or by by-pass condensers from the 
1 10-volt leads to ground, or both. . 

N oise.-When a radio receiver is adjusted for high sensitivity, there is 
always a background of noise in the form of hiss, crackles, etc. A portion 
of this arises from thermal agitation and shot-effect noises developed . . 

. within the receiver itself as explained in Sec. 49, while the remainder 
represents radio-frequency oscillatIons produced either by such natural 
causes as lightning, i.e� , static, or by such man-made devices as electrical 
appliances, automobile ignition ' systems, etc; 

. 

Thermal agitation and shot effect produce the hiss heard in home 
receivers when the antenna is disconnected, and they set an absolute . 
limit tothe maximum sensitivity that can.be utilized. When a receiver is 
properly designed, this noise should come ' primarily from the thermal 
agitation in the input cir(}uit of the receiver, rather than from shot 
effect in the fir�t tube or thermal agitation in subsequent tuned circuits. I 
The extent to which this ideal is realized can be tested by disconnecting 
the antenna �nd independently tuning '  the input circuit through reso
nance (or, when this is impractical, by short-circuiting the input tuned 
circuit) and noting whether there is much change in the hiss noise. 2 

Static is discussed further in Sec. 127 and does not influence the design 
of broadcast receivers since there is little that can be done in such receivers 
to reduce the effects .of static. 

The man-made noise level is highest in .thkkly settled regions, partic-
. ularly . industrialized districts 'where a large amount of electrical equip

ment is in operation. The general level of such disturbances can be kept 
down to so�e extent by attention to the more important noise sources, 
but at best the residual noise level is much higher in urban'districts than in 
rural areas. 

The noise problem 'is particularly difficult to handle when a radio 
receiver is operated in close proximity to an internal-combustion 'engine. 
In the case of autQmobile racllos operating in the regular broadcast and 

1 tI'he lOCftl oscillator associated with the first detector of a superheterodyne receIver 
very often introduces a considerable amount of noise. The amount vanes with the 
oscillator tube, and can in any case be made negligible compared With thermal agita
tion in the input circuit by employing an efficient coupling system between ,antenna 
and first detector, 'or better yet by the use of a. stage af radio-frequency ttmpliflcatici'n. 

i see F. B. Llewellyn, A Rapid Method of Estimating the Signal-to-noise Ratio of 
a High Gain Reraiver, Proc. I.R.E. , vol. 19, p. 416, March, 1931 .  

. 
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police bands, the methods' of suppressing ignition nOlse have become ' 
rather well stand�rdized. ' They include such things as by-pass condensers 
arour;td the generator, radio-frequency filters in unshielded wires going to 
the dome light, suppressor resistances in series with the spark plugs to 
damp out , the oscillations that would otherwise be produced, etc. , It is 
also sometimes necessary to bond certain parts to the 'frame in order to 
prevent noises from intermittent contacts. The best combination to use 
varies with the model 'and make of car and is usually worked out by the 
car manufacturer. The automobile radios themselves are completely 
inclosed in a metal box to provide electrostatic shielding, and it filter 
consisting of by-pass condensers and radio-frequency chokes, as shown in .. , 
Fig. 278, is used to prevent noise from entering through the battery leads. ' 

Most receivers also have a low-pass filter in the antenna input circuit 
which passes the desired signal 'frequencies but prevents n9ise voltages of 
very high frequency from reaching the grid , of the first tube and intro-
ducing cross-modulation. 

" 

Ignition nOIse is particularly intense at the higher frequencies, and is 
correspondingly difficult to eliminate in short-wave automobile and air- , 
plane receivers. In such circumstances it is sQmetimes necessary to shi�ld 
the entire ignition system, even including the spH,rk plugs. � 

, 

An expedient that has been sl1ccessful ln permitting reception in the 
presence of highly damped pulses; such as origint:tte from ig�tion systems, 
motor brushes, power-line corona, and sw.itches, is illustrated in Fig. 323. 
Here ari auxiliary intermediate-frequency amplifier is connected with its 
grid in parallel with the grid of the final intermediate�frequency amplifier 
tube, and delivers its output to an auxiliary rectifier. The direct-current 
output of this au�li.ary rectifier is then used to bias the third grid elec
trode of the final intermediate-frequency amp1ifier tube. With proper 
adjustment� a noise voltage appreciably greater than the signal , being ' 
received will develop enough bias to make the intermediate-frequency tube 
inoperative, thus silencing the receiver for the duration or' the noise . 1 
This arrangement takes advantage of the fact that many noise voltages 
are of very short duration, with comparatively long quiet intervening 
intervals. With the arrangement shown in Fig. 323 the receiver output is 
simply turned off during these brief noise periods; , and, although this , ' 

causes some distortion, the reception is on the whole much improved. 
The noise level in a radio receiver ,is usually increased by the presence 

of an unmodulated carrier, and, in fact, such a earrier wave often appears 
to be accompanied by a hiss which rises in intensity as the receiver is 
brought into resonance with the unmodulated carrier. This behavior 
results from heterodyne action between relatively weak noise volt ages, such . , 

1 For furthe� information see J. J. Lamb, A Noise Silencing IF Circuit for Super-. � .  . . 

heterodyne' Receiv(>fs, QST, vol. 20, p. 11 ,  February, 1936. 
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as are normally present in the set, and the relatively strong unmodulated 
carrier wave. The loudness of the noise depends to a considerable extent · 
on the amplitude of the carrier and is relat"ively small when the . carrier 
is absent 'because of the decrease in detector efficiency which takes place 
when the removal of the relatively strong carrier causes the detector to . . 
'change .over from a power to a weak-signal rectifier. . . 

Microphonic Action and Acoustic Feedback.7-When the receiver chassis 
is in the vicinity of the loud-speaker, as is the case with the ordinary home 
radio receiver, there is always the possibility of sound vibr�tion� affecting 

• 
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FIG. 323.-Noise-suppressing system in which a noise pulse stronger than the desired signal · 
can be made to silence the receiver momentarilr . .  

the radio receiver in .such a manner as to produce acoustic feedback 
(i.e . , audio-frequency oscillations sustained by sound vibrations 'modulat
ing an incoming carrier to produce still more sound output) . Troubles of 
this type are particularly common with all-wave receivers delivering a 
larg� amount of audio power to the loud-speaker, and may arise from 
vibrations transiriitted to the receiver chassis either through the air or 
through the cabinet material. . The parts of the receiver most commonly 
giving trouble are the plates of the tuning condenser and the radio-fre
quency, and oscillator c.oils. Acoustic feedback troubles .can be kept 
under control by using rigid construction, by mounting the chassis on 
rubber supports, and by protecting the tuning coils a�d condenser as 
required, by rubber mo"unting. In c0nsole models the chassis can be 

- ..  
� . :�.-. . . 

-1 1 
1 1 
I 
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. mounted on a shelf that acts as· protection against sound waves. The 
receiver of . Fig. 318 illustrates these usual expedients, and also obtains 
still further reduction in acoustic feedback by mounting the loud-speaker 
baffle, together with the loud-speaker, upon rubber to prevent vib.rations 
from being transmitted directly from the loud-speaker to the cabinet. 

Receivers tliat are to be subjected to intense mechanical vibration, . 
such as airplane and automobile radios, must be rigidly' constructed and 
are preferably mounted on rubber. it is also desirable to enclose such 
receivers completely to prevent sound waves from ' striking the coils, · 
condensers, and tubes. 

Special Problems Encountered in H igh-fidelityl Receivers.-High fidelity 
requires that modulation frequencies up to at least 10 kc be �eproduced 
�ithout excessive ' frequency distortion. This r�quires a good atidio- ' 
frequency . system and' intermediate-frequency-amplifier and radio
frequency circuits that will res,pond to a band width approximately 20 kc 
wide. A receiver designed to m�et these · requirements is not entirely 
satisfactory for the reception of distant stations or- reception in the pres
ence of bad noise and interference . . This is because the amount of noise 
that is received is directly proportional to the width of the fi-equency band 
that is received,2 and because weak interfering signals on the adjacent 
channel will produce frequency components that extend into the rJ'sponse 
band of the receiver. This situation has led to the development of 
means for varying the width of the received band so that wide-band 
high-fidelity reception can be employed with strong local signals, while a 
n�rrow band is available for 'weak signals or when interference is bad. 
The �implest way of obtaining variable band reception is to .vary the 
response band of the intermediate.,.frequency amplifier. One method of 
changing the band is discussed in Sec. 19, while another 'method is used in 
the receiver of Fig. 313. In the latter case, an intermediate-frequency 
coupling system having three tuned circuits is used, and the r�sponse band 
is controlled by a resistance in series with one of these circuits.3 

. 1 }i\ll:thet discussion is given by HaroJd A� 'Wheeler and J. Kelly Johnson, High 
Fidelity Receivers wi.th Expanding Selectors, Proc. I.R.E., vol. ' 23, p. 594, June, 1935 ; 
Stuart Ballantine, High Quality Radio Broadcast Transmission and Reception, 
Proc. I.R.E., vol. 22, p. 564, May, 1934 ; vol. 23, p. 618, June, 1935. ' . 

2 A .wide response band not only increases the noise energy in the output but also 
causes the noise that is present to be more disturbing. Experiments show that, when 
the band width of an ordinary receiver is doubled to obtain a high-Jidelity charac
teristic, the signal energy must be increased about ten times if the annoyance from 
noise is to be the same. See C. B. Aiken and G. C. Porter, Receiver Band Width and 
Background Noise, Radio Enfl., vol. 15, p. 7, May, 1935. , 

3 It. has been suggested that the band width might be automatically controlled by 
the strength' of the received signal, thus giving automatic selectivity control (called 
A.S.C. ) .  A discussion of me�ns to carry out the necessary operation is given by 
H. F�- Mayer, Automatic Selectivity Control, ElectroniCs, vol. 9, p. 32, December, 1936. 

, , 
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In high-fidelity receivers that reproduce modulation .frequenc�eB up to 
10 kc, trouble is commonly encountered from a 1Q;..kc whistle produced by 
a weak adjacent-chann�l station heterodyning with the desired carrier 
frequency. This can be eliminated either by making the audio-frequency
system cut-ofJ just below 10 kc or by the use of a 10-kc trap which removes . '  
a very narrow band of frequencies in the neighborhood 10,000 cycles, as in 
Fig. 313. 

AmplItude distortion must be kept to an unusually low level in high": 
fidelity receivers if the full benefits of high fidelity are to be z:ealized. 
This is because the amount of distortion that will produce a noticeable 
effect is less the greater the frequency band that is reproduced. l  Further- . 
morH, a high-fidelity' system reproduces high-order harmonics (i.e., those 
above about 4500 cy�les), which.are suppressed in an ordinary broadcast 
receiver and which have a particularly disagreeable effect. 

The. tuning indicator employed in a high-fidelity receiver must take 
into account the fact that the receiver responds almost equally well to 
carrier fi-equencies over a 20,kc range, whereas for proper operation the 
carner must be adjusted to the exact center of the response band. This 
makes it essential that the .tuning indicator operate from. a separate sharply 
resonant circuit. Such ap arrangement is shown in . the high-fidelity 
receiver of Fig. 313. The importance of accurate tuning with high-fidelity 
receivers makes the use of automatic frequency control especially desirable 
with such receivers. 

. 

Some General Design Considerations.-The. actual electrical design of 
comnier�ial receivers depen.ds to considerable extent upon such merchan
dising requirements as " the most receiver for a given selling price," or 
"the least expensive six-tube receiver,"  etc., and is infiuenced very c�:m
siderably by the particular sales features that are being emphasized at the � . 
time. There are, however, certain · general considerations governing 
the design. ' The criticai factors are the audio-frequency power output, the 
sensitivity, and the carrier amplitude desired at the detector for normal 
operation. The andio power tubes and plate-supply voltage are selected 

. . to develop the required output. The minimum pe.rmissible audio..:fre
quency amplification between detector and power .tubes . is the gain that 
will provide full excitation for the power tubes when . the carner voltage 
at the detector is completely modulated and has an amplitude equal to the 
normal detector level. 2 Starting with this carrier voltage, which will 
develop the full receiver output when completely modulated, it is a simple 
matter to determine the carrier amplitude modulated 30 per cent which 

. 1 See Frank Massa, Permissible Amplitude Distortioh of Speech in an Audio' 
Reproducing System, Proc. I.R.E., vol. 21, p. 682, May, 1933 . 

. 2 Actually most present-day receivers provide appreciably more audio gain than 
this minimum. 

... . 

• i I 
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will develop the ,standard output of 50. mw. The total voltage step-up 
between antenna ' and second detector must then be such that, with a 
voltage corresponding to the required sensitivity acting in the antenna , ' circuit, the required carrier level will be developed at the second detector. 
From this it is possible to estimate the number, of stages of amplification 
required on the basis of gains to be expected according to Table XIV. 

TABLE XIV.-TYPICAL GAINS IN COMMERCIAL RECEIVERS . 
Radio-fr'equency section : , 

. Antenna to grid of first tube! , . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Radio-frequency amplifier, broadcast band; . . . . .  " . . , . . . , . . 
Radio-frequency amplifier, short-wave bands , . . . . . . . . . . . .  . 

Intermediate-frequency amplifier section :2 

3- 6 
20- 40 
5- 25 

Converter grid to first intermediate-frequency tube . . . , . . . . .  40- 60 
Interstage intermediate-frequency . .  . ' . . . : , . . . . . . .  ' . . . . . .  , . .  50-180 , 

, Intermediate-frequency to diode . . . . . . .  , . , . , . : , . . .  , . . .  ' . . .  50-125 
I In automobile receivers designed to operate with a particular antenna of specified consta.nts, it is 

poSsible to make the antenna-to-grid step-up 20 to 50. 
. 

2 These values are for air-cored coils for 460 kc. For a'ir-cored coils at 260 kc the gains will be 
perhaps 30 per cent higher. With iron-dust cores the gains 

,
will be 20 

'
to 60 per cent higher thap..with 

a�r cores. 

The actual gains in any particular case depend upon the size and design 
of the cojls and , upon the coupling system i�volved. In the radio-fre
quency section the gain varies with the tuning, normally being greatest 
at the high-frequency end of each tuning range, In the broadcast band 
(550 to 1500 kc) 'the performance of both antemla and interstage parts 
can be improved .by using a comple� coupling arrangement with a. high
inductance primary resonated at a frequency just below the broadcast 
band, as illustrated in Fig. 124. Such arrangements cannot be used in the 
short-wave bands, however, because the primaries would resonate with 
signals in the next lower band. Short:'wave ra:dio-frequency coils hence 
ordinarily employ a simple coupling system consist.ing of alow-inductance 
primary. The antenna-to-first-grid ' gain is necessarily .Iow in ordinary 
broadcast receivers because these receivers must be designed so that the 
first tu.ned circuit ,will maintain its alignment when -antennas of widely 
different constants are used, and to do this the antenna coupling must be 
small. 

' 

112,. Receivers for Telegraph Signals.-Receivers for handling tele
graph signals differ from broadcast receivers in that some means must be 
provided for interrupting the code characters at an audible rate so that 
reception can be obtained with a telephone recejver. l This is universally 

1 The only exceptions to this are when the code signals are produced by spark 
, transmitters, or are in the�form of interrupted continuous waves, or are to be recorded 
on a tape recorder. Spark and I.C.W. signals are interrupted at the transmitter 
and s� can be received on an ordinary broadcast receiver. In the case of tape record
ing it is possible to operate the inking mechanism without producing an audible t,Qne, 
although most of the commercial systems' of tape recording involve an audible note 
which is r�ctifi.ed to operate the mechanism. ' 
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accomplished by the heterodyne principle, the procedure being to combine 
ffhe incoming signal with a locally generated oscillation differing in fre
'quency by about 1000 cycles. Rectification of the combination gives the 
code . characters with a frequency of about 1000 cycles, as explained 'in 
Sec. 87. . 

'One of the chief merits of the heterodyne method of reception is that 
the beat or difference frequency which is produced depends·upon 'the fre
quency of the signal .being received. This' makes it possible to'di�tinguish 
between signals which differ so little in frequency that ocdinary tuned 
circuits cannot separate them. For example, if it is desired to receive 
from a station transmitting on 20,000,000 cycles while an interfering 
station ' is operating on a freque�cy of 20,000,200 cycles, it would be 
obviously impossible to eliminate ·the undesired signal by means of tuned 
circuits since the two carrier frequencies differ by only 0.001 per cent . 

. . 

Ant . .  . .  so,OOOn. 25,OOO.n. 
-8 +6 

FIG. 324.-Simple code receiver consisting of an oscillator detector followed by one stage of . audio-frequency amplification. . ' 

However, heterodyning with a lbcal oscillation having it frequency of 
20,001,000 cycles produces beat notes with the desired and undesired 
signals of 1 000 and 800 cycles, respectively, and these frequencies can be 
readily separated either by ear or by a. selective cirClrlt because they differ 
by 25 per cent. . 

A sirriple code receiver is shown in Fig. 32�) and consists �f an oscillat
ing detector of the typ� discussed in Sec. 89 followed by one stage of 
audio-frequency amplification. Such an arrangement possesses remark
able sensitivity because of . the very large regenerative amplification 
obtai.ned with a properly adjusted oscillatory detector. In some cases 
the .receiver of Fig. 324 is modified by placing a radio-frequency tube ahead 
of the oscillating detec�or, using �ither a tuned or untuned coupling 
hetween the antenna and the grid of this tube. Such a tube is primarily 
for the purpose of making t4e local oscillator frequency independent · 
of the receiving antenna and for preventing the radiation of local oscillator 
energy, but it also adds somewhat to the sensitivity . 

• . Any ordinary superheterodyr\e receiver can be converted into a code 
receiver by the addition of a local oscillator for the purpose of heterodyning 
with the intermediate frequency� This fixed oscillator is detu�ed approxi-. 

.. 

· 1  
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mately 1000 cycles from the intermediate frequency and is loosely 
coupled 'into the circuits of the second detector, as illustrated in Fig. 32&, 
thereby causing the latter to develop a beat note approximately 
1000 cycles with the incoming carrier wave. If the superheterodyne 
receiver is provided with automatic volume control, this must be dis-

. connected in order to prevent the local oscillator from affecting the 
receiver' sensitivity, and a manual volume control must �e subs�ituted. 

Compared with an oscillating detector receiver, the superheterodyne 
receiver has somewhat greater sensitivity, has less cross-talk trouble with 
strong. local signals, and can be converted into an excellent regeiver for 
telephone signals by simply turning off the local oscillator . 

• 

A.V.C. '\ 'T' on-off. V' 

2 nd Oet. -
A.F. 

E(ecfron-co<!pled beytfing osci//afor "r;--' 

��----��---�- B+ on-oTT . 
FIG . . 325.-Circuit illustrating how a sUperheterodyne receiver may be converted 

into a code receiver by coupling a beating oscillator into the intermediate-frequency 
system. 

Single-signal Receiver.-The single-signal receiver is a superheterodyne 
code receiver in which a crystal filter is used in the intermediate-frequency 
amplifier to obtain extremely high selectivity. The basic circuit'is shown 
in Fig. 326 and makes use 01 a piezo-electric quartz crystal as a coupling 
element between two conventional intermediate-fl'equency tuned circuits . 

. The condenser Cn is for neutralizing the 'electrostatic capacity of the 
crystal, and with perfect neutralization the crystal becomes equivale.nt to 
a series-resonant circuit that has a very high Q. . By varying the neutraliz
ing condenser Cn slightly it is po�sible to obtain a residual reactance in 
parallel with the cry§!tal. This causes the crystal to go into parallel 
'resonance at a frequency very close to the series-resonant frequency, and, 
because of the high impedance of a parallel circuit compared with a series 
circuit, the result is very little coupling at a frequency differing only 
slightly from that required for maxi�um coupling. The difi'eren(le 
between this frequency of high attenuation and the frequency of maximum 
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response is controlled by the adjustment of en, and can be readily made ' 
as low as 1000 to 2000 cycles. 

The width of the response band of the crys1ft1 filter with its associated 
circuits is largely controlled by the resistance which the crystal sees when 
looking back ' toward the circuit that excites it." This is bec�use this 
resistance is effectively in series with the crystal, and so reduces the 
equivalent Q of the combinatien. The band width can accordingly be 
contrf)lled by tli'e condenser that varies ' the resonant frequency of the 
input circuit (ilee Fig. 326) . WhEm adjusted to resonance with the crystal, . 
the effective circuit resistance is high and the maximum band width . . 

results, while, when the input circuit is appr�ciably detuned, the imped-
ance that faces the cry�tal is low, and mainly reactive, so that the. effective 
Q is very. nearly the actual Q of the c�ystal itself. It is possible in this 

Cr'ysf�1 �mi-aqjllsfahle 
1st Det. 8cmd-wiclfh ' , coupling 

. �.T rf�' '0 \CMdenser l. F Am� 

)., R'ljecNon ': . control"' 

Freq uency 

. , Equivalent coupling cil"cui-t 
Crystal re��'!.'!..t�:.1.� __ _ _ _  , 

� lot 
(jnneutralized) 

reacfance--' 

.FIG. 326.-Crystal coupling arrangement used in single-signal receivers together With 
response curve illustrating how the image interference can be suppressed. . 

way to vary the band width from perhaps 100 cycles to 5000 cycles as the 
occasion requires. 

Single-signal radio receivers greatly reduce i:r�.terference. Thus signals 
differing in frequency from the d�sired signal by more than about 
100 cycles are prevented from reaching the second detector by the great 
selectivity of the crystal filter, while in the ordinary code receiver all, 
signals having a frequency within about 5000 cycles of the desired signal 
will c'ause al,ldible bmt notes. , The single-signal receiver will also elimi- . 
nate image effects produced at the final beating oscillator if the condenser 
en is adjusted so that the frequency of high attenuation coincideS . 
with the image frequency. Thus, if the intermediate frequency is 450 kc 
and · the beating oscillation is 451 kc, signals producing an intermediate 
frequency of 452 kc are prevented from developing a 1000-cycle inter-' 
fering beat note by adjusting the condenser en so that this image .signal 
is. suppressed before reaching the second detector. , 

• 

I 
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Frequency Stability of Beating Oscillatars.-In order to obtain satis
factory heterodyne reception it is necessary that the transmitted 
frequency and the freque.cy of the local oscillator, or oscillators; be con
stant, fQr otherwise the pitch of the audible beat note will vary and recep
tion will be difficult. This is particularly true with single-signal receivers 
because here a small shift in the frequency of the first oscillator of the 
superheterodyne receiver will ,cause the intermedin;te frequency produced 
to shift clear out of the narrow response band' of the crystal filter. . The 
importance of frequency stability increases as the frequency ,of trans
mission increases because the sam'e percentage of vari�tion then rep'resents 
a greater number of cycles. At extremely high frequencies, such as 
100;000,000 cycles, it is qifficult to obtain a steady beat note because of 
the effect of minute vibrations, etc . ,  on the frequency. 

. '  

113. Miscellaneous Types of Receivers. Radio Telephone Receivers 
for Other rha1J, Broadcast Purposes .-Telephone receivers for other than 
broadcast purposes are in the main similar to broadcast 'receivers but 
with modifications of the tuning range and of the ,design detaiis. Thus 
many airplane receivers are similar to automobile radios in the generai 
method of construction, in the use of, re,nwte-control tuning, and in that 
a storage battery is the source of p'Jwer. The chief differences are that 

, the airplane receiver requires somewhat sturdier con.struction, covers only 
the airplane bands, and is, arranged to operate a telephone receiver instead 
of a loud-speaker. In other cases airplane receivers are arranged so that 
only two frequencies can be .received, , one being the shQrt-wave d�y fre
quency and the other the short-wave night frequencY 'assigned to the air 
lin€ involved. Superheterodyne receivers for such two-band operation 
cqmmonly ,employ crystal oscillators for the frequency-changing process, 
with a different crystal, for each frequency. 

Receivers for long-wave telephone signals 'may be of, the tuned radio
frequency' type, such as illustrated in Fig. 314, but with perhaps two or 
three stages of radio-frequency amplification, or may be of the super
heterodyne type having an intermediate frequency that either is quite' 
low or is higher than the highest frequency 'to be received. 

The ordinary ,superheterodyne receivers tend to give ,relatively poor 
imt;tge suppression at short waves unless an excessive number of tuned 
Circuits is ' employe'd in the radio-frequency sectioIl. This difficulty can 
be overcome by employing a triple detection , receiver as illustrated 
schematically 'in F�g. 327. The first intermediate frequency is high 
enough to provide adequate image suppression with one or two resonant 
circuits in the radio-frequency section, while the second intermediate 

'frequency is commonly the same as in broadcast receivers and makes it 
possible to discriminate against signals differing only slightly from the 
desired frequency. �he second oscillator of a triple-detection receiver 

. ' 
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oper�tes at a fixe4 frequency determined by the two int�rmediate fre
quencies, so that the only circuits which must be adjusted for 'the incom
ing signal a�e the radio-frequency and 'first osCillator sections. ' 

, Reception of Single Side-band Signals. I-Signals consis�ini of only a 
, single side , band can be received by using a local oscillator to supply the 
niiss�ng carrier frequency. This oscillator heterodynes with the frequency 
components of the single side-band signal, and by detection of the result
ing combination the difference frequencies, which correspond to the origi
nal modulation frequencies, are r�produced. 

The local oscillator'which resupplies the carrier that was suppressed at 
the transmitter must be within 20 cycles of the correct frequency for 
reasonably intelligible speech, and eve� cioser to the correct ' value if 

· high quality is to be obtained. At frequencies below 1000 kc it is a simple 
matter to maintain the required tolerances by the use of well-designed . 
and .carefully supervised crystal oscillators at both transmitter and 
receIver. " At hIgher frequencies it is necessary, however, to transmit to 

Rad io 
Frequ ency 
S ection 

Osci l lator 
and 1st 
Detector 
Section 

1st 2nd 2nd 
Intermediate Osci l lator Intermediate 
Frequency and 2nd Frequency 
Section , Deteclor Sectlo -SectIO)1 

Inte���dia0 Int(";��di(]�� 
freqlJency frequency 

3rd . 
Detector 
Section 

Audio 
Freque ncy 

Section 

FiG. 327.-Schematic diagram of triple-detection receiver . .  

· the receiver a pilot frequency which is most conveniently a small remnant 
of th� actual carrier frequency of the transmitter. This pilot freq�ency 
may be used to synchronize the local oscillator automatically at the proper . 
value, or' may be separated from the side band, amplified, and used ' in 
place of the beating oscillator. The beating cu�rent 'obtained by the 
latter arrangement is termed a: " reconditioned " carrier, and is entirely 

' satisfactory provided the carrier amplifier has automatic volume control 
that maintains constant output irrespective of the fading of the residual . 
carrier actually received. In either case the separation of the residual 

� carri�r from the single side band is done at the intermediate frequency, 
using a quartz-crystal filter having sufficient selectivity to suppress the 
side band while transmitting the residual carrier. I� order to take care 
o� frequency drifts either in the transmitted frequency or in the beating 
oscillation at the receiver, an 'automatic frequency,:,control arrangement 

' is employed in the receiver to maintain the intermediate frequency 'at 
exactly the value required by the crystal filter. 

1 For further details concerning receivers for the reception of single side-band 
signals, see F. A. Polkinghorn and N. F. Schaack, ' A Single Side-band Short-wave ' 
S�stem for. Transatlantic Telephony, P;oc. i.R.E. , vol. 23, p. 701 , July, 1935. 
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Receivers jor UUra-high Frequency Signals.-In the wave-length �ange 
from 72 to ' 10 meters it is possible to use ordinary tuned radio-frequency 
and superheterodyne receivers. Acorn tubes a�e desirable in the high
frequency . circ,uits for the shorter wave lengths in this range, and will 
produce a gain in radio-frequency amplification of 10 to 15 at wave lengths ' 
as short as 3 meters. When superheterodyne reception is employe!!, it 
is usually desirable to make the intermediate-frequency response band 
relatively wide in order to allow for some frequency instability in the 
transmitter and beating, oscillators. Triple-detection . superheterodyne 
receivers are favored when there are interfering stations to give image 
response . . 

Supertegenerative detectors are often employed in receivers operating 
at wave lengths below 10 meters. The simplest 'arrangement of this type 
consists of a superregenerative detector followed by one or two stages of 
audio-frequency amplification. In more elaborate arrangements . one 
or two tuned radio-frequency stages are placed between the antenna and 
the superregenerative detector in order to increase selectivity and prevent 
radiation from the receiver. Superregenerative receivers are, �emarkably 
sensitive, and have the advantage of producing nearly as much audip
frequency output with very weak signals as with strong signals, so that 
there is an inherent tendency to discriminate against ignition and other 
similar interference that is in the form of pulses of high intensity but short 
duration. The chief disadvantage of the s�perregenerative arrangement 
is that a strong hiss is present except when a carrier wave is being received. 
This hiss represents the inherent noise of the receiver caused by thermal 
agitation, etc . 

. . 

. Superheterodyne receivers' for very short waves are sometimes pro
vided with a superregenera�ive second detector because of the ability 
of such a detector to suppress ignition noise. For best results the inter

. mediate frequency of such a superheterodyne receiver should .be very high . 
At wave lengths less than about 72 meter ordinary receivers fail to 

. function properly, and no very . satisfactory substitute has bee� found. 
The 'usual arrangement is some form of simple detector consisting either 
of a crystal rectifier, vacuum-tube rectifier, or electron-oscillator detector 
of the type discussed in Sec.  85. One or more sta.,ges of audio-frequency 
amplification can be added to increase the sensitivity. ' . 

Reception of Frequency-modulated Signals. l-8ignais that are frequency 
(or phase) modulated can be received by discriminating against one side 

1 For' further information on the reception of frequency-modulated waves, see 
J. G. Chaffee, The Detection of Frequency-modulated Wa,ves, Proc. I.R.E., vol. 23, 
p. 517, May, 1935. Also see E. H. Arm�trong, A Method of Reducing Disturbances 
in Radio Signalling by a System of Frequency Modulation, Proc. I.R.E., vol. 24, p. 
689, May, 1936. 

. 1  



I ' 
I 

SEC. 114) RADIO RECEIVERS 587' 
.. . 

band so that the carrier and remaining side band heteroayne .together to 
give beat notes corresponding to 'th� original modulation. 1 Any ordinary 

. receiver that has high selectivity. can accordingly be used to receive fre
quency-modulated signals by detuning the receiver so that the carrier is 
on the side of the response curve as illustrated in Fig. 328. The most 
suitable arrangement is a superhet
erodyne receiver with the intermedi
ate-frequency amplifier designed to 
g i v e  t h e  d e s i r e d  s e l e c t i v i ty 
characteristics. 

If the output of t4e receiving sys
tem ' is ' to be proportional to the am
plitude of the modulating voltage at 
the transmitter, it is necessary that ' 
th� amplitude of the side-band com
ponents be inversely proportional to 
the frecjuency of the modulating volt
age. : .This is because the discrimina

Frequency 
FIG. 328.-�esponse curve of receiver . 

showing how one side band of a frequency 
modulated wave can be discriminated 
against by detuning the receiver slightly. 

tion that the .selectivity curve of the receiver is able to exert between th� , 
upper and lower side bands is proportional to the modulation frequency, 
causing the receiver to discriminate against the lower modulating frequen
cies. This introduces no difficulty with frequency modulation, since from 
Sec.  81 it is s.een that the modulation index for a frequency-modulated wave 
is inversely proportional to the modulation. frequency. However, with . 
phase modulation the amplitude of the modulating :voltage must be made 

. inversely propo�tiOI�al to modulating frequency by means of a network 
if excessive frequency distortion is to be eliminated at the receiver. The 
amplitude distortion produced in the reception of frequency-modulatl�d 
signals tends to be comparatively high'unless the modulation index of 
the transmitter is low and the portion of the selectivity curve made use 
of at the receiver is substantially linear. 

114. Receiving Systems for Miliimizing Fading.-Fading commonly . 
occurs at broadcast and higher fr�quencles, and is the result of interfer
ence between waves that have traveled to · the .receiver along different 
.routes, as explained in Chap. XIV; When fading is present, the signal 
intensity varies widely in a random manner, and with radio-telephone 

1 The reception of frequency-modulated signals by detuning the receiver is some
times explained on the basis that, as the frequency of the signal is varied, the response 
of the radio-frequency circuits varies likewise, thus converting the frequency-modu
lated wave into an amplitude-modulated wave. This view is only partially correct, 

. however, since the frequency-modulated wave, instead of being a wave of varying 
frequency, is �eally a wave containing carrier and side-band components as explained 
in Sec. 81 . 

. 
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, . . ' 
signals there is· usually marked distortion during the weak part of the 
fading cycle. 

' . 

Automatic volume control is an o�vious means of minimizing the· 
effects of fading, and is used in nearly all broadcast receivers. This is 
not a complete solution of the problem, however, because the signals 
sometimes fade out so completely as to be lost in the background 'noise, 
in which event no amount of' amplification will be successful in retrieving 
them. Also,' as the' signals fade in and out, the sensitivity of the receiver 
is varied, and there is a '  continual variation in the background noise. 
Furthermore" automatic volume control does not prevent the quality 
distortion usually accompanying fading, and cannot be employed with 
code receivers because of the violent variations in receiver gain that would 
result when the transmitter keying is momentarily interrupted. 

DiverSity Systems for Code Reception.-Experi1nents have shown that 
frequencies differing by a few hundred cycles do not fade simultaneously, ' 
and this m,akes it possible to minimiz� fading troubl�s by tr&nsmitting 

, the same message on different frequencies, i.e. ,  by frequency diversity. 
Many ,short-waye code transmitters , accordingly ' modulate the.  ti'ans
mitter output at some audible frequency, say 500 cycle's, and then key this 
modulated wave. The audio modulation introduces, side-band' frequen
cies and in effect causes the telegraph message to be transmitted simul
taneously on a' number of frequencies, . which is of considerable help , in 
reducing the number of drop-outs. 

A still better anti-fading system can be obtained by taking. advantage 
of th� experimentally obser.ved fact that the signals whioh are induced in 
antennas spaced 10 wave lengths or more apart do not fade simultaneously. 
When three or more such antennas are employed, it is extremely unlikely 
that the signals will fade out completely on all of them at the same time; 
so that, if the outputs of the different antennas a,re combined, there will 
nearly always be some signal present. . 

An example of , a commercial installation making use of a spaced
antenna receiving system for minimizing fading of code signals is shown 
schematic ally in Fig. 329. 1 This makes use of three short-wave antennas 
spaced 10 wave ' leI1gths apart and each provided with a separate code 
receiver. The audio outputs are rectified as shown and . combined by 
passing through a common resistance. The voltage drop across , this 
resist:;tnce , is amplified by a one-stage direct-current amplifier, the output 
of which is passed through a resistance that supplies the grid-bias' voltage 
for a p�sh-pull amplifier. The input of this amplifier is excited from an 
audio-frequency " tone " oscillator. When no signals are being 'received, 

. 1 For a detailed description of this particular installation, see H: H. Beverage and ' 
H. O. Peterson, Diversity Receiving Systems of ReA Communications, Inc.,  for Radio 
Telegraphy; Proc. I.R.E., vol. 19, 'p. 531 , April, 1931. ' 
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the curren t through the TCHistance common to the rectified outputs of the 
three receivers is. negligible, causing th e plate current of the direct-current 
amplifier tube to be large. This places a rather high negative bias on the 
}lt l�h-pl1II amplifiers, blocking them. If, however, a signal is received 
frolll a.t least one of the antenna systems, current flows through the C0111-

Receivers consisting 
of reullQ Tnquenc.:t Qmplif'ier. oscilkding 
ddecfor, ancl Quclio 
"mp/if'/er Push Pull Tone 

Amplifier 

Tone yolT{lI'�e 

FIG. 329.- Di agram showing opernt.ion of typical dhrcrsi ty receiving system for telegraph 
• signals. . 

mon ou tput resiHt!1ncc of the three receivers, making the grid of the direct

eurrent amplifier more negative, reducing the a.mplifier plnt.e curre11t, and . 

IO\yeling the grid bias of the push-pull anlplifier. This enables the pu::>h
pull am plifier to pass the audio frequency f1'0111 the tone oscillator. The 
adjuflt1llCnt on the grid bi as of th e push-pull amplifier is normally such 
that, when no signal is being !eceived, the noise l eyel ",-ill jn�t fail to allow 

the push-pull ampl ifier to pa:::s tone current. 

}<'w. 330.-Typical records showing output of euch .·et'eiYcr of a diversity receh-ing system 
and of the com bined output.. Note the entire absence of fading in the latter. 

A diverHity arrangement as de:·:wri bcd will eliminate virtually all 
drop-ou ts resulting from fading, since it on ly rarely 

·
happens that thp 

signals will fade out completely on all three recch-ing systems at tlH' . 

�ame ins tant. This is well illustrated by the records of Fig. 330, which 
compare t.he combined output of the diversity receiving system with the 
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individual outputs of each antenna. The arrangement by which the 
output of the receiving system keys a local oscillator gives a final output 
free of noise and, having' an amplitude and frequency independent of the 
adjustments of the radio receiver. 

Diversity Rece�ving Systems for the Recept1:on of Radio-telephone 
Signals .-Most fading troubles in the reception of radio-telephone 
signals can be eliminated by using a spaced-antenna system and by taking 
advantage of the observed fact that, when the reeeived carrier is strong, 
the quality distortion is normally a minimum. I The outputs of the spaced 
antennas ar� accordingly combined in such a 'manner that the antenna, , 

with the 'strong�st carrier always 
____ -;Spoced' t::Infennt::ls ,: :' (RE Tninsmission lines '� /;,.,SqIJaI"f! It::Itv 

!: :; c1'eledors 
,' /  I 

, I 

contributes a disproportionately 
large share of the total output. One 
means of Qoing this is shown schem

e-Combmed atically in Fig. 331'. 2  Here the + L..:oufpuf 
" / 

�u!ornr;,hc �ume control 
operating From reCfifi'eti 
currerrf in common oufpuf 
of defectors 

FIG. '  331 .-Schematic diagram of diver
sity telephone receiving systems. Tbe 
outputs of the square-law detectors are 
combined directly, and an automatic · vol
ume control operates on all receivers. 

outputs of three receivers having 
square-law detectors and excited 
from three spaced antennas are 
combined directly as sho�n. With 
this arrangement the antenna receiv
ing the strongest carrier contributes 
nearly all the output because the 
square-law detector favors the 
stronger signal. 3 The receivers, 
which at the moment are contrib

uting little to the output, are prevented frorn contributing to the 
noise level by the use of 'an automatic-volume-control voltage obtained If! 
from 'the common rectified output as shown and operating simultaneously 
on all receivers. When the output of any one receiver is strong, the con
trol reduces the a'mplification of all three receivers and hence keeps down 
the noise in the common output. 

1 This is because the worst quality distortion is that caused by the' 
carrier fading 

, out while leaving relatively strong side bands. , 
2 This is the diversity receiving system used by the RCA Communications, Inc., 

at their Riverhead, Long Island, receiving station. For a more detailed description 
see H. O. Peterson, H. H. Beverage, and J. B.  Moore, Diversity Telephone Receiving 
System of RCA Communications, Inc. ,  Proc. I.R.E. , vol. 19, p. 562, April, 1931. 

3 A still better arrangement would be one involving linear detectors, each followed 
by one stage of audio-frequency amplification. The outputs of the audio amplifiers 
would be combined, but a quieting system would cut off the output of all the a�dio 
amplifiers except the one associated with the detector receiving the strongest carrier. 
The control for the quieting systems could be obtained by a differentially operated 
system of tubes. Such an arrangement would avoid the distortion of the square-law

' 

detectors. 
. 

• 
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Directivity Steering.-The different paths followed by the signals 
when fading is present are found experimentally to arrive at the receiver at 

. different vertical angles, and furthermore the signals following a particular 
path are relatively stable. This has led to the suggestion that fading 
could be minimiz.ed by employing an antenna system in which the vertical 
directivity was always adjusted to discriminate in favor of the 'waves 
arriving along the lowest vertical angle, whatever this happened to be. 
Experiments ",ith an antenna having easily adjustable vertical directivity 
indicate that it is possible to obtain marked reduction in fading by the use 

. of such directivity steering, and demonstrate the basic soundness of the . sharp angular method of discrimination. l  

Problems 

1. Discuss the effects that each section Qf Fig. 309 can be expected to have on the 
fidelity of a broadcast receiver. 

2. Discuss the factors that can cause the selectivity and fidelity characteristics 
of a superheterodyne receiver to vary with the frequency being received. 

3. Make an estimate of the sensitivity of the receiver of Fig. 314, using reasonable 
assumptions as to stage gains and detector efficiencies. 

4. Make a separate detail drawing. of the second detector and. volume-control 
system of the receiver of Fig. 3io and explain the function of each circuit component. 

6. Explain the mathod' used in the receiver of Fig. 310 to bias the grids of the 
audio and output tubes. 

. • 

6. Make an estimate of the total d-c voltage and current that must be developed 
across the filter input condenser of the recei�er of Fig. 310, assuming normal tube
operating conditions and using tube data from a tube manual. . 

. 7. Assuming that the speaker field of the receiver of Fig. 310 has an incremental 
inductance of 8 henries, carculate : (a) the ratio of alternating-current voltage in the 
plate supply of the output t.ube to the altemating-current ripple voltage appearing 
across the input condenser of the rectifier-filter system, (b) the ratio of alternating- ' 
current voltage appearing in the .plate supply of the 6F5 audio tube to the alternating
current ripple yoltage across the input condenser of the rectifier-filter system. 

8. Make a rough estimate of the sensitivity of the receiver of Fig. 310 by cal
culating stage gains where possible and in other cases assuming reasonable gains. 

9. Draw a detail diagram of the intermediate-frequency amplifier of the receiver 
of Fig. 312, showing the high-frequency filter and by-pass systems in plate, screen, 
and cathode circuits. . Discuss the factors that determine the size of each condenser 
and resistanc't involved and calculate the effectiveness of the by-passing (or filtering) 
at the intermediate frequency of 450 kc. 

10. Draw a detail diagram of the converter circuit used in the receiver ill Fig. 312, 
and indicate the fUnction of each circuit element. 

. 

11 •. Explain the operation of the bass-compensating systeIl.l incorporated in the 
volume control of the receiver of Fig. 313. 

12� In the receiver of- Fig. 313 . separate diodes are used for automatic . volume 
control and for detection. . Explain the operation of the circuit arrangement shown, 
paying particular attention to the means used to ' obtain delay for the automatic-

1 See E� Bruce and A. C. Beck, Exp�riments with Directivity Steering for Fading 
Reduction, Proc. I.R.E . •  vol. 23. p. 357, April, 1935 . .  

• 
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volume-control system, while allowing normal detector action for the ' signal diode, 
and to the biasing system that enables the 6B7 tube to function as a normal amplifier. 

13. Make a detail drawing of the quieting system used in Fig. 313 and explain the 
action ·by reference to this diagram. 

. 14. Make a detail drawing of the tuning indicato� in Fig. 313 and explain the 
operation. Include in the explanation the means' by which the indicator can. be ma'de 
to 'tell when the receiver is adjusted to the exact cEmter of the response band even 
t�ough the receiver gives the same output over an appreciable frequency ran�e� 

16. A radio-frequency tuning coil is to cover the frequency range 530 to 1650 ·kc 
with a maximum capacity of 380 f..'f..'f :  

a. Calculate the coil inductance that is  required and the total minimum circuit 
capacity. 

b. If the coil in a is to be used ' in a superheterodyne receiver havin� an inter
mediate frequency of 450 kc, calculate oscillator inductanee and oscillator series and 
shunt trimmer condense� (assuming shunt trimmer is in parallel with t4e tuning 
condenser) which will give the desired intermedia�e frequency when the radio 
frequency coil is tuned to 600, 1000, anq 1400 kc. · 

c. Calc�late a c\lrve similar to that of Fig. 316 'Showing accuracy of tracking for 
the. design in (b). . 

16. A receiver covering the frequency range 530 to 1650 kc has an intermediate 
frequency of 460 kc. List the conditions and frequencies at which whistles or spurious 
responses are most likely to occur. 

17. Design .a superheterodyne receiver for the broadc,ast band (550 to 1500 kc) 
which will have a sensitivity of the order of 30 W.1-. This design is to be worked out 
in detail with constants given for all circuit elements, or is to be given only in a general 
form with preliminary calculations, tube' line-up, and simplified schemat.ic circuit, 
according to the assignment: 

• 

. 18. a. In a superheterodyne code receiver it is permissible to make the receiver 
seiectivity much greater than when radio-telephone signals are to be received. 
Explain why this is so. 

b. Explain why the use of the highest possible selectivity in a code receiver makes 
it possible to receive :weaker signals than when less selectivity is used . . 

19� Work out the circuit of a code receiver consisting of o'n� stage of tuned radip
frequency amplification, an oscillating detector, and a two-stage audio-frequency 
amplifier, 

20. a. In the heterodyne reception of code signals explain why �tability of the 
transmitted frequency is just as important as stability of t.he beating oscillator of the 
receiver. 

b. When a superheterodyne receiver is used in the reception of code s�gnals, what 
advantages (if any) are to be gained by the use of automatic-frequency control for 
(1 ) the first oscillator of the receiver, and (2) for the second oscillator? 

21. When an ordinary receiver is used to r�c�ive a frequency-modul'ated signal by 
tuning so that ·the carrier is on the side of the resonance curve, it is found that there 
are two carrier frequencies for which the reception of frequency-modulated waves is 
equally efficietit, and there is also a third carrier frequency fm which amplitude
modulated waves a�e' received. Explain how these various responses occur, and 
suggest a means whereby the receiver can be modified to eliminate or greatly reduce 
the reception of all signals except one frequency-moduilfted carrier. 

, 



I 
' . ' , 

CHAPTER XIV 

PROPAGATION OF WAVES 

116. 'Group.d-wave Propagation.-The energy radiated from ' a trans
mitting antenna located at the earth's surface can be qonveniently divided 
into a ground wave, which travels ' along the surface of the earth, and a. 
sky wave, which is 'propagated in the . atmosphere above the earth. The 
g�ound wave starts from, the transmitter with a strength determined by 
the field radiated along th� horizontal, but as it travels away from the 
transmitting antenna it beco�es weaker as a result of spreading and , 
because of energy absorbed fr�m the wave by the 'earth. These earth 
losses result from the fact that the wave induces charges in the ground 
as illustrated in Fig. 1, and as thes8 �harges travel along with the wave 
th�y represent a current that dissipates energy. The portion of the wave 
in contae1; with the earth is therefore being continuously and relatively 
rapidly wiped out, only to be .replenished, at 'least in part, by a diffraction 
of energy downward from the portions of the wave immediately above 
the earth. As a result of this situation, the strength of the ground 'wave ' 
is attenuated with .distance. at a rate determined by the distance, the 

. ' frequency, the earth conductivity, and dielectric constant of the earth, 
in a complicated mann·er. 

. 

Sommerfeld Analysis of Ground-wave Propagation for Resistive .Earth. 
The solution . of the relations 'involved in ground-wave propagation 

. was first given bY·Sommerfeld in a, celebrated paper. ! According to this: 
the strength of the, ground wave produced by an antenna located at the 
surface of a flat eart� is given by ftJ? equation of the form 

. 

where 

k-Ground-wave �eld strength -
, 

E = (lA . (206) 

k = a constant determined by the strength of the field radiated along 
the horizcmtal by' the transmitting antenna 

d = distance from the transmitter' 
A = a factor that takes into account the ground loss. 

1 A. Sommerfeld, The Propagation of , Waves in' Wireless Telegraphy, Ann Phys., 
vol. 28, no. 4, p: 665, 1909; vol. .81 ,  p.  1 135, 1926. 

An excellent discussion. of the Sommerfeld analysis, together with modifications 
that permit its application to practical problems, is given by K. A. No r1io n , The 

. PropA.gation of Radio Waves over the Surface of the Earth and in the Upper AtmOB� 
phere, Proc. I.R.E. , vol., 24,. p. 1367, October, 1936. 
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' It will be noted that E ,= k/ d represents the strength of the field that 
would be obtained at the surface of the ground on �he assumption of a 

, perfect earth (i.e., infinite conductivity) . In the important special 
case where the antenna is vertical and is short compared with a wave 
length �i.e . , radiated field proportions] to the cosine oC the angle of 0 

elevation) , k = 300yP (where ,P is the radiated power in kilowatts),  
E is in millivolts per meter, and d is in kilometers, or � = 186.4y1p when 
d is in miles. 0 

" 

The Sommerfeld reduction , factor A depends in , a relatively com
plicated way upon 'the frequency, dielectric constant and conductivity 
of the earth, and the actual distance. By making modifying assump
tions that do not introduce appreciable error under the conditions existing 
in' practical radio communication, it is possible, however, to express the 
reduction factor in terms of two parameters, the numerical distance p, 
and the phase constant ' b defined as follows :1 " ( /kC )  tan b =  (8 + 1} 1 .8 X 1018� 

N . I d· 
0 ( ' jkc ) d Ob ' umenca lStance p = 7r 1.8 X 1018; , � cos 

= & + 1(�) sin b 

whme . 
8 = dielectric constant of earth (�ssuming air is unity) 
(J = conductivity of earth in electromagnetic units ' / = frequency in kilocycles 

d/'A = distance from transmitting antenna in wave lengths. 

, (207a) 

(207b) 

The relationship between p and b and th,e reduction Mtctor A is quite 
involved, but is given graphically in Fig. 332, and can also be expressed 
with fair approxi�ation by the empirical relation ' 

Sommerfeld reduc-} A 2 + 0.3p �P -S5P • b = = - -e SIn tion factor , ' , 2  + p + O.6p2 , 2  
0 

' 
(208a) , 

Discussion 0/ the Sommer/eld Analysis.-The phase constant b depends 
upon the power factor of the soil when considered as a conductance , 
shunted by a dielectric. At low frequencies, where 0 the impedance 
offered by the earth to the flow of current is prinlarily resistive, the con-

, stant b is ' small and the numerical distance, p thep. depends only upon 
the conductivity, frequency, and actual distance, and is independent of 
the dielectric constant of the earth. For this condition 

1 This follows the treatment of Norton, loco cit. 
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Numerical distan�e with} (' jkc ) d 
resistiye earth ' = 1r 1.8 X 10180- X 

595 

(208b) 

On the other hand, at high frequencies where the impedance offered by 
the earth to the ' flow of current is primarily capacitive, the phase con
stant b approaches 90°. The numerical distance' then depends only upon ' 
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FIG. 332.-Sominerfeld reduction factor A as a function of the nu�erical distance p for 
various values of phase constant b. 

the dielectric constant and the actual distance measured in wave lengths, 
and is independent of earth conductivity. For this case 

Numerical distaIice with} = ' _1r_ � 
capacitive earth e + 1 A ' 

(208c) 

The frequency� at which the soil changes over from mainly conductive 
to mainly capacitive ' impedance depends upon the soil constants, ' but 
with ordinary earth this begins to take place at the high-frequency end 
of the broadcast band (1500 kc), and the transition is ordinarily fairly 
c9mplete at tbe frequencies used for long-distance short-wave 
communication. 

The Sommerfeld attenuation factor A prodl1ced by the earth depends 
primarily upon the numerical distance p. The attenuation is small 
for numerical distances up to unity, but thereafter increases rapidly. 

I '  For numerical distances up to approximately 10 the phase constant. has , 
some effect upon the, attenuation, as shown in Fig. 332, but for greater 
numerical distances the attenuation factor approaches the value 'l/2p and 
becomes independent of the phase constant . For such large distances 
the reduction factor A. ,  is inversely proportional to ' distance, and the 
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strength Qf the grQund wave is th�n inversely proPQrtiQnal to. the square 
of the distance. , 

At brQadcast and IQwer frequencies where the earth is primarily 
resistive, the' attenuatiQn that the ground wave suffers' 'at a given dis-:
tance is particularly sensitive to. the frequency and ,the GQnductivity. 
ExaminatiQn Qf Eq. (207b) shQWS that, wh�n b is small, the numerical 
distance cQrresPQnding to. a given physical distance is inversely proPQr
tiQnaJ to.· the earth cQnductivity and directly pro.PQrtiQnal to. the square 
'Qf the frequency. High grQund cQnductivity and IQW frequency are 
then very impQrtant in' Qbtaining strQng grQund-wave signals at CQn
siderable distances. At high frequencies the earth is primarily capaci
tive, and " the numerical distance cQrresPQnding to. ' a , given physical 
distance is prQPQrtiQnal to. frequency and apprQximately inversely prQPQr
tiQFlal to. the dielectric cQnstant Qf the earth, so. that high dielectric CQn
stant and IQW frequency reduce the ground-wave attenuatiQn. 

The cQnductivity and dielectric cQ:p.stant effective in Eq. (207) are 
the averag'e values fQr t�e earth ' extending dQwn to. depth Qf a few to. 
Qver a hundred feet, accQrding to. the frequency. The dielectric CQnstant 
and cQnductivity can be mQst satisfactQrily derived f;rQm data Qn grQund
wave prQpagatiQn taken Qver the desired path at SQme CQnvenient ' 
frequency. KnQwing the frequ'en'cy, distance, and rate of attenu.atiQn, 
it is PQssible to. wQrk backward and find the earth CQnstants required to. 
accQunt fQr the results. The values so. Qbtained. can then be used to. 
de�ermine the grQund-wave prQpagatiQn Qf waves Qf Qther freq�encies ' 
Qver the , same general path. 1 In the cas,e Qf hQmQgeneQus So.il ' it is 
PQssible to. emplQy sampling methQds with fair success, althQugh if any 
accuracy is to. b� realized this requires the averaging of a large number Qf 
samples. ' 

T4e SQil cQnductivity varies greatly under different. cQnditiQns, rang
ing f�Qm abQut 3 X 10-13 electrQmagnetic units for mQist IQ am to. values 
Qf the Qrder Qf 10-14 fQr dry sandy and rQcky SQil. The cQnductivity of 
salt water depends. Qn the temperature and the saline cQnte�t, and 
averages abQut 5 X 10-11 electrQmagnetic units . The dielectric c�nstant 
Qf earth cQmmQnly ranges frQm 5 to. 30, with the low values tending to. gp 
with dry SQils Qf PQQr cQnductivity 'and the larger values with mQist 
co.nducting earth, The dielectric CQnstant Qf sa,lt water is apprQxi-

, mately 'SO . , 
The Sommerfeld analysis neglects the curvaJtur� Qf the earth. and 

so. giyes calculated fields that are tQQ high when the distance is great, 
The analysis of this case is quite cQmplicated and, of mQre theQretical 

1 Examples of such determinations are given by S. S. Kirby and K. A. Norton, 
Field'Intensity Measurements at Frequencies from 285·to 5400 Kilocycles per Second, 
Proc, I.R.E.., vol. 20, p. 841, May, 1932. 

, I 
, I 
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than practical interest, since other {actors such as fading a�d sky waves 
ordinarily become the dominant factors before the additional attenuation 
due to earth curvature becomes large. 1 

Curves showing ground-wave attenuation as a function of distance 
for different wave l�ngths and .earth conductivities, and including the 
effect of earth curvature, are given in Fig. 333 for the case of a transmitting 
antenna radiating 1- �w of power and having 'a directional ch.aracteristic 

. such that the strength of the radiated field is proportional to the cosine 

1 0  
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FIG. 333.-Strength 'of ground wave as a function o� distance , freqtiency, and soil 
conductivity for 1 kw radiated power from' an antenna producing a radiated' field propor
tional to the cosine of the. vertical angle. (For more complete curves see Proc. I.R.E., vol. 
21 ,  p. �419, October, 1933.) . 

of the angle of ,elevation above the horizontal. 2 For other powers the 
field strength will be directly proportional to the square root of the 
power, while with other diTectivities the field strength must be multi
plied by. a factor giving the relatiye horizontal field strength for 1 kw 

1 For further Ullorniation on the effect of earth 'curvature, s,ee Norton, loco cit.; 
T. L. EckersleYr Direct Ray Transmission, Proc. I.R.E., vol. 20, p. 1555, October, 
1932 ; Charles R. B�rrows; Radio Propagation over a Spherical Earth, Proc. I.R.E. , 
vol. �3. p. 470, May, 1935. 

. 

2 These are taken from Norton, loco cU. For additional cUI'yes see Report of 
Committee on Radio Propagation Data, Proc. I.R.E., vol. 21,  p. 1419, October, 1933. 

. . 
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radiated In ,the actual case compared with the field strength for the 
cosine , directivity. Thus a 50-kw br9adcast transmitter ' employing 
an antenna that increases the field strength along the horizontal to 1 .41 
times the field strength obtained with the assumed cosine law would make 
the radiated field 1 .41 V50 = 10 times t�e value obtained from Fig. 333. 

, For purposes of comparison, inverse distanc!e curves corresponding to 
zero earth losses are also shown. , Examinat�on of ' the curves of Fig. 333 
shows the very great effect of frequency and earth conductivity upon the 
ground-wave field strength, and brings out clearly how low frequency and 
high ground conductiv"ity 'improve the ' coverage of ground wave signals. 

Ground-wave Propagation over Composite Paths .-When the earth 
conductivity differs appreciably at , different places along the path of the 
ground wave, the Sommerfeld analysis cannot be expected to yield 
accurate results. Under such ,conditions i� is neeessary either to use an 
average earth ' conductivity or to piece together attenuation curves 
corresponding to the various soil conductivities. Neither method can be . expected ,to give entirely satisfactory results, although the latter ,has the 
most' rational basis. l  

An important case of a composite path occurs when the transmitting 
station is located near the sea coast and is intended for transmission out 
to sea.' Sea water has ve,ry low ground-wav� absorption as compared with 
land, and it is accordingly very important that the transmitting station 
be located as close as possible t� the water's ' edge. Experimental 
investigations have shown that, when a short-wave transmitter is located 

Wave f'ronf--

Downward component -..;>0, 

a mil� mland from the shore, the addi
tional attenuation of the ground wave 

, is of the order of 10 db. 2 • 
£-Resulfcmf , Character ' of Ground Wave.-The direc fion of travel ground wave is always vertically polar-

77;:;W7;��m'l'7,7,'l'7,7,�i7,/7.i7,/7.w.::'l//�y. ized, and has a wave fro�t that possesses 
FIG. 334.-Wave front of grour"d a slight forward tilt. The vertical polar-

. wave showing the forward tilt that is a ization exists because the conducting result of the horizontally traveling 
energy combining with the downward earth 8hort circuits any horizo'ntally 
flow that replenishes the earth losses. polarized component of the wave, and 
hence wipes out the el�ctrostatic flux of a horizontally polarized ground 
wave. The forward tilt is the result of the fact that energy is being 
continuously diffracted toward the earth to replenish the earth los�es, as has , 
already been explained, and this downward flow of energy, combined with , 

1 A procedure for joining attenuation curves is given by P. P. Eckersley, The 
Calculation of the Service Area of Broadcast Stations, Ptoc. I.R.E., vo!. 18, p. 1160, 
July, 1930. 

, 2 Se� R. A. Heising, Effect of Shore Station Lo�ation upon Signals, PrQc. iR.E., 
vo!. 20, p. 77, January, 1932. 
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the horizontal travel along the surface of the . earth, gives a resultant tilt as 
illustrated in Fig. 334.1 

, 116. The Sky Wave.-The energy radiated 'in directions other than 
along the ground surface travels through space until reaching the ionized 
region in the upper atmosphere, where, if conditions are favorable, the 
path of the Wave will be bent earthward. Such'a sky wave may return to 
earth at very great distances from th� transmitter, and is the means of 
obtaining long-distance radio communication. The sky wave in travel
ing through the space between 'the earth's surface and the ionized regio� 
suffers little attenuation other than that caused by spreading, so thitt 
the field strength in this portion �f the path is inversely proportional to 
distance. In the ionized region there are additional losses which under , 
some conditions will be sufficient to absorb the sky �ave completely and 
which under others .will introduce relatively little attenuation beyond 
that corresponding to the inverse-distance law. 

117. Nature of the Ionosphere.�Ultra-violet light or som.e <?ther 
form of ionizing radiation originating with the sun, and apparently 
traveIing with the velocity of light, ionizes the 'outer portion of the 
earth's atmosphere. This ionized region or ionosphere, als� termed the 
Kennelly-Heaviside layer after the two 'scientists who independently 
and almost simultaneously , suggested its existence, consists of free ' 
electrons, positive ions, and negative ions, ' in a rarefied gas, The effect 

1 For further infarmation on the quantitative rel�tions involVing tilt angle see 
G. W. O. Rowe, " The. Tilt of Radio Waves and )'heir Penetration into the Earth, "  
Wireless Eng. and Exp. Wireless, vol. 10, p .  587, November, 1933. 

This paper also gives formulas for calculating the penetration of the radio
frequency. currents into the earth. 

2 The ,literature on the ionosphere is very extensive, and this and the following 
several sections can do no more than summarize some of the principal points. The 
reader desiring to study this subject , fuct,her is referred to the following selected 
bibliography which covers in a comprehensive . way the knowledge concerning the 
ionize,d layer and includes reference to the remaining literature : , 

P. O. Pedersen, The Propagation of Radio ,Waves, G.E.C. Gad, . Copenhagen, 
Denmark (in English) ; S. S. Kirby; L. V. Berkner, and D.  ·M. Stuart, Studies of the 
Ionospqere and Their Application to Radio Transmission, Proc. I.R.E., vol. 22, p. 481 ,  
April, 1934; E.  O. Hulburt, The Ionosphere, Skip Distances of Radio Waves, and the 
Propag�tion of Micro Waves, Proc. I.R.E. , vol. 23, p .  1 492, December, 1935 ; J. P .  
Schafer and W. M. Goodall, Diurn-al and Seasonal Variations in :the Ionosphere during 
the Years 1933 and 1934, Proc. I.R.E. ,  vol. 23, p.  670, June, 1935 ; Theodore R. Gilli-

. land, Multi-frequency Ionosphere Recording and Its Significance, Proc. I.R.E., vol. 23, 
p. 1076, September, 1935; S. S. Kirby and E. B. Judson, Recent Studies of t4e Iono
sphere, Proc. I.R.E. , vol. 23, p. 733, July, 1935; L. V. Berkner and H; W. Wells� 
Report of lone sphere Investigations at the Huancyo Magnetic ,Observatory (Peru) 
during 1933, Proc. I.R.E.; vol. 22, p. 1 102, September, 1934; E. 0; Hulburt, Wireless 
Telegraphy and the Ionization in· the Upper Atmosp�ere, Proc. I.R.E. , voL 18, p. ' 
. 1231, July, 1930. 

• 

I 
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that the ion�sphere has on radio waves is a result of the free electrons, 
and is determined by the distribution of electron density in the upper 
atmosphere. I The electron �ensity is negligible in the earth's -lower 
atmosphere, but reaches a value sufficient to influence radio waves at a 
height of about 100 km, and then maintains a relatively high value up 
to '300 to 500 km, after which the density presUlnably tapers off� The 
maximum electron density a:nd th� exact way in which the �ensity varies 
with height depend upon the time of day and the Season and also vary 
from year to year . 

• During the day there are three distinct maxima of electron density as 
illustrated in Fig. 335a. These are termed the E, F 1, and F 2 layers, as 
indicated, . and have progressively higher maximum density. These 
regions of maximum electron density are not strictly layers as there is 
ionization between them as shown in Fig. 335, but the term layer is 
generally employed to designate the regions near the maxima. The'height ' . . . '  

- - - - - - F2 Layer 

1 - - �  Layer 
+-.s::. ,� (a) Usu.al  Day (IJ . Cond itiol'ls . :I: 

Electron Density 

F Layer 

- E Layer 
(b) Usu(lIl Night 

Conditions 

, 

F Layer 

(c ) Occasiona l 
Night Conditions 

FIG. 335.-Schematic diagram illustrating the variation of electron density with height 
above earth under typical conditions. 

of the maximum density of the E layer is substantially constant at about 
100 km, with little diurnal or seasonal · variation . . For t�e FI ' layer, 
the height of maximum electron density is approximately 200 km, and 
this likewise has very little ·diurnal or seasonal variation. In contrast 
with this, the height of the 'P2 1ayer has conside.rable· diurnal and seasonal 
change and also depends upon the latitude, with typical heights lying 
within the range 250 to 350 km . . 

At night the Ft layer tends, to fade out while the F2 layer des,cends, 
with the result that these two layers coalesce to form a single night-time 
F layer, as shown in Fig. 335b. This layer has a height of approximately 
250 km and has litt�e diurnal and seasonal variation. The E layer· also 
fades at night, and in some cases may actually disappear, as indjcated 
in Fig. 335c. 

. , 

1 In the lower, or E layer, there is the possibility that the ions are sufficiently 
numerous to have some influence. Under such conditions the t�rm electron density 
represents the electron density that would have the same effect as the actual ionized 
medium. 

• 
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This behavior of the ion'osphere layers, is illustrat�d in Fig. 336, which 
brings ,oJIt the coalescing of the F1 and F2 layers at night and also shows 
the extent of the variability of the F2 layer with season. 
" Electron Densi�y.-Little is known about the distribution of the 

. electrons in the ionosphere other than the height and maximum electron 
density of , each , layer. Other details 400,..' _-�--r-----r--..., 
can only be inferred on the basis of 
theoretical hypotheses. ' 

, Typical be ha ViOl' of the ' electron 
density of the different layers is illus
trated by the curves of Fig. 337. The j: I-.::::==¥E�=*����� .Q> tOOt-maximum density of the E and F 1 :1!! 
layers is s�en to follow a regular diumal O�L-...L�-J,o-'-��-'--',-...I--� 
cycle, being maximum at noon and 6 8 ION��n '2 4 6 8 �?d��h� 4 6 
tapering off at both earlier and later FIG" 336.-Average height of the 
hours as shown. The density in �um- ionized regions' at Washington, D. C. 

dU,ring 1 933-1 934; 
mer is about one-third , greater than in ' 
winter. This behavior of the E and F1 layers can be attributed to 
ionizing radiations from the sun. The maximum electron density in the 
F 2 layer shows a much larger q.iurnal and seasonal variation, changes 
more from day to day, and is apparently less directly connected with the 
sun. It will be noted that all the maximum. electron densities ' decrease 
greatly during th.e rught, presumably as a 'result of recombination in the 
absence of ionizing solar radiation. 

u 4 r---T-���-+--� u 
� 
� 3 ,t--T�+----+-�-t-----l 
U) § 2 ����-+----+----l , �  +u � ,  I t---:..�+-�rl-----1'-..,---I-I LI.J 

6 8 10 12 2 4 6 8 10 12 2 4 6 Noon Midn i9�t 

�4 ����-r---+----l U 
' I � , 

� 3 �'---+--�r---+---� III c '� 2��+O�-+----T----l +- , U 
� 1 r-��������� W F 

6 8 10 12 2 4  6 8 10 12 '2 4 6 
Noon Midnight 

FIG. 337.-Average electron density of the various ionized layers' at Washington, D. C: ,  
during 1933-1934 (quiet part of  sun-spot cyCle) . 

The situation ' summarized in Fig. 337 represents average results 
taken �t Washingtoh, D., C. during 1933-':'�934 and are typical of what 
can be expected in temperate latitudes during the quiet part of the sun
spot cycle. Experiments made in Peru indicate that the latitude has 
little effeet on the E, F 1, and F layers; but influences the characteristics 
of the F 2 layer. noticeably. 

" ' 

, 

The maximum electron density apparently follows the eleven-year 
sun-spot cycle, and evidence indicates that at the next sun-spot maximum 
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(which will be 1938-:1939) the maximum electron densities will inorease 
from 50 per cent to 100 per cent above those shown in Fig. 337, �lthough 
the layer heights to be expected will not be materially different. 

In addition to the E, F; F1, and F2 layers, the,re is experimental 
evidence to indicate the existence of other layers or maxima under 
certain conditions, notably a C layer lower th�n the' E lay�r, and' a G 
layer which is, above the F 2 layer. I 

118. Effect of the Ionospl;1ere upon a Radio Wave.-The effect that 
an ionized region has on a radio wave can· be understood by , considering 
the behavior of it single ion or electron when under the influence of a 
passing radio wave. Take first the case of an electron in a vacuum with 

. no magnetic field present other than the weak magnetic field of the wave . 
The wave's electrostatic field exerts forces on the electron '\Yhich vary 
sinusoidally with time and cause the electron to vibrate sinusoidally 
along a path parallel with the flux lines of the wave. The amplitude 
and average velocity of yibration ar� greater the lower the frequ�ncy, 
and the velocity is 90° out of phase with the electric field of the radio 
wave because the moving electron offers an inertia reactance to the 
forces acting upon it. Since a moving charge is an electrical current, 
the vibrating electron acts as a small antenna which abstracts ' energy 
from the radio waves and then reradiates this energy in a different phase, 
in exa�tly the same manner as it parasitic antenna tuned to offer an 
inductive reactance (see Sec. '135) . The net effect of t�� ionized region 
under these conditions is to ' alter the direction in which the resultant 
energy flows in such a manner as to <:ause the wave path to bend away 
from the regions of high electron density toward regions of lower density. 
The magnitude of this effect varies with the amplitude and average 
velocity of the electron vibrations ' and therefore becomes increasingly , 
great as the wave frequency is lo�ered. Ions in the path of a wave act 
in much the same way as electrons, but because of their heavier mass 
ions move much more slowly than electrons under the same force and so 
in comparison "have negligible effect. 

Effect of the Earth' 8 Magnetic Field.-The effect that electrons in the 
atmosphere have on radio waves is infhienced by the fact that these 
electrons are in the presence of the earth's magn.etic field, which exerts 
a deflecting force on the moving electron as explained in Sec. 24. The 
magnitude of this deflecting force is proportional to the instantaneQus 
velocity of the electron and is in a direction at right angles to the lines of 
magnetic flux. At very high radio frequencies, where the maximum 
velocity attained by an electron in the path of the wave is small, the 
ueflecting, forces that are exerted , by the earth's magnetic field are cor-

1 Thus see Kirby and Judson, loco cit. ; R. C. Col well and A. W. Friend, The Lower 
Ionosphere, Phys. Rev., vol. 50, p. 632, Oct. 1 ,  1936. 
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respondingly slight, with the res\llt that the path followed by the vibrat
ing electron is a narrow ellipse (see Fig. 338a) . The ratio of minor to 
major axes of the ellipse depends upon the orientation of the electrostatic 
flux lines of the radio wave with respect to the earth's magnetic field. 
The motioR ,along the minor axis causes some of the energy reradiated 
by the ' vibrating electron to have a component polarized at 90° with 
respect to the polarization of the passing wave. Hence a radio wave in 
passing through an ionized region in the 
upper atmosphere has its plane of polar
ization affected by the earth's mag'netic 
field. ' 

As the frequency of the , wave is 
reduced, the maximum velocity attained 

High frequencies 
(Cl) (b) 

Critical frequency laN frequencies ' 
(c)  (01) '(e) 

D O  C? f � 
FIG. 338·.-Paths followed by an 

by an electron under the influence of the electroQ. in the earth's magnetic field 
wave is greater, and the minor axis of the ' when vibrating under the influence of 

a radio wave. To avoid confusion 
elliptic�l path becomes larger in propor- the paths for the low-frequency cases 
tion to the major axis (see Fig. 338b), thus represent only a half cycle of the 

vibration, which repeats cyclically. 
increasing the fraction of the absorbed en- , 
ergy that is reradiated in a different pla1}.e of polarization. This tendency 
continues as the frequency is lowered until at about 1400 kc the deflecting 
force of the magnetic field is so related to the frequency that the direction ' 

, of the electron is reversed at exactly the same instant ' the electrostatic 
flux of the passing wave changes polarity, causing the electron to follow' 
the spiral path shown at Fig. 3380. Since the electron velocity in the 
spiral increases without limit, the electron abstracts more energy from ' 
the passing wave than is reradiated, tending to make the sky-wave , 
attenuation at 1 400 kc greater than at higher or lower frequencies. At 
frequencies lower than this resonant frequency of vibration the path fol
lowed by an electron vibrating in the presence of the earth's magnetic 
field is approximately as shown at Fig. 338d and e. The principal effect 

, of the magnetic field under these conditions is to lower' the tnaximum 
electron velocity, thus reducing the ,amount of energy that is absorbed 
from a low-frequency radio wave and reradiated. ,The effect that an 
electron path such as shown at Fig. 33'8d and e has on the polarization 
is relatively small since the radiations from the two sides of each reversal 
loop are of opposite phase and tend to cancel. 

A quantitative analysis shows that the presence of the magnetic 
field, in addition to affecting the polarization, also causes the wave 
to be split into two components termed the ordinary and extraordinary 
rays, which follow different paths, have different phase velocities, and 
sufIer different attenuations. 1 As � consequence a wave ' that has 

1 A more complete discussion of the effect of the magnetic field is to be found in the 
literature. Thus see H. W. Nichols and J. C. Scheiling, Propagation of Electric 
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passed through an ioniz'ed - region will , have both vertically and hori
zontally polarized components irrespective of the polarization of the 
waves radiated from the transmitter, and furthermore the vertical and 
horizontal polarizations will in general not be in the same phase, i.e., 
the wave will be elliptically polarized. l  

Losses in the Ionospl?ere. 2-The el�ct:rons set in vibration by a passing 
wave will from time to time collide with gas molecules. In �uch a 
collision the kinetic energy .that the electron has acquired from the radio 
wave is partly transferred to the gas molecule and partly radiated in the 
form of a disordered radio wave which contributes nothing to the trans
mISSIOn. The net result is therefore an absorption of energy from the 
passing wave. The amount of energy thus absorbed depend,s upon the 
gas pressure (i.e., upon the likelih90d of a vibrating electron colliding 
with a gas nlOlecule) and upon the velocity that the electron acquires 
in its vibration (i.e., upon the energy lost per collision) .  As a conse
quence most of the absorption suffered by a waNe passing through the 
ionosphere takes pla'ce at the lower edge of the ionized region where the 
at�ospheric pressure is greatest, and the absorption taking place high 
up in the layer is relatively small . . . Other things being equal, the absorp- . 

'Waves over the Earth, Be,U System Tech. Jour., vol. 4, p. 215, April, 1925j . Kirby, 
Berkner, and Stuart, loc. cit. ;  E. V. Appleton, Jour. I.E . . E. (London), vo!. 71, p. 642, . 
1932. 

i Elliptical polarization results whenever ' t4ere are vertical and horizontal com
ponents having different phase. Elliptical polarization is characterized by the fact 
that the reSUlting magnetic and electrostatic fields produced by an alternating wave . 

never at �ny instant pass through zero ; 

Vecfor rf?,suifanf 
af dirrerenf _ 
parts orcyc/e / 

rather the reSUlting fields rotate in the 
plane of the wave front at a rate corre
sponding to the frequency of the wave, -- --� while at the same time pulsating in ampli

Phase difference (X between E v and EH 
Vectors is eX .. Sin-It . 

I tude. The resulting field pFoduced by 
elliptical polarization can therefore be 
represented by a rotating vector of vary
ing length as illustrated in Fig. 339. 
The field 'can never 'be �ero because' the 
,vertical and horizontal components do not 

FIG. 339.-:-DiagFam showing electric pass through zero at the' same instant. forces of an -elliptically polarized wave, when 
the wave front is in the plane of the paper. The sense of the polarization depends 

upon the direction of the earth's magnetic 
field, and is accordingly different in the northern and southern hemispheres. See 
E. V. Appleton and J. A. Ratcliffe, On a Method of Determinmg the State of Polariz�
tion of Downcoming Waves, Proc. Royal Soc. , vol. 117A, p. 576, March, 1928; A. L. 
Green, The Polarization of Sky Waves in the Southern Atmosphere, Proc. I.R.E. ;, 
vo!. 22, p. 324, March, 1934. 

2 For further information on losses, see Pedersen, lot:. cit.; William G. Baker and 
Chester W. Rice, Refraction of Short Waves in the Upper Atmosphere, Trans. 
A.I.E.E., vol. 45, 'p. 302, 1926. 
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tion will also be less the higher the' frequency because the average velocity , 
of the vibrating electrons decreases as the frequency is increased. 

The presence of the earth's magnetic field influences the absorption 
' by affecting the velocity of vibration. This is particularly important 
at the lower frequencies, where, as explained in connection with Fig. 338" 
the magnetic field reduces greatly �he average velocity of the electrons, , 
and so reduces the losses. 

(a)-Earth curvature <t:>>-FDrth curvature token neglected
. 

into consideration ���i" ?i,d�� 
- ,,:," layer = n ; Jh �rfQce of' t!arfh 

FIG. 340.-Diagrams illustrating notation of Eqs. (209a) and (209b) . . " 
119. , Path Followe4 by Sky Wave.-The actual path that a radio 

wave follows in the ionosphere depends upon the way in which the 
refractive index of the ionized medium varies with height above the 
earth. When the refractive index is ,a function

-
only- of the height above 

earth, as is normally the case,. the path is determined by the following . 

differential equations :1 
' 

For flat earth (for short distances 'along earth's surface) : 

cos '{jdz dx = --r=======::= vi p,2 - cos2 fJ 

For round earth (for great distances along earth's' surface) : . 

where 

(209a) 

(209b) 

fJ ' = angle of incidence of wave entering the Kennelly-Heaviside layer 
p, . refractive index of Kennelly-Heaviside layer, aild is a function 

only of z , 
i = height of ray above lower edge 'of layer 
x =

' distance parallel to earth's , surface, measured from ,the point at 
, which the wave enters the ionized region 

() = polar angle (in radians) intercepted by ,wave path 
r =

' distance from wave to cent er of earth 
r1 = '  distance from lower edge of Kennelly-H�aviside layer to center 

of earth. · 

. Th�s nota,tion is shown 'graphicall� at Fig. 340. 
, '1  The derivation of these equations is to be foUnd in a number of places in the ' 

literature. 'Thus see Bak�r �nd Rice, loco tit. ' 
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The refractive index J..L takes into account the effect that the electrons 
have on. the wave path. It is det�rmined primarily by the frequency of 
the wave and the electron density, although it is afiected somewhat by the 
earth's magnetic field and by collisions between the vibrating electrons 

. and gas molecules. If the effects produced by the magnetic field and 
the collisions are neglected, the refractive index is! 

R f . 
. . d ' -I 8'IN e ractlve In e� J..L � 1..J - -p (210) 

where 
N = electron density in electr'ons 'per cubic centimeter 
f = frequency in kilocycles. ' 

It will be observed that the extent to which the refractive index departs 
from �he value of unity that exists in free space, and hence the effect 'that 
the ionization produces on the wave, .increases directly with the electron 
density N and inversely as the square of the frequency. When the 
effect of the energy loss in the ionosphere is taken into account, it is 
found that the refractive i�dex is slightly closer to the free space value 
of unity . than giverr by Eq. (210) . The presence of a magnetic field 

FIG. 341 .-Diagram illustrating the 
change that ' ta:kf)s place in the direction 
of the wave front when a 'wave trav�ls 
through the Kennelly-Heaviside layer. 
The' part of the wave-front in the region 
of greatest electron density advances 
faster than the rest of ' the wave and so 
causes a refract"ion. 

likewise. modifies the refractive index, 
and also leads to two values of refrac
tive index corresponding to the two 
wave paths mentioned above as being 
produced by a magnetic field. 2 

It can be shown from Eq. (209) 
that the effect of an ionized region ' is 
to bend the path of the wave away from 
the regions of low refractive index (high 
electron de�si ty) toward regions ' of 
higher r�fractive in�ex (low electron 

density) . The curvature is proportional to the rate of change of refrac-. 
tive index with height, and so is greatest when the E�lectron density 'changes 

. rapidly with height. 
. 

A physical picture of the situatiqn as it affects the sky wave can be 
gained with the aid of Fig. 341, which shows small sections of wave fronts 
traveling in different parts of an ionized region, having a single maximum 
of Ionization. The edge of the wave front where the electron density is 
greatest has the lowest refr'active index and hence the highest phase 
velocity. This part of the wave front hence advances faster than the 
rest, causing a bending of the wave path away from the region of maxi-

1 For ·derivation see Pedersen, toc. cit.;  or Baker and Rice, wc. Cit. 
2 Formulas for the refractive index in the 'presence of 8, magnetic field are given. by 

Kirby, Berkner, alld Stuart, or Appleton, loco cit. 
• 

• 
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mum ionization.l  When the wave enters the ionized region· at glancing 
incidence, as illustrated by the lower path in Fig. 341, it needs to be bent 
through only a relatively small angle to be returned to earth, and it is 
able to obtain the necessary curvature without penetrating very deeply 
into the laye:r. . In the case of a greater angle of incidence, shown by the 
middle path of Fig. 341 ,  the wave penetrates. mOle deeply into the layer . 
and almost but not quite reaches the region of maXimum density. At 
these hig1i.er parts of the: path the variation of electron density with 
height is relatively small, so that the curvature is slight and the wave 
must travel . a long distance in this higher part of the region before its 
path is sufficiently bent to bring the wave back:" into ' the lower regions. 
In the case of almost vertical incidence, as shown by the left-hand path . . 
in Fig. 341, the ionized region is not able to produce sufficient curvature 
to return the wave to earth before it reaches the region of maximum . 
electron density. The wave then passes on through the layer and is lost 
unle�s there is a higher region wher� the ' maximum electron density is 
greater than in the layer shown. 

Conditions Requi�ed to Refract Waue to Earth.-13y combining Eq. (210) 
with Snell's law it is possible to deduce the conditions under which a wave 
ent�ring the ionosphere will be returned to earth, without actually calcu
lating the entire path that the wave follows. 2 According to Snell's law, 
when a wave passes from air or free space into a refracting medium, the 
relationship between the angle of incidence of the wave f3 and the angle 
of refraction a is given by the equation 

cos {3 = J.L cos a (212) 
1 It is well at this point to note the distinction between phase velocity on the one 

hand and signal or group velocity on the other. The phase velocity is detennined 
by the rapidity with which the phase changes along the path of a wave and is equal 
to the velocity of light divided oy the refractive index. In the case of waves traveling 
in th� KennelIy-Heaviside layer the phase velocity is hence 'greater than the velocity 
of light and may even approach infinity under some conditions . . 

The signal or group velocity represents the velocity with which the energy of the 
wave travels rather than the rate at which the phase changes. ' The signal velocity 
cannot exceed the velocity of light and may even approach zero in certain limiting 
cases. The phase and signal velocities are related .to each other by the equation 

Group velocity _ 1 
Phase velocity - 1 _ wdtJ 

vdw 

(21 1 )  

where w = 27rf and tJ is phase velocity. See Pedersen, Ope cit., p.  169. 
2 Actual calculations of wave paths cannot be carried out with any degree of 

certainty because of the lack �f knowledge' concerning the distribution of the electron 
density with" height in the ionosphere. In calculating wave paths it is therefore neces
sary to make some hypothetical assumptions as to the distribution. An example of 
such a calculation is given by G. W. Kenrick and C. K. Jen, Measurements of the 
Height of the Kennelly-Heaviside Layer, Proc. I.R.K, vol. 17, p. 7i1,  April, 1929. 
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where a is 'the angle of refraction and tlie refraetive index is p.. Thi::
notation is 'illustrated in Fig. 342. Furthermore it. is to be observed that, 
if the wave is , to be bent back to 'earth, then at its highest point , a = 0, 

and the refractive index at the apex of the 
path is 

p. =: cos /3 ' (213) 

By substituting into Eq. (213) a math
ematical expreSsion for the refractive index, 
one obtains the relation between the fre
quency and the maximum electron derisity 
that �he ionosphere must have in orde� 

FIG. 342.-Diagram illustrating barely to return to earth waves entering 
notation of Eq. (212) . the ionized region when the angle of inci-

dence is {3. Thus, ' if the effect of the losses and the earth's magnetic 
field are neglected, the combination' of Eqs. (210) and (213) gives ' ' . � 8IN ' 

cos Po = I ,  - - (214) , ' r 
where {3o is the largest vertical angle for which th� wave is pent back to 
earth. The consequences of Eq. (214) 30,000 
are shown in ,  Fig. 3�3 , for a typical case. � 28,000 

When the ion�sphere has two or more ],26,000 
layers ' (i.e., two or more regions of maxi- � 24,OO? 
mum' electron density} as shown in Fig. t"2�,000 
335, the situation becomes more compli- � 20,000 

$! 1 8,000 cated. The behavior in a typical case ,is a1 
illustrated in ·Fig. 344. Waves in passing � 16,000 

t; 1 4,000 
into the lower layer tend to be refracted � 1 2,000 
back to ' the earth unless they penetrate � 1 0,000 
sufficiently to reach the region of maXi- t 8,000 u... 
mum electron density. If the electron � 6,000 ' 
density, angle of incidence, and. frequency :§, 4,000 ' :x: 
aTe such that the waves. will not penetrate 2,000 . 

6· . -- . N-()ZxIO electrons percll.Ct7J. (Fl Layer) . 
6 ·N·Olx/O electrons per c(l. cm. (E Layer) 

to the center of this lower layer, they will °0 ' ,0  'l0 30 4'0 50 6� 70 80 90 
be bent back to the earth along a path Angle of l,ncidence ;30 

h f F· 344 If h th FIG. ' · 343 .-Highest frequency suc as a 0 Ig., . , owever, e that can be refracted to earth plotted , maximum el�ctron density in the lower as a function of the angle of incidence 
layer is insufficient to bend the pa,th back of waVE, at �he edge of the inosphere. 

to earth, then the' wave will pass' on through the first layer a�d into the 
second layer. If the maximum electron density in this second' layer is 
.sufficiently greater than the electron density . in' the first layer to refract . the wave to earth, the wave will follo� the path b, whereas, if ' the 

, 
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ma�mum ·electron density is insufficient to return the wave, it will pasR 
on through as shown by path c. and will never return unless there is a still 
higher layer of greater electron density. . . 

. As a result of this situation, th� path that is followed by a wave that 
returns to earth will depend upon the frequency and the angle of inci-:-

. /.  
FIG. 344.-Wave paths i� t�o-layer ionosphere for diff�rent angles of incidence. 

dence. Thu's, if two layers . have electron densities of 0.2 and 0. 1 X i06 
electrons per �ubic centimeter, reference to Fig. 343 shows that, for a 
frequency of 5000 kc, the lower or E layer will return the wave to earth 
when the angle of incidence does' not exceed 35 deg' l while the upper or 
Fl layer returns those waves .having an 

. 

an�le �f incidence b�tween 35 and 5� deg� 4j;11,#$� h��� 
For angles greater than 54 deg. thIS fre- (} � 
quency is not r�turned to earth by either � 
layer. 

In calculating the behavior of a wave 
in t�e ionosphere it is to be noted that 
with small angles of incidence the angle 
between the w'ave path and ' the surface 
of the earth differs from the angle of 
'incidenc� at the ionosphere . 'because of 

· · · · · 

I 
* 

the curvature to the earth.  . The rela- FIG. 34l'i.-Diagpam illustrating 

tionship . can be readily shown to be notation of Eq. (215) . . 

where 

cos 8 cos (3 = --,,-
l + h 

ro 

(215) 

(3 and .(J = the angles illustrated in Fig. 345 
h = height of the �ower edge of the. ionosphere 'above the earth 

ro = radius of the earth. 
The angles (3 and (J will be vi�tually the sa�e except for glascing in.cidence. 
In the limit where (J is zero, it will be found that the smallest 'possible 
angle of incidence at the ionosphere is of the order of 10 to 15 deg., with 
the ex'act value depending upon the height of the layer above earth. 

• 

'I i 
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Reflection of Wa,ve by Ionosphere.-In the above discussion it has 
been tacitly assumed that the change in, refractive index in a distance 
corresponding to one wave length is negligibly small. , If this is not tru�, 
reflection as ' well as refraction takes place. At the lowest. radio fre
quencies, where the wave length is long, considerable reflection takes 
place, causing the ionosphere to act as a mirror into which. the waves 
penetrate only a small distance . At high frequencies a small amount 
of reflection may take place at the E layer, particularly when the refrac
tive index is such that the wave is just barely able to' penetrate the E 
layer. 1 ' . 

Reflection oJ Sky Wave by the Ground. 2-When a sky wave that has been 
refracted earthward by the ionosphere strikes the ground, it is reflected. 
The angle of reflection is equal to the angle of incidence, but because 
of the fact that , the earth is not a 'perfect conductor the reflection is 
incomplete. The exact behavior depeI\ds upOIi the angle of incidence, 
the polarization ,of the wave, the frequency, and the pr9perties of the 
earth, and it can be treated as an optical reflection. With plane waves 

. the vector ratio of reflected wave to incident wave is : 
Component of vertical polarization ' (Fig. 346a) : 

Reflected wave E sin 0 - VE' - cos2  0 -Incident wave E sin 0 + Ye - cos2 0 
• (216a) 

Component of horizontal polarization (Fig. 346b) : 
Reflected wave VE .- cos2 0 - sin 0 
Incident wave - -

-
VE - cos2- 0 + sin 0 

where 
o = angle of incidence as in Fig. 346 
E = k - j6ui:. X 1010 
k = dielectric constant of earth (e.s.u.) 
(J' = earth conductivity (e .m.u.) 
A = . wave length in cen timeters 

j 

= v=I 
. . 

(216b) 

The quantity on the right-hand side of Eqs. (216a) and (2t6b) represents 
the reflection coefficient. The absolute ' magnitude of. this coefficient 

1 For further discussion of �e:Bection, see T. R. Gilliland, G. W. Kenrick, and K. A. 
Norton, Investigation of Kerinelly-Heaviside Layer Heights for FrequenGies between 
1600 and 8650 Kilocycles per Second, Proc. I.R.E., vo!. 20, p. 286, February, 1932; 
Shogo Namba, General Theory of the Propagation of Radio Waves on the Ionizerl: 
Layer of the Upper Atmosphere, Proc. I.R.E., vo!. 21; p. 238, February, 1933. 

. '2 For further discussion see C. B. Feldman, The Optical Behavior of the 'Ground 
for Short Radio ' Waves, Proc. I.R.E. , vo!. 21, p. 764, June,: 1933 ; G. W. O. Howe, 
Reflection of Waves at Earth's Surface, Wireless Eng. and Exp. Wireless, vo!. 11 ,  p. 59, 
February, 1934. 

. 
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gives the ratio of reflected 'wave amplitude to incident wave am,plitude, 
, while the angle of the ' reflection eo efficient is the amount by which the 
phase of the reflected wave differs from the phase that would exist for a ,  
perfect earth. The phase for the latter case -is illustrated in Fig. 346a 
and b. 

The ' phase and magnitude of the reflection coefficient as a function 
of angle of incidence ·are ihown in Fig. 346c for a typical sho"rt-wave case. 
It will be noted that for vertical polarization there is a particular angle 
at which . the reflection coefficient passes through a ,minimum, and 

Cb) Horizontal Polarization 

1.0 p;::-..,...-.,.....-,---r�r--.,..--::-r--r-..., 200 
M 1 001 

"E 0,8 1 60� � � � ro  t� � � � � 0.6 t 20� ' U  C 
% M  ,OO� 
"* 0:4 ' 80 :c 
� Q3 60 � 
� � :2 0,2 40 et 

O.l l---f-� 20 
o 0 o 10 20 30 40 50 60 70 80 '90 6 in Deg rees 

FIG. 346.-Reflection coefficient as a' function of angle of incidence, together with 
diagram illustrating assumed positive polarities for Eq, (216) for the case of imperfect earth, 
(E and H denote electric and magnetic flux, respectively, and subscripts i and r denote 
incident and reflected components.) 

that for more glancing incidence th� phase angle of the reflected wave 
approaches 180 deg. (i.e., is reversed) . This angle of in<{idence at which 
the reflectipn coefficient is minimum corresponds to the Brewster angle ' 
encountered in optics and decreases as the earth conductivity is increased. 

, 120� Sky-wave Attenuation.L:-The sky wave in traveling between 
the earth · and the lower edge 'of the ionosphere suffers ' practically no 
attenuation except that due to spreading, so' that in these regions the 
field strength is inversely proportional to distance. In the ionosphere, 
however, energy is absorbed from the wave as a result of collisions 
between the vibrating electrons and gas molecules 'as explained in Sec. 
1 18. , This absorption of energy causes the ionized . region tQ have an 

, 1 For further discussion see Namba, loco cit.,· or Pedersen, loco cit. 

- 1 
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equivalent conductivity which depends upon the frequency of collisions 
and the electron density and which res\ilts in an added attenuation. The 

, lack of knowledge concerning the exact nature of the upper atmosphere, 
particularly the distribution of electrons and the variation of gas pressure 
with height, makes it impossible to predict accurately by calculation the 
strength of the sky wave that is refracted back to earth. Theoretical , calculations ' of the attenuation , produced by the ionosphere under 
hypothetical conditions have, however, been found to ,be of considera,ble 
value in explaining observed phenomena. Thus, when a wave. p�netrates 
through an ionized layer as in the case of paths b and c in the lower layer 
of Fig. 344, the attenuation in this layer is inversely proportional to the 
square of the frequency, and becomes smaller the more ' nearly vertical 
the angle of incidence. ' However,  when the wave is refracted sufficiently' 
to return to earth, as path a in the lower layer of Fig. 344, the attenuat.ion 

, in this layer depends upon the way in which the electrons are distributed 
with height, and becomes greater , as the angle of iIicidence at the layer 
approaches vertical. " ' ' 

When 'a wave p�sses an 'appreciable distance into the ionosphere, 
most of the attenuation that results occurs at the lower edge of the 
ionized region, which means either in the E layer for waves that penetrate 
to higher layers or at' the lower edge of the E layer for wav'es returned to 
earth by the It layer. This is because it is here that the atmospheric 
pressure is greatest. The attennation high up in the ioniz,ed region is 
comparatiyely small because, although , the eleetron density is higher, 
the atmospheric pressure is very low at the high elevation. Inasmuch· 
as the energy lost in passing through , a section of the ionosphere is 
inversely proportional to the square of the frequep.cy, it is to be noted 
that the loss in the lower edge of the ionized region and hence the attenua
tion tend to be less the higher the frequency. 

121. Propagation of Low-frequency Radio Waves (20 to 660 Kc).-' 
The propagation of lo.w-frequency waves is characterized by a relatively 
low ground-wave attenuation and , by the fact that the sky wave is 
refracted hack to earth ',after oniy a very slight ' penetration int0 the 
ionosphere and with little absorption. The low ground-wave' absorpt.ion 
at 10w frequencies is to be expected from the Sommerfeld analysis, and 
is so marked that at the lowest frequencies used in communication most 
of ' the energy reaching receiving points 'up to 1000 km travels by way , 
of the , ground wave at all -times. Under such conditions the received sig-
nal is very nearly independent of diurnal, seasonal, and yearly variations. ' 

At great distances from the transmitter the ground wave is almost 
completely absorbed, and most of the received energy represents sky 
wave. Because the ionosphere- refracts the low frequencies so readily, 
the' action at considerable distances 'from the transmitter is practically 
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the same as though the wave were propagated in the space between two 
concentric reflecting spherical shells representing the earth and the 
lower edge of the �onosphere. l  The attenuation under such conditions 
is that caused by sprea.ding, plus the ' added loss occurring at the earth's 
s:urface and t:Q.e edge of the ionosphere. The loss in the ionosphere is 
nor.inally less than at the earth's surface, but yai"ies with the conditions 
at the lower edge of the ionized region and so has a diurnal and a seasonal 
variation. The lo�s also follows the eleven-year sun-spot cycle. As a 

, consequence the , signals received at considerable distance are variable, 
being weakest when the path between transmitter and receiver is in 
daylight and being generally stronger in winter than in summer. Trans
mission is also characterized ,by a sudden drop in signal intensity when t�e 
sunset line, falls across the transmission path. Typical curves showing 
diurnal variation in field strength of long-distance long-wave signals at 
different times of year are shown in Fig. ' 347.2 The principal seasonal 
effect is longer night and shorter day transmission conditions in winter. 
The seasonal and diurnal variations become more pronounced as the fre
quency is raised, as is brought out by Fig. 347. While low-frequency radio 
signals normally' behave in a fairly regular- manner, neither the daily nor 
yearly, cycles repeat exactly. There is also evidence to show thaf low
frequency radio waves propagate in a north-south direction with less 
attenuation than 'when traveling in an east-wes� directio� . 3 

1 Under these conditions the daytime field strength when the transmission path is 
over water is given with fait accuracy by the revised Austin-Cohen fOnll.ula, which is 
as follows : . , 

where 

hI � � - O. 0014d , 
E = 377-'1�-.-e }..o.. X loa Ad SID O . ' .  

e = base of N apierian logarithnis 
E = field strength in microvolts per meter 
h = effective height of transmitting antenna in kilo meters 
),. = wa�e length in kilemeters . . 

d = distance in kilometers to transmitter . 
o = angle at center of earth intercepted by transmission path jn radians 

(217) 

I . = current flowing in the vertical part of the transmitting antenna. , 
This fOnllula was derived empirically, but has been found to have some theoretical 
justific�tion. See L. W. Austin, Preliminary Note on Proposed Changes on the 
Constants of the Austin-Cohen Transmission Formula, Proc. I.R.E., vol. 14, p. 377, 
June, 1926; G. N. Watson, The Transmission of Electric Waves around the Earth, 
Proc. Roy. Soc. ,  A, vol. 95, p. 546, July 15, 1919. 

' 

2 These curves are taken from Lloyd Esp�nschied, C. N. Anderson, and Austin 
I :Bailey, Trans�tlantic Radio Telephone Transmission, Proc. I.R.E., vol. i4, p.  7, 

February, 1926. 
' 

3 See Eitaro Yokoyama and Tomozo Nakai, East-west and North-south Attenua
tions of Long Radio Waves on the Pacific, Proc. I.R.E., vol. 17, p. 1240, July, 1929. 

j I , I 
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At interm�diate distances · the sky and ground w�ves are both of 
appreciable magnitude, causing the observed field strength to be the 
vector sum of two waves which have traveled over. paths of unequal 
lengths and so in general are not of the sa;me phase. Since this phase 
difference depends upon the distance to the transmitter, there is tend
ency for the field strength to . increase and decrease alternately as the 
distance from receiver to the transmitter is increased. l The relative 
phase of the two component waves at any particula! location depends 
upon the height of the Kennelly-Heaviside layer as well as the distance 
to the transmitter, and so shows diurnal and seasonal ·variations. The 
result is that, while in summer the signals reeelved ' from a not-too-
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FIG. 347.-Curves showing average diurnal variation in strength of long-wave signals 
. of different frequencies propagated across the north Atlantie . during mid-wiI).ter. and mid

summer mon�hs. (Note that signal strengthB at different frequenc'ies ca-nnot be compared 
because the radiated power was not the . same at all frequencies.) The solid and dear 
strips at the bottom of the figure indicate periods when the entire transmission path is in 
darkness and light. respectively. while the shaded strips indicate part of the path in dark
ness and part in light. 

distant transmitter may be stronger during the day than at night, the 
opposite may be true in winter, while at another receiving location these 
actions may be entirely reversed . , 

A physical picture of the more important phenomena involved in 
long-wave propagation may be obtained by eonsidering the various 
paths by which energy may reach a receiving point, as illustrated in Fig_ 
348. The sky-wave paths penetrate only slightly into the ionized region, 
which acts very much as a mirror, turning back the waves with an angle 
of reflection equal to the angle of incidence. ",Vhen these waves strike 
the earth they are likewise reflected, with the a:Q.gle of reflection �qual 
to the angle' of incidence. Each time such a reflection or refraction <;>f 

1 See J. Hollingworth, Propagation of Radio Waves, Jour. I.E.E. (London), vol. 64; p. 579, May, 1926. 

I 

I 
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the sky wave takes ·place there is ·a certain amount of absorption of energy, 
so that, although energy · may theoretic�lly reach a distant receiving 
point . either by following long-step or short-step paths; most of the 

. energy actually arrives via long steps because the other paths suffer 
greater attenuation� 

. 

In view of the fact that the long-step paths represent energy radiated 
at a low angle with respect to the earth's surface, as also does the ground 
wave, it is apparent. that the antenna 
radiati�g low-frequency energy 
should concentrate this energy as 
far as is practical at low verticai 
angles. . 

Low-frequency radio waves· are 
always vertically polarized when 
observed near the ·earth's surface and 
normally have a wave front that is 
tilted some�hat" f01.:ward. The tilt 
is cp,used by earth losses while the 
vertical polarization is a result of the 
fact that the earth reflections cancel the ho.rizontal component of polari-
zation near the ground. . 

Fading, i.e., rapid change in signal strength, is seldom observed at 
low frequencies except occasionally during the sunset period or at night, . 
and even - then the fading is relatively slow compared with fading �f 
·broadcast and higher frequencies. 

122. Propagation of Waves of Broadcast Frequencies (Frequency 
Range 650 to 1600 Kc) .-At broadcast frequencies the ground-wave 
attenuation is appreciably greater than at lower frequencies, and increases 
rapidly as the .high-frequency end of the band is approached. Sky 
waves of all broadcast frequencies are practically completely attenuated 
.during the day, but the night attenuation of the sky wave varies greatly 
with the conditions in the. ionosphere, sometimes being moderately high, 
and at other times, particularly during the winter nights, beco�ing almost . zero. . The result of this situation is that the daytime coverage · of 
broadcast stations is controlled by the Sommerfeld ground wave. The 
daytime range is therefore small, but the signals can always be depended' 
upon to. be the same day after day, winter and summer, and ye�r after 
year. At night the Sommerfeld ground wave still accounts for most 
of the energy received at near-by points, but as a result of the sky wave 
appreciable energy reaches very distant points which are far beyond the 
range of the daytime sigilals. 

. 

. The situation that exists at Iiight is illustrated in detail in· Fig. 349, 
where it is seen that there are three distinctive zones. Near the trans-
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mitt er the sky wave is relatively weak compared with the ground wave 
and the latter predominates. As the distance to the transmitter is 
increased, the ' ground wave becomes attenuated, whereas the sky ·wn.ve 
becomes stronger, thus maki�g the ground and sky waves of approxi- . . 
mately equal strength. At still greater distances the sky wave tends to 
become still stronger and to ma�ntain a relatively high and constant 
signal strength up to considerable distances: 

. . 
I 

t I ·  e l l � /}(Iy pnin(.1ry liJay � t> . . . -servlC/? ··� .. servlce-� area I Clrea I � . I I � �g"f I Higlitime I, 
(l) • 'I)' .,fririing al7(/ I . . 
> se. distortion 1-< . . . . +. Hlght sky-wave coverage - - - - - -> 

+= I . I I Jli fJf iS  � Ground I �_ -'i"--�-J".t.��� � wave·-- _ -

�//////.////.f/=�U//.///////.I �'��///////////I·///)'///J'///,,//, 
D ista nce 

FIG. 349.-Diagram illustrating different types of cov.erage obtained from a high-power 
broadcast station during the · day and night periods. The shaded area represents the 
lowest field strength which completely overrides the noise level. . . . . . 

. The reason for this behavior of the sky wave lies in the fact that, as 
the distance from the transmitter �s increased, the sky wave that reaches 
the receiver represents energy radiated from increasingly lower vertical 
angles, as illustrated in Fig. 350, and the characteristics of broadcast . 
antennas are such that the radiated energy is' greater the lower, the angle 
above the horizon. Furthermore, in view of the fact that the sky wave 
reaches a height of about 100 km at broa�cast frequencies, the sky wav'e 

/1 
��-Sk'y-1I\QVe -' . •  /' 

pafhs-<:.--. _ _ _ _  " 

Earfh 
FIG. 350.-P�ths by which a bro'adcast station delivers energy"at various distances. 

must travel nearly as far to reach receivers .p.�ar the transmitter as re
ceivers several hundred kilometers away. The sky-wave attenuation H,nd 
path at broadcast frequenCies are to a first approximation iridependent 
of frequency, so that the distant 'night-time reception, which ' depends 
upon the sky wave, is about equally satisfactory for all frequencies . This 
is in contrast ' with the daytime (or ground-wave coverage) for which 
the Sommerfeld analysis shows low frequencies are the most effective. 
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The middle night zone illustrated in Fig. 349, where the sky wave · 
and ground wave' are of approximat�ly eq�al intensity, i� of particular 

. .  importance since it represents a region where there is severe fading and 
bad quality at night. Here the night signals represent the vector sum 
of two waves that haye traveled along different paths. At some places 
these waves will add, . and at other locations they win subtract, resulting 
in the formatioIi of an interference pattern oyer the surface of the earth in 

. this region. .This pattern is unstable, since very slight changes in the 
conditions existing in the ionosphere will be sufficient to change the 
length of the sky-wav.e path by half a wave le.ngth and thereby change 
the . interference from an addition to a subtraction, or vice versa. The 
result is that in this region, where the ground and sky waves' are of . 
approximately eq�al strength, severe fading is always experienced. 

Furthermore the interference pattern is very sensitive to frequency 
because a slight change in frequency will change t�e relative path lengthf 
by an appreciable fraction of a wave length. Inasmuch as a modulated 
'wave consists of a carrier and a series of side-band frequencies, the 
different parts of the modulated wave will be treated differently, some 

. frequency components �ending to cancel while others ' tend to add in 
the interfere'nce pattern. Investigations of broadcast signal� have shown 
that frequencies differing by as little as 250 cycle� often fade in and out 
independently of . each other. 1 . . This phenomenon is termed selective 
fading, and results in a loss in quality which is commonly so severe as to 
destroy completely the entertainment value of the broadcast signal. 

At great distances there is ordinarily 'a certain amount of night-time 
fading and quality distortion, presumably as a result of two or more sky 
w�ves reaching t�e . receiver along different paths. However, when 
only sky waves are involved, the' eff�ct )s much less severe than when 
both sky and ground waves are . involved.  . . . 

. Broadcast Coverage.-·The primary object of most broadcast trans
mitters t>is to deliver a high-quality signal continuously to listeners within 
a limited distance of the transmitter rather than to produce an under
standable signal at great dist�nces, as is the case with most .other types of , 
radio communication: The region around the transmitter in . which 
reception' free· from objectionable disturbances or ' distortion can be 
obtained at all times' is called the primary service area of the bro�dcast 
station and represents the region in which the ground wave is powerful 

. enough to -override all ordinary interference (either natural or man made) 
as well as the sky wave . . Within the pr.imary, �ervice area t.he signals ' 

1 A very thorough study of fading pheriomena on broadcast frequencies is t.o be 
f�und in the classiG article of ful.lph Bown, De Loss K. Martin:, and Ralph K. Potter, 
Some Studies in Radio Broadcast Transmission, Proc. I.R.E., vol. 14, p. 57, February, 
1926. 
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' will show little or no seasonal and diurnal vaJiation ' in strength and 
will have an entertainment 'value that is not reduced by interference. ' 
The strength of ground wave required' to overcome ' local interference 
varies with the location of the receiver and is much higher in cities, 
particularly in industrialized districts, than in rural regions. Experience 
has shown that satisfactory service in metropolitan areas requires a 

signal strength in the order of 5 to 
\ 30 mv ,per, meter, while in rural ' 
\'f:.:,��ound-v.:ave regions fairly sati�factory service 

(01) E ff e ct of t�()lnsmitter power ' 

/�'\' ': Bad : ' is frequently obtained with signal " : \ ,ql.lalify. Sky-wave. 
" �  I ,  : strengths as low as 0.1 � mv per 

"tI " I ' : ' H.!ff.h power l meter. 1 
� , , >-,-- -- - - -..Jj/ � .. i I " I Medium power 'I - -..... Outside of the primary service .. c(J �����������ili���� , area there is a ' secondary service 

D l stOll'lce --- . area where the .signals are suffici-

(c) l oIeal d irecti ve characteristic 
for diffe rent ground-wave 

attenuOIfions 

Note . With high d/recfivity 
mdlal ground wave sfronger becOtuse Of dlrecfivify , 

Sky-wave 
i 

ently strong to give fair signals, 
but where the reception is not as 
perfect as in the primary area. 
Thus in the daytime secondary' 
coverage is obtained just outside 

, the primary service area, where the 
ground �a.ve is still apprecjable 
but is not sufficiently strong to 
give primary service conditions. 
Also at night wit'h powerful trans
mitters the sky wave i� sufficiently 
strong to give secondary , coverage 
over large areas. 

The factors, that determine the 
coverage of the , signals are the 
transmitter power, the ·directive 
characteristics of the transmitting ���������������� antenna, the transmitter frequency, 

D i s+omce - , the soil characteristics, . and the 
FIG. 351 .-Effect of vltrious factors on the noise , level. The relationship of coverage of broadcast stations. 

these various factors to the problem 
can be understood with the aid of Fig. 351. Consider first the effect 
of the transmitter power as shown at Fig. 351a. With low power the 
situation is as shown by the dotted line. Here the primary service 
area is small and the sky wave is everywhere too weak to provide 

" 1 See Lloyd Espenschied, Radio Broadcast Covering of City Areas, Trans. A.I.B.E., 
vol. 45, p. 1278, 1926; C. M. Jansky, Jr., Some Studies of Radio, Broadcast Coverage 
in the Mid-west, Proc. I.R.E.', vol. 16, p. 1356, October, 1928. 
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secondary coverage, so that the secondary service ' area represents, 
weak . ground-,wave coverage and is the same both, night and 
day. Increasing the transmitter power produces tl?-e situation shown 
by the soli� line, in which the primary service area has been increased 
and the ground wave is strong enough to provide secondary cover
age out to the region of high distortion and beyond. The result 
is that during the daytime the secondary coverage ' obtained by 
ground-wave transmission is considerably more than at night, because 
at night the region of. bad selective fading that the nigh'j sky wave pro
duces lies in the daytime secondary coverage area. At night, however, 

. the sky wave gives fair secondary coverage �t very great distances. If 
the power is increased still further, as shown by the dashed line, it will 

. . .  be found that, whereas the daytime primary and secondary coverages • 
are increased, ,the night-time primary service area is no larger than with 
less power because the outer portion , of the daytime primary service ' 
area is in the night-time bad-fading region.  In order to take full advan
tage of the increased power during the night, it is necessary to modify 
the directive characteristics of the antenna. 

Th� effect upon the coverage obtained by concentrat�ng ' the radiated 
�ner.gy in different amounts along the horizontal is shown in Fig. 351b for 
a very high-power transmitter. The increased horizontal concentration 
strengthens the ground wave, thereby increasing the daytime . coverage. 
At the same time the reduction in high-angle radiation reduces the 
strengt� of the sky wave returning to earth close to th� transmitter. 
These two actions combine to push the region of bad fading out farther 
from, the transmitter. The increased sky wave at low vertical angles 
also increases the strength of the night sky wave reaching distant points. 

It will be noted froJU Fig. 351b that there is an optimum amount of 
vertical directivity. Thus the curve in Fig. 351b marked " Excessive 
directivity" reduces the high-angle sky wave to such a degree that the 
ground wave virtually disappe�:rs bef�re the sky wave returns in appre
ciable amount. , This gives rise to a region where adequate signals are 
never received either during tlie day or during the night, although more 
distant points receive -relatively strong sky ,waves at night. The ideal 
directional characteristic for the antenna , of a high-power broadcast 
station would be one producing a result such as illustrated by the sO,lid 
line in Fig. 351b, in which the sky wave is negligibly small until ' the 
strength of the ground wave becomes' too weak for satisfactory secondary 
coverage, and then comes in abruptly with a strength �omewh�t greater . 
than the ground wave. Such a night sky wave does not reduce the night 
coverage of the ground wave below the day coverage, and at the same 
time ft keeps the width of the region of high distortIon down to a mini
mum . The exact details of the ideal characteristic will depend upon 
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, the frequency; power, noise level, soil conductivity� and conditions 
in the ionosphere. Increas'ed soil �onductivity a,nd lower frequency ,both 
increase the strength of the ground wave without altering the sky wave 
appreciably; thereby making it desirable to have greate:r: horizontal 
directivity, as ,shown in Fig. 351c. Increased power also makes increased 
l�w-angle directivity desirable, as is apparent by compa�ing Figs. 35�a 
and 351b. Lowering the noise level has much the same effect as increas
ing the power, since the nature of the coverage is determined prima,rily 
by the ratio of signal to noise. ' The diurnal · and seasonal variations 
of the height and electron density of the ionosphere affect the strength of 
the sky wave, and' also modify the point on 'the earth's surface at which 
waves radiated in a given direction retu�. Acco�dingly, the optimum 
directivity is continually varying, and the best that can be done is to • 

approximate the average situation t� be expected. 
If ' the transmitting , antenna is relatively short, the ' field st�ength 

about the antenna is proportional to the cosine of the angle of elevation, 
as illustrated in Fig. 3.  In order to obtain more directivity, it is necessary 
either to employ a tower having a height not less than half a wave l�ngth 
or to use a rela�ively complicated antenna array. Either type of direc
tive antenna is expensive and so can be justified o�ly in high-power 
installations. With low transmitter power it is much cheaper to improve 
the coverage by increasing the power than' by increasing the directivity 
of the antenna system. The maximum directivity that it has been found 
economical to obtain is that given by a tower antenna appro;imately 
0.53 wave l,ehgth high" such as discussed in Sec'. 137. This arrangement , 
gives considerable improvement, approximately doubling the coverage 
of 50-kw transmitters, but is not capable of giving as much directivity 
as could be utilized to advantage with higher powers under conditions 
of low ground-wave absorption. , 
. Examination of Fig. 351a shows that the increased ' grotmd-w,ave 
' coverage obtained by increasing the traqsmitter power becomes propor
tionately less as the power is increased. This is because of the high 
ground-wave ,absorption when the Sotnmerfeld numerical distttnce 
exceeds 3 to 5, causing most of the energy radiated from the transmitter 
to be absorbed before the ground wave :r:eaches such distances. The 
maximum power that it is practical to use for ground-wave coverage 
depends therefore upon the cost of the increased pow�r and other eco
nomic matters and upon the transmitted frequeney and' soil eonduetivity. 
This ec-;momic ' power becomes greater the lower the ground-wave 
absorption. " 

The ground-wave coverage of broadcast signals is very sensitive to 
frequency and soil conductivity. As a result the lower broadcas� fre
quenCIes are much superior to the higher frequencies when maximum 
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ground-wave coverage is important. Thus exainination of Fig. 333 . 
shows that it is impracticable to cover a 200-km radius with a 1-mv 
ground wave at 1500 kc even with go·od soil conductivity, although this 
is entirely feasible at the lower broadcast frequencies. Soil c�nductivi'ty 
is also important, and .with · unfavorable conditions such as exist in some 
parts of 'the country, · notably New England, 'even the lowest broadc�t 
frequen9ies require impracticably large powers to obtain a l-mv-per-meter 
ground wave at distances . of only 100 km. 

In certain instances sky-wave coverage at night is more important 
than primary service area t"epresenting ground-wave coverage. This 
is the case in sparsely popUlated regions where the only way a . large 
number of people can receive any kind of radio service is through night-

. time secondary coverage pro4uced by .powerlul sky waves. In such . 
circumstances it is desirable that the transmitter power be adequate 
to produce a strong sky wave, and it is desirable to concentrate the energy 
at low vertical angles in order to improve long-distance coverage. The 
frequ·�ncy is of Httle importance, however, ' so �hat the higher broadcast 
frequencies, which are inherently unsuitable for ground-wave coverage, 
can be used. ' 

' 
Calculation of Broa�cast Coverage. l-The coverage to be expected 

from a broadcast transmitter can usually be predicted with fair accuracy 
except possibly in the immediate vicinity of cities. The ground-wave 
field strength · can be quite , accurately determined with the aid of the 
$ommerfeld analysis Qr by use' of curves such as given in Fig. 333, pro
'vided the transmitter power, frequency, soil conductivity, and a�tenna , 
directivity are · known. · '. In the caSe of cities the buildings, particularly 

. ste.el office buildings, make the, rate of attenuation high and also unpre-
dictable. The effect on the resulting ground-wave pattern is often marked, 

"as illustrated in Fig. 352. 
Sky-wave calculations are somewhat less certain because of the , 

'variab·le nature of the ionosphere. The usual assumptions made in 
estimating sky-wave field strength are as follows : (1) The �eight of the 
layer is 100 km (the E layer) . (2) The angle of reflection at the layer is 
equal to the angle of incidence. (3) The refracted wave has a field 
strength 20 per cent of the strength o! the incident wave. (4) The 
attenuation is independent of the angle of incidence at the layer. (5) 
The attenuation in the ionosphere is the same for 'all frequencies, (6) 
In addition to the ionosphere attenuation, the strength of the sky 

1 For additional in,formation see P. P. Eckersley, The Calculation ·of the Service 
Area of Broadcast Stations, Proc. I.R.E., vol. 18, p. BOO, July, 1930; T. L. Eckersly, 
Direct Ray Broadcast Transmission, Proc. I .R .E. , vol. 20, p. 1555, October, 193� ; 

I Glenn D. Gillett and Mp.rcy Eager, Some Engineering and Economic Aspects Of Radio 
B,roadcast Coverage, Proc. I.R.E., vol. 24, p. 190, February, 1936. 



FIG. 352.-Hndio field in tell!'>ity i n  m i llivolt::l per meter for a transmit.ter located OIl t.he top of n building i n  io, ... er rvInn
hattan, New York City. Note the high ratc of at tenuation over the bui!(,-u p di stri cts, parti cularly the sky-scraper sec
tion, IlS com pn rcd with the attenuntion o" or t h e  \vtlt.cr and suburban areas. (CQUriC311 Frn:rchild Aerial Camera ConwTfJlion 
and the Inl1W.ull' of Radio Enuincn:.s.) 

0') 
t..;I � 

� ::z:,. 
o 
� o 
t:j 
Z5 
..... 
� 

� 
..... 

� 

a ::tl > :' 
!;xl ..... . < 



---'-- ' -. 
• 

SEC. 123] PROPAGA TION OF, WAVES 623 

wave is inversely proportional to the distance as a result of spreadi�g. 
Assumptions 3 and 4 are very approximate, while assumption 5 is also 
open, to some question as the attenuatio:q is independent of frequency 
only when the electron density varies exponentially with height. l  

In qalculating the sky-wave field strength, the first step is to determine 
the angle above the horizontal at q . 900�r-r-.--.-.-���.,.-� which energy must be radiated to 8 8001\. lIe/�/Jt�fre��cit;/1d--
return to the earth at pifferent Cl! g "1  � 700 I\. '\ /rrt!;:��rm_.-r--+---f 
points, assuming that the. iono- � � 6 .� 60. " I 
sphere gives a mirror reflection. · cS � 5 � 500 . \ " I I 

• The results.of such calculations are � �4  2 400 � . I'-.. � -Ang/e above --
given in · Fig. 353, .  together with � £ 3 "! 300-� StyW(lIIl'tiiJ1ona> ....... lJOnzonml 

-'" � lir,()(/ntitWMtIt$lq� '\ j""--.,r-the factor by which the ground- Vl e 2 !200 '1-+- '� -
wave distance must be multiplied I 1 0° I 

to give .the distance covered by the 0 
000 . 100 200 300 400 500 

Distcmce to Receiver. Km sky wave. The sky-wave strength , FIG. 353.-Relation between angle at 
at any particular point can then be which wave leaves the earth and the distance 

. f from transmitter at which return takes place, deterInlned rom a knowledge of and also the factor by which the ground-wave 
the field strength radiated at the distance must be multiplied to give the 

. distance the sky wave tTavels.  These curvee appropnate vert�cal direction a:nd take into account th� curvature of the earth, .. 
the length of the resulting sky- but assume only slight penetration of the 

wave path, by assuming the atten- iO�,zed E layer. 

uation is inversely proportional to distance and then taking one-fifth 
of the res.ulting strength to allow . for the loss in the ioniz�d layer. 

123. Propagation Charflcteristics of Short Waves (Frequency Range 
1500 to 30,000 Kc).-. At frequencies above 1500 ·kc the ground-wave 
attenuates so rapidly as to be of no importance except for transmission 
over very short distances. 2 Short-wave communication therefore 
ordinarily depends upon the · ability of the ionosphere to refract the . 
high-frequency sky Wave back to earth at the receiving point without 
excessive attenuation. . As a result the strength of the signal received 
from a .di�tant transmitter depends on the transmitted frequency, the 
conditions in the ionosphere, and the angle at which the transmitted 
,waves enter· the ionized region . 

. 1 See Namba, loco cit. , 
2 The only cases where ground-wav� propagation of short waves is of importance is 

in connection with such things as .police ,radio, where the distances are often very small, 
and in moderate-distance transmission over water, where the ground-wave attenuation 
is very low because of the conductivity of the · water. Freque:ncies in the range 
1500 ;to 3500 kilocycles are used for ground-wave coverage of this type. Data on 
propagation of such frequencies over land; sea, and combination sea-Iatld paths are , 
given by C. N. Anderson, Attenuation of Overland Radio Transmission in the 'Fre
quency Range 1.5,to 3.5 Meg�cycles per Second, Proc. I.R.E. , vol. 21, p. 1447,·October, 
1933. 

. 
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The essentia� features ' of sky..;wave propagation of high-frequency 
wavt=?s are shown in' Fig .. 354, which gives hypothetical ray paths for sky 
waves of different frequencies leaving the transmitting antenna at 
di�erent angles. In these diagrams a 'single ionized layer .. has been 
assumed for the sake of simplicity and, while these illustrate the general 
nature of short-wave propagation, they must not be taken too literally. 
At frequencies less tha� a certain critical value, waves radiated at all 
vertical angles are returned to earth as �hown in a. At frequencies 
somewhat higher t�ai.t this critical value, the waves entering the ionized 
region. with nearly vertical incidence pass on through as shown in b, 

. with the result that no sky �ave returns to earth until so�e distance · 
. (c) Very ryigh frequen�y 

(a) Moder�te frequency"(less th«ncriticaJ value) • . . ...... .. j{ ... . . . .. .. ...... ' . , . ·,·::Ke(1nelfy·/i.eaVls,a-. , . . . . 

";;il�;t��{ltffl';*��t.kJi, ;��}�r!;-}'7�2tr\*�%t%t\', _ 

'·"Y.ocvsofmaximvm . . : :;::::�"": . 
. 1-Transmiffer e/ec/ron cfensify. 

• ... . 
'··Transmilfer \0 Skip clisfance 

(b) Somewhat highedrequency . (cl) Ultr'� high freC?Juency 
. 

. . . . . . .  " 4 · "  . ,. : , .;( . 
. ' :  'K�n·ii·e!IY;'fI.e.(.fv/�;C4··i" . ' . ,'K ";,M,,{Heowis/ci'e >;;. .,: .... . - it; t::j��P7�;i�t;�@k� � - .:i.@1 ;;rrt)??"7;����+�t14:" 

, ,. . // Transmiffer � '.; : : ; '  
( "'Skip oIisfolnce 1'1 " .  . " 
·-rransmiffe). Locus ofmOlximvm 

elecfron density 

FIG. 354.-H�pothetical ray paths followed by sky waves of different frequ�ncies. For 
the sake of clearness the height of the Kennelly-Heaviside layer is shown greatly exag
gerated, and only a single layer is assumed. 

away from the transmitter. This distance from the transmitter to where 
the first sky wave returns is termed the skip d��stance, and, inasmuch as 
the ground wav.e 'is ordinarily absorbeq within a few miles of the trans
mitter, this skip distance represents a rflgion where the signals are very 
weak or non-existent; i.e., the waves skip over this territory to return at' 
greater dist�nces. 1 Increasing the frequency still further increases . the 

1 An approximate calculation of skip distance can be made by assuming that the 
wave, instead of being refracted by the ionized layer, undergoes a mirrorlike reflection 
at the point of maximum electron density. Manipulation of the resulting geometry 
involving the curvature of the earth, combineq with Eqs. (212) and (213), then leads 
to the following approximate relation giving the refractive index 1-'0 that must· exist 
at the point of ma:;imum electron density when the skip distance is s and this maxi
mum electron density is at a height h: . 

2 _ sin2 (s/2r) 
1-'0 

- sm2 (;r) +{ 1 + � - cos (;r) r (218) 

where r is the radius of the earth. Mter. determining the required 1-'0 for a given layer 
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skip distance because now oJlly those waves ent�ring the layer with 
relatively glancing incidence are returned to earth, as iri c. Finally, if 

I .  th� f1:"equen,cy is made very high, even waves radiated horizontally along 
the earth's· surface pass on through the ionosphere; as in d, and never 
return to earth. . . 

When the ionQsphere contains two. or more layers, the situation is 
more involved, although ' the same general features a:r:e present. · A 
typical case is illustrated ' in Fig. v�£/Yff.a 0"& 

. 
355, where . energy radiated at high �/J/,?$//4 �4% Z��� :::,r;'f; 
angles pen�trates through the �ower '1ff'_ �. Low /cr,yerof' 
layer and is refracted by the upper 7ffV// �  . 

low clensify 

layer, whereas waves entering . the 
ionosphere with rather glancing inci- T 
dence are refracted earthward by the FIG. 355 .. -Typical sky-wave paths when 
low layer of low electron density. two layers ar,e present in the iono�phere .. 

There are consequently numerous paths by which waves of a given 
frequency might reach the receiver. A typical situation is illustrated· in 
Fig. 356 where long-step paths such as a, b, and c and short-step paths 
such as d are indicated. The' a�tenuation along these various routes 
differs considerably, however, so that not over three or four account for 
moSt of the received energy . . This difference in a�tenuation arises from 
the fact that, .as the largest part of the energy loss in the ionosphere 

Reaiver-·· 
FIG. 356.�PoBBible routes by which �hort-wave signals can travel from transmitter to 

receiver. The height of the Kennelly-Heaviside layer has .been greatly exaggerated to 
make the drawing clearer. , . . 

occurs at the lower . edge of the ionized· region, the waves that cross 'the 
absorbing region the fewest number of times (i.e . ,  the long-step .paths) 
suffer the least absorption. 

. 

The Optimum Transmission Frequency .-Since the attenuation that a 
I wave suffers in pas�ing through the lower part of the ionized region is 

. height and skip distance,. the frequency at which this skip distance .is .obtained can be 
calculated from Eq. (210) for- any particular maximum electron density N in the· 
ionosphere. For the detailed derivation see A. H. Taylor and E. O. Hulburt, The 
Propagation of Radio Waves oyer the Earth, Phys. Rev., vol. 27, p. 189, February, 
1926. 

• I 
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inversely proportion:;t,l to the 'square of tpe frequency, as discussed in 
Sec. 120, high-frequency waves pass through the attenuating region with 
less loss of energy than do low-frequency waves. The optimum frequency 
for " transmission i� consequently only slightly ·less than the highest 
frequency that will return a sky wave to the receiver. A gr�ater fre
quency will place the receiver inside the skip distance and s<;> give no 
received signal,. while a lower frequency will suffer.increased attenuation. 

The optimum frequency for sky-wave t�ansmission increases with the 
distance to he covered and with the electron density of the layer, and is 
considerably gteater in the daytim� than at night and somewhat greater 
in summer than winter. For relatively short distances the frequency 
must not exceed the critical value for vertical incidence [see Eq. (214)], 
and cannot exceed the critical value appreciably even for distances up to 
400 or 500 miles. , In. order to main continuous commuQication over short 
and moderate distance&, it is usually found advisable to have available 
two frequencies. The lower of these is used at night and is usually in 
the neighborhood of 3000 kc, while the other is used in the daytime and 
is commonly about 6000 kc. The night frequency can be used in day as 
well as night, but' the day signals are then weaker than when a higher day 
frequency is employed. ' , 

The optimum frequency for long-distance commlJ,nication is 'approxi
mately 20 mc in the daytime and 10 mc at night, but varies wj.th the time 
of day, the season, and from year to year. In order to maintain' con-

. tinuous communication over large distances, it is often necessary to 
have available, in addition to the day and night frequencies, an inter
mediate or transition frequency to be used during sunrise and suriset 
periods and u�der unusual conditions when neither the day nor night 
frequencies are satisfactory. l 

Difference between East-west and N orth-so'Uth Propagation .-8hort 
waves propagated over great distances in an east-�est direction differ 
markedly in their behavior from waves tr�veling long distances in a 

• 
1 Data on long-distance short-wave communication, showing the character , of 

.transmission that is obtained at different hours of the day, at different seasons of the 
year, and at different frequencies, are given by C. R. Burrows, The Propagation of 
Short Radio Waves over the North Atlantic , Proc. I.R.E., vol. 19, p. 1634, September, 
1931 ; M. L. Prescott, The Diurnal and SeaSonal Perfor�ance of High-frequency Radio 
Transmission over Various Long-distance Circuits, Proc. I.R.E. , vol. ' 18, p. 1797, 
November, 1930; C. R. Burrows and E. J. Howard, Short-wav� Transmissi�n to South ' 
America, Proc. I .R.E., vol. 21; p. 102, January, 1933; Clifford N. Anderson, North 
Atlantic Ship-shore Radiotelephone Transmission during 1930 and 1931, P�oc. I.R.E., 
'vol. 21 , p. 81 , January, 1933; Clifford N. Anderson, North Atlantic Ship-shore Radio
telephone Transmission during 1932-1933; Proc. I.R.E. ,  vol. 22, p. 1215" October, 
1934; R. 'K. Potter and A. C. Peterson" Jr., The Reliability of Short-wave Radio 
Telephone qircuits, Bell System Tech. Jour., vol. 15, p. un ,  April, -1936. 
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north-south direction. This js oecause of the way in 'which the distribu· 
tion of sunlight varies along the .tr,ansmission path at any one time, and 

, because of ieasonal differences that exist between points on opposite 11 . sides of the equator. Thus, when commullication is carried on between 
points haVing the ,same longitude but on opposite sides of the equator, 
the sunlight is more or less, uniformly distributed along all parts of the 
path, but the seasons of the two terminals are opposite. On the other 
hand, the distribution of sunlight along a great-circle path lying between 
two points on the same' latitude is non-uniform, so that one part of the 
path can be in sunlight while another part is in darkness. Under such 
a condition it is difficult to find a frequency that will propagate , satis
factorily over the entire distance. Experience indicates that north-

, soqth transmission across the equator is more reliable and easier to, 
maintain c'ontinuously than is communication over it like distance in an 
east-west direction. In particular, when the great-circle route between · 
the terminals passes over the po�ar regions, the transmission is ' often 
unsa tisf actory . 

Directional Ch�racteristics Desirable in Transmitting Antennas.
When the optimup! frequency' is emJlloyed and the tran�mission �s over 
considerable distance, it is desirable to concentrate the radiated energy 
very close to the horizontal, with the best angle generally �onsidered to 
be in the range 10 to 25 deg. Energy concentrated at vertical a,ngles 
below about 10 deg. tends to be absorbed by the earth, and furthermote 
expensive antenna structures are required to concentrate the main part 
of the radiation at excessively low angles . The desirability of low-angle 
radiation for long-distance short-wave communication arises from the 
fact that, with the optimum frequency, the only energy that is refracted 
back to earth by the ionosphere is that which enters the ionized regions 
at almost grazing incidence, and which hence leaves the transmitter 
relatively close to the h9rizontal. ' 

When the distance is relatively short, i.e. , not over several times the 
height of the maximum electron density in the ionosphere, the energy, ' 
in order to reach the receiver, must be radiated' at an appreciable vertical 

, angle, and marked vertical directivity is not desired. 
When short-wave communication ' is to be carried on between two 

. fixed points, it is desirable to concentrate the radiation in the horizontal 
" plane as well as in the vertical, , since all energy radiated in horizontal 

directions other than toward the receiver is wasted'. By taking advan. tage of this possibility, the energy delivered to a distant receiver can be 
increased many-fold. . ' 

The amount of directivity that can be usefully employed in a trans
mitting antenna is limited, however, by the fact that the optimum vertical 
angle is not stable, and by the fact. that signals in traveling to the receiver 

- . "..,.. 
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often deviate by a few degrees from the great-eircle route . Experience 
shows that it is permissible to emp'loy more horizontal than vertical 
directivity, but in both cases there is a limit beyond which it is unde
sirable to conqentrate the raqiation. 

Character of Received Signals.-The short-wave signals received over 
a ,  relatively long distance usually repres�nt the vector sum of different 
waves that have traveled over paths of ' difrerent lengths. l  As the 
rela tive lengths of these paths vary continuously with changing condi
tions in the ionosphere, the amplitude of thE; resultant signal varies 

, ' continuously, causing fading that is frequently very ( b) severe. Inasmuch as the : difference in' path length � depends upon the frequeney of ' �ransmission, the 
r:::::::;::, different frequencies contained in a modulated w,ave 

will not combine in :the same phase, thus giving rise to 
selective fading that is often very severe. Investiga-

t::::::J tions of selective fading on transatlantic ' short-wave 
""'1,Z-aJk- telephone circuits have shown 'that at times frequen

FIG� 356a.-TYpi- cies differing by as little as 100 cycles fade independ-
cal fading patterns ent, ly. R, elative signal , 

·strength. s for different observed in short-
wave transatlantic modulation frequencies, at successive moments are 
communication. The shown in Fig. 35. 6a for a typical case of transat. lantic different figures in 
each column show short-wave transmission and indicate the highly var-
tcansmission c o n d i - iable character of the fading. 2 ' 

, tions at successive 
moments over a 1700- When the ·same signal is received on antennas 
cycle band of modu- spaced 10 wave lengths or lnore apart, th,e fading is lation frequencies. 

ordinarily substantially independent. , '  This fact is 
taken advantag� of in the diversity .receiving systems described iri Sec . 
114 in order to minimize fading. ' 

. Short-wave signals ordinarily are ' found to have both vertically and 
horizontally polarized components 'which bear . no apparent relation to 
the polarization of the transmitting antenna, which fade independently . 
of each other, and which ordinarily are not in phase. , This situation 
is the result of the earthf,s magnetic field, which causes waves refraeted 
by the ionosphere to have. their plane of polarization rotated � and which 

1 Thus experiments made with transatlantic signals have indicated that there are, 
ordinarily two to four transmission paths contributing appreciable energy to the 
receiver. These paths are characterized at the receiving point by different vertical 
angles commonly rang�ng from 10 to 25 deg., with occasional paths delivering appre
ciable energy at angles up to ,40 deg. See ' H. T. Friis, C. B. FeldmaIi, and W. M. 
Sharpless, The Determination of the Direction of Arrival of Short Radio Waves, 
Proc. I.R.E., vo1. 22, p. 47, January, 1934. . 

2 For further data on short-wave fading and quality distortion, see R. K. Potter, 
Transmission Characterlsti�s of a Short-wave Telephone Circ1J,it, Proc. I.R.E., vo1. :;'8, 
p. 581 , April, 1930. ' , 
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also -splits the wave into several components that travel along different 
paths with different velocities. 

. 

Echo. and Multiple Signals.-The fact that' short waves can travel to 
a receiver &long ,paths of different lengths gives rise to echo sign�ls of 
which a number of kinds have bee� , ' 

Fil'Sfsky 
observed.. Thus, if a short-w�l.ve wave Addifional sky 

ImfWl.se fmVf!li� implllse/ wave i"'plI� . ' train �sting perhaps 10-4 s�c . is sent br91'OlInd WClfve ):' 
out frdm a transmitter and recorded 

. -..:) 

at the receiving point o� an oscillo
gram, the results �ill often be as in 

Time � 
FIG. 357.-Typical o s c i l l o g r  a m  of 

received signal when transmitter within 
ground-wave range sends out a short , Fig. 357, in which the same impulse 

is shown as being received a nu�ber impulse. 
' 

of times. When the receiver is within the range of the ground wave, the 
first received impulse travels aiQng the ground, while the second impulse 
has reached the receiver by way of the Kennelly-Heaviside layer and so 
arrives several thousandths of a second later 'as a result of its longer path. 
The remaining echoes are apparently the result of multiple-step paths 
between t;he earth and the Kennelly-Heaviside layer, or are the result 
of magneto-ionic splitting. " 

Multiple sign�.ls are sometimes observed as a result of waves that 
have traveled around the earth. The possible paths for s,uch arou1J.d-the-' 

Indirect gra:rl:circle rollfe 
. . I Round-fhe-WorId 

8/g/1Q/ VIa indirecf 
great circle roufe 

, Sho�f 'fireaf 
CIrcle route 

world mUltiple · signals are shown 
in Fig: 358, where it is seen that 
the signals may reach a distant 
receiving point along 'either the 
short or long great-clrcle path, and 
that, if the waves traveling ' in 
either of these directions make , . Roufid..the-Worlel more than one complete circle of the SIgnal VIa shorl 

. great�ircJeroute earth, they will be heard again. 
FIG., 358.-Paths followed by multiple and Multiple round-the-world signals . round-the-world signals. I I occur regu ar y on certain short-
wave circuits at de�nite times each year. There are cases on record 
where the same signal has been heard five times at a' distant receiving 
point, while multiple signals repeated once or twice �re relatively com
mon. 1  In order that double signals may reach the receiver by propaga
tion along both long and short great-circle paths, it is necessary that the 
conditions in the Kennelly-Heaviside layer be roughly the samf along 
both routes. Otherwise a frequency ·that is satisfactorily propagated 
along one of the two paths will not be able to reach the receiver along 

I • the other path. The same' require�ent must also be fulfilled in the' case 
, 1 See E. Quack and H. Mogel, Double and Multiple Signals with Short Waves, 

Proc. I.R.E., vol. 17, p. 791 ,  May, 1929. 
. 

' \  
I 
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of round-the-world signals. As a result multiple and round-the-world 
signals are observed only when the part of the great-circle path that lies 
in darkness is experiencing summer, or when the great circle path coin
eides very closely with the twilight zone.!  The time delay of round-the
world signals is in the order of. 7-7 sec .  and is s() great that, when these ' 
signals occur, it is nece�sary to reduce tl!e speed of telegraph tra.nsmission 
to an extremely low value. With radio-telephone signals, the fading and 
distortion is increased. 

Echo signals having a time lag of several seconds have been reported a 
number of times, and several well-authenticated cases have been observed 
in which the time lag was several minutes. The cause of such echoes 
has not been definitely established, but theoretieal work by P. O. Peder
sen 2 indicates that retardations up to 10 sec .  could be accounted for 
by low group-velocity propagation in the Kennelly-Heaviside layer, 
while signals with greater retardations c�n be accounted for only by 
waves which have traveled great distances in the empty space outside 

. the earth's atmosphere and which by a fortunate combination of cir
cumstances have finally been reflected back to earth by ioniz,ed regions 
either within the influence of the earth's magnetic field or in the vicinity 
of the sun. These echo signals of long delay, while Qf extreme theoret
ical inierest, are of little practical importancH because they occur so 
rarely. • 

124. Propagation of IDtra-high-frequency Waves.3-Frequencies too 
high to be refracted back to earth by the ionosphere, even when leaving 
the earth along the horizontal, pass on through the ionized region . and 
are lost. The critical frequency above which this occurs depends upon 

1 Ibid.; A. H. Taylor and L. C. Young, Studies of High Frequency Radio-wave 
Propagation, Proc. I.R.E., vol. 16, .p . 561, May, 1928. 

2 P. O. Pedersen, Wireless Echoes of , Long Delay, Proc. I.R.E., vol. 17, p. 1750, 
October, 1929. 

3 The literature dealing with the propagation of ultra-high-frequency waves is 
very extensive. For the reader who desires to pursue the subject further, the follow
ing selected bibliography is suggested as a start : Charles R. Burrows, Alfred De(\ino, 
and Loyd E. Hunt, Ultra-short-wave Propagation over Land, Proc. I.R.E., vol. 23, 
p. 1507, December, 1935; Charles R. Burrows and' Alfred Decino, Ultra�short-waves 
in Urban Territory, Elec. Eng., vol. 54, p. 1 15, January, 1 935; L. F. Jones, A Study of 
the Propagation of Wavelengths between Three and Eight Meters, Proc. I.R.E., 
. vol. 21 ,  p. 349, March, 1933; C. R. Englund, A. B. Crawford, and W. W. Mumford, 
Some Results of a Study of Ultra-short-wave Transmission Phenomena, Proc. I.R.E., 
vol. 21, p. 464, March, 1933; C. R. Englund, A. B. Crawford, and W. W. Mumford, 
Further Results of a Study of Ultra-short-wave Transmission Phenomena, Bell 
System Tech. Jour., vol. 14; p. 369, July; 1935; J. C. Schelleng, C. R. Burrows, and 
E. B. Ferrell, Ultra-short-wave PropagatioIi,· Proc. I.R.E., vol. 21; p. 427, March, 1933; 
Bertram Trevor and P. S. Carter, Notes on Propagation of Waves below Ten Meters 
in Length, Proc. I.R.E., vol. 21, p. 387, March, 1933 ; J .  A. Stratton, The EfTeet of 
Rain and FO$ on the Propagation of Very Short Radio W's,ves, Proc. I.R.E., vo!. 18, 
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, the maximum electron density in the layer, and so has diurnal and 
seasonal variations and also changes from year to year. In the daytime 
the critical frequency is of the order of 30 to 40 mc, while at nigl;lt it is 

· approximately 15 me, with a tendency to be higher during the summer 
and during the active part of the sun-spot cycle , At these , high fre
quencies the ground wave is also very quickly absorbed as a result of 
earth losses. · Sat�sfactory communicatioI). over appre�iable distances 

· with very high frequenqy waves is hence obtained only by utilizing waves 
passing directly from transmitter to receiver through the space above the 
ground. However, even .when the transmitting and receiving antennas 
are placed at the highest possible elevation, the range of the signals is . 
limited to moderate distances by' the curvature of the earth . 

. When the di�tance between transmitter and receiver is sm�ll enough 
for the earth to be conSIdered flat, the situation is as shown in Fig. 359. 
Here energy may reach the receiver by a direct path between transmitting 
arid receiving ant�nnas or by a route T 
involving reflection from the surface of r"!"'� ___ 

the ground. The waves traveling 
through space suffer II ttle' a ttenua tion "77fi�77?/7fi'7:i"777.m?;��(777.i"777.�7m7 
other than that caused by spreading, : 0 ' ......... " : , hr / 

· and therefore have a field strength that k=-�=-.:=-=_-=-_-=-_-=-_d-:::=:=-_-=:'-=-==�..:t 
is inversely proportional to the distance 
f h t . A h fl ' FIG. 359.-Diagram showing the roro t e ransIDltter. . t t e re ectlOn direct and indirect paths by which 
point the angle of 'incidence is so near energy may travel from transmitter to . 

( 
. ' th t h di f receiver. For the sake of clarity the grazIng assumIng a t e stance 0 antenna heights have been greatly 

transmission is great compared with the exaggerated in comparison with the , 
h . ht ) .+h h fl t' . ' distance. antenna mg s lJ at t e re ec IOn IS 

practicalll" complete and takes place with a reversal in phase [see Eq. 
(216) and Fig. 346]. In spite of this reversal in phase of the reflected 
wave, the ,two waves ' do not cancel each other at the r�ceiver b,ecause 
the direCt and indirect pat�s have different lengths. When the antenna 
heights are small compared with the distance of transmission" the pres
ence of the indirect reflected wave reduces . the resultant field at the 
receiving , point below the free-space value af the direct wave by the 
factor 4rh�hr/Ad, where hI! and hr represent the heights of the seI?-ding and 
.receiving antennas above ground, d is the distance between antennas, and 
A is the wave length. l  Since the s'trength of the direct wave is inversely 

. . p. '1064, Ju�e, 1930; R. Jou�ust, Some Details Relative to Pr9pagati�n of Very Short 
Waves, PTOC. I.R.E., vol. 19, p. 479, . March, 1931 ; R. S. Holmes and A. H. Turner .. 
An Urban Field-stre�gth Survey at Thirty and One Hundred Megacycles, Proc. 
I.R.E., vol. 24, p. 755, M�y, 1936. , 

1 This can be shown as follows : Referring to Fig. 359, it is seen from the dotted 
I construction that : · T J 2 = (hs - hr) 2 + d2, and T22 = (h. + hr) 2 + d2• For d »  
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prop.ortional to distance, . the strength of the resultant wave can be · 
expressed ,by the formula 

Field at receiver = 47rh8hr�Eo 
Ad2 (219) 

where Eo is the strength of the direct w�ve' at a distance d = 1 from the 
transmitter. 1 It will be noted that, as a consequence of the destructive 
int'erference caused by the reflected wave, the received fieJd is inversely 
proportional to. the square of the distance and is much less than: the 
free space' field. Examination of Eq. (219) shows also. that it is highly . important for both transmitting and receiving antennas to be as high as 
'possible above the ground, and that, if other things are equal, ther� ' is 
considerable advantage in reducing the wave length. As a consequence, 
antennas for ultra-high-frequ,ency transmission over considerable dis
tances are preferably located on t�ll buildings� or even mountain peaks. 

Equation (219) assumes that the, earth is a perfect reflector and that 
the direct and indirect paths differ in length by a. small fraction of a ",'ave 
length. Analysis shows that · if the height of the lowest antenna exceeds 
several wave lengths, the error involved in this assumption is small, 
while with a lower height the imperfect ground reflection causes the 
received field to be greater than .given by Eq. (219) . 2  , 

When ultra-high-frequency waves are ' propagated over urban ter
ritory, it is found that the field strength observed n�r the surface· of the 
earth is less than that calculated by Eq. (219) by a fixed factor of the 
order of 0.3 to O. l .  The reason for this appears to be that the field 
strength existing above the buildings is given by Eq. '(219) , but that the 

(h. + hr) , one can then write 

' r l = d + , (h. - hr) 2, 
2d 

_ d + (ha + hr) 2 r2 - 2d 

Consequently the difference' in path lengths 

(ha + hrP - (h. - hrP 2h.hr 
2d 

= -d-

The corresponding phase difference caused by the path difference is 271" ' 2h.hr/Ad = 

471"h.hr/xd radians. It is because of this angle that the d.irect and indirect rays fail to· 
cancel, so that the resultant of the two waves is 2 sin (271'h.hr/Xd) times the amplitude 
of one of the waves. When the angle is so small that the sine of the angle equals the 
angle in radians, the reduction factor becomes 4rrh.hr/Xd. 
'. 1 When the transmitting antenna radiates a field proportional to the cosine of the 
aI�gle of elevation, then Eo = 300y'P mv per meter, where Eo is. the direction of 
maxirpum radia.tion, P is the transmitter power in kilowatts, and d is in kiloIllfilters. 

2 For further discussion of the effect of imperfect re:flection by the earth, see the 
appendix in the paper by Burrows, Decino, and Hunt, loco cit. 
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, scattering required to produce signals ,at street level introduces a certain 
additional loss factor. ! • 

Effect of Earth Curvature.-, When the distance between transmitter 
and receiver is considerable, it is necessary to take 'into account the 
curvature of the earth. This curvature reduces the received field 
strength below the values that w�uld be obtained for a flat earth, but 
e�perience shows that the correction required is so small as to be negligi
ble as long as a straight-line path exists between transmitter and receiver. 
If a straight-line path does not exist; it is still possible, however, for 
�nergy to reach the receiver either as a �esult of refr�ction , by the earth's 
atmosphere or by diffraetion of 'energy around the curved earth, although 
the received energy is less than if a straight-line path were present. 

The refraction by the' �arth�s atmosphere at ultra-high frequencies 
comes about because the variation of atmospheric pressure, temperature, 
and moisture conte�t with height causes ' , 
the refractive index of the atmosphere , -"Curved pafh <;1'C7'ually fOllowect. 

T :J - -.;::;= -s;::---- R to decrease with elevation, and this tends . 'j::>" SfraigM line pafh � 
to bend the waves back towar4 the earth �--£arfh , 

' according to Eq. (20gb) . The amo,:!nt FIG. 360.-Diagram illustrating 

of curvature that results varies from how the refraction in the earth's. 
atmosphere permits direct ray trans-

time to time with the atmospheric con- mission at ultra-high frequencies even 
when. the straight-line path is inter- • ditions, but on the average it is equiv- cepted by the earth's curvature. 

alent to assuming that the earth's radius 
, is ' incl'eased by '25. to 35 per cent. As a consequence of this refrac
tion, it is possible to obtain direct-ray propagation of energy between 
transmitter and receiver under conditions where a straight-line path 

, falls slightly below the earth's surface, as in Fig. 360; 
The range of the direct !ays depends upon the heights ha and hr 

of the transmitting and receiving antennas, respectively, and the effective 
radius of the earth, according to the formula 

, . 
�aximum possibl.e �istance for} = 1. 225k ( Vh. + v1i:.) (220) dir.ect-ray ,tr�nsIllisslOn . ' 

where the antenna heights are ,in feet, the distance is in miles, and k 
. represents the ratio of effective to actual earth. radius and takes into 
, account the refraction in the earth's atmosphere. The result of Eq. (220) 
is illustrated in Fig� 361 for k = 1 .33, which shows that direct-ray 

, transmission over eonsiderable distances is possible only. when the 
antennas are located upon mountain peaks. Even then the range is. 
cOIl).paratively modest compared with that Obtainable with waves of 
lower. frequency where refraction from the ionosphere can be utilized. 

1 See Burrows and L!ecino, loc. cit. 

. 1  
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Theoretical analysis indicates that the earth curvature reduces ' the 
received signal below the value c�lculated by Eq. (219) by the factor 

200 given by Fig. 362. 1 This factor takes into 

� 1 501----+--..,tL-I--�_I III ' 

account .the ' refraction in the atmosphere 
and also the diffraction of the energy 
around the curved surface. Under prac
tical conditions the reduction factor Qf 
Fig. 362 is negligible as long as a straight
line 'path exists, but at greater distances it 
decreases rapidly and the signals soon 

III 
�100r_-�+_----;_----_I C5 0:: 

I become uQ.usable because of ' fading, . as 
ment'ioned below. 

M i s e  e l l  a n eo u s  Considerations.-The 
O!---��--.l.---.-J transmission paths at ultra-high frequency o 5,000 10000 15000 . 

Elevati on (Feet) ' . are extremely stable a� long as a straight-
FIG, 361 .-Maximum possible line path is possible between transmitting optical range between an elevated 

point and the surface of the earth, and receiving points. There is then no . assuming that , atmospheric refrac- fading, and t,he polarization of the wave at tion increases the effective value 
of the earth's radius by a factor of the transmitter is maintained very accu- ' 
1.33. The maximum possible opti- rately. However, when the transmission cal range between two elevated 
points is the sum of the ranges as distance "is S0 great that it is necessary to 
obtained in the above diagram for depend upon the refraction .in the earth's 

. the' two heights involved. atmosphere to obtain direct-ray transmis-
sion to the receiver, fading frequently occurs as a result of variations in 

Lo "t C5 IJ... 
_ K - Ratio of"effedive radil./S �i\���E� § 0. 1 == . of'the wave pafh fa earth � 

. - = radills I--�'\. ---+-t-I g - cl • Distance in mefers '\. 
-a - 'A'" Wavelength in meters CL) . 0: \. , 

QO l2xl0 3  5)( 103 104 2xHf 5x10· 10 5 2xl05 5xl05 d IdJ\.! 
FIG. 362.-Reduction factor caused by diffraction of wave around the surface of the earth. 

the earth's atmosphere which' change the amount of refraction that the 
wave suffers. , 'This fading becomes very severe when the transmission 

1 See Burrows, Decin6, and Hunt, loc. cit. 
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distance approaches or exceeds the maximum possible distance of direct� 
ray transmission. • 

The discussion of ultra-high':'frequeIlcy transmission given above has 
. made no distinction between horizontally and vertically polarized waves. 
This is because, at least to a first approximation� the polarization has 
only a secondary effect. 

Inasmuch as the only radiated energy that has any chance of reaching 
the receiver is that sent ,out directly toward the receiver, it is possible to 
increase greatly the strength of the 'received signal by employing a 
transmitting antenna that directs the energy ' correspondingly. Tpe . 
amount of directivity that can be employed to advantage is extremely 
gre.at, since the waves follow a stable, unvarying path. 

126. Use of Radio Waves in Investigations of the Upper Atmosphere. 
Since the way in which radio signals propagate is dependent on the 
conditions in the ionosphere, it is possible by working backward from 
observed propagation characteristics of radio signals to 'obtain informa
tion regarding the probable nature of , the ionized layer, and hence 
indirectly to obtain data on the composition of the upper atmosphere . .  

Pulse Experiments.--One method commonly used in making such 
investigations consists in transmitting a short wave train lasting about 
10-4 sec. and taking a record on an oscillogram of the signal as �eceived 
at a point within range of the ground wave. Since the wave that' reaches 
the receiver after �efraction by .the Kennelly-Heaviside layer must t,ravel 
an appreciably longer path to reach t�e receiver than does the ground 
wave, there will be a time interval between the pulses arriving over the 
two routes. '  , The length of this time interval is a measurement of the 
<;lifference in path lengths .and can be used to estimate the height of 
the layer. I ,  The 'received records commonly show a number of returned 
pulses :with different time de,lays as indicat.ed in Fig. 357 .  These may be 
the result of simultaneous reflection or refraction from several layers, or 
the result of double refr�ction produced as a consequence of the earth's 
magnetic field, or they II;lay be due to �ultiple reflections such as two 
roUnd trips between the earth and the ionosphere. ' 

'rtle most effective means of utilizing the pulse method in investigating 
the ionosphere is to vary ' the transmitt�r frequency, either continuousl.y 
or in steps, and to obtain the variation of apparent or virtual height as 
a function of frequency.2 An example of a simple record of this type is . 

1 ,This method was ,first proposed by G. Breit and M. Tuve, A Test of the Existence 
of the Conducting Layer, Phys. Rev., vol. 28, p. 554, September, 1926. 

Z For further,. information on the technique of making ·tests, see T. R. Gilliland, . 
Note on a Mu1tifreq�ency AutomatIc Recorder of Ionosphere Heights, Proc. I.R.E. , 
vol. 22, p. 236, February,' 1934; Lal C. Verman, S. T. qhar, and Aijaz Mohammed; 
Continuous' Recording of Retardation and Intensity of Echoes from the Ionospnere, 
Proc. I.R.E., vol. 22, p. 006, July, 1934. 
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illustrated in Fig. 363, This shows' that at a frequency of about 2000 kc 
reflections were returned from a layer having a height of 1 10 km (the E 
layer) , but a� the frequency was increased the apparent-layer height first 
increased gradually,- and then suddenly jumped to about 300 km at 
3QOO kc, This jump takes place at the critical frequency for the E layer, 
i.e. ,  the frequency at �hich the wave just barely reaches the point in the 
layer where the electron density is �aximum. For vertical incidence 
the corresponding refractive inde-x at the point of maximum electron 
density is zero, so from Eq. (210)' the maximum electron density in the E 

, layer for this case ' is (3000) 2/81 = 1 . 1  X 105 electrons per cubIc ' 
centimeter. As the frequency was increased still further, the virtu a] 
height first decreased to about 190 km, and then rose to a second peak at 
4000 kc corresponding to the critical frequency at which the waves were 
just able to penetrate' to the maximum electron density in the Fl layer. 

Cl) 700 L i 6�0 
� 500 � 400 
=§,300 
'Qj , 
:t: 200 is � 1 0 0  
L 

:> 0 
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FreCluency in K i l ocycles ' 

FIG. 363.-Typical curves of virtual height �s a f�nction 'of frequency, as obtained in 
ionospherio investigations. 

The corresponding maximum electron density was 2 .0 X 105 el,ectrons per ' 
cubic centimeter. As the frequency was increased still more, another 
critical frequency was obtained at 4700 kc corresponding to a maximum 
'density of 2.7 X 105 electron� 'per cubic ce:q.timeter in the F2 layer. At 
frequencies above this value waves striking t�e htyer at vertical incidence 
penetrated through the layer 'and did not return to earth. 

The heights ' obtained� from the deiay of th� sky�wave pulses are the 
" virtual " or apparent heights, and are always greater than the maxtmum 

, height reached by the wave because of the fact that in the ionized regiob 
the waves travel more slowly than in' free space . , The actual group veloc- " 
ity is equal to the velocity' Qf light multiplied by the refractive index. 
The slowing down is hence very great near the criti�al frequency, for here ' 
the refractive index approaches zero and the velocity becomes very low. 

, This accounts for the apparent rise in h�ight near ·the critical freqliency 
which appears in Fig. 363 .  The actual ,heights of the pointl3 of maxi:tiiuril 
'electron den,sities for this case are of the order of lOO, 190; and 375 'km for 
the E, F1, and F2 layers, respectively. . 

" 
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A number of other methods of investigating the ionosphere,have been 
devised and are used under certain circumstances. Thus Appleton and ' 

, Barnett1 investigated the ionized layer by varying the transmitted 
frequency and observing the variations that occurred in the signal strength 
at a point within range of the ground wave . Because of the different path , 
lengths of sky and ground waves, the relative phase of the two component 
waves reaching the receiver will alternate between the same phase and 
phase opposition as the frequency is varied, and the increment in fre
quency that .is required to change the relative phases by 1800 can be used 
to estimate the layer height. Theoretical analysis ill(�.icates that the 
layer height obtained in this way is the vi�tual height given by the pulse 
method of Breit and Tuve. , This method of determining the height of , . 
the ionosphere is particularly satisfactory at the lower frequencies, where 
the pulse method is not practicable, but is not satisfactory at the higher 
frequencies because with several refracted waves ' (as is common at the 
higher frequen,cies) 'the observed ' result's are too' complex to permit of 
interpret a tion. 

Appleton and his co-workers'have also made extensive studies of other 
characteristics of the received waves. With receivers located several 
hundred kilometers from the transmitter, they have deduced the virtual 
height of the ionized layer by measuring the angle of incidence at which 
the down-coming waves strike t!te earth. They have also worked out the 
technique by whic:b. it is ' possible to deduce the �haracteristic's of an 
elliptically pola'riz�d wave, including both the magnitude and' relative 
phases of the horizontal and vertical coinponents and also the sense of 
rotation� 

, 

Still another way of determining the height of the Kennelly-Heayiside 
.layer consists in ob�erving the variations in field intensity as the distance. 
between . transmitter and receiver is vari�d. Thus Hollingworth2 has 

. found that at moderate distances from long-:wave transmitters the signal 
strength altemateiy decreases and , increases as the distance between 
transmitter and receiver is varied . . These variations in signal strength 
result from alternate reinforcement and cancellation between sky and 
ground waves. , 

126. Relation of Solar Activity anq. Meteorological Conditions to 
the Propagation of ' Radio Waves:-. The fact that the propagation of all 
except the v�ry shortest radio waves depends to a marked extent upon 
the conditions in the ionosphere would lead one to expect some relation ' 

1 See E. V. Appleton, Soine Notes on Wireless Methods of Investigating the 
Electrical Structure'of the Upper Atmosphere, Proc. Phys. Soc., vol. �l, Part Il, p. 43, 
December, 1928. .. 

2 See J. Hollingworth, Propagation of Radio Waves, Jour. I.E.E. (London) " 
vol. 64, p. 579, May, 1�26. 
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to exist between solar activity and meteorological conditions on the one 
hand, and wave propagation on the other, and this is the case. 

The mo�t striking relation of this type is the abnormal propagation 
characteristics of radio waves that always acconlpany magnetic storms. 
A magnetic storm is characterized by a rapid and excessive fluctuation 
of the earth's magnetic field which begins almost simultaneously over the 
. entire earth with full intensity and then gradually subsides in 3 or 4 days. !  
Magnetic storms occur more or less irregularly, although showing: a tend
ency to reoccur at intervals of 27.3 days, which is the period of rotation of 
the sun. 

During a magnetic storm· the daytime field strength on long waves . is increased above normal, the sunset drop in signal intensity disappears, 
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�nd the night field is subnormal. 
These effects are ilhistr.ated in Fig. 
364 and . are more pronounced as 
the . frequency of transmission · is 
increased. . . ' 

The propagation of . high-fre
quency radio waves is very adyersely 
affect�d by rnagnetic storms, partic
ularly when the transmission path 
passes near the polar regions. Thus 

11 3 & 
P. M. 

9 12 3 & 9 1'2 .a  severe magnetic storm ordinarily �� . . . G.M.T. 
FIG. 364.-Effect of magnetic storm on 

low-frequency waves', showing how the day 
field strength is increased and the night 
field strength reduced by the magnetic 
storm. . 

makes the short-wave circuits across 
the north Atlantih completely inop
erative for a period of several days 
and causes subnormal field strengths 
for a week or more. The adverse 

effect is much less, however,' when the enti!e transmission path is nowhere ' 
near the poles. This is strikingly brought out by Fig. 365, which shows 
the signal strength over the New York-London and the'New York-Buenos 
Aires short-wave circuits during and after the same magnetic storm. 

In addition to the abnormalities of wave propagation which are asso
ciated with magnetic .storms, there ·also appears to be some relation 
between sun spots and radio-wave propagation. 'rhus yearly aver&ges of 
field strength of long-wave signals arriving from ' distant transmitters 

1 An excellent summary of the principal solar phenomena that are of importance 
in wave propagation is given by Clifford N. Anderson, Correlation of Long-wave 
Trans-atla1J.tic Radio Transmission with Other Factors Affected by Solar Activity, 
Proc. I.R.E., vol. 16, p. 297, March, 1928. · Also see Austin Bailey and H. M. Thom
son, Transatlantic Long-wave Telephone Transmission and Related Phenomena f�()m 
1923 to 1985, BeU System Tech. Jo�r. vol. 14, p: 680, October,· 1935; A. M. Skellett, 
On the Correlation of Radio Transmission with Solar Phenomena, Proc. I.R.E.� 
vol. 23, p. 1361, November, 1935. 
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correlate surPrisingly well wi�h yearly averages. of sun-spot numbers, as is 
bI'ought out by Fig. 366. 1 In addition to the eleven�year sun-spot cycle 
apparent in Fig. 366, there is also a 27.3-day sun-spot cycle corresponding 

I. ,  to the . period of rotation of the sun. Whiie day-to-day signal strength 
appears to be independent of day-to-day variations in sun-spot activity, 
Pickard has found that, when the signal strength over a· number of suc
cessive 27.3-day cycles is averaged, a very decided relation exists, as IS 
illustrated in Fig. 367. 2 
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FIG. 365:-Effect · Qf magnetic 

storm on the prop'ag!1tion of ' short 
waves. The drop in field strength is 
much' greater on the east:"west than on' 
the north-south circuit. • 
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FIG. 366.-Diagram showing ' the 

close cor-relation between sun-spot . 
numbers and yearlY average of long- ' 
wave 'signal strength. 

The variations in wave propagation which take place with sun spots, 
magnetic storms, etc., are the result of corresponding variations in the 
conditions existing in the ionosphere. Experimen�al data concerning 
the exact nature of these variations in t�e ionosphere are very fragmen
tary, although certain trends t;tppear to exist. Thus the highest frequency 
that is returned to earth at great distances during the day varies more or 
less ' in synchronism with the eleven-year sun-spot cycle, being highest 
when the sun spots 'are most numerous. Likewise.the electrqn density in 
the Fl layer appare�tly decreases on magnetically d�tu�bed days, and 

1 See E. B. JUdson, Low-frequency ;Radio Receiving Measurements at the Bureau . of Standards, Proc. I.R.E., vol. 21, p. 1354, September, 1933. 
2 See Greenleaf W. Pickard, Correlation of Radio Reception with Solar Activity 

and Terrestrial Magnetism, Part Il, Proc. I.R.E., vol. J 5, p. 749, September, 1927 . 
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the ab�orption that .the . sky . waves suffe� tends to be greater duIjng 
magnetic storms and on magnetically disturbed days th�n otherwise. ' . 

The effect of solar eclipses on the io�osphere can be inv�stigated with . 
the aid .of pulse signals. Results indicate that the changes caused by the 
eclipse are in phase with the optical eclipse and that during the period 
of totality the· maximum electron density in the ionosphere decreases 
appreciably. 1 

Some relation appears to exist between the strength of received signal, 
atmospheric temperature, barometric pressure, and weather conditions, 

90 
100 
1 1 0  \ V 

. 
although the correlation is not high and, 11" V � / \ �  unsF ots I / \ 11 

tends to be obscured by o�her influences . 2 
127. Noise and Static .-The output 

of a sensitive radjo receiver nearly 
always contains a background of rumbles, 120 . 

h I h' h d' cras es, ratt es, etc . ,  W lC lsappears ' 
1\ J 

. I:m� I llmttffi41�m1 :!:� ��::!:�i �f�:��::�C����ce��� 
1 10 ___ , _______ __ the antenna by eIther natural or man-

:illflll ;r!�{�:F;:�:::f:a:�=� I 5 5 .7 9 16�W 17 1921 232527 
. •  The principal sources of man-made 

FIG. 367.-Average of sun-spot noise ate high-voltage power lines, 
numbers� magnet�c character of days, ignition systems of airplane and auto-and radIO receptIOn on 1330 kc for . 
eight solar rotations. These curves mobIle motors, . b�sh motors, and elec-
have been �moothed by the use of a trical appliances. The noise from these 
13-day movmg mean. . . . sources IS distnbuted throughout the 
entire frequency range used in radi() , communication and is ·always . 
strong in cities and particularly in industrialized areas . ·' There is very 
little that can -be done to minimize the general level of man-made noise 
other than to suppress unusually ba� localized sources of interference. 
Satisfactory reception In populated areas IS hence ' obtained only from 
st-rQng signals. 

1 A summary of eclipse effects is given .by E. V. Appleton and S. Chapman, 
Report on · Ionization Changes ·d�ring a Solar Eclipse, Proc. I.R.E., vol. 23, p. 658, 
June, 1935. 

2 Thus see. Greenleaf W. Pickard, Some Correlations of "Radio Reception with 
Atmospheric Temperature and Pressure, Proc. I.R.E., vot 16, p', 765, June, 1928; 
L. W. Austin and I. J. Wymore, Radio Signal Strength and Temperature, Proc. I.R.E., 
vol. 14, p. 781, Decemb�r, 1926; R. C. Colwell, Weather Forecasting ·by Signal 

, Radio Intensity, Proc. I.R.E., vol. 18, p. 533, March, 1930; R. C. Colweli, Cyclones, 
Anticyclones, and the Kennelly�Heaviside Layer, Proc. I.R.E., vol. 21, p. 721, May, . 
1933. 
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Radio waves generated by n�tural cause� are . referred to as static 
and produce the familiar clicks, rumblings, crashes, etc ., som.etimes heard 

. in all radio receivers. · Static normally has its origin in thunderstorms 
and similar natural electrical disturbances and is in the form of impulses, 
the energy of whioh is distributed throughout the range of useful radio 
frequencies. l  The energy level of static decreases as the frequency 
increases, ordinarily being'very great at the lower radio frequencies and so 
small as to 'be unimportant · at ultra-high frequencies. Since static is . fundamentally a radio signal containing frequency components distrib
uted over a wide range of frequencies, the static within any frequency 
range is propagated over the earth in the same way as ordinary radio 
signals of the same frequency: Thus static impulses travel great dis
tances under favorable conditions, arrive at a receiving point from a 
definite direction; and possess diurnal and seasonal variations in intensity . 

. as a result of corresponding variations in wave propagation. 
It has been found that some of the static ob/?erved in t,he northern 

hemisphere is produced by local thunderstorms, but that a surprisingly 
. large part 'of static interfet:ence ·originates �n the tropics. Thus direc
tional observations on long-wave static in Maine give a general south
westerly origin pointing toward the ' Gulf ' of Mexico and Texas, while 
similar observations in Europe indicate sources in Africa. 2 It has also 
been found that land areas, particularly mountains, are usually the most 
important sources of static, and that the sta.tic is worst in the summer 

. season. 
Low and ' Moderately Low Frequency Static.-At low radio frequencies 

the static intensity is high because most of the energy of a static impulse 
.is c'oncent�ated on the lower radio frequencies and 'because at low fr�
quencies radio waves propagate great distances with small attenuation. 3 

1 Information on the nature of the static pulses produced by thunderstorms is 
given by H. Norinder, Cathode-ray Ospillographic Investigations on Atmo�pherics, 
Proc. I.R.E., vol. 24, p. 287, February, 1936. 

. 
. 

At short waves there is a relativ.ely weak hisslike static having an interstellar 
origin in the direction of the Milky Way. See Karl G. Jansky, A. Note on the Source 
of Interstellar Interference, Proc. I.R.E., vol. 23, p. 1158, October, 1935. 

2 The connection between storm areas and static is strikingly brought out by 
observations made in Maine by engineers of the American �elephone and Telegraph 
Company, in which it was found that storms within several thousand miles could be 
readily followed for days by making directional observations on static. See A. E. 
Harper, Some Measurements on the Dire�tional Distribution of Static, Proc. I.R.E., 
vol. 17, p. 1214; July, 1929 ; S. W. Dean, Correlation of Directional Observations of 
Atmospherics with 'Weather Phenomena, Proc. I.R.E., vol. 17, p. 1 185, July, 1929. 

3 Thus the same static impulse has been observed at Berlin, Germany, and the 
Hawaiian Islands. See M. Baumler, Simuitaneous Atmospheric Disturbances in 
Radio Telegraphy, Proc. I.R.E., vol. 14, p. 765, December, 1926; also see S. W. Dean, 
Long-distance Transmission of Static Impulses, Proc. I.R.E., vol.19, p. 1660, Septem
ber, 1931.  
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The intensity of long-wave static becomes greater as the frequency is 
reduced, and in northern latitudes is greater at night and summer than 
in the daytime and winter, respecthcely. The curves of Fig. 368 sum
marize the more outstanding features of long-wave static a.s observed 
in the northern hemisphere. 1  

. 

At moderate frequencies, such as those in the broadcast range, a large 
, -a fraction of the static observed during the day'is of local origin because of 

the poor propagation of such frequencies during daylight hours. At night, 
however, the lower attenuation causes static impulses of distant origin 
to be heard, with the result that the 'noise level is ordinarily greater at 
night than in the daytime. 
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Short-wave Static.-The static inteIisity at short waves, i.e. ,  frequencies 
from 6000 to 30,000 kc, is inuch less thari. at lower frequencies, and during 
a good part of the time is of the same order of magnitude 'as the noise level 
of a typical radIo , receiver, Investigations of high-frequency . static 
show evidences of localized sources similar to those observed at lower 
frequencies, and it BtPpears that a large fraction of high-frequency static 
represents waves that have traveled considerable distances. As a result, 
high-frequency static at any given wave length shows diurnal and seasonal 

1 Excellent discussions of long-wave static are given by L. W. Austin, The Present 
Status of Radio Atmospheric Disturbances, Proc. [:R.E., vol. 14, p. 133, February, 
1926; Lloyd Espenschied, C. N. Ancletson, and Austin Ba.iley, Trans-atlantic Radio 
Telephone Transmission, Proc.1.R.E. , vol. 14, p. 7, February 1926 ; and R. A. Watson 
Watt, Present State of Knowledge of Atmospherics, abstract in Exp. Wireless and 
Wireless Eng., vol. 5, p. 629) November, 192R 
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variations in intensity which are identical with the corresponding varia
tions in the strength of long-distance short-wave signals of the same fre
quency. This is well illustrated by, the curves of Fig. 369, which show 
that during the day the static is strongest on the frequency best suited 
for daylight transmission (a high frequency) , while a't night a reversal of 
the situation takes place because a low frequency is best for short-wave 
night transmission. 1 

High-frequency static is closely correlated with low-frequency' static. 
Investigations show that both arrive from the same directions and that 
sometimes it is even possible to correlate 
individual , high- ' and low-frequency 
impulses. 

Very little static' is found on frequen
cies too high to be refracted from ' the 
ionosphere. ' At these frequencies the 
range of the signals is so limited that all 
static must be of relatively local origin, 

, ' and even then there is very little static 
since it appears that nature, like man, 
finds difficulty .in generating waves at 
such high frequencies. 

. Means of Overcoming Static.-The 
only success(ul means that h
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• are to make the frequency band ' to FIG. 369.-Di;:�� variation of 
which the receiver responds as narrow short-wave static received at Doria, 
as possible and �o ll, se directional receiv- Fla. , in December. N ote how the 

noise level on each frequency is highest 
ing antennas. Since static energy is at the part of the day most favorable 
more or less uniformly distributed for long-distance propagation. of waves 

of the same frequency. 
through the frequency spectrum, it is 
obvio'ds that the amount 'of static energy ' picked up by a receiver is 
almost directly proportional to the frequency range to which the receiver 
responds. This range shoJlld therefore be no wider than is necessary to 
accommodate the side bands dj the desired signal. 2 

Directional receiving systems' are of advantage in eliminating static 
interference when the interference and the desired signal arrive from 

1 The result of a very thorough investigation of high-frequency noise is reported 
by R. K. Potter, High-frequency Atmospheric Noise, Proc. I.R.E., vol. 19, p. 1731, 
October, 1931. Also See R. K. Potter, Estimate of the Frequency Distribution of 
At�ospheric Noise, Proc. I.R.E., vol. 20, p. 1512, September, 1932. 

:4 See John R. Call1on, Selective Circuits and Static Interference, Trans. A.I.E.E., 
vol. 43, p. 789, 1924. This is a classical pape,r in which it is shown that, if static is a 
random series of impulses, then the amount of static energy absorbed by a receiver 
is directly proportional to the' frequency range to which the �eceiver responds. 
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different directions. It has been found that in east-west transmission at 
high latitudes very great gains in signal-to-noise ratio are nearly always 
realized 'by using directive receiving antennas, because the major sources 
of static heard on a�ost any frequency are to the south and so are not 
in the direction of the _ transmitting station. Mter the full benefits of 
narrow-band reception and directional receiving antennas have been 
realized, the only remaining possibility for improvement in the signal-to
static ratio is to increase the transIpitte� ' power in order to override the 
interference, or to move the receiver to a - location where the static 
intensity is less. 

. 

Much effort has been expended in attempting to devise " static 
eliminators,"  but all of these devices h�ve heen failu!es� The reason is 
that static is a radio wave similar in all respects to the signal that is to 
be received, and any ' balancing scheme that balances out static will also 
balance out the received signaL In cases where apparent 'improvement 
has been obtained it can be shown that this is the result of improved 
' selectivity (i.e., a narrowing of the width of the response band of the 
receiver) rathet: than because of any balancing action that is present. In 
telegraph receivers the width of the response band of ardinary receivers , 
is much greater than the minimum neoessary to accommodate the side
bands repres'ented by the dots and dashes, so, that considerable improve
'ment in signal-to-static ratio of code signals can ordinarily be obtained 
by increased receiver selectivity. !  

The use of frequency modulation at ultra-high frequencies has recently -
been proposed as a' means of reducing static interference. Preliminary 4 
results have been quite promising, and theoretical analysis indicates that 
-frequency modulation is superior to amplitude modulation in suppressing' 
noise, provided the ratio ' of signal, to noise volt ages exceeds a' certain 

, limiting value. 2 
128. Reciprocal Relations in Wave Propagation.-From the Rayleigh

Carson reciprocity theorem discussed in Sec. 130 it follows that the trans
mitter a�d receiver can under ordinary conditions be interchanged 
without producing any effect: - This is equivalent to stating, among other 
things, that reversing the ' direction of transmission between two fixed 
points does not affect the propagation, and that the angle at which the 
w

,aves arrive �t the rece�ving antenna is the same as the vertical angle �t 
1 See John R. Carson, The Reductipn of Atmospheric Disturbances, Proc. I.R.E., 

vo1. 16, p. 966, July, 1928. In this paper Carson shows the fallacy behind a number 
of proposed metho<k of balancing out static interference while still preserving the 
signal. 

2 See E. H. Armstrong, A Method of Reducing Disturbances in Radio Signalling _ 

by a System of Frequency Modulation, Proc. I.R.E., vol. 24, p. 689, May, 1936 ; 
Murray G. Crosby, "Fr-equency Modulation Noiso Chf,Lracteristics," Proc. I.R.E., 
vol. 25, p. 472, April, 1937. 
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, 'which the same wav�s ieft the transmitting antenna. These, reciprocal 
relations are exact except for propagation through an ionized medium in 
the pres�nce of a magnetic field, and' so apply to ground-wa�e and direct-

/ ray ' transmission without any restrictions: However" even when the 
ionosphere play:s an important part in the wave transmission, the reciprocal 
r�lations can still , be expected to 'hold when they are applied to values 
averaged over a short period of time rather than to instantaneous 
conditions. 

Problems 
1. A police radio transmitter is to be designed to provide coverage for a small 

city and surrounding countryside. Assliming that 80 per cent of the power delivered 
to the transmitting antenna is actually radiated, that the radiated field is proportional 
to the cosine of the angle of elevation, and that (1', = ' 0.5 X 10-13 and E = 20, determine 
the transmitter power required to make the ground wave have a strength of 100 }.LV per 
meter at a di�tance of16 'km when the f�quen.cy is: (a) 1690 kc, (b) 2500 kc. 

2. A broadcast station operating at a frequericy of 1000 kc delivers 50 kw to an 
antenna which radiates 80 per cent of this power and which has a directional char
acteristic such that the field radiated along the horizontal is 1 .28 times as great as in ,  
antennas in which the field is proportional to the cosine of the angle of elevation. 
Assum41g that the earth conducti�ty is 10-13 e.m.u. and that the dielectric constant 
is 15, calculate the distances from the transmitter at which the strength of the ground 
wave will be 1 mv per meter, 0.5 mv per met�r, 0.2 mv per meter, 0.1 mv per meter, 
and 0.05 mv per meter. 

' 

·S. A series of ,field-strength measurements about a broadcast station operating 
at 900 kc shows that at a distance of ' 20, miles the strength of the ground wave is 
0.25 of the value calculated on , the basis of zero ground losses. Deduce the earth 
conductivity for this case, assuming a reasonable value for the dielectric constant. 

4. On �he assumption that the ionosphere is the result of radiations from the sun 
which ionize the earth's atmosphere, explain why it would be unreasonable to expect 
the electron densities at several thousand miles above the earth, or at the earth's 
surface, to be as great as at some intermediate height. 

' 

6. The earth's ' magnetic fjeld has no effect upon a w�ve passing through the 
ionosphere provided the wave is so oriented that the electrostatic lines of force of the 
wave are parallel with the magnetic flux lines of the earth. Explain. ' 

6. Calculate and plot the refractive index of the F 1 layer as a function of frequency 
up to the frequency. for which }.L = O, assuniing that the electron density is 2.2 X 106 
electrons per cubic centimeter (corresponding to summer noon at Washington as rn. 
Fig. 337) . 

'1. From tJIe data given in Fig. 337 calculate and plot as a function of time; of day 
the highest frequency that on the average could be used for short-distance communi
cation (corresponding to a sky wave striking the ionosphere wi'th �early vertical 
,inciden�e) at Washington, D� 'C., .in June, 1933, 'during the hours 8 A.M. to 6 P.M • . 8. Calculate, the highest frequen�y that will be returned to earth under . any 
conditions where the ionosphere conditions correspond to those at Washington in June 
(see Figs. 336 and 337), when the tiine of day: is (a) noon, (b) midnight. , 

, 9. Calculate the magnitude and phase angle of the reflection coefficient for hori- , 
zontally polarized waves in soil for which the dielectric constant is 20 and the con,. 
ductivity is 10-13 e.m.u. Use frequencies of 100, 1000, and 1O,00Q kc, a�d aSSUJIle 
vertical incidence (� = 90°) . 
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, 10. At broadcast frequencJes (550 to 1500 kc) the sky-wave attenuation is quite 
small at night and very high in the daytime. Describe ion{)splieric conditions which 
could explain this behavior and which would at the same time not be inconsistent 
with Figs. 336' and 337,.' 

. 11. From the characteristics of the ionosphere explain : (a) how it comes about 
that low-frequency waves suffer less absorption in the ionosphere in the day than · 
waves of broadcast frequenc�es, and (b) why there is less diurnal and seasonal vari
ation in Fig. 347 for 17,300 cycles than for 54,500 cycles. 

12. Determine the transmitter power (assuming ' that the radiated field is pro
portional to the cosine of the angle of elevation) required to produce a ground-wave 
field strength of 1 Il?-v per meter at a distance of 200 km when the soil conductivity 
is 10-13 e .m.u� and the dielectric constant is · 15, for frequencies of 550, 1090, and 1500 
kc. From the results discuss the economic feasibility of obtaining large ground-wave 
coverage at the different broadcast frequencies. 

13. D�termine the transmitter power (assuming that the radiated field is pro
portional to the cosine of 'the angle of elevation) required to produce a ground-wave 
field strength of 1 mv per meter at 200 km when the frequency is 550 kc aild the earth 
conductivity is 10-11 (sea water) , 10"':13 (good soil) , �nd 10-14 (poor soil) . 

14. Draw curves corresponding to Fig. 351c, but giving ideal directional char-
� . acteriStics for different trap.smitter pow�rs with constant soil conditions. 

15. A propo.sed broadcast transmitter is to deliver 50 kw of power to an antenna 
that has a directional characteristic. as shown in Fig. A. The field strength along 
the ground at a distance of 1 mile (which is so close that ground losses can be neg
lected) is expected to be · 1750 mv per meter. The transmitter frequency is to be 
1000 kc. 

FIG. A. 

a. Plot a curve of ground-wave field strength as a function · of distance up to . 
750 km for earth conductivities of 1 X 10-13 and· 0.4 X 10-13. 

b . .  Calculate sky-wave field str�ngth as' a function or' distance up to 750 km by 
making reasonable assumptions as to the ionospheric action, and plot the results upon 
'the same curve sheet as used for (a) . 

c. Discuss the resulting coverage for both day and I!ight, in�luding consideration 
of such factors as day and night primary-service areas, location of high-distortion 
area, amount of rural night coverage obtained, etc. 
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16. Calculate and plQt skip distance as' a function of frequency for ionospheric 
conditions corresponding to those given in Figs. 336 and 337 for noon and midnight 
in December. 

' 
1'1. Suggest short-wave frequencies suitable for communication at noon and at 

midnight, Qver distances of 500 km and 5000 km, assuming that the ionospheric condi
tions are those shown in Figs. 336 and 337 for June. 

18. Show that the data given in Figs. ' 336 and 337 are consistent with the fact 
that the optimum frequency for long-distance short-wave communication' is much 
lower at night than in the day, but differs only slightly in winter from summer. , 19. Short-wave communication is to be carried on at noon between two points 
200 km apart. Determine the approxilnate vertical angle at which the transmitted 
energy should be concentt:ated, assuming that the ionospheric conditions correspond 
to thQse for December in Figs. 336 and 331 and that the transmitter . frequency' is 
(a) 2,750 kc, (b) 4,000 kc. 

20. Wnen the transmitting . and receiving antennas are close together so that the 
reflected wave reaching the receiver'strikes the ground with an appreciable angle of 
incidence, Eq. (219) no longer holds, but rather the received field strength alternately 
decreases and increases as the height of either antenna is increased. Explain. 

21. The antenna for a proposed television 'trltnsmitter is to be located at the top 
of a building 750 ft. high. (a) Over what distance is direct-ray coverage possible, 
aSsuniing that the average receiving antenna will have a' height Qf less than' 30 ft.? 
(b) Over what distance is a straight-line path possible, assuming ·the same receiving 
antenna? 

. 

22. An ultra-high-frequency transmitter operating at a wave length of 5 meters 
with a power of 100 watts is to be used for comml1nication between two points 50 miles, 
apart. The height of the transmitter antenna is 400 ft. (a) Determine the minimum 
height of the receiving antenna for which direct-ray reception is possible. (b) Esti- . mate the field strength .received by this antenna, assuming the transmitting antenna 
radiates a field proportional to the cosine of the angle of elevation and �aking into 

. account the earth curvature with 'the aid of Fig. 362. . . 
23. What transmitter power is required to deliver a 0.050 mv per meter signal at 

5 meters when the transmitting and receiving antennas are both 50 ft. high, the dis- ' 
tance is 10 miles, and the ,radiate<;l field is proportional to the cosine of the angle of 
elevation? 

' .  

24. When pulse signals are being returned from the F 1 layer, the virtual height is 
greater when the frequency is just barely high enough to permit penetration of the 
E layer than when a higher frequency is used, even though the waves actually pene
trate farther up into the F1 layer the higher the frequency. Explain. 

25. Explain why single side-band transmission of radio-telephone signals has been . found to be an effectiv� means of reducing the effects of static at both high and low 
fre_quencies. 



CHAPT,ER XV 

ANTENNAS 

129. Fundamental Laws of Radiation.-An understanding of the 
mechanism by which energy is radiated from a cirtmit and the derivation 

' or' equations fo� expres,sing this tadiation quantitatively inv.olve con
ceptions that are unfamiliar to the ordinary engineer. 1  The mathe
matical formulas that express the r€�sults of such an analysis are, how

ever, quite simple and un�e:rstandable . 
Thus th� strength of the field radiated 
from an , elementary length of WIre ol 
carrying a ' current ' .I  (see Fig. 370) IS 
given by the formula : 

6<hr ' ( d) E = d'A (ol)! �o� (-' t - C cos (J 
FIG. 370.-ElementarY doublet 

, consisting of a length of wire ol carry
ing a .eurrent I. 

. 6<hr ( d) = .de f(U)! cos w t - C cos (J (221) 

where 
E = the strength of the wave in volts per meter 
ol =, the length of wire from which the radiation takes 

place, measured in the sam,e units as 'A 
! cos (wi + 90°) = curren't flowing in the wire in amperes d = distance from P to the antenna in meters 

(J = angle of elevation of po�nt at which field is desired 
. with respect to a plane perpendicular to the 

c,ond'uctor ol 
r = frequency of current, 
w = 27rf 

, t = time e = velocity of light = 3 X 108 meters per second 
'A =  wave length corresponding to frequency f. 

1 For an elementary mathematical analysis of the radiation phenomenon, see R. R. 
�msey and Robert Dreisback, Radiation and Induction, Proc. I.R.E., vol. 16, p.  
1 1 18, August, 1928; R. R. Ramsey, Radiation and Irlduction, Pr-oc. I.R.E., vol. 21,  
p. 1586, November, 1933. A more advanced treatment ,is given by G: W. Pierce, 
'� EI�ctric Oscillations and Electric Waves,", McGraw-Hill :Book 'Company, Inc., New 
York, 1920'. 

648 
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The radiated field E varies directly as the current ]., the frequency j, the 
doublet length ol, and the cosine of the angle of elevation, and is inversely 
propor'tional to the .distance d. The phase of the field depends on 
the phase of the . cut:rent at the inst�nt the wave left the antenna. The 
strength of the magnetic' component H of the wave IS related to the 
electrostatic voltage gradient E by the equation 

E = 300H , (�22) 

where H is in lines per squ�re centimeter · and'E is in volts per centimeter. 
The total field radiated from' an . antenna . is foun� by adding up the 

' . separate fields produced by the elementary lengths of the radiator, taking 
into account phase relations and, planes of polarization in making this 
addition. When the antenna configuration and the curre�t distribution 
are khown, the radiated field is determined by integrating the· contribu
tIons that are made by each elementary length, as �scussed in detail i,n 
Sec . 131. . 

The wave front of the radiated wave lies in a plane perpendicular to a 
line dra�n toward the antenna, and the waves are polarized in the, same 
direction as the antenna. Thus , a plane ,can be passed through the 
antenna and an etectrostatic flux line of the radiated wave, while th� 
magnetic flux is perpendicular to such a plane. 

Current . Distribution in an Antenna.-An ' antenna represents a circuit 
having distributed constants, and so has a current distribution of the 

, type dis�ussed in Sec, 15. Strictly speaking, the inductan<:e and capacity 
per unit length are not the same for all parts of the antenna, so that an 
exact solution for the current distribution is extremely complicated. 
Experiments have shown, however, that · in the usual case where the 
antenna is operated so as to give resonance, the current is very nearly 
sinusoidally distribut,ed, with the p4ase differing by 1800 in adjacent half
wave-length sections . (see Figs. 33 arid 34) . 1 The current is zero at the 
open ends of such an antenna and approaches zero at all points that are an 
exact multiple of a half wave length distant from the open end, while the 
current is maximum at points' that are odd q�arter wave l,engths distant 
from the operi ends. The length of an antenna expr�ssed in wave lengths 
is very nearly equal to the length between extreme ends, mea�ured in 
terms of the wave length of a wave traveling with the velocity of light, 
i.e. ,  a wave length of the radio wave. Examples of current distribution in 
a number of typical antenn'as are shown in Fig. 371 . . The current in 

1 This is shown by experimental results published by R. H. Wilmotte, Distribution 
of Current in a Transmitting Antenna, Jour. I.E.E. (London) , vol. 66; p: 617, June, 
1928. The only important practical exception is in the tower antennas used Dl 
broadcast work, where the variation in cross section with height moqifies the current 
distribution ' (see Sec . 136) . 

. 
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each case follows a sinusoidal law, and u, zero at the open ends. When the 
lower end of the a�tenna.is grounded, as in a to f, or when the lengtb of an 
ungrounded antenna is not an exact multiple of a half wave length as at 
j, the current distribution is made up of sections of sine waves as shown. 

The' common method of representing antenna current distribution, 
shown in Fig. 371 , is not strictly correct, for, as explained in Sec . 15, 
losses prevent the current from going to zero except at an open end. The 
resulting error is so small, however, that it can always be neglected. 

Impedance of Antennas:-An antenna, as' a result of its distributed 
inductance and capacity, is equivalent' to a transmission liQ,e and there
fore, like all transmission lines,. acts in many.respects as a resonant circuit . .  

In the qase of an ungrounded antenna, resonance is obtained whenever 
the total length approximates a multiple of a half wave length, while with 
the grounded antenna resonance occurs whenever the length is an odd 
multiple of a quarter wave length. Consequently a voltage applied in 

Groul1c:;l�oI Al1tennOlS 

'1 '1 'it ':1 'i'if . 
Un�roul1ded Al1tel1l1� Witl10ut loodit'K3 L� Unqroul1ded A� 

'��t (h)\ <llLf 'jl�f 

FIG. 371 .-Current distribution in typical antennas. In each case the current has a 
sinusoidal disfribution and is zero at the open ends. 

series with an antenna will encounter a capacitive reactance at frequencies 
just below resonance, an inductive reactance at frequencies above reso
nance, and a resistance at resonance. If an antenna is not exactly the 
correct length for rel.?onance, it can a�oordingly be brought into resonanc� 
by adding series inductance to neutralize the capacitive reactance of an' 

, antenna that is too short or by adding a series capacity to neutralize the 
inductive rea�tance of an antenna that is too long. 

The magnitude of the . impedance offered by an antenna to a series 
voltage depends upon the frequency, the length, antenna construction, 
ground losses, etc. Because of these many factors involved; the exact 
impedance cannot ordinarily be predicted, although fairly accurate 
qualitative estimates of behavior can be made. 

Effect of the Ground; Image A ntennas .-When an antenna is near the 
ground, energy radiated toward the earth is reflected as shown in Fig. 
372, so that the total ·field in any direction represents the sum of 'a direct 
wave plus a reflected wave. In the case of a perfect earth (infinite 
conductivity) the reflection is complete, 'and can be taken into account by 

, I 
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replacing the ground by an imag� antenna as illustrated in Figs. 372 and 
�73. The fields produced by the joint action of the actual antenna and its . 
image are the same as exist in the .space above earth with the actual 
antenna in the presence of the perfect ground. 

Examples of image antennas for a number of cases are .give n in Fig. 
373. The general principles for setting 
up the image antenna for a perfect 
earth are as follows : ActuOIL 

anfennOl 
1 .  The image antenna has a physical config

uration that is the mirror iinage of the actual 
. antenna. ' " , �,/ , I // 

2. The currents in corresponding parts of I mag�lt-/' 
the actual and image antennas (i.e., parts cmfenna 

// 

, lying on the same vertical line and at th� same 
distance from the earth surface) are of the same 
magnitude and flow in the same direction when 
t he corresponding parts are vertical an.d in the 

FIG., 372.-Diagram illustrating 
how the wave reflected from the earth 
can be considered to be produced by 
an image antenna. 

oppOsite dire.ction when they are horizontal. The modifications necessary to take 
into account tpe effect of earth losses are considered in Sec. 132. ' 

Energy Relations and Antenna Re8i8tance�-The rate at which energy 
passes through 1 sq'cm of surfa ce located in the wave front is the average 
amount of energy contained in 1 cc of wave multiplied by the velocity of 
light. Thus, if the wave at the point' in question has a strength E volts 

, Urnarouncied Al1tenl101S 

� \ � 
" li, /-tJ 1 ./ , I r \ 1 41 \J "J 

FIG. 373 -Images for common types of antennas. 

effective value per centimeter, the average energy per cubic centimeter is 
E20.08842 X 10-12 joule. MUltiplying this by the velocity ' of light in 
centimeters' per second shows that the rate at which energy flows through 
each square ' centimeter of wave front is 0.00265E2 joule per second. 
Hence the energy radiated from the entire antenna system can be deter� 
mined by imagining that " the antenna is at the center of a very large 
sphere and ' then adding up the energy that flows through each square 
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centimeter of the spherical surface that is' above the ground: Practical 
. means of evaluating this total energy are discussed in Sec . 134. 

The total amount of energy radiated from a transmitting system can 
be conveniently measured in terms of a " radiation " resistance, which is 
the resistance that, when inserted in series with the antenna, will con
sume the same amount of power as is actually radiated. While the 
radiation resistance is a purely fictitious quantity, the antenna acts 
as though such a resistance were present b�cause the loss of energy by 
radiation is in its effects equivalent to a like amount of energy dissipated in. 
� resistance. The value or the radiation resistanee is determined by the 
antenna construction, and particularly the size measured in wave lengths, 
the relation to ground and other conducting obj ects, such as towers, 
buildings, ' and trees, etc. ,  and by the point on the 'antenna to which the 
resistance is referred (i.e., . the poi�t at which the radiiltion resistance is 
considered as being lumped) . Unless specifically stated otherwise, it is 
customary to refer the radiation resistallce to a curre:nt loop. Methods of ' 
evaluating the radiation resistance are taken up in Sec. 134. 

In addition to the radiated energy, energy is also lost in -the antenna 
system t,ts , a result of wire and ground resistance, corona, eddy currents 
induced in: neighboring masts, guy wires and other . conductors, and 
dielectric losse� aris�ng from imperfect dielectrics, such as trees and 
insulators, located in the field of the antenna. These losses can be repre
sented in the same way as the radiated' energy, i.e. , by a resistanc.e wh�ch 
when inserted in series with the , antenna will. consume the same amount 
of power as is actually dissipated in these various ways. The total 
antenna resistance is the s�m, Rr + Rz, of the radiation resistance Rr and 
the loss resistance Rz, and determines the amount of. energy that must 
be supplied to the antenna to produce a , given current. 

The efficiency of the antenna as :;t radiator is the ratio Rr/(Rr + Rz) 
of radiation to total resistance. This represents ' the fraction of the 
total energy supplied to the antenna which is converted into radio waves. 

Effective H eight.-The terJIl ejJ�ctive height as applied to a transmitting 
antenna represents the length of elementary antenna of Fig. 370 , which, 

.f. when carrying a uniform current equal to the current flowing at the refer
ence point in the actual antenna, will produce the same fiel<;l intensity as i� 
actually radiated. The effective height is very seldom used in connec
tion with transmitting, but is a convenient ' conception when the antenna 
�cts to receive radio waves.: 

Induction Fields. I-The electrostatic and n�agnetic ' fields having 
strengths given by Eqs. (�21) and (222) do not include the ordin�ry 

1 For a more complete consideration of the fields existing near an antenna, see 
F: R. Stansel, A Study of the Electromagnetic Field in the Vicinity of a ,Radiator, 
Proc. I.R.E., vol. 24, p. 802, May, 19,36; P. S. Carter, Cireuit Relations in Radi'a.ting 
Systems; Proc. I.R.E., vol. 20, p. 1004, June, 1932. 
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m'agnetic and electrostatic induction fields that are present in the imme
diate vicinity of the ap.tenna even at low frequencies where the ralliation 
is negligible � The total magnetic field that is produced in, ,the vicinity 
of an element�ry antenlla, sU,ch as that of Fig. 370, is �ven by the follow-

, irrg' equation : 
Magnetic field in lines per square centimeter = 

271-( 5l)I ( d) ( 5l)I) . ( d) 
lOd"A cos w t ,- c . cos (J - 10d2 SIn � t - C cos (J (223) 

The notation is the same as in Eq. (221) except that all the units of 
length are in centimeters. ' The first term of this equation represents 
the radiation field given 'in Eq. (222) , while the second ,term represents 
the induction field that· gives rise to the self-inductance of the antenna 
system. The induction magnetic field is 'in phase with the current 
flowing in the radiator (after making allowance for the time required in 
propagation) and is inv�rsely proportional to the square of the distance, 
,while the radiation field is 'in time quadrature, i.e., 90° out of phase, with , 
the current and is inversely proportional to the first power of the distance. 

, ' Because of the way in which it varies with distance, the induction . field 
, is of importance only in the immediate vicinity of the antenna, ' where 

it is ,much stronger than the radiation field. At a distance of "A/27r from 
the antenna the two fields are equal, while at greater distances the radia
tion field predominates. 

Along with the induction magnetic field there is also an induction 
electrostatic field1 which is' in time phase with the , electrostatic field of 
the radiated , Wave and, like the magnetic induction field, dies out much 
more rapidly with distance than does the radiated wave. 

130. Fundamental Properties of Receiving Antennas ana ReCiprocal 
R�lations Existing , between Transmitting and ' Receiving Properties.
A receiving antenna is able to abstract energy from a passing radio wave 
as a result of the voltages that the magnetic flux of the wave induces 
in the antenna. These induce� voltages. ar� distributed along the entire 
length of the antenna and have a value which per, meter of antenna length 
is f cos 1/I eos (J, where f is the field 'strength of the wave in volts per meter, . 
1/1 is the angle between the plane of polarization and the wire in which the 
voltage is induced, and (J, is the angle between the wave front and· the 
direction of the antenna wire . It will be observed that the quantity 

' f  cos l/; c�s (J is th� component of the field strength which has a wave front 
parallel to the antenna and is polarized in the same plane as the antenna. 

Energy and Current Delivered to Load Impedance .-In determining the 
current that the distributed induced volt ages will develop in a load imped
ance inserted in' series with the antenna, it is convenient to replace the 
actual antenna with'its load by the eq:uivalent circuit of Fig. 374. Here ' 
the antenna is consid�red as a generator consisting of an eqllivalent lumped 
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voltage E having an internal impedance Za, with which the load impedance ZL is in series. Th� ratio of lumped voltage to the strength of the radio 
wave is termed t�e effective height h of the receiving antenna (i.e. , 
E =' Eh) , while the equivalent impedance Za' is the impedance that the 
load sees when looking toward the antenna. The current that flows 'in 
Act\Jal �ritennol Equivalent Antenna Circuit this equivalent circuit is exactly the ' 

Circuit £qlJiv(Jflent cmtenncr impeclcmce.J same as the current that flows in ---� ... -. m>r���1 Z·/L",,<I 
the corresponding part of the real 

Equivalent" E 'impedance- antenna . . 
z - concentrated ZL The energy absorbed by the load L. ,vo!lage . 

is maximum when the resistance of 
FIG. 374.-Actual receIVIng antenna 

with load impedance ZL and distributed the load equals the resistance com-
induced voltages, together with equivalent . ponen t of the antenna impedance 'and 
antenna circuit in which the distributed 
voltages are replaced .by a lumped voltage the reactance of the lo.acl is equal hi 
E and the distributed antenna impedance' magnitude but opposite in sign to the . by an equivalent concentrated impedance t' . t f "th . 
Za. " " reac Ive componen 0 e equiva-

lent antenna impedance Za. When 
the antenna is tuned to resonance with the frequency being received, the 
antenna' impedance Za is a pure resistance equal t� the total antenna

" 

resistance, Rr + Rz, referred to the point where the load resistance is to 
be inserted, and the proper value of load resistanee is RL = (Rr + Rz) . 

The total energy that the receiving antenna abstracts from the passing 
radio wave represents the energy dissipated in the equivalent antenna 
circuit, and so is given by the telation " 

Total power in watts .a�stracted from radio .wave 
= RL �E�r2 + Rz (224) 

where E = field strength (r.m.s. value) of the radio wave in volts per meter 
h = effective height of the antenna in ll1eters 

Rr = antenna radiation resistance Rz = antenna loss r�sistance R L = load resistance . 
The fraction RL/(Rr ·+ Rz + RL) of this total energy represents thE;) 
portion of the abstracted energy which is u�efully employed. Of the 
ramainder, part is accounted for by the antenna :losses, such as wire and 
ground resistance, etc ., while the rest is reni,dia.ted. This reradiation 
of energy results from the fact that, when current flows in an ant�nna, 
radia'tion takes place irrespective of whether the voltage producing the 
current is derived from a passing radio wave or from a vacuum tube. 

The maximum amount of /energy that it is theoretically possible 
for a given antenna to abstract from a passing radio wave occurs when 
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the antenna .loss resistance is made negligibly small and when the load 
resistance RL is equal to the radiation resistance. Under these conditions 
the rate at which energy is abstracted from the wa,:e is (eh)2/2Rr watts, 
and, since half of this is reradiated, the maximum possIble amount of , 
power that 'can be delivered to a load resistance RL is (eh) 2/4RL watts. 
Calculations show that a section of wave front extending for only about 
one-quarter of a wave length on each side of the receiving antenna will 
be capable of supplying this received energy. 

The electromagnetic and electrostatic fields in the vicinity of a receiv
ing antenna are the sum of the fields produced by the radio wave' and 
by the current in the receiving antenna. The r�sult is that the receiving 
antenna causes a distortion in the field pattern in its immediate vicinity. l  
Analysis shows that th� effect of the ' receiving antenna on the passing 
wave is, 'first, abstraction of energy, which weakens the main wave, and, 
second, reflection or re radiation of energy, which redistributes the energy 
of the passing wave in a manner depending upon the antenna tuning (see 
Sec .  135 for a further discussion of this point) . 

' 

Relations between Receiving and Radiating Properties and the Rayleigh
Carson Reciprocity Theorem.-The properties of an antenna when used to 
abstract 'energy from a passing radio wave are similar in nearly all respects . 
to the corresponding, properties of the ,same antenna when acting as a 
radiator. , Thus the direc.tional characteristics, the current distribution, 
the effective. height, and the impedance of the antenna are the 'same in 

, reception as in transmission. The only difference is in the radiation 
resistance, which in the case of , receiving antennas depends 'upon the 
inserted' load impedance and tends to be higher than when radiating. 2 
These reciprocal relations between the transmission and reception proper
ties are extremely ':lseful because they make it possible to deduce the 
merits of , a receiving antenna from transmission tests,. and vice versa. 
Thus the directional characteristics or' a given antenna can be deterrined 

.' either by operating this antenna as a receiver and moving a portable 
transmitter about or by using , the antenna as a transmitter and making 
observati�ns of field strength on a portable receiving set. ' Similarly the 
effective height can be calculated by determining the voltage that must 
be inserted in the 'antenna to produce the same current as is produced by a 
wave of known strength, or it can be obtained by determining the field 
strength that the anteilna produces at a known distance when the antenna 
is transmitting with a known current. 

1 See Henry C. forbes, Re-radiation fr9m Twied Antenna Systems, Proc. I.R.E., 
vol. 13, p. 363, June, 1925; F. A. Kolster and F. W. Duntnore, The Radio Direction 
Finder and' Its Application to Navigation, Bur. Standards Sci. Paper 428. 

'2 See Raymond M. Wilmotte, Generalized Theory of Antennae, Exp. Wirele88 and 
Wirele8s Eng., vat. 5, p. 119, March, 1928. 
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. These reciprocal relation� between the tran,gmitting and receiving 
properties of an antenna are incorporated in reciprocal theorems, the most 
important 'of w�ich was discovered by Rayleigh and extended to include 

. radio communication by John R. Carson. ! It is to the effect that, if an 
electrorrwtive force E inserted in antenna 1 causes a current I ·to flow ' at a 
certain point in a second antenna 2, then the voltage B applied at this ·point 
in the second antenna will produce the same current I . (both in magnitude 
and phase) at the point in ant�nna 1 where the voltage E was originally 
applied. The Rayleigh-Carson theorem fails to be true only · when 
the propagation of the r�dio waves is appr�ciably affected by an ioniz,ed 
medium in the presence of a magnetic field, and so �olds for'all conditio�s 
except short-wave transmission over long distances. Even then, it is to 

No. ! 
ea/' -

length c 2 � 

No. 2 ear,.. 

o 

Length = 8A 
FIG. 375.-Polar diagrams showing strength of field radiated in various directions from an 

antenna consisting of a wire remote from the ground. 

be expected that on the average the theorem will still apply, even when it 
cannot be depended upon to.be exactly correct in every instance. 

131. Directional Characteristics of Simple Antennas.-The direc
tional characteristics of transmitting antennas :lre important. because 
only those waves radiated in certain directions from the transmitter 
,will reach a pa.rticular receiving point, while all energy radiated in other 
directions is wasted as far as transmission to this :r:eceiver is concerned. 
The directional characteristics of receiving antennas are likewise impor
tant because an antenna that abstracts much larger quantities of energy 
from waves coming from the direction of the transmitter than from waves 
of equal strength arriving from other directions will not pick up interfering 
sigilal� and static arriving from other directions. 

1 See ' John R. Carson, Reciprocal Theorems in Radio ' Communication, Proc. 
I.R.E., vol. 17, p. 952, June, 1929 ; John R. Carson, The Reciproc�l Energy Theorem, 
liell System Tech. Jour., vol. 9, p. 325, April, 1930. 
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The fundaIrl;ental factors determini�g 'the 4irective cha��cteristic� of 
' antennas can be understood by considering a series ·of simple cases which • 
incorporate the vari<?us principles involved. , , Wire Remote from Ground.-. The , directional .characteristics of an 
antenna consisting of a single wire having a length that is an exact multi
ple of a half wave length (i.e., an antenna operated at a resonant fre
quency) and , far removed from other objects· (particularly the ground) 
is given' by Eq. (2�8) : Polar diagrams giving the . directional character
.�si,ics of several such antennas in 'a ,plane containing the wire are shown in 
Fig. , 375 . . If the directional charac-. A I of'M · • ..J z .. ..J .�. . . , . . d . h ' di . 

I 
Cl! 11� es OI)('lmum ClII1 C11 ero .... ClI CII I CIITlon tenstlC 18 vIewe In t ree- me�slOna , of the LOI1«3 Wire RClIClIiaro,. 

space; it consists of a figure of revolu- ..s: 
tion ha�ng a cross section as shown in � III 
Fig. 375. ' An examination of Fig. 375 l� h(n .. -t---k-'�,....:::o..�-N�""""''''''''''''�� 

a o  shows that the directional character- 1; 4o-L�L�:::;;:]:Sf:��� istic contains a number of lobes, the . l. 
.!! '" largest of which are always the lobes r& 2O"t:=t::;j::::=,--t==;;:t::�i:j ' oC(  making the smallest angle with the 

axis of , the wire. Increasing the 
antenna length as measured in wave 
lengths has the effect of reducing the 
angle between the a�s of the wire and 
the direction of the large ' lobes, and 
also of increasing the number of lobes 
present, as is clearly evident in the 
figure. " , . 

The · important features of the 
directional characteristics of 

Q 2 4 6 6 10 12 
Lencih of Wire 'in ·Wave Lel1�+hs 

& 0 2 4 a fa 12 , 
Len«3th of Wire' in Wave Lel1gfhs 

. FIG. 376.-Angles at which the radia
tion from an isolated wire antenna is zero 
and maximum, together with relative field 
strength of ears. The ears are numbered 
so that ear l is the lobe nearest the direc
tio� in whi�h the antenna points. 

a WIre 
antenna in, space are, incorporated in 
the cUJ.;ves of Fig. 376, which show 
the angles with respect to the wire 
axis at which the radiation ' is ma:xi
mum and zerO', and also ' show the 
relative amplitude of the successive 
l<>bes or ears . Thus reference to Fig. 
376 shows that , a wire five wave lengths long has five lobes in 'each 
quadrant; with the maximum of these lobes coming at angles' of 22.5°, 
46<:', 60°, 73°, and 84° with respect to the wire axis, while the relative 
amPli:tudes of these lobes are 2.25, 1 .40, 1 .20, 1 .05 and 0'.95, respectively., . 

The reason that the directional characteristic of a long �ire differs 
from that of an elementary antenna is that the current in different parts 
of the . long antenna may not be, in the same phase, and the distance 
from a remote point to various parts of the long antenna will riot be the 
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s�me. The·result is that the' fields radiated from different portions of 
• the long antenna add tog'ether vectorially and give a sum that depends 

upon the direction and upon the current distribution along the wire. 

Radiafion patfern, . .,,-..... " / .... � ( , 
\ , 

This can be made clear by referring to 
Fig. 377 and considering the radiation 
produced at distant points P, PI, and P2 
by elementary , sections loc�ted at x and 
- x  on the antenna. The observer at P 
is equidistant from both points under 
consid�ration, and, since the radiation at 
x is in opposite phase from the radiation 

--- -P2 at - x, the two eancel at P to give zero 
field. In contrast with this, the observer 
at point PI is closer to x than to - x, so 
that, although the waves start from these 
two points in phase opposition, they do 
not completely cancel at PI. Finally at 
point P2 there is no field because, an 
elementary lengt.h of the antenna does 

FIG. 377.-Dia gram illustrating 
factors controlli ng the directional 
chara,cteristic of an antenna. Note 
that the radiation does not cancel 
,in the direction' Pi because of the 
different distance� to the two ends 
of the antenna. . , " 

not radiate energy along its axis� The 
result is a directive pattern in which the maximum of radiation occurs at 
an angle with respect ' to the wire axis, as shown. I " " " 

Grounded Vertical Antenna.-" Typical examples of grounded antennas 
are iilustrated in the top lines of Figs. 371 and 37:3 . When the height of a 
grounded antenna is of the order of one-eighth wave length or less, the 
radiation from the vertical· portion is almost eXHctly proporti?nal to the 
cosine of the �ngle of elevation, and the direct.ional characteristic is as 
shown in Fig. 378 (assu�ing a perfect earth) . This is because the total 
length of the antenna plus its image is then so sqlall that to a distant 
observer the difference in distance to the. different. parts of the antenna is a 
small fraction of a 'wave length� The directional . characteristic is hence 
substantially that of an elementary antenna. 

I The directive pattern obtained from a long wire can be readily calculated by 
considering the ' antenna to be made up of a number of elementary lengths and then 
adding up the resulting fields prodlicep at a distant point as indicated in Sec. 129. 
Thus' consider the case where the antenna is an even number of half wave lengths 
long, �'is the case in Fig. 3.77, and assume that the current is sinusoiaally -distributed. 
If the reference point is the midpoint of the antenna (x = 0 midpoint) and 10 is the 
m.,aximum' current, then the equation of the current distribution can be written as 

i = I o( sin 2�X) [�os (wt + 90")] " (225) 

Radiation at a distance x from the midpoint reaches distant point PI sooner than 
radiation from the reference point because the distance " is less by x cos 8, which 
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When the antenna has a flat top as i.n the -case of the two antennas 

shown at the end of the top line of Fig. 37L the radiation from the flat top . 

will be substantially zero unless the antenna height approaches or exceeds 
a quarter wave length. This is because. with low heights the radiation 

. from the flat top is almost completely neutralized by the radiation from 
the image of the flat top. . 

When the grounded antenna consists of a vertical wire that is a half 
wave length or more in length, the directional characteristics in the vertical 
plane are markedly affected; as is apparent from Fig. 378. . These patterns 
come about, as a result of the fact that such an antenna, together with its 

corresponds to (21f'x/>,,) cos (J radians advance in 'phase. By combining Eqs. (221) 
and (225), the field .1.E produ?ed at PI by an elementary length of the antenna is : 

. 607r[ . 211"x ( t do 21f'x ' ) . 
d .1.E = -

d 
0' srn - cos w - - + - cos (J srn (J x 

>.. ' >.. c >.. 

where 
o = angle of elevation measured with respect to the wire axis '0\ 
c = velocity of light ' 

. 

do = distance from the wire center to PI. 
The total radiation from the entire length L of the antenna is . 

L 
P<hr[ '. iX='2 . 21f'X ( do 21f'X ) E = 
d

' 0 srn (J _ L srn - cos wt - - + - cos (J dx 1\ X=- >.. c >.. � , 
. L ,  

601f'[ . (X ='2 . 21f'X[ (21f'X ) ( ' do) 7" 
d>.. 

0 sm 8Jx= �L srn T cos T cos (J cos wt � C 

(226) 

- sin (2
�X cos (J) , srn (wt -' �o) ] dx (227) 

6011" . { '( dO){ - cos [2
�X(1 - cos (J) ] . �o� [ 2

�X<i + cos (J) J} 
= -[0 srn tJ cos 'wt � - - ----=;-----� , d>.. . c 4r . 4r 

. . X
(1 - cos (J) , 

X
(1 + cos (J) 

_ sin (wt _ dO){Sin [�
(1 - cos (J) ] 

_ 

sin [�(1 + cos (J) J }}� 
c . 

4
1f'

(1 ' ) 4
1f'

(1 ) -L X - cos (J 'X + cos (J 2' 
When the length is a whole number of wave lengths, ' substitution of the limit§, 
followed by a few transfornlations, gives : 

. (fKL � ) , 

. 

60 SIn \ X co::; 0 ( " d E = -10 " ( - l) " sin wt :- �) 
d sm O , C 

where n is the number of wave lengths. . 

(228) 

The same procedure is. followed when the antenna length is an odd number of 
half wave lengths, except that the current distrioption is now i = [0 cos (21f'x/>,,) cos (wt + 90°) . The directivity in this case is given by Eq. (238a). 

• 
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image, is so long that the distarice from different parts of the antenna to a 
distant observer may differ by an appreciable fraction of a wave length for 
the higher vertical angles. 

Spaced Antennas.-One of the most important means of obtaining 
directivity is by combining the radiation from two or more spaced ,anteri- ' 
nas. A simple example of such directivity is illustrated in Fig. 379, 
which shows two vertical antennas spaced a quarter of a wave length 
apart, carrying equal currents and excited so that they are 90° out of 
phase. To an observer at t�e point P.3 the radiation from t�e two, anten-

.JJ} .. �V8 J� -:A/4 

C;;C:;1�.· Antenna Length�A/8 Anfenna Len9th=Aj4 

flXh i\-5� 
,�, �, A ntenna length - A/? . Antenna Length .. 5 o/e 

jJ j] .
H . . � 

AntennO! Lei1gth-3A;4 Antenna Length-A. 

FIG. 378.--'-Directional' characteristics in a vertical plane of field produced by grounded , 
vertical antennas of varying. lengths'. These polar diagrams can be thought of as cross , 
secti ons of a figure' of revolution about the axis of the antenna, �md assume a perfectly 
conducting earth. . 

nas adds becam�e, although the radiation leaves antenna 'A a' quarter of a . 
cycle 'a�ead of the radiation froro antenna B, it takes this first radiation a 
quarter of a cycle to travel the quarter wave length to antenna B, and the 

• two radiations add in the d�rection toward Pg. However, to an,observer 
, , at PI the radiations from the two antennas caneel because the radiation 

from antenna B starts a quarter cycle late and loses an a�ditional quarter 
cycle in traveling to A, thereby arriving exactlY in the correct: phase to 
cancel the radiation that is starting out from A towards PI. A distant 
observer at P2 is equidistant from the two antennas, and, since the radia
tions start out with a phase difference of 90°, they will add up in quadra
ture at P 2 to give a result that is v'2 ti�es the radiated field from a single 
an�enna. The resulting directional pattern is a cardiod as shown in Fig. 
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379. 1 By changing either the spacing, the relative phase, or both, other 
directional patterns are obtained as illustrated. in Fig. 380. 

More complicated systems of spaced antennas are considered in the' 
sectio:n below on Antenna Arrays. 

n (Rac/la/ions. 
� cancel) 
+ 

Non-resonant Long-wire Antennas. 
When the end 'remote from the. source 

.I , 
I ., 

. of power is properly. terminated, a trans
mission line and . hence an antenna 
have current distributions such as illus
trated in Fig. 33c .

. 
Th� current dies 

away exponentially " �ith distance from 
. the sending end, and "there is a phase 
shift that increases uniformly with dis-

L I I I I f· , t ( Radiafions 
• add) 
P3 

4> cs . 9 0 .t:. c. .  0 0  
• 

o 
co 
! /\  SpClcl ng 

FIG. 379.-Diagram illustrating 
how dlrectivity is obtained by the use 
of two spaced antennas. In the par
ticular case shown the spacing is 
)' /4, the �urrents are equal, and Hie 
rela ti ve phase is 900• 

. FIG. 380.-Directive patterns obtained from a 
pair of spaced antennas with different spacing and 
phasing, but carrying currents of equal magnitud�. 

tance and amounts to 3600 per wave length. The equation of the 
current distribution is hence 

I . + 90' 0 UTrX . Current at distance X} . ( C)_ ) f . .- OE-ax cos wt - �. rom power source " (230) 

1 The equation . of the . field -pattern obtained from two spaced antennas can b� 
readily derived as 'follows : To a distant observer at P 4 antenna A is closer by d cos cl>, 
where d is the antfmna spacing and cl> is the angle,. as shown in Fig. 379. If the phase 
of the currents in B lags by a radians behind A, then the phase difference between the 
radiations arriving from A and B at P is (27rd/>..) cos 4> + a radians� The relative 
field at P as a function of the angle cl> is then 

. ' .  [ (7r'd) a] . Relative field · =  2 cos X ' cos 4> + '2 
. . . . . 

When d = "A/4 and a = 7r/2, this becomes a cardiod as shown in Fig. 380. 

(229) 

• 

j 
i 

I 
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where 
lo cos (wt + 90°) = current entering the line at the sending end 

a = attenuation factor determined by losses (includ
. ing radiation) 

. A = dista,nce corresponding to a wave length. 
A long wire with such a current distribution has a directional char- · 

acteristic deterrriined by the same factors that have been considered above, 
but, because the law of amplitude and. phase variation of the current are 
different, the directional characteristics will as a result be modifiea. The 
results for several �ypical cases are shown in Fig. 381 . 1 Here it is seen 
that the maximum radiation takes place at an angle with respect to the 
axis of the wire which decreas�s as the wire beeomes longer · and is very 
little affected by even considerable attenuation. Attenuation modifiee' 
'the shape of the pattern in various details, however. . It will be noted that 
in all cases the radiation pattern is, substantially unidirectional. 

Gain of Directive Antennas.-The merit of a directive antenna is most 
conveniently �easured ih terms of the anten�a gain, which is defined as 

1 The formula from which these patterns are calculated is derived as follows : 
Ref�rring to ,Fig. 381, the current at X lags the curren� at the generator by 27rx/X 
radians, but is closer to P by x cos 0, which corresponds to .(27rx/X) cos 0 radians, so 
that, relative to the radiation from the generator end , the radiatioP: arriving at P 
fro� dx lags by (27rx/X) (1  - cos O) � From Eq. (221) ,  th:e radiation AE from dx is 

AE = ��(Sin' O)IoE-a� sin [wt -' 
2�x(1 -- cos 0)] dx 

Accordingly, the total radiation from the entire length L is 

E = - 0 srn 0 e-az sin wt - -(1 - cos 0) dx 607rI ' .if- [ 27rX ] . dx () . X 

= ��I(j sin 0 fof-E-az { Sin wLcos [2�x(1 - cos 0)] 

(231) 

, 
- cos wt sin [ 2�X(1 _ cos 0) J }  dx (232) 

Upon integrating and simplifying, this becomes 
, 

where 
E = E-az cos [wt - (px .- tl» ]  k 

. 

If-y'a2 + p2 . . 0 

k 607r[ . .  = dX o sm O -

27r p = X
(l - cos 0) 

tl> = arctan �. p 

Substituting the limits and making further simplifications then yields 

E = 3010 sin 0 - (1 + E-2aL __ 2�-aL �os pL)YJ dy'l + (a/p)2(1 - cos 8) (�3�) 
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, the power that must be supplied to a standard comparison antenna to lay 
down a given field strength in the d�sired direction, divided by the power 
that must be s:upplied to the directive antenna to accomplish the same 
result. Thus a gain of 100 ( =  20 db) means that the directive antenna 
requires only 7100  as much power to produce a given field strength in the 
desired direction as does the comparison antenna; or, conversely, when 
both antennas are supplied with the same power, the directive system will 

. make the received �mergy 1.00 times as great (corresponding to a tenfold 
increase in field strength) . 

The comparison antenna is usually taken either as a wire one-half 
wave length long and at arbitrary orientation and height above earth or as. '  

. one uf the individual antennas' of which the array is composed. The1atter 
(a) Diagra m  foruse in deriving Eq.233 . .  

Currenf a'isfriDuft'on p / 
..r-... � a 1 -O(X 

. 
Io cos w f  - -_Q! __ COS(wf-2/j 2S..) 

I . 8  - -:- - - X 

J' _____ X ----J k-ch Za 

k---- -- --- - L --- -,-� - - - - -.,4 
. (c ) Dj recti on o f  p(:tttern for L=4;\' 

'Clr'ld negligi ble OIttenuation 

{b) DirectionClI pattem rorL-2i\ Clnd negl igiole OI+tenuCltion . 

(cO Directi onod pattern for L- 4A and tota I atfenuation at. L- 0.8 

.E€ . . 
FIG. 381 .-Typical directional characteristics for a non-resonant wire in space. These 

patterns IJ:ray be considered as cross sections' of a figure of revolution in whic h the wire 
is  the axis . 

. 'method of expressing gain has. the merit of giving a'result that is nearly 
independent df earth effects and of the directive characteristics of the 
comparison antenna', except when the comparison antenna is sharply 
directional in the . same planes ' as is the array. . 

Methods of cakulating gain are discussed in Sec.  133. 
' . . 132. Antenna Arrays.-Dir�ctional arrangements involving a com
bination of two or more spaced antennas are termed antenna arrays. The 
array represents one of the most widely used methods of dbtaining direc- ' 
tivity,' and is' accordingly of such irn,po'rtance as to warrant special <;on-

' sideration. The principal characteristics of the more import�nt types of 
arrays are discussed below. ! . 

1 Th� discussion on broadside, end-fire, and colinear arrays and also · arrays of 
" arrays is based largely upon the following references : Ronald M. Foster, Directiv� 
Di�ram:s of Anteima 'Array-s, BeU System Tech. Jour., vol. 5, p. ,292, April, 1926 ; 
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Broadside Array.-, A broadside array consists of a number of antennas 
uniformly spaced along a line, carrying equal currents and all e�cited in 
the same phase. The broadside array is characterized by a concentration ' 
of radiation in a plane at right angles to the line of the array, with a 
tendencyJor radiation in other directions to be canceled. 

The principal properties of a broadside ' array are illustrated in Figs. 
382 and 383. The sharpness of t�e beam in the horizontal plane increases 
with' the length of the array and is substantia�ly iridependent of the spac- , 
ing of the 'radiators until a critical spacing is exceeded� which in the case 

Effect of Army ten!!fh 
onthe DiredionGlI 
Chal'"C!lCll!ristics of Gl , 
BrOOlolsiGle Army in ' 
Which the Element 
SpOl in0 is & 

Effect o( Element Spc;tcing on the Di rectionor l 
ChOl rotcteristi'cs of 01 BroOlc!sic!e Array Having 
Q'n OverOlI l  length of Three Wave Lengths 

� � � � .  � '*" 1<)1, .... , . -<  
' i i � � '�t � � � � � t � ·� ·f . � 

" � � .... .S! � 4 � 
• FIQ. 382.-Effect of array length and element spacing on the directional characteristics of 

field radiated from a broadside array in a horizontal plane. 

of Fig. 382 is 3A/4. The directivity in a vertical plane at right angles to 
the line of tp.e , array is the same as the directivity of the individu'al 
radiators, while In other vertical planes there is a tendency for the radia-
tion to be either partia:llY ' or completely canceled. 

. 

The gain of a broadside array consisting of short vertical antennas is ' 
shown in Fig. 383 ; it is almost exactly proportional to the length of the 
array and substariti�lly independent of the spacing up to the' 'critical 
spacing. It will be observed that the gain realized' is large if the array is 
long. . , 

The individual antennas making up the ,array can be of any desired' 
type. Thus it is possible to use honzontal radiators instead of vertical 
radiators, or each elementary radiator of the array can in itself be an array, 
thui giving an array of arrays. In any case, the broadside' arrangement 

, increases the sharpness of the beam in a plane containing the line of the ' . ' array. 
G. C. Southworth, Certain Factors Affecting the Gain of Directive Antenn.as, Proc. 
I.R.E. , vol. 18, p. 1502, September, 1930 ; E. J." Sterha, Theoretical and Practical 
Aspects of Directional Transmitting Systems, Proc. [.R.lil., vol. 10, p. l i84, Jtily, · 1931.  
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The maximum permissible spacing of the individual radiators with1n 
the array depends upon the extent to which the individual radiators con
centrate their 'radiation in the desired direction. If the elementary radi
ators have a l}.ondirectional characteristic in the plane being considered, 
such as is the case in Fig. 382, then the maximum spacing is 3X/4 ; but if 
the individual radiators already possess some directivity: th� spacing can , 
be increased. Thus in a broadside array compmmd of horizontal radiators 
the antennas may be �paced as much .2 4 0 
as one wave length withol,lt spoiling i 
the dir�ctional characteristic in the J 35 
horizontal plane, because a horizontal � 30 

wire pos�esses appreciable directivity 1 '25 
in the , horizontal plane. When the .� 
elementary radiators are themselves 1: 'la 
arrays with considerable horizontal ,� 15 

01 - Elemenf I5pcrci nt, 

r-- ", , r-

, directivity, spacings of two to three � 10 
wave lengths are often permissibl�. i 5 

The number and character of c -� , 1'" 

� fI' 
:", ,,�I""" ",. 

h. ' iA'� � l Of  01. l. XI. " -c .� 
" ;' 

", To G'=iI ,).. 

� .. 
.-�- ... p.a 

the minor lobes in the directional 1 �o '2. 
characteristic of a broadside array ' 
depend ' upon the length of the array 
and the number of radiat()rs contained� 
The longer the array the more mimer
ous but also the smaller these minor 
lobes 'will be. If the spacing between 

4 6 8 W n W � 
Arr()lY Length in Wow#: Lengths 

FIG. 383.-Gain of broadside array as 
a function of array length for various ele
ment 'spacings. These curves are for the 
case whe�e radiation from the individual 
antenna is proportional to the cosine of the 
angle of elevation and give the gain over , a 
single element of the array. 

radiators exceeds the critical value, one ,or more of the minor lqbes 
will become so greatly enlarged as to spoil the directional characteristic, 
as illustrated in Fig. 382 for spacing = A. . 

The directional characteristics of a broadside array can be calculated 
by summing up the fields produced by ea,ch element of each c6mponent of ' 
the array. Formulas, for doing this are given in Sec. '133. 

Colinear or BtaCked Array.-This is a' spedal form of broadside array 
where t4e line of the array is vertical. Such an arrangement gives direc
tiviiy in a 'vertical plane, i.e., in a plane containing the, line of the array, 
and represents a common means of obtaining vertical directivity. 

Typical directional characteristics under different conditions are sho�n 
in Fig. 384. The sharpness of �h€ beam is proportional to the length of 
the array and is independent of element spacing up to a' critical spacing, ' Which in the case illustrated is one wave length. This critical spacing is 
determined by the same factors as in a broadside array, and would, for 

, example, be 3X/4 if the radiators were,horizontal wires . . End-fire Array.-The end-fire array consists of a series of antetinas 
arranged in, a line, carrying equal currents and excited so that there is a ' 



\ 

666 RADIO ENGINEEJl,ING [CHAP. XV 
p:r;ogressive phase difference between adjacent antennas equal in cycles to 
the spaCing between antennas in wave lengths. Thus, if the adjacent 

Effect of Arr(1.y length on the Effect of Element SpClcing on the � 
Direction(1.1 Ch(1.rotcferistic of . Directionoll ChQrCilCrerisiic of et Co-lineQIr 
Cl Co-li ne(1.r Arroty in Which the Arr(1.y HClving (1. length of3)'(HeOISured 
Element length (1.nol M iol-Point Between Mid-Points of Enol EIf\ments) 
$pOlcin g Are t . (1.nol Composeol of Ele�lents t Long 

FIG. 384.-Effect of array length and element spacing on the directional characteristic of 
field radiated from a co-linear array in a plane containing the array. 

antennas are a quarter of a wave length apart, a phase �fference of 90° 
between adjacent antennas is called for. The result of such a phasing 

. Effect of Array Length on the Directional Chamctel"istles ofan End-Fire Army In Which . the Element Spacin0 is � ,and the Element Length is � 
Hori zonta l D i rectivlty 

<3 
Vertical Di�tiylty (where file Array is Remote from Ground) � . � . � 

�m . h�7 �r::r$:�;rf"" �# .  Length ·8� 
Effect of Element Spacing on the Directional ChDlrDlcteristics of DIn End-Fire Army in Which the. 

. Al"roty length is � A ;Glnol the Element Leneth is "h . 
HW;'" �I Di€ Gx8 

Vertical Oirec.tivity (W�ere the ArrDlY is Remote frpm GrOuncO � � � . J;; ,; � "��) � Infinitely MItIII . Spacing.j A. Spacing· � A . 

FIG. 385. -"-Effect of array length and element spacing on the directiouA.l characteristic of 
field radiated from an end-fire array. 

. system is to concentrate the radiation in the direction toward the end of . the array having the most lagging phase, as illustrated in Fig. 3S5. The 
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unidirectional nature of the resulting characteristic makes the end-fire 
array of considerable practical importance. ' , 

The principal properties of an end-fire array are illustrated in Figs. 385 
and 386. The degree .of concentration . 30r---r-...,--,----r----T7-r...,...-y 
in both horizontal and vertical planes 
is proportional to the length of the ..... . Q.�5 
array, and is also independent of the £t nnl---+_-"'+-�-ho�+---l,--+-f E O:: 1.\1 spacing of the elementary radiators Q) So. 

·. · provided this spacing does not exceed � 1 f5·1-·----+--f7Irt--f--�=---+_f 
a *ritical value. T.he gain of the array . � .� 101-' --I-�-I--�--I-- <fo--f--I is likewise proportional to length and � ] . 
nearly independent of spacing up to .ij f 51--:lt�'-t---t--+---I--+-f 
the critical spacing. . This critical \D.t 0 . 

. spacing depends upon ' the directivity 0 2. 4 6 8 fO 12. 
of the individual radiators and is 3A/8 Arra'l Lel1o/" il1 WCNe Lel1�t"s 

FIG. 386.-Gain of end-fire array as a 
function of array length for various ele
ment spacings-o Thestl curves are ca.lcu
hted on the assumption that the radia
tion from the individual antenna is pro
portional to the cosine of the angle of 
elevation. 

with antennas whose length does not 
exceed A/2, but it can be greater if the 
"individual radiators have greater 
directivity. 

The directive cliaracteristics of end-
fire arrays can be calculated in the same manner as the broadside array, 
'By adding up the radiations produced in the desired direction by each 
. element of each antenna. ' The necessary formulas for doing this are 
given in Sec. 133. 

(a) Si ngle short wQve ante.nno . (t::) Broadside Array of short waIVe . � nten nQS 
mission e m  

iYer 
TI"l111S. 
lin 
rece p� 

!J:-Colle 
ante clor nnQS 

.·Trcm smission line 
-Terminating 

�COl/P!. resiskmce 
ing ccrpacifies 

Tn:msmission lint fo 
receiver 

1 
1 

. . 

I . FiG. 387.-Plan view of single fish bone antenna and of an array consisting of two such . antennas in broadside� 

Fi�hbone Antenna. 1-The fishbone antenna is illustrated' in Fig. 387 
and is a special form of end-fire array in which ' the ' necessary ,phase 

1 'rhis type of antenna was developed by H. O. Peterson, and is described by H. H. 
Beverage and H. O. Petersun, Diversity Receiving System of R.C.A. Communi- " 
cations, Inc., for Radio Telegraphy, Proc� I.R.E., voL 19, p. 531, April, 1931. 

/ . 
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relations are maintained by a non-resonant line. The outstanding char
acteristic of the fishbone antenna is the . ability to perform satisfactorily 
over a considerable band of frequencies without any readjustments 
whatsoever. · . . 

The fishbone antenna consists of a serieS of collectors arranged in 
colinear pairs and loosely coupled to the transmission line by small 
capacities (usually the insulator capacity) as indicated in Fig. 387. The 
collectors are usually · but not necessarily horizontal. The phasing 
is obtained by taking advantage of the fact that, when a transmission line·. 
is terminated in its characteristic impedance, there is a uniform ·p�e 
shift along the lin·e of 3600 per wave length, which automatically phases the 
collector antennas properly with respect to each other. 

In the usual design the collectors are each about 0.3 wave length long 
at the optimum. frequency and are spaced a distance not to ' exceed A/12 
at this frequency. The length of the array is commonly three to five 
wave lengths, and is limited by · the reactive loading that the coupled 

HW.,sured antennas . place upon the transmission line . With thes� 
proportions the antenna is effective for frequencies ranging 
from about 1 .2 to 0.5 of the optimum frequency, or over a 
frequency range exceeding 2 to 1 . 1  

. 

A typical directional pattern of a fishbone antenna is 
FIG. 388.- given in Fig. 388, �nd is a unidirectional pattern charactet

D i r e c t i o n a l  ized by ·very small minor lobes. The characteristics of the. chax:acteri sti cs 
in a horizontal back-end radiation can be controlled to some extent by 
plane of typical causing either the phase or ' magnitude of the terminating 
s h o r t - w a v e  
fishb one an- impedance to depart slightly from the··characteristic imped-
tenna. ance; and it is even possible in this way to make a null occur 
in almost · any arbitrary backward . direction. When the directivity 
desired in a horizontal plane is greater than that given by a single fish
bone,. twp such arrays can ·  be placed broadside as illustrated in Fig. 387b, 
thus giving a two-element broadside array, each component of which is ,a 
fishbone antenna. 

. , 

Array of �rraY8.-The antenna arrays used in practice are nearly 
always combinations that ·can be considered as an array·, . each element 
of which is Itself an antenn.a array. The directional characteristic of 
such an array of arrays is the group effect r�sulting from the combination 
of arrays multiplied by the directional characteristic of the individual 
a!I'ays. The directiqnal char�cteristic of the individual ele�entary 

,1 The frequency range is limited at low frequencies by the fact that very little 
energy.is coupled into the line because the coll�tors are so far out of resonance, and at 

. . high frequencies by the fact that, when the collectors approach resonance, the result
. ing reactive loading pn the line alters the phase shift per unit distance along the 
transmission line, and hence makes it impossible to maintain the proper phasing. 
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array can be calculated as outlined in Sec. 133, while the group effect 
depends upon the .arrangement of the elementa!y arrays 'and is the direc .... · 
tional characteristic of an array composed of elements located at the center 
of each individual elementary arra� of the array of arrays, and having 
uniform radiation in all directions. . . . 

The commonest example of an array of ar;rays consists of two pn.rallel · 
broadSide arrays one-quarter wave length apart and excited in phase 
quadrature. " .  Such an arrangement is 'illustrated in Fig. 389a and can be 
considered as a broadside array, each element of wliicp. consists of two 
rapiators spaced one-quarter of a wave length apart and connected so 
as to be one-quarter of a cycle out. of phase. The directional characteris
ti� in a horiz�ntal plane of this two-element elementary antenna array 
is unidirectional, as shown in Fig. 389b and discussed in Gonnection with 

(Cl) Broou:lslt'le Army of VerticGli UnicAirectionGlI Couplets 
(CurtGlins 9ne Fourth Cycle Out of PhGlse) 

PIGln View . 
r'�'� 0 

0 0 0 0  � o  0 0 0  
k·_ ..... .. · ....... .,.--- 4:>.. - •. ; . ...... --.-.. -.. ----.>1 
SiQle View 

I I 1 1  I} I J 1 I 

(b) DirectionGlI ChOlmcreristic 
of UniolirectionOlI Couplet 

(Individual ChGlmct�ri5tic) 

(c) DirectionGII I Characteristic of Single CIIrtain . 
Broods)(;Ip Army (Group CIKlrr..:\erisfic) 

(�) Directiona l  
ChGlrolcteristic of 
BrOOlGisiGie Armr 
of Uni cAi rectionGl Couplets(!ndividual CIIomctensfi c of (b) 

Times Group 
ChanlC'leristic of (c» 

i/�wf 
FIG. 389.--;Broadside array, each element of which is  composed of unidirectional 

couplets, together with polar diagrams showing individual and group characteristics, and 
the actual directional characteristic of the field :t:adiated from the array of arrays. 

; 

Eq. (229),- while the directional characteristic of a simple broadsi.de array' 
is as shown in Fig. 389c. The characteristic of the broadside array, each 
element of which c�n�ists of a unidirectional couplet, is obtained by 
multiplying the individual characteristic of Fig. 389b by the group direc� 
tional characteristic of Fig. 389c, which · results in the uni<;lirecti0nal 
broadside .beam of Fig. 389d. The directional characteristic in a vertical 
plane is determined in' a similar manner, but is not of gr€at importance 
because the presel'lce of the second broadside array does not materially 
affect the' vertical radiation. Unidirectional characteristics in a horizontal 

. plane, similar to those illustr�ted in Fig. 389, are obtained whenever the 
spacing between the two broadside arrays is an odd multiple of a qllarter 
wave length· and the phase diffetence between the .two arrays is + 90o� . 

. depending on the desired direction. . 
Many short-wave antenna arrays consist of several a,rrays of broad

side couplets stacked one above the other in ordel: to give directivity in 
both . vertical and horizont�l planes. Such an antenna is illustrated in 

• 
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Fig. 390 and can be considered as consisting of a broadside array ' of 
'tlementary antenna arrays, ' each element of which consists of an array 
of stacked unidirectional couplets . Each elementary array of such an 
antenna is in itself an array of arrays, and the directional characteristic 
is obtained by multiplying the directional c,haraetel'istics of the unidirec-

, Plan View 
o 0 0 0 0 0 0 

JtL 0 o. 0 0 0 
Side View End View 

I I I I I I I I I ' l l. I I I I I I I I I i'�� 
I I I I I  I I I 1 1 1' 

FIG. 390.-Typical antenna array consisting of a broadside array of stacked unidirectional . couplets. 

tional ' couplet of Fig. 389b by the directional characteristics ,of a stacked 
�olinear antenna and then again multiplying by the directional charac
teristic of a simple broadside array. It will be observed that the principal 
effect of the stacking is to increase the directivity in the vertical plane, 
that the effect of the second curtain is largely confined to eliminating 

FIG. 391.-Directional characteristic in three-dimensional space of field radiated ' from a 
broadside array of stacked unidirectional couplets. (From Southworth.) 

the back-end radiation, and that the broadside arrangement gives 
high directivity in a horizontal plane. The result is a very intense , radiation confined to a. small con� directed ·along the horizontal , and 
aimed broadside to the antenna array. The directional characteristic of 
such an array in three-dimensional space is illustrated in Fig. 391 

PICln View � Side View E'nd View , -----� , . }.A-/2 � o+-� t - - - � J 0 0  
_' _____ �J� 0 0  

, , , t,;y; ' 0 0 

��� w.�� 
FIG. 392.-Views of a typical array composed of horizontally polarized antennas. 

,An array of arr:;tys similar to that of Fig. 390, but consisting of ' 
horizontally polarized half-wave radiators is shown in Fig. 392. The 
resulting directional characteristics are much the same as in the case 
of vertical radiators" except that the ground reflection cancels the 
radiation at very low vertical angles. 

• I 
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The supporting towers 0"£ antenna arrays usually divide the main 
array into smaller arrays, or bays, between the ends of which there is a 
.small spacing to accommodat.e the tower. Such an arrangement is 
essentially an array of arrays in which each bay repr�sents an elementary 
array and the group effect corresponds to a linear array of elementary 
antennas with a spacing equal to the distance between: bay centers. If 
the. spacing between the adjacent bays is at all appreciable, parasitic 
lobes of considerable size appear in the directional characteristic and 
seriously reduce the gain of' the arr�y. 1 

The gain of an antenna array composed of an array of arrays depends 
upon the jndividual and group directional characteristics and follows a 
very complicated mathematical law. It · is possible, however, to give 
certain general .'principles by which the gain of such ' antenna systems 
can be readily estimated under many practical conditions. Thus an 
array of undireotional couplets as in Fig. 389 has twice as ' much gain 

. as the co�responding single-curtain broadside a,rray. Again, when the . 
elementary array tends to concentrate the radiation in one plane, while 
the group effect is to concentrate the radiation in another plane, the 
gain of the array of arrays is then very nearly equal to the gain of the 
elementary array multiplied. by the gain of the group array. Thus, when 
several broadside arrays of couplets are ' stacked, the total gain is very 
nearly the gain obtained by stacking elements in a colinear array, multi
plied by 2 to take into fl,ccount the effect of the second broadside array, 
and finally multiplied by the gain of a linear broadside array correspond-

. ing to the group array . 
. Antennas Employing . N on-r.esonant Wires; Rhombic Antennas. 2_ 

A number of directive antenna systems have been developed based upon 
non-resonant radiatiI).g elements such as discussed in connection with 
Fig. 381. These arrangements have the advantage of operating over a 
considerable frequency band without readjustment, and so are par
ticuiarly desirable under conditions where different day and night fre-

. quencies must be' ,used. 
. . 

1 See G. C. Southworth, Certain Factors Affecting the Gain of Directive Antennas, 
Proc: I.R.E., ·vol. 18, p. 1502, September, 1930. 

2 Further information on rhombic an,d non-resonant V antennas · is given by 
E. Bruce, Developments in Short-wave Directive Antennas, Proc. I.R.E., vol. 19, 
p. 1406, August, ' 1931 ;  E. Bruce, A. C. Beck, and L. �. Lowry, Horizontal Rhombic 
Antennas, Proc. I.R.E., vol. 23, p. 24, January, 1935. 

In reading these papers it is to be kept in mind that the method of 8.Ilalysis 
presented involves the approximation tha� the current is unifotmly distributed along 
the wire. This is equivalent to assuming that there is no radiation from the antenna, 
an obvious absurdity. However, with practical proportions of rhombic antennas, 

' .  the directiob.al characteristics calculated on this basis do not differ greatly from the 
true directional characteristic, so the approximation is permissible for this case. 
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A simple arrangement of this sort is illustrated in Fig. 393a and 
consists of two wires arranged in the form of a V. and made non-resonant 
by grounding the far ends through resistances equal to the characteristic 
impedance of the wires. By suitably tilting the wires the radiations 
from the two legs �ill add in the direction of the bisector of the apex 
angle, as shown in ' Fig. 393, while in other direetions the radiation will 
tend to ' cancel. This optimum value of the tilt angle <I> is given by ,the 
solid lirie in Fig. 394 as a function of the wire length. l  When the length 
of the leg exceeds about two waye lengths, tlie angle is seen to vary ooly 
slowly with the length measured in 'wave lengths. As a consequence a 

{a) Non�resonOlnt V ( First type) (b) NO,n -resol")OInt V ( Second type) 

. �") . � Termincding resisfance ====::: I rf/ucdfocncm::fc!erisfJ'c I , irripeclcmce , t- 
Direcfioncrl char
crcfe risf/Cs of indi 
viducrl wifes 

\ 

�j " y. 

ff / 
( . ' / ' Di recfitinal charcrcferisfics 
of'indiv/(;lual wires . , /""'f' 

/ 
Termincrling res/�fc'nce./ 

(c) �hombjc antennQ 

, 
\ I Terminating resisfane 

FIG. 393.-Various forms of non-resonant antenna systems, 

non-resonant V with long legs will maintain its directive pattern reason-
ably well over a consiq.erable frequency range. ' 

, A modification of the non-resonant V antenna is shown in Fig. 393b 
and consists in e�citing the system from one end of the V and terminating 
the other end through the characteristic impedance. In this arrange
�ent the major lobes are in the same direction when the tilt angle <I> has 

'. 
1 This figure gives . the optimum tilt angle for antennas in free space. When the 

plane of the antenna is parallel to the surface of the earth and the antenna is near 
earth (which is the usual case) , the'optimum tilt ang�e is smaller than given in Fig. 394 
by an amount that depends on the height . . 

, These tilt angles as given in Fig. 394 do not contain the approximation which 
Bruce states was made in deriving the curves of optimum tilt giv�n in his 1931 paper, 
and so:are, more accurate. ' 

1 .. 
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, the value given by the solid line in Fig. 394, while the major lobes of the 
two legs add up in phase when the tilt angle has the vaiue given by the 
dotted curve in Fig. 394. The optimum tilt angle is hence somewhat 
intermediate between these two curv�s. The directivity with this 
arrangement · is not particul�rly sensitive to frequency (or tilt angle) 
because changes produced in the direction of the major lobe of one leg 
.tend to be counteracted by changes of opposite character in the direction 
of the major lobe of the other leg.. 

' 

The most widely used form of non-resonant antenna is illustrated in ' 
Fig. 393c and is made up of four non-resonant wires arranged in the form 
of a diamond or rhomboid. This arrangement can be considered as being 
built up of two non":resonant , V's of 80 

. 
Optimum tii'tlbr· Fig . . 393b placed �ide by side. The � 10 

rhomboid arrangern,ent . gives in- E 60 
.... properai�C:::::-.. :.r..- J main lobe ;:-� 

V.......... Optimum fli'! ror. . creased directivity and simplifies the 160"' 50 G) terminating problem by avoiding � 40 
the necessity of providing a ground :: 30 
connection that will be independent i= 20 
of frequency and have the same 1 0  

o 

./ .,' p/l(:rse addifion 
Ll Ii I, 
t 

, 

2 4 6 8 10 

---

12 resisnance in all weather. The'direc
tional characteristic of the radiation 
from each leg of th� rhomboid is as 
shown, and, when the tilt angle cl> has 

Wire Length iry W�velen9ths , 
FIG. 394.-optimum tilt angle for. noo

resonant antennas in space (assuming zero 
attenuation) . 

the optimum value according to Fig. 394, all four legs have major lobes 
in the direction of a line <frawn through the apexes, as shown, and tend to 
add up in phase. .

. 

The - directional charttcteristics of a rhomboid antenn� are not par
ticularly critical with respect , to tilt angle provided the length of each 
leg is not less than two, wave lengths, and as a consequence the rhomboid 
can be used over a considerable frequency range without any adjustment. 
The effect of a change in frequency is to alter the length of the legs when 
measu�ed in �ave lengths. This alters the angle that the lobes of maxi
mum '�adiation' make with respect to the�r corresponding wires, but, · as 
is apparent from Fig. 393c, the two le'gs that are on the same side of the 
diamond 'are affected oppositely and also n9 longer add exactly in phase. 
However, sin�e . the phase difference and the change in tilt angle with 
frequency are small when the legs are long, the result of a change in 
frequency is merely to alter the sharpness of the directional pattern some-' 
what ·without changing its fundamental character. �he frequency. range 
obtainable is approximately 2 to 1 .  

Typical directional characteristics obtained with the same rhombic 
'antenna operated at 'different, frequell(�ies are shown at Fig. 395. The 
greatest directivity is obtained at the highest frequency, where the length . . . , , I 

I 
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of the legs measured in wavelengths is greatest, but the general character . 
oi the directional pattern is maintained without change over the 2-to-i 
variation in frequency. In the usual case where the- p\ane of the rhombic 
antenna is parallel to the earth, the radiation is horizontally polarized and 
the most important factor controlling the directivity in a vertical plane is 
the height above ground. The tilt angle and the length of the legs also 
infll�ence the vertical directivity, however, and ean be so chosen as to 
compensate to a considerable extent for lack of proper height. 1  . 

The terminating resistor for the rhombic and other non-resonant 
antennas must equal the characteristic impedance of the line if the 
ideal unidirectional characteristic is to be obtained. · It · is possible, 
however, to modify the minor lobes to the rear, and in particular to 
obtain a null in any desired backwatd direction, by merely modifying the 
magnitude or . phase angle, or both, of the terminating resistance a 
slight amount as experiment indicates is required. ·When the rhombic 

. antenna is used with a transmitter, the terminating resistance must 
Hori zontOl I Di rectivity (Ne<;:,lecting Ground . . . . . . 
Reflections) of Horizontoll Rhombic Vertl c or l  DI.l"ectl.vlty of HOrlzontOlI Rhomb,c 

�nQ :h �n.,e;f
t?
65. 

. 
�h T::25 �» 

. . length of 1�·4 >.. lenqfh of leg= 3)" Lenflfh of,!eqa '2 ).. 
Heiqnt· ).. He/qhf: %)" Helghf:Y2 ).. 

Length of/eq=4� l.engfh of/eg=3A Lenqfh ofleg>2).. . 
FIG. 395.-Polar diagrams showing directional cha�acterist ics of the same horizontal 

diamond-shaped antenna for three different frequencies.  

absorb all the power that would otherwise be radiated in the backward 
direction . . The amount of energy involved depehds upon the length 
of the legs, but in the usual designs is of the order of half the total power 
supplied. . 

. In practical rhombic antennas it is desirable to make up each con
ductor of two' wires connected · in parallel and spaced a small distance 
apart. The characteristic impedance of the an�enna can then be con
trolled by the spacing, which may be made such as to assist in matching 
the radiQ-frequency transmission line. .Furthertnore with an ordinary 
wire the characteristic impedance at different positions along the leg 
is not the same because .of the varying spacing between opposite legs · 
as one moves along the diamond. With the spaced-wire conductor it is 
possible· to comp�nsate for this effect by varying the spacing between 
parallel conductors in such a way as ' to keep the characteristic iID.:pedance 
constant. This means a greater spacing as the wire rece�es from ground, 
or; in 'the case pf the diamond) as the two sides separate. 

The directional characteristics of rhombic ·and other non-resonant 
antenna system� can be calcula.ted by the same principles that have 

. 1 See Bruce. loco cit. .. . 
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, been applied, to other types of antennas. Formulas for the rhombic 
ant�nna are found in Sec. 133. 

The gain of a rho'mbic , antenna depends upon ' the design and the 
lehgth of the legs, "and in comm�rcial designs is about 30 to 40 compared 
with a half-wave radiator. ' 

The V (or Folded Wire) Antenna. 1_, This type of antenna is illustrated , 
in Fig. 396 and consists of two long resonant ,wires arranged , to form a 
V and excited so as to carry equal currents that are in phase opposition. 
Th� radiation from the individual wires of the V antenna has the character 
illustrated-in Fig. 375, and it is seen that with a suitable choice of apex 
angle there is a concentration of radiation in the direction of the bisector 
of the apex angle. 2 The resulting directional pattern is as illustrated, 

DirectionOlI ChOlracteristlcs of ROIdicd-jOl1 from , Re.sultOlnt Directional ' 
Il1dividuGl l l�s ChGllrOlcteristic Resulting from Joint Action of , Leg No.I D',.eI!� Oired;onofma�- Both L�C!lS '�;'1ieC! mum n:rdklfion 

'_ __ _:::�_� __ fr
o

��na _ •• Oir-pefiol7 of � ��ltto.""'�re==-cf-lonOrl'1'ltlX. , maximul7 melit:¥fion :--.... 4�� II71l1m raeliafion from cmfpnl7t:J1 Le ... No.2 � >'7 from em"nna -.. f'� 
FIG. 396.-Resonant V antenna, showing how the radiation from the two legs coinbines to 

give a well-defined beam. ' 

and possesses very marked directivity in the plane 'of the V, particularly • 

,when the legs are iong. Some directh:ity is also obtained in the vertical 
plane although this is less pronounced. 

Increased directivity can be obtained by' means of an array" each 
elelnent of which is ' a V antenna. Thus the backward radiation can be 
eliminated by the use of two V's spaced an odd number of , quarter wave 
lengths apart and excited ' 900 out " of phase to give an end-fire action 
(Fig. 397) . 3  The directivity in a vertical plane can be improved by stack- . 
ing two or more V's above each other as illustrated , in Fig. 397 a. The 

1 See P. S. Carter, C. W. Hansell, and N. :K Lindenblad, Development of Direc
tive Transmitting Antenna8 by ReA Communications, Inc., Proc. I.R.E., vol. 19, 
p. 1773, October, 1931; P. S. Carter, Circuit Relations in Radiating Systems, Proc. 
I.R.E., vol. 20, p . 1004, June, 1932. - , 

2 The apex angle is ordinarily made equal to twice the angle that exists between 
the major lobe of radiation from pne leg of the V, considered as an isolated radiator, 
and the axis of the wire. This is the optimum apex angle for a V antenna in free 
space when the legs are at least 2X long. In the practical case when the antenna is 
near the earth with the plane of the V parallel to the earth's surface, the ground reflec
tions introduce modifications that tend to reduce the optimum angle somewhat. 

3 An alternative arrangement for, elimin�ting back-end radiation is shoWn in 
Fig. 397 d, and consists in placing a second V a short distance .above or below the first. 

• This second V is a half wave length shorter than the first V; and is excited in phase 
quadrature. Since its center is almost exactly a quarter wave length Closer to the 
apex 'than the center of the other V, the two acting together are essen,tially equivalent 
to the arrangement of Fig. 397 a, but only half as many supporting poles are �equired. 



• 

676 RADIO ' ENGINEERING [CHAP. XV 

vertical directivity is also determined to ' a considerable e;tent . by the . 
height above earth, since the radiation from a horizontal V is horizontally 
polarized. Greater ' directivity in a p-orizontal plane can likewise be 
realiz�d by a.rranging V's in broadside a� illustrated in Fig. 397b. 

(a) CommerciClI Design ' 
of V Ante ':lna 

(c) Schem�ti c des:gn of feeder system. 

-==H from fransmifterU:::;=.tf 
_ , 

�. . (non-resonant) _ � � Non-resonant - - - - - - Resonant · • 
line fOrpMSlng c(Jf/pling .lines anfenna and I • � 

. 
• reflector 'Movahle shorl-ClrcUJ ;S- . (b) Plan vlew oftwo arrOlYS for ff/ning 

such t1S shown at (a) pIOlcea 
broadside to give in creased 

hori�on ta l c1iredivity 
(cl) Alternative arrongernent fqrreflecting . 

olntenna . 

Reflecting' 
omfenna 

Radiating -- "  
' OInfenna . 

FIG. 397.�Commercial designs of resonant V antenna array, together with feeder circuits . . . 
The direct�onal characteristics of the V antenna .can be cal�ulated by 

• adding the radiated fields produced by the individual legs, being careful 
to take into acco\lnt · the fact that the legs are not parallel. Formulas 
are given in Sec . 1�3. 

(01) A r r� n gemel')t of wires 

/::=JO!.J ? rd ,? . J . 
-� . - � -Line �f'cenfers 

. (c) Group cha rOlcteri$fic in 
pl� n e  of wires for· center 

spOI c i n g  A./4sin 20( 

(b) Di recti onOlI chOl racteristics 
. of i n diviol u OI I  wires 

(01 ) Resu lting �i r:ectionOlI 
cha rac te risti cs In plOlne 
of wi res ( p�ttern {b) 

ti mes pOIHern(c) } 

FIG. 398.-Hal'monic-wire array, with field patterns illustrating how the directional pattern 
is built up. 

The gain of a bay such as illustrated in Fig. 397 a located at an average 
height of o�e-half 'wave length is :approximately 39 times as compared 
with a half-wave antenna. 

Harmonic-wire Arrays. l-This array is an ingenious combination of 
I See Carter, Hansell, Lindenblad, loco cit. 
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four long wires arranged in parallel in a staggered formation as shown .. 

in Fig. 398a and carrYing equal currents with a progressive phase difference 
of 90° between wire c:urrents. The , wires are arranged , so that the , maximum of radiation from ail individual wire when isolated is in the 

• . desired direction as indicated� while t�e spacing between wire cen�ers isl 

. Distance between wire centers = 4 . h 2 ' SIn a 
(234) 

where a is the angle of mammum radiation .from single wire with respect' 
to wire axis as give'n by Fig. 376a. ' The resulting directional char�cteris
tic is obtained by multiplying the directional characteristic of the indi
vidual wire as shown at Fig. 39gb by the directional characteristic of 
four non-directional radiators spaced 4 .h 2

' 
apart with ' a progressive , ' SIn a ' • 

phase difference OP 90°, corresponding to the arrangement of the actual 
antennas. This latt.er characteristic is shown at (c) for the plane pf the 
wires, and the resulting directional characteristic of the harmonic-wire 
array in the plane of the wires is as at (d) . It is to be noted that the 
unidirectional characteristic of (d) comes from the, fact that, with the 

' phasing and spacing specified, th,e group characteristic always has a 
zero in the backward direction. ' There is no radiation at right angles 

, to the plal1e of the 'wire because of the way the wires are spaced. . 
, Commercial designs , of harmonic-wire arrays are shown in Fig. 399. 

A: single bay composed of four wires approximately eight wave lengths 
long has a gain of approximately 16  as «ompared with a half-wave 
comparison antenna. ' 

Polyphase Antenna Array,s .-, Polyphase antenna systems have been 
suggested for meeting -certain special requirem'ents. Thus the turn stile 
array of Fig. 400 has been proposed, for ultra-high-frequency broadcast 
transmission, where very high vertical diiectivity is desirabfe with 
substantially uniform radiation in all horizontal directions. 2 This , arrangement consists of two 'arrays oriented 90°' in space and excited 90° 
out of phase (i.e'. ,  two-phase system) . Each array consists of stacked 
horizontal , half-wave antennas carrying identical currents, and thus 
gives a sharp directivity in the vertical plane. , The horizontal directivity 
of the individual arrays is as shown in Fig. 400, but, since these combine 
in phase quadrature, the combined directional pattern 'is v ery nearly 
circular. 

, , A sin a 1 The stagger . dist�nce � and wire spacing d that correspond are 4 . 2 and 
� cos a . '4 2 ' respectIvely. cos a 

, sm a 

2 See George H. Brown, The Turnstile Antenna, Electronics, vol. 9, p. 15, April, . , 
1936. 

' 

• 
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Other polyphase arrangements can be . devised to meet different 
requirements. Thus at broadcast and lower frequencIes it is possil?le to 
obtain a large amount of vertical directivity by a .polyphase array of short 
radiators such as shown in Fig. 401 . 1  Here there are .a number of short ' 
vertical radiators associated in a polyphase manner to obtain a sub- . • 

stantially non-directional characteristic in the horizontal plane while 
maintaining marked directivity in the vertical. Directional character-

• 

Antenna WIMsoS, 1\ 

� 
((I/arter �ave·len. --- -�- 8,{ - -------- -� L.-.o.''':'/.'� , 
non-nsonanf- Ime -, r "101,,,, 

for pnas,;"g . --Non-resonant- I/ne nrlecfors t:7nd rrom t-rllfnsm/-Her 
-Pnfenna w/I"es 

(A) Ve ... tica lly polor ... i ze� lon!J Wi ... e Al1tenl101 A ... my 

',rtrJt1i • 
"""'CI)l.I , hOtl' . • of f" , " ,,, 

.1 l.Jrr�Cldf!/�/OIt1e 
71 .t - . . . .  - . - .  · ·  . .  ··1 -zD(11� . 

\' 
18 ° 

��-. _ . _._':'L 
. /;erlecrors <: I �"'---� r-N'H------: �Jh 

- - o.l.J.fJA 

�-'Antenna reeaer 

( b ) HOI"';10r1to d ly Polor"izeCII l0l19 Wil'e AI1+eI1t1C:1 A ... ray 
. 

( Plo." View ) . 
FIG. 399.-Examples of harmonic-wire antenna arrays, together with feeder circuits 

for the vertically polarized array. (F�eder arrangement for horizontal array is  similar. ) 
The spacings shown. between wires represent distanoes between corresponding points, and 
so are measured at a stagger from the perpendicular. 

istics for a typical case are shown at Fig. 401 .  . Polyphase arrange
ments· of this type are very flexible, since by simple changes in the array 
it is possible to vary the directional characteristics in almost any manner 
desired. 

Beverage or Wave Antenna. 2-This was the first non-resonant antenna, 
and· it iE used in the reception of long-wave signals. The Beverage or 

1 Arra.ngements of this type were. suggested by the author in a paper presented 
before t,pe Seattle section of the Institute of Radio Engiheers, Mar: 27, 1936. 

2 An extensive discussion of the wave antenna, including a complete mathematical 
analysis, practical construction data, etc. , is given by Harold H. Beverage, Chester \V. 
Rice, and Edward W. Kellogg, The Wave Antenna, Tra1U�. A.I.E.E., vol. 42, p. 215, 
1923. 

• 
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wave antenna consists of a· wire ranging from . one-half to several wave 
lengths long, pointed in the direction of the desired transmitting station 
. and mounted at a convenient height (usually 10 to 20 ft .) above earth � 
The end toward the transmitting station is grounded through an imped
ance approximating the characteristic impedance of the antenna when 

(Q) Tvrn-sti le Arr()y (b) Di rectionOlI pOItterns in horizontal pla'ne 

-7 Pafferns of' " int:llvictualArrays --.---..... 

FIG. 400.-Turnstile array (two-phase system) together with · directional patterns in 
horizontal plane. 

considered as a one-wire transmission ·line with ground return, while 
the energy abstracted from the radio waves is delivered to a radio 
receiver at the' end of the antenna farthest from the transmitter. 

. The wave antenna abstracts. energy from passing waves as a result 
of the wave.:.front tilt which the earth losses produce in vertically polarized ' 

Cl 
Aricty configu ration 

\ \ \ \ / �� ,fo � 4.T�-.. · / " / \ I \ I \ I \ , \ I 

Plane a-apallern] (Plane b-bpallern 

;;�m-' Di rectional charOl�te,..istic$ i n  verlica l 
plOlne 

�-rl/ Horizonfa! rad/ollon 
- - - - � paflern (polyphose array) 

Di recti on a I cha rocteristics in horizontal . '  
p l a ne- . 

FIG. 40l.-Polyphase array which concentrates radiation along the horizontal without 
requiring high pole structures. By varying the angle between the lines. of antennas, or by 
modifying the arrangement of antennas within a line, etc. , it is possible to vary the hori-
zontal and vertical patterns as .desired. 

. " 

waves traveling along the surface of the ground. This tilt causes voltag�s 
. and hence currents to be induced in the wire. When the wave is traveling 
in the' direction of the wire toward the receiver as in Fig. 402, the induced 
currents all add up in phase at the receiver because the currents induced 
in the wire travel wit� the same velocity as the radio- .wave and so all 

• 
• 
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keep in. step with it. . When the wave travels in the opposite direction, 
the energy builds up as the terminated end is approached, but the 
.terminating resistance absorbs this energy so that there. is 

. 
little or no . 

effect on the receiver. Waves arriving from the side induce currents 
that largely cancel out at the receiver because, although the various 
induced currents' are more or les� in phase at their point of origin, they are 
at widely different distances from the receiver. . 

The wave antenna has marked directivity in the . horizontal plane, as 
shown in Fig. 402, and this can be still further improved by arranging 
several wave antennas in a . simple array. 1 Since the wave antenna is 
non-resonant, it can be used to receive simultaneously s.ignals 'of different 

. wave lengths provided that the transmitters all lie in the sa'me general 
direction. 

Actu 01 \ Wave ' AnTenna 
!?Qdio wQve . (wQverronf) ' . 

• /I ndl.lcc&l wuve trm-e/mg 
, foWClrd receiwr end i/7 

Receiver " phQse wiTh radio m:7W 

lerminQfin9 imped(tnc(J 

Directional Chamctermic 
• . of Indi"i�ual Wu.ve Antenna . (;'=5,000 Metel'8) 

FIG. 402.-Details of action taking place in the Beverage wave antenna when the inci
dent wave arrives from the direction in which the response is maximum, together with 
directional diagram when wire length is 0.9 wave lengths. .. 

133. Methods ' and ' Formul8;s for Calculating the Directional Char� 
acteristics of Ante�a Systems.-· The general method of calculating the 
directional characteristics of antenna systems has already been outlined 
in See . 129, and applied to specific cases in the t.wo prec,eding sections. 
Briefly it consists in determining the magnitude and phase of the field 
'produced at a distant point by each elementary H�ngth of the antenna, ' 
and then adding the resulting fields vectorially for all the elementary 
lengths of the entire antenna system. This method can be applied 
irrespec1;ive of the geometry involved, ,the number of antennas, the type 
of antennas, the curren.t distribution, etc. ' 

Effect of Ground.-. When an antenna is ne:lr the ground., waves 
radiated toward the earth are reflected and combine with the unreflected 
wave as discussed in connection with Fig. 372. In the case of transmit
ting antennas it is convenient to consider the reflected 'wave as being 
produced by an image antenna as discussed in Sec . 128 and illustrated in 

1 See Austin Bailey, S. W. Dean; and W. T. Wintringham, The Receiving System 
for Long-wave Trans-&tlantic Radio Telepp.ony, Prop., I .R .E. , vol. 16, p. 1645, Decem-· 
her, 1928. 

'. 
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Figs . .372 and 373. 1  In the case of a perfect ground the currents in cor
responding parts of the actual and iIl,lage antennas are the same, but have 
opposite phase when these. parts are horizontal and the same phase when 
the ·parts are vertical, as indicated in Fig. 373. It will be noted that with 
ungrounded wires ' the antenna plus its image forms a simple array con
sisting of two identical antennas with centers spaced a distance equal 
to twice the height of the actual antenna above earth . With horizontal " \ . 
antennas and also vertical antennas that are an even number of half 
wave lengths long, the antennas can be considered as being excited 1800 
out of -phase (negative image antenna) , wp.ile with vertical antennas that 
are ' an odd number of half wave lengths lop.g the .two antennas can 

' be consid�red as being excited' in the same phase (positive image) . 
The effect of a perfect ground on the directional characteristi� of an 
ungrounded antenha can hence be obtained by multiplying the free
space characteristic of the antenna by , the group characteristic cor
,responding to an array having two suitably spaced elements radiating 
uniformly in all directions'. This gives2 

For negative image: 

A' t I
'
d' t" ' } ( H

' . ,){Radiation from c ua ra la IOn In ' t  h presence of ground = 2 sin 211"); sin (J �n enna w en 
" ' 

In free space 

For positive i11'l:age: 

Actual radiation int ' 
' ( H ){Radiation from 

presence of groundf = 2 cos 21I"-r sin (J �ntenna when 
. In free space 

�235a) 

(235b) 

where HI).. is the h�ight of the antenna center above ground, measured 
in wave lengths, and (J is the angle of elevation above, the horizontal. 

. The nature of the factor 12 sin (2. �. sin 8)1. which takes into account 
the effect of a negative image , is indicated in Figs. 403 and 404. . It is 
seen that the ground reflection causes caricellation alorig the ground a�d 

, at certain vertical angles. The angle of elevation , of the first lobe 
above the horizontal de�reases as the height of the antenna above earth 

1 Directional characteristics obtained in this way on the basis of a .radiating 
antenna 'are, according, to the Reciprocity Theorem, the same as the directional char� 
acteristics obtained when the same antt;llilla is used for reception. In the case of 
receiving antennas the wave that 'is effective in inducing voltage in the antenna is the ' 
vector sum of a direct and a reflected wave, with the latter being related to the dire,ct 
Wave through .the reflection coefficients of the earth. 

2 These equations follow at once from Eq. (229) by redefining <1>, noting that the 
spacing d = 2H, and a.ssuming ex = 1 800 for a negative image and 00 for a positive 
. image, 
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is increased . .  Hence, to obtain strong radiation in directions approaching 
the horizontal in the presence of a negative image, it is necessary that 
the height above earth be at least one wave length. With a positive 
image the positions of the lobes and nulls are interchanged from" the 
conditions shown in Figs. 403 and 404, and there is a maximum of radia
tion along the ground. When the antenna is grounded, short-cllt meth
ods .such as illustrated by Eqs. (235a) and (235b) cannot be used, and 
the total field is obtained by summing up the radiation from the actual 
antenna plus the radiation from the i�age. 

Height A.bove Grounol= � Height Above·Grounol " A  

· �\\ Il� ,�\ � . � . � 
Height Above Grouriol = '2A Hei ght Above Eirouni::l"4.\ 

FIG. 403.-Polar diagram of the n�gative imag� factor 12 sin (27r� sin 0) 1 for various 

values of � showing how the height above earth affects the directional characteristic of 
the antenna. 

In the practical case of an imp'erfect earth, losses in the ground cause 
the reflected -wave to · be small�r in magnitude, and slightly different in 
phase from the reflected wave obtained with a perfectly'conducting earth . .  
With the aid of the Reciprocity T4eorem it can be shown that the 
reflection coefficients of Eq. (216) hold except in directions where a' 

Sornmerfeld type of ground wave exists, 'even though these equations 
were derived on the basis of plane waves while the waves near a trans
mitting antenna are obviously not plane. l  As a l'esult of the incomplete 

I The reasoning leading to this conclusion follows :  ·When the antenna receives 
waves from a distant transmitter, the resulting field at the antenna is the sum of 
a direct wave and a reflected wave, and the latter can be determined with the aid of 
the teflection coefficients of Eq. (216) because the waves are unquestionably plane. 
However, according to the Reciprocity Theorem the beha.vior is the same when the 
antenna is transmitting as when receiving, so it follows that the reflection coefficients. 
must be the same when radiating as when receiving. This analysis fails to bold 
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. reflection, the currents that can be considered as flowing in the image 
antenna are less than the image currents with perfect reflection by a 
factor A,  and likewise differ iil phase from the perfect ground case by an 
angle <1>� where A and <1> are the magnitude and phase of the reflectjon 
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FIG. 404.-Chart showing ' the vertical angles at which the negative image factor 

12 sin (21r� sin 8) 1 is maximum and zero. These represent the �ertioal a�gles at which the 

reflections from the ground 'cause complete reinforcement and complete cancellation, 
respectively, of the radiation. With a positive image the position of the nulls and maxima . 
are interchanged. 

coefficients as calculated in Eq., (216) . The �quation gIVIng the 
resultant sum of the direct and reflected waves under such conditions 
is :l 

Radiation 
Actual radiatiOn} 
hi presence of 
ground· 

= ,[ 1 + A 2 + 2A cos (<1> + 4r � sin (}) ]�. �=�a 
. when In 

free space 
(236) 

whEm a ground wave is formed, i.e., with vertically polarized waves at low vertical 
angles, because the Sommerfeld type of ground wave is not a plane wave even when 
produced by a distant transmitter, and so does not follow the ordinary-optical law:l 

, upon which the reflection coefficients of Eq. (216} are based. 
1 This equation is obtained by, noting that the resultant wave is 'the sum of two ' 

components having relative amplitudes of unity and A,  with a phase difference 
between them of (ql + 4Jf: sin 8) for a 

'
positive image and (180° + <I» + 44 ,sin () ) 

for a negative image. The addition of these two vectors by the formula giving the 
third side of a triangle when two sides and the included a.n�e are known leads at 
once to Eq. (236) 

• 
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The -+ sign is for:. a positive image and the negative sign fo·r a negative 
image, while the remaining notation is the same as used above . 

. In making use of Eq: (236) it is to be noted that the magnitude and 
phase of the reflection coefficient depend upon the angle of 'incidence 
at the reflecting surface and upon the polarization of the wave, Hence 
the currents th�t are assumed to flow/in the image ante�na vary with thB 
direction in which the resultant radiation is des�red, and under some 
circumstances the situation becomes quite complex, Thus with a 
horizontal wire the radiation is horizontally polarized in a vertical plane 
perpendicular to the axis of · the wire, is vertically polarized in a vertical 
pl�ne containing the wire, and has bot.h vertical and horizontal com
ponents in intermediate vertical planes. In the latter case the reflection 
is . calculated separately for vertically and horizontally polarized com
ponents, and then is combined with the direct wave to obtain the total 
resultant fields. "  

Height above ground- i\. 

FIG. 405.-Curves showing the effect 'of ground losses upon the n,egative image ground 
factor with a horizontally polarized antenna o�e wave length above a typical earth. 

When a ground wave is formed, as is the case when veltically polarized 
waves are radiated at or near the horizontal, the reflection-coefficient 
method of analysis fails to hold, and .it is necessary to employ the Som
merfeld analysis. The intensity of the ground wave along the horizontal 
in the imID;ediate vicinity of the antenna is then the same for an imperfect 
earth a� for a perfect earth, while at higher angles of elevation the ground 
wave gradually merges into the wave calculated on the basis of reflection 
coefficients, until at vertical angles appreciably, above the pseudo
Brewster angle ' it is possible to ignore the ground wave, It will be 
noted that ground waves are produced only wheIl: yertically polarized 
. waves are radiated along the horizontal, and that with horizontally 
polarized waves· .the reflection-coefficient method of analysis applies 
even at very low vertical angles, · 

The prinoipal . effect of · the ground losses in practical cases is to 
reduce the field intensities slightly while leaving the shape. of the direc
tional characteristic substantially ·unchanged. This i.s illustrated in 
Fig. 405, which compares the fields obtained for a perfect earth with 
those existing with typical earth . . . The · principal effects produced by 

• 
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the ground losses are seen to be a reduction in the amplitude of the lobes, 
together with a slight filling in of tl?e riulls. Th� discrepancy approaches 
zero at low vertical angles, and is so small even at high vertical angles 
as not .to alter appreciably the shape of the directional pattern. As a 
consequence, the directional patterns of antennas are usually calculated 
on �he assumption of a perfect earth. 

. ' 
Agreement between Calculated and Observed Antenna Characteristics.-

Experience has shown that the gain and the directional characteristics 
pf antenna arrays calculated on the basis of perfectly conducting earth 

(b) Radiation from Horizontal ly Polarized 
. 

Array of' F19. 392 

(�) Radi ation in Horizontal Plan� from 
an Array Composed of 24 Vert l c o l  
U n i-D lrectionol Cou p l ets Space cl  
O n e  H a l f  Wove Len gth . 

Dir ec+iv ity in Vediool Plane 
Calcu l a ted 

80° 70° GO° 50° 

��:t==+=�::::::,�� Di redivity in Horhontal P IOIne as Taken by ::::: 0° Airpla ne at Considerable Distance Above Earth 
Measur�d Calcul ated 
10° O· 10· 20° 100 0° 10° 2{)� 

406.-Comparison of measured and calcuiated distribution of radiated field about 
arrays composed of horizontal and vertical elements. The calculated results assume a 
perfect earth. -

agree satisfacto�ily with o.bserved results under nearly all conditions. 
Comparisons of theoretical and observed directional characteristics for. 
typical vertically and horizontally polarized antenna arraysl are given in 
Fig. 406 and shQW excellent agreement. . . . -

Formnl(J;8 for Calculating Radiated Field and Directional Characteristics 
of Common Antenna Systems.-l . Radiation from an ' elementary length 
of wire in the absence �f ground [from Eq. (221)] : 

. 

601rI
( l) 

. 
E = d'A 0 cos (j (237) 

1 See Southworth, loco tit.; see also M. BaumleI', K. Kruger, H. Plendl, and w. 
Pfitzer, Radiation Measurements of a Short;-wave Directive Antenna at the Nauen 
High-power Radio Station, Proc. I.R.E. , vol. 19, p. 812, May, 1931 . 
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where 
E = field strength in volts per 'meter 
d = distance to antenna in meters 
() = angle of elevation with respect to plane perpendicular to �ntenna 

Wire 
A = wave length of radiated wave in meters 
ol , length of , elementary antenna in meters 
1 = current in 'antenna in amperes. 
2. Radiation from a wire in space. 1 
a. When the wire is an odd number of half wave lengths long : 

_ 601 cos (".� cos 8 ) 
E - d sin 8 . (238a) 

• 

b . When the wire is an' even number of half wave length� long [from 
Eq. (228)].: 

. 

. . ( L  ) . 
601 SIn 11"� ?OS 8 

E = - --"'--:-----'-
d sin () (238b) 

where 
E = field strength in volts per meter 
d = distance to antenna in meters . 
1 = current in amperes at a current loop L = length of antenna in meters 
A = wave length in meters 
() = angle of elevation measured with respect to wire axis. 
3. Radiation from vertical grounded' wire, assuming a perfect earth : 2 

E = 601[ COS 21r� - cos (21r � sin 8)] , 
d , cos 8 '  " (239) 

where () is the 3:J?gle of elevation with respect to ground 'and the remainder 
of the notation is as in Eq. (237) . 

4 . Radiation from a non-resonant wire in space [from Eq. (233)] :  
3010 sin 8 E = . (1 + E-2aL - 2E-aL cos pL) 7� (240a) 

dy1 + (a/p) 2 (1 - cos 8) , 
1 See Carter, Hansell, and Lindenblad, loco cit. 
2 See Stuart Ballantine, On the Radiation Resistance of a Simple .v ertical Antenna 

at Wave Lengths Below the Fundamental, Proc. I.R.E., Yol. 12, p. 823, December, 
1924. 

. ' 

\ 
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where 
E = field strength ih volts per meter 

10 = oorrent entering the line 
d = distance to ante�a in meters 
a = attenuation constant of line in meters 
p = (27r/X) (1 �. cos 0) , 
o -:- \�gle with respect to wire axis L = length of wire in meters 
X = wave length in meters (assumed same on wire as in space) . 

687 

In the special case where the attenuation a can be assumed zero (i.e . ,  
when the wires are so short that the curr�nt can be considered to be 
constant) , 

. 60/0 sin 0 . [ L  ] 
. E = d 1 _ cos 0 SIn 1r X (1 - cos 0) • 

(240b) 

5. Radiation from a rhombic (diamond)- antenrra in space, with 
characteristic impedance termination, and neglecting the attenuation 
along the wires : l  

Relative field} ( cos {� - (j) . . cos (�. + (j) ) 
strength · = 1 _ . cos 0 sin {� :- (j) + 1 - cos 0 sin {� + (j) 

'x sin {"�[1 - co� 9 sin (� + �)J} sin {"�[1 - cos 9 sin (� - iJ)J} (241) 
where , 

� = tilt angle of antenna (see Fig. 393c) 
tJ = bearing angle with respect to line passing through the apex 

having the terminating resistance and the diagonally opposite 
apex 

o = angle' of elevation with respect to the plane of the antenna 
l = length of each side of the rhomboid 

X = wave length. 
6.· Radiation from a resonant V antenn� (see Fig. 396) when the 

length of each leg is an even multiple of a half wave length and the 
antenna is remote from ground :2 ' 
Field strength in plane of V = 

�E.' + Ei' - 2EaE. cos (z..i sin " ,sin �) , (242a) · 
1 See Bruce, Beck, and Lowry, loco cit. 
II See Carter, Hansell, and Lindenblad, loco tit. 

- ! 
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Ea and Eb = radi�tion in desired direction from individual legs of . 
antenna as given by Eq. (238) 

l = length of leg 
A = length corresponding to one wave length 
a = half of angle at apex 

. 

<P = bearing angle with respect to bisector of apex. 
Radiation in vertical plane passing through biseotor of apex angle = 

whe:re 

1201fs1n (;.- cos ", COS 0) sin "'j ' 
d , 1 - cos2 8 cos2 a ' (242b) 

n = namber of half wave lengths in each leg of antenna 
. a = half of angle of apex 

8 = angle of �levation with respect to plane of antenna 
1 = current at current loop 
d = distance to antenna in meters. 
7. Radiation from an antenna aqay r,emote from ground and. con

sisting of 91 parallel planes · e�ch made up of N parallel columns where 
each colUIllIl; is made up of n individual radiating elements radiating uni
formly in all directions with equal intensjty :1 . . ' " I sin n7r(a cos <P cos 8 + b) RelatIve field strength = . . ( <P 8 +' 

b) , , n SIn 7r a COS COS 

where 

sin N7r(A sin cl> cos .8 +. B) sin 9111"(m sin 8 + 58') I (243) N sin 7r(A sin cl> cos 8 + B) 91 sin 7r(m sin 8 + 58') 

n, N, and m .  number of :radiators aiong X-, y-, and z-axes, respec
tively 

a, A ,  and � = spacing of adjacent radiators along X-, y-, and z-axes, 
respectively, me�sured' in fractions of a wave length 

b, B ,  and � = phase displacement between adjacent radiators along , 
X-, 11-, and z-axes, respectively, measured in fractions " of a cycle 

e = angle W\th respect to xy-plane (angle of elevation) 
. <p '= angle with respect to x.z-plane (bearing angle) . 

8 .  Radiation from an antenna array in which . the individual ' antennas 
are not spherical radiators is obtained by calculating the directional 
characteristic for spherical radiators, using Eq. (243) and then multiply
ing the result by the actual directional characteristic of the individuai 
antenna involved. 

1 See Southworth, loco tit. 

. . 
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9. Radiation from an array of arrays . is. determined by calculating 
the individual directional characteristic of the elementary array as out
lined in Eq. (243) above, and then multiplying this individual effect by 
the group effect calculated by' determining the directional characteristic . . 
of an array consisting of spherical radiators located at the' centers of the 
elementary arrays. 

10. Loop antennas are considered in SeQ. 139. 
1 1 .  T.he effect of the ground . in the case .of ungrounded a'ntennas can 

be taken into account by the methods discussed above in connection with 
Eqs. (235) and (236) . The ground effect is already included in Eq. 
(239) for the grounded antenna. . 

134. Power Relations ·in Transmi�g Antennas.-The power rela
tions existing in an antenna can be derived either fr.o� the radiated 
fields or from the self and mutual impedances existing in the antenna 
system. 1 . . 

. Evaluation of Radiated Power, -Radiation Resistance, and Gain in 
. Terms of the Radiated Field.-The procedure fpr carrying out this method 
has already been indicated in Sec. 129 and is briefly as follows : The 

. antenna is assumed to be at the center of 'a large sphere, a convenient · 
antenna current is assumed, and the resulting fields produced over the 
spherical surface are calculated. The energy passing through .eaeh 
square centimeter of the spherical surface is then 0.00265e2 watts, where 
E is the field strength in 'r :m.s. volts per centimeter. The total energy 
radiated through the entire spherical s�rface is then. found .by a process 
of summation. This summation can be carried out either by mathe
matical or by graphical methods. .In the mathematical method the 
appropriate expression fo� field strength as given in Sec. · 133 is' squared 
and integrated over the surface of the sphere. 2 'rhis is a straightforward 
process, but even in the �implest practical cases it involves seldom used 
mathematical functions, and in the more complicated cases the indicated 
integrations cannot be performed with known functions. 

Graphical means · . of summation can be used when .mathematical 
methods are �mpossible or impracticable, .  and they are relatively simple 
if a systematic procedure is followed. Th� first step is to determine the 
average effective field strength at the spherical surface as a function of 
the angle of elevation . .  In cases where the radiated field varies with 
the bearing angle, the equivalent uniformly distributed field can be 
obtained by taking advantage of the fact that the radius of the circle 

1 Still another method is described by W. W. Hansen and J. G. Beckerley, Concern
ing New Methods of Calculating Radiation Resistance Either With or Without 
Ground, Proc . .  1.R.E., vol. 24, p. 1594, December, 1936. . 2 Examples of such. integrations a:re to be found in the following' references : 
Ballantine, loco c#.; Carter, Hansell, and Lindenblad, loc; cit. 

1 
i 
'j 
1 
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enclosing the same area as does the actual distribution when plotted on 
polar paper represents the mean effective field strength. The second 
step is to plot the average effective field strength as a function of angle 

. of elevation on polar paper and then multiply the resulting curve by 
-VCOSO. The multiplication by -vcoso takes into account the fact that 
on approaching the. vertical the distance swept through in traveling 
around the sphe�e through a, 360° bearing-angle rotation is proportional 
to the cosine of the angle of .elevation, and the square root sign is nec.es
sary because the area under a curve plotted in polar form is proportional 
to the square of the radius vector. The final step consists in evaluating 
the area under this curve. This area is proportional to the total radiated 
power and can either be evaluated in terms of watts or can be compared ' 
with the corresponding area obtained from a comparison antenna in 
order to obtain the relative gain. The details of the graphical method 

Shorl antenna., I I 
_ _  -1t _ _  ,... fe ::--.. ", I10rl an r!ll!Z��"""" ", �';.;;----. � "-// ,/Polyphase anlenna) .. �, 

/ / ------- '\.\ 
Ij' . -...... " "\� . I � � 

i / __ - /1', ��� 
, �"'/' Poly pnase antenna x-VcOi7J 

FIG. 407.-Curves used in obtaining the gain of the polyphase array of Fig. 401 co�pared 
with a short vertical antenna, 

can be made clear by applying to a specific case such as the polyphase 
antenna system of Fig. 401 .  Here the average effective field strength 
along the horizontal is given by the radius of the circle shown in Fig. 
401, which has the same area as the actual field distribution. When aver
age effective values for different vertical angles are obtained in this way 
and plotted on polar paper, the result is as shown by the solid line in Fig. 
407. Multiplication by 'vI cos 8 gi�es the dotted curve, which incloses an 
area proportional to the total radiated power. ' For purposes of com
parison the corresponding curves for a ,short ver.tical radiator (field 
strength proportional to cos 8) producing the same field strength along the 
'horizontal are shown by the dash and dash-dot lines. 

The merit of a directive system can be expressed in terms of the 
gain with respect to some comparison antenna. As explained in Sec. 
130, this gain is the ratio or' po�ers that must be supplied to · the two 
antennas to produce ' the same field in the desired direction. 1  Thus in 
Fig. 407 the relative gain of the polyphase array as compared with the 

.L In making this comparison the antennas are assumed to have th� same efficiencies. 
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short vertical radiator is equal to the ratio of areas under .the dash-dot 
and dotted :curves, and in this particular case is 1 . 70 . 

. Evaluation of Power, Radiation Resistance, and Gain in Terms of Back 
Voltage$ Induced in' the Antenna.-This method of analysis takes advan
tage of the fact that the fields produced by' the antenna cur!ents induce 
back voltages that are equivalent to an impedance against which the , 
applied voltage can be considered as acting. With an isolated antenna, 
the resistaIice component of , this antenna impedance is the radiation 
resistance, while the reactance component depends upon the tuning of 
the antenna and will be zero ' at resonanGe. When seyeral antennas are 
in close proximity, the current in each causes a voltage to be induced 
in every other antenna, giving rise to mutual impedances such as exist 
in any other coupled circuit arrangement. A system of antennas can 
therefore be treated. as a series of circuits ea:ch having a self-impedance, 
together with a mutual or transfer impedance to every other antenna 
present. The voltage and current relations existing in a system of 
radiators hence corresponds exactly with the voltage and current r�lations 
of a network, 1 and so can be written as 

where 

El = I.lZ11 + 12Zl2 + . . .  + I nZln 
E2 = I�Z12 + I2Z22 + . .  + InZ2n 

. . . . . . . . . . . ' . . . . . . .  . 

E 1, E2, etc. = voltage� applied to antennas . 1 , 2, etc . .  

11, 12, etc . = current's flowing in antennas 1 , 2, etc. 
Z 11, Z22, etc . = self impedances of antennas 1 , 2, etc. 

(244) 

Z12, Z2n, etc. - mutual impedances between antennas denoted by 
subscripts. 

The self impedances Zll ,  Z22, etc . ,  and the mutual impedances 
Z12, Z2n, etc . ,  can be caJculated from the fields existing in the VIcinity 
of the radiating wires and depend upon the geometry and type of 
current distribution involved. The actual details of the calculations are 
too involved to be presented here but can be found in the literature , 
together with formulas giving results for many pra.ctical ca�es .2 Typical 

1 These equations are given in any book on network theory. For example see 
E. A. Guillemin, "Co�munication Networks, " vol. 1, p. 156, John Wiley & Sons, inc. , 
NE:lw York. 

2 A comprehensive treatment of antennas from the point of view of'self and mutual 
impedaRces is given by P. S. Carter, Circuit Relations and Radiating Systems and 
Application to Antenna Problems, Proc. I.R.E. , vol. 20, p. 1004, June, 1932. This 
paper gives a derivation of g�neral formulas for the self and m�tual impedances, and 
also formulas for a number of commonly used configurations such as the resonant V f '  
harmonic-wire antennas, staggered and non-staggered parallel wires, colinear wires, 
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results of such calculations are shown jn Fig 408. Here a gives the 
radiation resistance of an isolated wire as a function of length,  while b 

. gives the effect of spacing on the mutual impedance between two parallel 
half-wave radiators that are not staggered� It will be"" noted t�at as 
the !?pacing increases the mutual imped�nce diminishes -rapidly and 

" the real part may be either negative or positive according �o the exact 
spacing. 
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FIG. 408.-Radiation resistance of isolated wire antenna, together with mutual impedance 
between I?arallel half-wave radiators (not staggered) . 

The use of self and mutual impedances in the analysis of antenna . 
problems can be made clear by typical examples : 

" , 
EXl;lmple 1.-Two half-wave radiators remote from earth are arranged broadside 

(same currents with same phase), and it is desired to determine the spacing for. maxi
mum gain. The soiution is obtained by noting that the field produced in the desired 
direction is independent of spacing, so that the optimum spacing is that for which the 
etc. AdditionaJ discussions of the same subject are given by A. A. Pistolkors, The 
Radiation of Beam Antennas, Proc. I.R.E., voL 17,.p: 562, March, 1929; R. Bechmann, 
Calculation of EI�ctric and Magnetic Field Strengths of Oscillating Straight Con
ductors, Proc. I.R.E., vol. 19, p. 461 , March, 1931 ; R. Bechmann, On the Calculation 
of Radiation Resistance of Antennas and Antenna Combinations, Proc. I.R.E., vol. 19, 
p. 1471, August, 1931 ; F. H. Murray, Mutual Impedance of Two Skew Antenna 
Wires, Proc. I.R.E. vol. 21, p. 154, January, 1933. 
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poweF input is lowest. From Eq. (244) it is seen that the power supplied to the indi
vidual antenna is [2(Rll + Rl2), where Rn is the resistance component of the self 
impedance and R12 is . the resistance component of the mutual impedance. From 
Fig. 408a, Ru for a half-wave anteruia is seen to be 73.4 ,ohms, while Rl2 varies with 
spaci�g as shown in Fig. 408b. This causes the total antenna resistance, and hence 
the input power to the individual antenna, to vary as shown in Fig. 409. The mini
mum occurs at a spacing of 0,65 wave length, corresponding to an effective total 
r�sistance of 48.4 ohms for each antenna. The gain with this optimum spacing as ' 
compared with a single half-wave radiator is readily obtained by noting that, as 
compared with the single wire, the two antennas radiate twice as much field anti hence 
, four times the power in the desired direction, whereas the power input required is 
2 (48.4/73.4) = 1 .32 as great. The gain is accordingiy 4/1 .32 = 3.03 times. 

' 

Example 2.-It is desired to determine the gain, in comparison with a single half':' 
wave radiator, of a broadside array consisting of six half-wave radiators remote from 
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FIG. 409.-:-Variation of antenna resistance with spacing for two broac;lside half-wave 
radiators. ' 

earth and spaced a half wave length apart. The six broadside antennas ' ,radiate 
6 times the field and hence 36 times as much power· in the desired direction as does the 
comparison antenna when both carry the same current. ' The power supplied to the 
comparison an�enna is proportional to its radiation resistance of 73.4 ohms, while 
, the power supplied to the broadside array is proportional to the sum of the radiation 
resistances of the individual wires plus the resistance components of all the possible 

, combinations of mutual impedances. The total resistance of the end wire is therefore ' 
the radilrlion resistance plus the resistance component of the mutual impedances 
betwee� the: end wire and every other wire, and so from Fig. 408 is 73.4 - 15.5 + 3 
- 0 + 0 - 0 = 60.9 ohms. In similar fashion the total resistance of the next-to-end 
wires is 73.4 - (2 X 15.5) + 3.0 - '0 + 0 = 45.4 ohms, and for the middle wires is ' 
73.4 - (2 X 15.5) + (2 X 3.0) - 0 = 48.4. The power that must be supplied to the 
array must therefore be 2(60.9 + 45.4 + 48.4) /73.4 = 4.22 times as great as that 
required by the comparison antenna', ' ro that the relative gain of the array is 36/4.22 

, = 8.5. 

Another example showing how the behavior of parasitic antennas 
can be calculated from a knowledge of t�e self and mutual imp�dances is 
given in the next section. 
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Effect of Ground on the Energy Relations.-The methods of analyzing 
energy relations can be readily e,xtended to include the effect of a perfect 
earth. When the analysis is based upon the radiated fields, the effect 
of the ground reflection upon the fields is taken into account by assuming 
the usual iriuige antenna, but the integration for total radiated energy is 
carried out only 'over the hemisphere above the earth's surface, instead 

'of over the complete spherical surface as with an isolated antenna. 
When the anaJysis is carried out in terms of mutual and self impedances, 
the mutual. impedances between the image and the actual antenna ele
ments are calculated, and the resulting effect upon the voltage, current, 
and power relations existing in ·the actual antenna then represent the 
effect of the ground. 

In the case of an imperfect ground the situation is complicated since 
the radiated energy is less than the energy supplied to the antenna by 
the amount of the earth's losses. The principa� effect of the earth losses 
is to absorb energy that would otherwise be radiated, without appreciably 
altering the .. impedance of the antenna. l  Gain . calculations are not 
affected appreciably' by earth . losses provided the actual and comparison 
antennas are in approximately the same relation to ground. 

Formulas for Calculating Gain.-The formulas for calculating gain are 
too complicated and too specialized to warrant reproducing here but 
can be found by referring to the papers of Southworth , Sterba, Carter, 
Ballantine, and Carter-Hansell-Lindenblad, already referred to. 

• 136. Directive Antenna Systems Employing Reflectors and Parasitic 
Antennas. Parasitic A ntennas.-Directivity is sometimes obtained by 
the use of antennas that react upon the main antenna only through 
mutual �mpedance. The fundamental principles involved in such 
parasitic antennas can be understood by considering a simple example, 
such as a parasitic half-wave yertical antenna placed in the vicinity of a 
vertical half-wave radiator. The current 11 in the radiating antenna 
induces a voltage in the p'arasitic antenna wpich according to Eq. (244) is 

Voltage induced in parasitic antenna = - I lZ 12 
The resulting induc�d current that flows is equal to this induced , voltage 
divided by the self impedance Z22 of the parasitic antenna, so that 

-IIZ12 Current in parasitic antenna = 12 = -=--Z22 
Hence the magnitude and phase of the current in the parasitic antenna 
depend upon the spacing of the antenn'3;s (which determines the mutual 

1 This is substantiated by what literature is available dealing with the effect of 
earth losses on the power relations. Thus see W. L. Barrow, On the Impedance of a 
Vertical Half-wave Antenna above an Earth of Finite Conductivity. Proc. I.R.E., 
voL 23, p. 150, February, 1935. 
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impedance Z12) and the tuning 'of the parasitic antenna (which deter
mines the self impedance Z22) .  The directive patterns that result for 
several typical conditions are shown in Fig. 410. It is seen that, when 
the spacing between the antennas is not too great, the paras�tic antenna 
produces a marked directive effect because a large voltage is induced in it 
by the radiating antenna. The tuning of the parasitiG antenna also has 
a pronounced effect' since it alters both the magnitude and ph,ase of the 
ind,uced currents. " 

' 

The most common use made of parasitic antennas iEi to produce a 
u�idirectiona,l effect in antenna, arrayS'o Thus in arrays such as illustrated 
in Figs. 389 and 390 the rear curtain is very commonly excited para
sitically. The opti�um spacil1g for unidirectional action, under these 

Parasitic antenna 
impedance 45 deg, 

leading 

' Parasific anfenna ParasiHe anfenna 
in resonance impedance 45 deg. 

lagging 

Note : Po(rOlsitic olntenna on right and rCldiOlting antenna on left in eOlch case 
FIG. 410.-Directive pfttterns obtained with simple parasitic antenna under various 

conditions. 

circumstances is approximately but not exactly a quarter of a wave 
length, and the parasitic antenna must be tuned so ,that its radiation is 
in the proper phase to produce the desired results. 

Reflectors.-Another method of obtaining directivity is by the use of a 
metallic reflector, which in the case of a transmitting antenna concen- ' 
trates the radiation in the desired directi9n in much the same manner as 
a mirror reflects light, and in the case of reception gathers in the energy 
from a wave coming from the desired direction and focuses it on the 

. receiving antenna. Reflectors for this p'urpose ' are usually constructed 
of copper because this material has such high conductivity that it acts as 
a, practically perfect reflector for radio waves. 

Practical reflectors are shown in Fig. 411 . In the parabolic types 
the antenna is placed at the focus and the concentrating action is similar 
to that obtained with a searchlight . The plane-surface type of reflector 
is used primarily to obtain a unidirectional characteristic with a broad-

.. 
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side array. It replaces the reflecting a'lltenna system otherwise required 
' and to be effective it must be of ample dimen�itms. 

The use of reflectors to obtain directivity is in practice limited to 
very short wave lengths, where the distance corresponding to a wave 
length is small enough to permit ' reflecting structures of practical size. ' 

136. Radio-frequency Transmission Lines and Impedance Matc�ing 
Systems.-The output of a radio transmitter is usually delivered to the 

, I 
" 

I 
Antennas ' Reflecting copper sheet )./4 or 3¥4 behinciantenncrs 

FIG. 411 .-Examples of conducting reflectors , for producing directive characteristics, 

antenna by means of a transmission line . Transmission lines are also 
used to connect r�ceivers to receiving antennas, particularly directive 
antennas, special all-wave antennas, 'and apartment-house antenna 
systems. By proper design the energy can be transmitted to distances 
of the order of �� to 1 mile with only moderate loss. ' 

The most common types of lines are the two�wire open-air line illus
trated in Fig. 412a, the concentric-conductor line of.Fig. 412b, the four-

(0) Ope n air l i ne (b) '(c) Fou r  wire l i ne 
Co n centric (diagona l l y  
.con ductor ' oppos i te 

w i r es in pOIral lel) 
• • 

• • 

W///////7/7/7/////)'/ 
FIG. 412.-Common types of transmission lines. 

wire balanced liD" of Fig. 412c," and a twisted pair composed of lamp cord, 
or other insulated conductor. Lines used with transmitting antennas are 
usually of the two-wire open-air or concentric-conductor types. The 
open-wire line, is commonly used because , of its low cost, but the con
centric-conductor type is less subject to weather, particularly when , . 
buried and filled with dry nitrogen gas under slight pressure to prevent 
collection of moisture from " breathing. " 

, 

• 
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The requirements for lines used with r�ceiving antennas depend upon 
the circumstances. Where it is merely a matter of transmitting the 
energy' from antenna to receiver, any type of line is satisfactory, but with . 
a directive .receiving antenna it · is very important that the transmission 
line abstract no. energy whatsoever from passing w�ves. .When there is,  
abstraction of energy, one of the main objects of the dir(lctive receiving 
antenna will be lost because the antenna €ffect of ,the line will not be, 
highly directive and so will cause the line to pick up noise and interfering 
signals to which the 'antenna 'itself is not responsive. The two-wire 
open-air line is not particularly satisfactory under such con,ditiorrs because 
of the difficulty of maintaining perfect balance with respect to ground. 
The concentric transmission line, particularly when buried, is practically 
immune from stray pick-up but is expensive. A reasonably satisfactory 
and inexpensive compromise is furnished by the four-wire transmission 
line illustrated in Fig., 412c, which consists of four wires arranged at the 
corners ,of a square approximately 1 to 2 in. to a side and ,with t4e diag
onally opposed wires conn�cted in parallel. This arrangement is simple 
and w4en regUlarly transposed ' is .. very effectively balanced against 
extraneous disturbances. 

Twisted pair lines are often used in low-power transmitters and in 
lines associated with receivers . Such lines are not susceptible to stray 
pick-up because of the small spacing and frequent twisting, but are 
suitable . only for short lengths because of their high 10sses. 1 

Resonant and N on-:-re�onant Lines .-Transmission lines may be 
operated in such a manner as to be resonant or non-resonant, according 
to the load impedance at the receiving end .of the line. If the receiver 
load is a resist�nce equal to t,he c4aracteristic impedance .(i .e . , a resistance 
equal to VLlP), then voltage and current die away uniformly as one 

. recedes from the sending · end of the line� and have a distribution that 
follows an exponential law as'shown at Fig. 33c. There ape then no reso-:
nances irrespective of the liIie length ; the voltage and current at every 
pOInt along the line are in phase with' each other ; the r.atio of voltage to 

. current at,any point is' the characteristic impedance Zo = VL/C; and the 
. phase drops back uniformly at a rate 'of 360? per wave length as the 
receiver �s approached.2 , ' 

When the load impedanc� does not equal the characteristic impedancl-., 
of the transmission line, resonance effects are produced, as illustrated in 

1 See C. C. Harris, Losses in Twisted Pair Transmission Lines at Radio Frequen-' 
cies, Proc. I.R.E., vQl. 24, p. 425, March, 1936. 

2 In the case of lines with ai� insulation, the distance corresponding to a wave 
length on the line is almost exactly equal to the wave length of the corresponding · 
radio wave. However, in the case of lines having appreciable dielectric insulation, 
as, for example, a twisted pair, the distance representing a wave length on the line is 
correspondingly less. ' 
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Fig. 33, and the resonances will, be very pronounced if the load impedance 
differs appreciably from the characteristic impedance. With resonant 
lines the voltage and current follow cyclical variations which repeat 
every ha-lf wave length, and there is a large phase difference between 
voltage and current e�cept near points where the voltage or current 
passes through a minimum. In traveling from generator toward load 
there is a progressive phase lag of 3600 per wave length, but, instead of 
taking place at a uniform rate as in the case of non-resonant lines , most 
of the shift takes place in the vicinity of the voltage 'and current minima. 

Non-resonant lines transmit energy at unity power factor and so are 
more efficient than resonant' lines, and also subject the line insulation to 
less voltage in 'proportion to power transmitted. Hence non-resonant 
line� are always used in association with high-power iransmitt�rs and in 
all cases where the transmission distance is appreciable. The resonant 
lines are suitable only with low-power transmitters where the transmis
sion distance is quite short, as in the case of amateur, airplane, and 
similar equipment. 

Properties of Transmission Lti;nes :l-The most important characteris
tics of a transmission line are the characteristic impedance Zo and the 
attenuation factor a. The ' characteristic impedance is determined by 
the line construction arid at radio frequencies can for all practical pur
poses be considered to be a resistance defined by the equation2 

/L . .  
Zo = "J 

C 
ohms (245a) 

where L , and C are the indlictance and capacity, respectively, per unit 
l�mgth of line. For the two-wire and concentric-conductor transmission 
lines, substitution of the usual formulas for inductance and capacity gives 

Characteristic impedanCe} 
of two-wire line 
Characteristic impedanCe} 
of concentric cable ' -

b 
276 loglo - ohms 

a 
b 

138 loglo - ohms ' a 

(246a) . 

(246b) 

1 For further information �ee E. J. Sterba and C. B. Feldman, Transmission Ljnes 
for Short Wave Radio Systems, Proc. I.R.E.,· vol. 20, p. 1163, July, 1932. ·This paper 
gives an excellent discussion of the electrical properties of two-wire and concentric
conductor lines, constructional problems, correlation of measured and predicted 

'behavior, etc. 
. . 

2 The exact formula for, the characteristic impedance is 

z _ �R + jCJJL 
o - G + jCJJC 

(245b) 

where. R and G are the resistance and conductance per unit Jength of line. At high 
frequencies CJJ is so large that R and G can be neglected, thereby resulting in Eq. (245a) . 
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In these equations b represents ' the spacing between conductors of the 
two-wire line and the inner radius of the outer conductor of the concentric 
cable, while a represents the radius of the conductor in the tw'o-wire line 
and the outer radius of the inner conductor in the case of the concentric 
line. With the usual construction the characteristic impedance is com
monly of the order of 600 ohms with a two-conductor open-air line , and 
in the neighborhood of 75 ohms for the usual concentric conductor with 
air dielectric .  With a twisted-pair transmission line the characteristic 
impedance is commonly of the order of 125 ohms, but will depend greatly 
upon the construction . 

The .attenuation constant of a transmission line depends upon the 
resistance, leakage, and characteristic impedance, and at radio frequencies 
can be expressed by the equation 

Attenuation constant = Cl - R + GZo - 2Zo . 2  . (247) 

'Yhe!e ' R and G are the resistance and leakage per unit length of trans
missio� line and Zo is the characteristic impedance. 

In the usual two-wire and concentric-conductor li�es most of the 
insulation is air, so that the .leakage is s'ubstantially zero except when 
the insulators are'wet, and the conductor resistanc� accounts for nearly al1 

. the attenuation. This resistance is determined largely by skin effect, 
and can be calculated-by the following formulas : 1  

Resistance , of '} (1 1) 
corrcentric conductor = 41.60 a + b X 10-9 oh�s per centimeter 

Resistance of twO-} vi! . wire line = 83.2a- X 10-9 ohms per centimeter 

(248a) 

(248b) 

The frequency is In cycles, the dimensions are in , centimeters, and a and 
b have the same meaning as in Eq. (246) . It will be noted. that the 
'resistance is directly proportional to the square root of the frequency and 
inversely propclrtional to the physicai size of the transmission line. In 
a concentric conductor having a fixed radius b of the outer conductor, 
the lowest resistance will be obtained when the inner conductor is such 
that b/a = 3.6. 

. . . 

The behavior of a non-resonant line can be summarized by the 
following equations : 

1 The two-wire formula neglects proximity effect, and so is about 15 per cent low 
for b/a = 4, and less than 2 per cent low for b/a > 12. . 

' 

. .  



70Q 

where 

RADIO ENGINEERING 

E � E8f.-al 
I = l:sf.-al : = Zo = characteristic impedance 

Phase shift of E'  and} � _ _ fi7, ....:... 27r 
-1 per unit length - (3 -:- wv Le - T 
Power loss = 8.686al db 

[CHAP. XV 

' (249) 

w = 27rf 
). = length along line corresponding to one wa�e length 

E8 and .I8 = voltage and current at the gen�rator end of the line 
E and I = yoltage �nd current at a distance l from the generator: 

The losses in a properly constructed line can be made' very small. Thus 
by ({ombiIiing Eqs. (247) , (248b) , and (249) it is found that a two-wire 
line made of No. 4' copper wire and having a characteristic impedance 
of 600 ohms introduces an attenuation of 0.'24 db per thousand feet at a 
frequency of 10 mc'. 

Radiation from Transmission Lines.-A two-wire transmission line 
radiates very little energy because the close proximity of the two con
ductors carrying current in opposite directions v�ry nearly cancels the 
radiated field. Analysis shows that in the case of a p�rfectly balanced 
two-wire line the total radiation, including that of the terminal connec
tions, is twice the radiation that would be obtain&d from an elementary ' 
antenna having a length equal to the transmission line spacing and 
carrying a ,current equal to the line current. With resonance on the 
line the radiated , power is greater because of the larger line currents. l 
When a two- or four-wire line is not balanced with respect to ground� 
there is a current component that travels out over the wires acting in 
parallel and returns by way of the ground. The radiation under sueh 
conditIons will depend upon the amount of unbalance and the height 
of the transmission line above earth, and will in general tend to l::>e large 
because the height is much greater than the 'spacing between wires. 
, , A concentric transmission line radiates ' no energy under ordinary 
condition� because the outer conductor acts ' as a ,  substantially perfect 
shield. 

. , ' 
1 The power radiated from a non-resonant two-wire line , . ' (lI'a) 2 Power radiated = 160�2 >: watts (250) 

where I is the line current (assumed constant) and a/).. is the spacing in wave lengths. 
For 'a resonant line the radiated power depends on the amount of resonance, but is 
greater than given by Eq. (250) , by a factor that is �ery roughly (Io/l)�, whereIo 
is the maximum current in the resonant line: For further information see Sterba 
and Feldman, loco cit. ' 
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The tendency of, a transmission line to radiate when carrying currents . . . is also a measure of the extent to which the transmission line will act as 
an antenna in the reception of radio waves. Accordingly, a receiving 
antenna transmission line that is to piek up the minimum possible energy 
is designed in the same way as a line that is to r�diate the minimum 
possible energy. With open-air lines this �n.eans non-resonant operation, 
careful balance with respect 'to ground, and close spacing. A concentric . 
conductor line is particularly suit aWe for receiving purposes becau'se the 

(0) Tu ned ci rwit cou pli ng (b) Resonant line coupling 

irqm;mission tJ �o antenna· i""1 t ,5 Antenna 
line -- " I . �, .n 1 1. '  , 

Aq'/ustable � ,  -lTesonan me 
shorf-circuit " �AI I . . Ivon-resonan (c) Quarte r wave Goupl i ng l ine (01) stu b fransmissiOi1 line 

A Tt. f, line f". � " ,L ' ,L ,:-r -- .." 0 an enna .JeCt7on /n WrI/CrI I I resonancescan exisf : . ' quarter wavelenglh 
\ line with aq'Justable lo ,,,7'_--,.-+--.-__ ...... 
Non-reslJnanf I Non-resonant , line line " 

. . Slub line 
(e) Oi l"ect coupled l i ne ' (f) Coupling Goil method An/lmna(ac(justect �Coupling . t<--m --� 10 resonance) ,-- coil 

Non-resonant line --- - - - -""- -- - - -

(9)  Single wire l ine 

. Proper Line connecled Anlenna 

Anf::1f�f 

af W��t:a� wro���gfh 
I ' . " I 

NOfl-l"f!Sonant I 'r', � Ime -- -- '" ' I 'J ' -- Currenl cllslribufion - - - - - � 

FIG. 4 13.-Commonly used impedance-matching systems. 

outer conductor acts as a practically perfect shield against radio-fre
quency waves . 

. Impedance-matching Systems for Non-resonant Lines.-In order t,o 
avoid resonance� ; in transmission lines associated with transmitters, it is 
necessary that the antenna be coupled to the line in such a' way that the 
effective load� impedance which is offered to the line is a resistance equal 
to the characteristic impedanc� of the line. TyPical methods for doing 
this are illustrated in Fig . . 413 . At Fig. 413a a tuned circuit is used to 

. provide the impedance · matching. A r'esi�tance load is obtained by 
proper tuning, while th� magIii�ude of the load can be adjusted to the , 

" 
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correct value either by varying the mutual inductance or by varying the 
fraction of the coil across which the line is connected. 

. 

In the resonant coupling line at Fig. 413b a resistance impedance is 
obtained by adju·sting the short · circuit on the coupling line to give 
resonance in' conjunctiorr with the antenna. , The resulting load offered 
the non-resonant line is then resistive and has a magnitude determined 

. . 
by the point of connection. . The length ' of resonant line should be 
approximately a, quarter wave leng.th when the antenna resistance is 
higher than the non-resonant line impedance, and a' half wave length ' 
whe� the antenna resistance is lower. Arrangements employing resonant 
coupling lines are shown in Figs. 397 and 399a. 

The arrangement of Fig. 413c makes use of the fact that in a quarter
wave-length co-qpling line Z8 = Z02 / Za, where Z8 is the impedance that 
the non-resonant transmission line sees when looking toward the matching 
line, Zo is the characteristic impedan,ce of the matching line Ca r�sistance) , 
and Za is the antenna impedance . . By adjusting the antenna so that it is 
in resonance, Za becomes a resistance, and the impedance Zs, which 
'serves as the load for the non-resonant line, is likewise.a resistance which 
can be made the desired value by varying the spacing between wires of 
the matching line to vary Zoo At low frequencies where a quarter wave 
length is inconveniently long, it is possible to use an artificial line ,designed 
as explained in the footnote on page 541. 1  

. 
. In the stuh-line arrangement of Fig. 413d the transmission line is 

connected directly to the antenna and a suitable shunt reactance, com
monly in the form of a short length of transmission line (i. e. ,  a stub line) , 
is . used to eliminate resonances between the shunting point and the 
generator. This shunting reactance must be placed at a point such that, 
when th� impeda�ce looking toward the antenna is paralleled by the . 
shunt reactance, the impedance of · the combination is a resistance equal 
in magnitude to the characteristic impedance of the line. The exact 
details can be worked out theoretically ' and lead to the results that are 
presented graphically in Fig. 414. · . 

Seve.ral other coupling methods sometimes employed are shown at 
e, f, and g in Fig. 413: At e the transmission line is directly coupled 
to the antenna, the matching · being obtained by making the antenna 
l�ngth the exact value required for resonance and then connecting the 
two wires of the line symmetrically with a spacing m such as to give the 

. . " . 
1 Information on the design of such lines for broadcast transmitt�rs is also gi�n 

.by R-alph P. Glover, R-f Impedance Matching Networks, Electronics, vol. 9, p. 29, 
January, 1936 ; Carl G. Dietsch, Terminating Concentric Lin�s, Electronics, vol. 9, 
p. 16, December, 1936. An excellent discussion of impedance-matching networks in 
general is 'given by W. L. Everitt, Output Networks. for Radio-frequency Power ' 
. Amplifiers, Proc. I.R.E., vol. 19, p. 725, May, .1931. 
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requited impedance match. At f the antenna is made shorter than is 
required for resonance· and is then tuned by means of a small coil to which 
the transmission line is directly coupled. The single-wire transmission 
line shown at g is a modification of Fig. 413e in. which the ground .supplies 
a retu.rn circui.t that is completed through the capacity of the antenna 

( Cu rrent w"ve on Imox.1 Require/cl unterrninatecl line 
loop. Position-Wavelengths . 

krminCl" l �:'l� _ _ �18 _ _ ��4 �I� _ _ 
Q06 

Im1n To load 
line 11 • 

1 1 : 1 1 ! 
1 1 : I .  1 1 • I I� 
11 4 
11 : 
11 • I ·' 1 1 i 1 1 ,  I 1 : 1 1 ! I1 : 1 1 • 
11 : 

Short- Circu ited Stu b  Line 

:EO.02 g'U04 �O.Oo � 0.08 1: 0.\ 0  �0. 1 2 
� Q14 
�U1 o gUl s  � Q20 � U22 � Q24 & '..:L � � �� 2 8  o deSeS cs �  d ·  

Rotio Imin.jlrnax.On 
Untermincxted Lifle 

To IOCla 

Open- CirGu itecl stu b  Line 

to ground. The proper .adjustment of a single-wire transmission line 
can be determined by observing the relative current distribution in the' · 
line t\nd antenna as indicated. 1 The single-wire line radiates much more 
energy than the co'rresponding two-wire line, but IS often used because 
of its simplicity. 

1 See W. L. Everitt and J. F. By;me, Single-;wire Transmission Lines for Short-: 
wave Antennas, Proc. I.R.E., vol. 1 7, p. 1840, October, 1929 . 

• 
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When it IS desired to avoid resonances in a transmission line asso-
. ciated with a receiving antenna, it is necessary that the input impedance 
of the receiver be a resistance equal to the characteristic impedance of 
the line, since' in this case the antenna is the source of energy and the 
receiver acts as the load. Failure to match the antenna to the trans:.. 
mission line prevents the receiving antenna from .delivering the IJ?aximum 
possible amount of energy to the transmission line, but does not cause 
resonances. 

Phqsing Systems.-In antenna arrays i·t is necessary to adjust care
fully the relative phases of the various antennas. There are two basic 

(DI) YerticOI lly PolOlrizeol Antennof Used in Trorns-AtlolMtic . t .A  Teleph one 

t' � 2 �t , lH 
-1 �B . r � I 

Feeders al/excifed inflle same> phase 

(b) Chlre
'
lx- Mesny ArrOlY (French) �'��";QSdicradiafor 

• To frr:msmitfer . 

Primary radi«ror 

(c:) AntennOl ArrOlY of.'(C1I) RotOlteol 90° 
to Give VerticOI I PoloJrizOltion 

(d) HorizontOllly Polort"ized AnteooOl Used cd No!uen(GermorQY) 
r t· · 

Feeders all excited In the same phas& 

FIG . .  415.-Commercial designs of broadside antenna arrays. The reflector antenna 
that is always used to gi ve a unidirectional characteristic is omitted in the figures for the 
sake of 'Clearness. 

methods of accomplishing this . The first makes use of the fact that a 
non-resonant transmission line in open air has a uJliform phase shift of 
360° per wave · length. . Hence any desired ' phase difference can be 
obtained by the use of a non-resonant transmission line of suitable length. 
Thus in the antenna system of Fig. 391 .the 2�i-wave-length non�resonant 
line connecting antenna and reflector makes the relative phase djfference 
2�i cycles, i.e . ,  90° . Phasing of end-fire antenna arrays is al"ways 
accomplished by the aid of a non-resonant line. 

The second method of phasing makes use of the fact that in a resonant 
line the phase shifts 1�0° every half wave length (ev�n though the shift 
does ' not take place uniformly) . This method is commonly used in 
phasing broadside antenna arrays. Ty'p�cal detailed illustrations are 
shown in Fig. 415. At c and d the radiators a:e connected to the reso-

, 
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HOok;:t r"Line.--, 

� 'ThermocoupIB meter � 
Thermocouple 

meter (0) Cb) 
I'Two wire line 

Coils '\ ,-Condvc!or \� l O,The"";o-
_----.l���_ � 'couple 

-Thermocouple r meter meter 3' .  . 

(d) 

705 

(c) ' 
FIG.· 416.-Devices for measu�ing the relative current distribution along a transID'ission 

line or antenna. 

anten�a is operating cB;n ordinarily be deduced by observing the current 
. distribution� In the case of a transmitting antenna the current dis
tribution can be measured by coupling a sensitive thermocouple instru
ment to the line, using one of the arrangements in Fig. 416. In the case 
of receiving antennas the thermocouple can be replaced by a portable 
receive� and the antenna can be eXclted by means of a portable oscillator 
adjusted to 'produ<�e radio waves of the appropriate frequency . 

. .Radio-frequency Distributing Systems; l_It is sometimes desired to 
operate a number of receivers from the same antenna, employing a 
traJ?smission line to ca�ry the energy to the various locations involved. 
Such an arrangement is particularly desirable 'in apartment houses' in 
large cities, since it permits the installation of one efficient antenna on 
the roof remote from map.-made noises and wher� the signals are strong. 

The most satisfactory arrangement of this , type employs a non
resonant transmission line to whi�h the various receivers are coupled 

1 Further info;mation on this subject is given by F. X. Rettenmeyer, Radio
frequency Distributing Systems, Proc. I.R.E. , vol. 23, p. 1286, November, 1935 . 

. . 
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through an attenuation unit that introduces about 30 db loss. The l�ss 
in the attenuator is compensated for eith�r by employing an individual 
buffer amplifier between eac:p. . receiver and the line or by means of a 
wide-band amplifier connected between the antenna and the transmission 
line. With an arrangement of · this sort satisfactory reception can be . 
obtained with receivers having only ordinary sensitivity, and interaction 
between receivers is practically eliminated because effects originating in 
a particular receiver, such ' as local oscillations, are. attenuated 60 db 
before reaching 'the input of a seco�d receiver. . 

. In simple installations where only a few receivers are involved, the 
atten�ating network and amplifier are sometimes omitted. " In' such 
case� the receiver is provided with a high impedance input circuit which 
is �onnected directly across the transmission line. 

137. Practical Transmitting ¥tennas.-The principal considerations 
involved iil the design of transmitting antennas are the directivity, 
efficiency, and cost . These matters' become of increasing importance ' 
as the power of the transmitter is increased sIDce the expenditures for 
improving the antenna system are then easier to justify. 

Short-wave Antennas.-Short-wave directiye antennas find their chief 
use in long-distan�e high-power point-to-point communication. For 
this purpo'se it is desirable to concentrate the energy in a well-defined 
beam which is directed toward the receiving point at a vertical angle that 
is of the order of 10 to 25 deg. above the horizontal. The rhombic and 
resol).ant V antennas are usually preferred because they give good 
directivity, are easily tuned: and can be supported ' upon inexpensive 
wooden poies. 'The rhombic . antenna has .the additional advantage 
that it will operate sa�isfactorily over' a frequency range approximately 
2>'2 to 1 with no readjustment, and So can be used for bot.h the day and 
night frequencies. Before the resonant V and rhombic antennas were 
developed, broadside arrays such as illustrated in Figs. 389 and 415 
were generally employed, but these have lost favor because they are 
difficult to tune, require exp.ensive supporting structures, and give only 
slightly better directivity. 

Practical experience indicates that for best results the angular spread 
of the beam in the horizontal plane should be of tlfe order of 10 deg. whiJe 
in �he vertical plane a �pread of 'perhaps 15 deg. centered at a vert.ical 
angle of 15 to 20 deg. is optimum. With less sharply defined beams 
energy is wasted by being sent in directions where it has no chance to 
reach the receiver, while, if greater direGltivity is use'd, the· beam will 
sometimes be deflected sufficiently from the great-circle route to make the 
received signals weaker than when a broader beam is used� Interpreted ' 
in terms of practical antenna arrays, the amount of g§,in that can be 
usefully employed is of the order of 100. 
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Non-directional radiators consisting of a vertical or horizontal half
wave antenna are commonly used for amateur, marine, and short:-wave 
broadcast work� where it is �esired to transmit signals in all directions 

. and for varying distances. Typical examples of such antenna systems, 
together with · typical transmission line arrangements, are shown in Fig. 
416a. • 

The polarization of the transmitting antenna is not important si�ce 
the ionosphere causes the received wave to contain both vertical and 
horizontal components irrespective of the polarization at the transmitter. 
Horizontal polarization is usually preferred, however, because the 
supporting structures required are generally not so high as for vertical 
radiators with the same vertical directivity, and furthermore with 
vertical radiators it is probable that the Sommerfield ground wave in the 
vicinity of the transmitter absorbs an appreciable fraction of the radiated 
energy. 

a- Current feed b-Voltage feed c- Mod ified Zeppe lin (01" Zeppelin) , �---A. ->1 �-- ---- A. - - - - - -1 
Even mult(ple : 

(of quarfer : wavelength _ i 
Odd muff/pie 
of quarfer 

_Wf!velengfh 
Odd multiple 
ofquarfer wavelength L 

n , 11  
Transmitter Transmiffer Transmiffer 

FIG. 416a.-Representative types of resonant transmission lines for dEllivering energy to , 
- antennas. 

' 

The proper · procedure for tuning an antenna depends upon th� 
arrangement. In the case of arrays involving many radiators, such as 
illustrated in Fig. 389, the length of the 'individual parts are adjusted 
until the current distribution as experimentally observed has the desired 
character. In other cases where the antenna is associated with a reso
nant line such as Figs. 397, 399, and · 416a, it is possible to tune the 
antenna and the resonant line as a unit. At Figs. ·  397 and 399 this is 
done by adjusting the position of the shortrcircuiting bar, while in 
arrangements of the type shown in Fig. 416a the tuning can be accom
plished by means of the variable -condensers in series with the ijne, 
provided the antenna and transmission-line lengths are, approximately 
correct to begin with. In cases such as Fig. 413e where the antenna must 
offer a resistance impedance, it is necessary to adjust the antenna length 
very accurately to the proper value. 

In general it will be found that the antenna length required for reso
nance is usually less than the corresponding length in wave lengths meas
ured ' in free space . .  This is because qf end effects and mutual coupling 
in antenna elements. Thus in the case of a half-wave antenna it i� 

. I I 
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necessary to 'make the wire about 5 per cent sh<;>rter than ' a true half 
. wave length, while in an array composed of a multiplicity of half wave 

length antennas the elements sometimes m\lst be as much as 10 per cent 
shorter. 

When a reflector system is employed to give a unidirectional character
istic, the tuning procedure in the case of .a parasitic antenna is first to 
adju.st the radiating antenna to give the desired '  current distribution, 
after which the element lengths in the reflecting antenna are adjusted 
until t,he backward radiation as observed upon a suitably located radio 
receiver is a minimum. 

In cases where both antenna and reflectors are excited, the antenna and 
reflector lengths are adjusted to give the desired current distribution, and 
the relative phasing is maintained by coupling' the two together with a 
non-resonant line of the proper length. Under s'uch conditions it is 
desirable to have the reflector spaced at least % wave lengths from the 
antenna in order to prevent excessive interaction during the adju�tnient 
process . 

The efficiency of short-wave amtennas is very high because of the high 
radiatIon resistance of the antenna in proportion to size and because the 
antenna is ungrounded. Even including the effect of ground losses, the 
over-all efficiency is commonly well in excess of 80 per cent, and most of 
the losses th'at do occur are the result of ground imperfections. 

Ultra-high-frequency A ntennas .-Antennas for use with ' ultra-high
frequency transmitters ,are of the same gen�ral character as those used at 
short-waves. ' However, since the length corresponding to a wave length , 
i� less, it is possible to obtain greater directivity with antennas of reason-

, able proportions. ' 
In ultra-high.:.frequency broadcasting it is desirable to have an antenna 

located at a high elevation and possessing considerable vertioal but no 
horizontal directivity. The necessary' eievation is 'usually obtained by 
locating , the antenna upon a flagpole of a high building, while vertical 

' directivity can be obtained by stacking colinear half-wave radiators or 
, by a turnstile array of the type illustrated in Fig. 4:00.. In point-to-point 

communication with ult�a-high frequencies it is possible to make use of 
alm.ost unlimited directivity, but the beam must be direCted toward the 
receiver (not at an angle above the horizontal as in the case of short , 
waves) and must have ,sufficient elevation above earth to minimize 
destructive interference from the reflected ground wave. 

Transmittlng Antennas for Broadcast Frequencies . I-Nearly all the 
more recent broadcast antennas are self-supporting steel towers having a 

1 For further information ' on this subject see H. E. Gihring and G. H. Brown, 
General Consideration of Tower Antennas for Broadcast Use, Proc. I.R.E., vol. 23, 
p. 311 ,  April, 1935 ; G. H. Brown, A, Critical Study of the Characteristics of Broadcast 
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height either approximately a quarter wave length or slightly in excess qf , 
a half wave length, and serving as vertical radiators. Such an antenna 
can be excited by insulating the hase of the tower from ground and apply
ing the exciting voltage between the base and grOlind, ' or by making use of 

' a loop formed by the ground and a wire attached to the tower above 
ground at a height corresponding to approximately 20 , per cent of the 
antenna height, as illustrated in Fig. 417 d. This loop is made resonant 
to the tra�smitted frequency by means of the capacity C, and therefore 
carries a large circulating current which develops sufficient voltage across 
the section h to' excite the remainder of the tower. The tower radiator has 
the advantage of simplicity, low cost, and good e·fficiency. 

(a) Tower rOldiato� (b) Tower radiator (c) Tower radi ator (d)Grounded with cOpclcitytop' with series tower ' 

Physical 
structures 

Current 
distributions 

Insulators, V " � 

'l nductOlnce ' , 

C Coupling 
T--1r-t--J-'" unit , To transmilter 

h- i �,... --r"" 

. ' 

FIG, 417.-:-Different types of tower radiators, with current distribution for eac�, 

The vertical directivity of a vertical radiator depends upon tp.e height, 
as shown in Fig. 378. The optimum results for broadcast purposes are 
'obtained when the height is of ,the order of 0.50 to 0.56 wave length, as 

, thIS gives maximum concentration 0'£ energy along the ground consistent 
with suppression of the sky wave (see Sec. 122 for discussion of the desired 
directional characteristic�) . With , heig}1ts much less than 0.5 wave 
length the directivity is largely lost, and heights greater than 0.6 wave 
length produce a strong high-angle sky wave. , 

The, relatively great cost' of vertical radiators with optimum height 
, has led to the investigation of possi.ble alternative arrangements. Among 
these 'are the polyphase array of Fig. ' 401, the capacity-top arrangement 
of Fig. 417b, and the sectionalized tower with series inductance shown at 
417c. The polyphase array is capable of giving greater directivity 
than obtainable with � simple verticai radiator, but is ' also much more 
Antennas as Affected by' Antenna Current "Distribution, Proc. J.R�E., '  vol. 24, p; 48, 
January, 1936; A. B. Chamberlain and W. B. Lodge, The Broadcast Antenna, Proc. 
I.R.E,. -yol. 24, p. 1 1 ,  January, 1936. 

. 
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expensive. The capacity top r�duces slightly the height required for 
optimum operation, bllt the saving with practical structures is , hardly 
worth bothering with. The sectionali,z�d towers with series inductance 
make it possible to reduce the total height from 20 to 30 per cent without 
sacrifice in direCtive characteristics, blJt this is in part counterbalanced by 
the extra cost of sectionaliozing the tower and by the energy losses in the 
inductance. 1 Howe;er, sectionalizing has the advantage of m'aking it 
possible to adjust the effective height experimentally without involving 
expensive 'structural changes and so is sometimes used for this reason. 

The amount of directivity obtainable with a vertical 'radiator about 
0 .54 wave length high s,pproximates the optimum directivity for a 50-kw 
station operating in the frequency range of 750 to 1000 kc with average soil 
and receiving conditions. With high-?oriductivity soil, lower frequency, 

Auxiliary surrace r- --groundimmediafely _ _  _ under lower I I 

Cammon 

ground system 

, FIG. 418.--':'Typica.i ground system for vertical radiator. 

favorable receiving conditions, or greater transmitter power, more direc
tivity would or�narily be useful if obtainable at reasonable cost. Under· 
typical conditions a vertical radiator of optimum height r�ughly doubles 
the primary service area of ,a 50-kw station as compared with a short 
vertical radiator. A portion of this gain is the result of a �tronger ground 
wave, while the remainder is due to the reduction of the high-angle sky 
wave. 

Where a vertical radiator of optimum height is not practicable or 
cannot be justified economically, as in the case of transmitters with low 
power or low frequency, or when established airpl�ne routes pass in the 
vicinity of the antenna, it is customary to use radiating towers having a 
height of approximately one-quarter wave length . Such an arrangement 
radiates a field that is almost exactly proportional to the cosine of the 

1 An analysis of the sectionalized to�er is given by G. H. Brown, A Note on the 
Placement of the Coil in a Sectionalized Aptenna, Broadcast News, no .. 22, p. 14, 
October, 1936. ' ' 

I 
I 
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angle of elevation, and so has no more directivity than .a short antenna 
with flat top, but is less expensive and more efficient. 

The efficiency of a broadcast antenna depends largely upon the ground 
.losses occasioned by currents flowing in the earth near the antenna. 
These losses can be made low by providing a ground system of buried 
wires as shown ·in Fig. 418, consisting , of numerous radials having a 
length that is preferably not less than a half wave length. These radials 
provide a low-resistance path for the currents that ' flow out through the 
ground to charge the capacity between tower and ground, 'and they 
thereby reduce the effective ground resistance. With tower antennas it is 
customa�y to use between 90 and i20 such radials. These should, if 
possible, be about a half wave length long, since when appreciably shorter 
the ground losses increase greatly even wh�n the antenna height is small. 1 
With such a ground system the efficiency of a tower radiator is high . 

.Pi. self-supporting tower insulated from ground has a relatively high 
localized ,capacity from the lower end of the tower to the earth immedi
ately below. Losses from this source can be reduced to a negligible value 
by placi,ng the tower insulators on posts from 6 to 10 ft . high in order 
to reduce the capacit'y to ground and by providing an additional grounding 
system in the immediate vicirri,ty of · the tower base. 'This auxiliary 
ground can be a screen laid on the earth's surface an.d extending out a 
short distance beyond the tower footings, or c�n be a system of close1y 
spaced overhead radial wires bonded together and connected to the buried 
groun�ng system at ,one point. 2  

Calculation of the exact behavior of tower antennas is complicated by 
the fact that a self-supportirig tower is tapered, and this caqses the cur-

: rent distribution to deviat� somewhat from sinusoidal. . Experiments 
indicate that with the self-supporting tower radiator the current dis
tribution is of the form shown in Fig. 417 a. As a result of the reduced 
current in the top portion of a tapered tower, it is necess,ary that the' 

. tower have a slightly greater height when tapered than when of uniform 
cross section. Otherwise ' there is no, essential difference in spite of the 
fact that a uniform-cross-section structure is sometimes believed to be 
capable of giving a performance that cannot be duplicated by the tapered 

1 Thus G. H. Brown, The Phase and' Mag�tude of Earth Currents near Radio · 
Transmitting Antennas, Proc. I.R.E., vof 23� ,p. 168, February, 1935, sh�ws that with 
a half-wave tower the, maximum earth 'losses in a ,circular shell about the tower are 
at a distance approximately A/3 distant from the tower base. 2 The first tower radiators were speci�lly designed to ' have a very emall capacity 
from the lower end to ground, since it was assumed that this capacity �was highly 
detrimpntal to the behaVior. However, analysis shows that the. ground capacitY' is 
harmml only if the ground losses in the immediate vicinity of the tower base are high, 
and the self-supporting type of structure is now g�nerally acce�ted as being entii-ely 
sllitable. 

I 
, I 
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tower. The" only advantage of the uniform cross section is that it enables 
one to predict the optimum height accurately by calculation (optimum is 
0.53 wave length), while with a tapered tower the optimum height 
depends upon the rate of taper and there is not enough information 
avail,able on these towers to permit an exact predetermination of the best 
height. 

Simple antenna arrays are ' used , to some extent to give horizontal 
directivity in broadcast work. Thus it is sometimes desired to concen
trate most of the radiated energy toward the regions of maximum popula
tion ,or t9 avoid interfering with another station. These objectives can 
often be achieved by means of a simple array consisting of two or three 
radiators properly phased. Thus a broadside array consisting' of three 
vertical radiators spaced one-half wave, length apart will give a field 
strength approximately three times as great in the broadside dire'ction as 
in the right-angle direction. 

Transmitting Antennas for Long Waves .-At frequencies l?elow th� 
broadcast band the distance corresponding to a wave length is so great 
that it is impracticable to obtain directivity with effictency arid reasonable 
cost. . The usual antenna system for ,the lower ' frequencies consists 
of a T, or inverte'J L, flat-top arrangement, as iilustrated in Fig. 371e and 
f, supported by two towers. The flat top radiates very little energy but , 

, serves two very i�por�ant functions. , In the first place, if its capacity 'to 
ground is considerably greater than the capacity of. the vertical wire, 
the current in the vertical wire will be substantially constant over its 
entire length. This increases the ei;Iective height of the antenna by giving 
more !adia�ed energy in proportion to the antenna current and height, 
with the result that the antenna efficiency is improved. In the second , 
place, the flat top reduces the antenna voltage, since with a large-capacity 
top it is possible to have a large current in the vertical section with a 
'relatively low ant�nna' voltage. , This is important when the power is 
high and the frequency is low. Thus, when the power is of the order of 
100 kw at a frequency of 20 kc, a fl3:�-top structure 1 mile long and 500 ft . 
wide, is required to keep the antenna voltages low enough to permit 
adequate insulation and avoid corona losses. 

The efficiency of low-frequency , antennas tends to be very small 
because of ·the low radiation resistance obtained with practical heights 
and because the power losse� in the ground and . in the antenna tuning 
coil tend to be large as a result of the large physical dimensions involved. 
The ground system is particularly important because, with a large flat . ' top, currents must flow through the ground for a considerable distance. 
The preferred aNangement is to carry' these groun:d currents by means 
of buried or overhead wires 'to the immediate vicinity of the point where ' 
these currents leave the ground to charge the capacity between antenna 
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and gr�und. l In this way the distance that'must be traveled through the 
earth is greatly reduced. 

Miscellaneous.--Steel towers , guy wires, and other oonductors in the 
' .  vicinity' of an antenna tend to alter ' the directive characteristics and so ' 

must be located with conside�able care. Steel supporting towers should 
not have a length that makes them resonant to the frequency being 
transmitted, and they should be located where the coupling to the antenna 
system is a minimum. ' Guy wires should not be too numerous,  and must 
be broken up Into lengths that are a small fraction of a half wave length 
by means of insulators. 

. 

Transmission lines used with· transmitting antennas should approach 
the antenna at right angles so that there .will be a minimum of coupling 
between the .antenna and line. 

In so�e locations trouble is encountered from sleet. This can be 
avoided by arranging the antenna system so th.at a 60-cycle heating 
current can be passed through the antenna wires to prevent the formation 
of sleet. It is desirable that the .arrangements be such that the heating 
current can be applied while the antenna is carrying on its normal radiat
ing functions . 

Antennas for use with airplane transmitters introduce sp�cial prob
lems. In some cases the antenna is.strung from wing tip to tail, or from a 
short vertical pole to wing tip, etc ., but such antennas have a low effective 
height and tend to be rather inefficient even with short waves. A more 
satisfactory arrangement from the point Qf view. of efficiency is a trailing 
wire reeled out through a hole in the rear end of th� fU,selage. This wire 
trails behind the plane with little or no weight at its end, :;tnd is made weak 
enough so that, if th� pilot forgets to reel in the wire before landing, it will . 
break without producip.g any serious reaction on the plane . 

. 138. Receiving Antennas.-. The main considerations involved in 
receiving antennas are the amount of energy that the antenna ean 'deliver 
to the receiver, the directivity, the cost, and the freedom from extra
neous disturbances. 

The energy that an antenna is able to deliver to a radio receiver 
depe.nds upon the physical size of the antenna, the frequency, and the 
antenna efficiency as defined for transmission. · If the . efficiency is high, 
i.e. ,  if the antenna resistance is largely radiation resi,stance , the energy 
.that can be' abstracted from a passing radio wave tends to be independent 

1 The distance that the ground currents must be transmitted in this way can be 
reduced greatly in the case of very low frequency antennas by using multiple ground 
leads spaced perhaps 1000 ft. apart, giving what is termed a " multiple tuned antenna. " , 
See N. Lindenhlad and .W. W. Brown, Main Considerations in Antenna Design, 
Proc. I.R.E., vol .. 14, p. 291, June, 1926, for further information on ground systems 
for long-wave antennas . .  
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of size until the antenna dim'ensions approach a half wave length. This 
is because the equivalent lumped voltage induced in such an antenna is 
'approximately r>roportional to size, while ' the radiation resistance is 
, proportional to the square of the size. Hence with perfect matching 
(i .e . ,  a load resistance equal to antenna resistance) the abstracted energy 
will be independent of size. With larger physical dimensions the antenna 
picks up more energy from passing waves, but also tends to be directional . 
When the loss resistance is appreciable, there is an advantage in making 
the antenna reasonably large since the loss resistance normally increases 
more slowly than the sql,lare of the size: '  , 

' 

The amount of e�ergy that can be abstracted from a passing radio 
wave by a given antenna tends to decrease as the frequency becomes 
greater. This is because the,induced voltage is independent of frequency 
while the radiation resistance increases rapidly with frequency. ' When the 
antenna dimensions dQ not exceed a half wave length, the radiation resist
ance vanes as the square of the frequency, and with negligible loss resist
ance the energy delivered to a load resistance that equals the radiation 
resistance will be inversely proportional to the square of the frequency. 
As a result increasing attention must he paid to the amount of energy 

, abstracted as the frequency becomes high. 
A rec�iving antenna should abstract sufficient energy from passing 

waves so that the noise level resulting from static and other natural 
causes under normal receiving conditions is at least comparable with the 
thermal-agitation energy existing in the input of the receiver. The signal
to-noise ratio cannot then be improved by further increase in received 
energy, and the , anten�a system is adequate as far as energy pick-up is 

, conce�ned. ' 
When it is desired to avoid marked directionaL effects in the reception ' 

of signals of broadcast and lower frequencies, ,a single wire with one end 
elevated and the other' grounded through the receiver is ordinarily used. 
The height rather than the length of such an antenna determines the 
induced voltage since waves of broadcast and lower frequencies are verti
cally pol:,uized in the vicinity of the earth. , A  height of only a few feet is 
sufficient if great care is taken to eliminate all loss resistance and to match 
the receiver input perfectly with the antenna, but it is usually simpler to 
make the height at least 15 to 20 ft. so that the penalty of not realizing 
ideal conditions is less. 

The usual non-directional antenna for the reception of short:'wave 
signals is a single wire perhaps 25 to 50 ft. ' lon�. This may be used as a 
vertically or horizontally polarized antenna since short-wave signals 
ordinarily contain both components. However, most man-made dis
turbances 'are vertically polarized near the e�rth, and so can be minimized 
by a horizontal antenna. ' 
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In the special case of automobile-radio antennas, it is customary to use 
either an antenn� in the car top, if this is of wood or fabric, or an arrange
ment employing metal plates suspended below the running boards, with 

, Qne receiver input terminal connected to these plates and the other to 
the car. With such antennas the energy pick-up at best is small, and , 
there is consequently co�siderable advantage in designing the antenna 
and input circuit to the receiver so that, when the specified antenna co�
stants are realized, there is an efficient coupling to the grid of the first tube . 

, A ll-wave Antenna Systems for Broadcast Receivers.-' The advent of the 
all-wave receiver has led to the development of special antenna systems 
which give adequate pick-up over the full frequency range with a mini
mum of qirectivity, and which do not respond to 'Vertically polarized 
high-frequency noise voltages such as those produced by electrical, ' 
appliances . An example of such an antenna system is shown in Fig. ' 
,419. 1 This arrangement employs a ho:rizontal doublet antenna having 
an over-all length slightly less than a half wave length at the highest 
frequency , to be received. This antenna has its own ground and is 
coupled to a balanced non-resonant line by an ant�nna:-coupling unit. 
The receiving terminal of the balanced line is ' coupled to , the unbalanced 
inpu,t of the receiver through a " line-to-receiver filter " or transformer 
which has a balanced primary with an electrostatic shield between primary , , . 
and secondary. 

The antenna-coupling unit is designed so that at the high frequencies 
the antenna functions as a horizontal doublet coupled to the transmission 
line through transformers LIL2 as shown at Fig. 419b, with the coupling 
network so designed that the impedance match between line and antenna 
is sufficiently good to permit the energy transfer to approach the maximum 
possible value. 'At low frequencies the arrangement functions as a flat
top antenna which is coupled to the line through the transf9rmer L�5 

, as shown in Fig. 419c. The transition between doublet and flat-top 
action occurs in the vicinity of 5 mc �nd comes about as a result of the 
fact that at high' frequencies the capacity C2 is a virtual short circuit and 
so prevents action as a ' flat-top antenna, while , at low frequencies the 
transformer L1L; is so inefficient as to ,prevent action as a doublet antenna. 
The complete antenna-coupling unit, can therefore be considered as a 
combination of an impedance-matching network and switching network. 
This switching is . necessary because �t the lower frequencies the waves 
�ear the earth's surface are vertically 'polarized and s� do not induce ' 
voltages in a horizontal antenna. Tl:te resistance R shown in the antenna 

'1 For further information concerning this all-wave antenna system, with particular 
reference to the principles involved in the coupling networks, see Harold A. WheeleI 
and Vernon E. Whitman, The Design of Doublet Antenna Systems, Proc. I.R.E., 
vo1. 24, p. 1257, October, 1936. 
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ground lead is to prevent the possibility of resonances when this lead is 
long. 

The use of a horizontal antenna carefully balanced to ground greatly 
reduces the amount of man-made noise picked up at the higher frequencies. 
The suppression of nQise can be still further improved by locati�g the 
antenna together with its ground in a quiet. location, even when this 
r�quires the 'antenna to be some dis'tance away from the receiver. ' Each 
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FIG, 419.-All-wave antenna system, together with equivalent circqits at high and low 
frequencies. 

side of the doublet antenna is composed of two wires, as shown in Fig. 
419a, for the purpose of lowering the reactive component of the antenna 
impedance in order to simplify the matching of antenna to the trans-
mission line. ' 

The transmission line is ordinarily a twisted pair and terminates in a 
balanced coupling unit ; thus it is relatively free from antenna action. , . 
The addition of a transmission-line ground with a 500-ohm resistance as 
shown still further reduces antenna action by damping out unbalanced 
currents in the line. The " line-to-receiver " filter consists of a double 
transformer with condensers, as s�own, and with proper design it is possi-
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ble to obtain efficient transfer of energy over, the entire frequency band 
from 0.54 to 18 mc, while at the sa�e time ;making the impedance that 
the line · sees when looking into the filter substantially equal to the char� 
acteristic impedance over this entire range, provided the receiver offers a 
constant input resistance. 

. , 

'The design of the circuits for antenna-coupling and line-to-receiver 
�etworks is based upon the theory of wave,filters and is beyond the scope 
of this book. It is sufficient to say that by proper attention to details 

. surprisingly satisfactory results are obtained oyer the entir� frequency 
band. Th�s, in addition to the automatic change in mode of action with 
frequency, the energy pick-up at high frequencies is within a few decibels . . 
of that theoretically obtainable with coupling units individually adjusted 
to the frequency being receive�. 

Directional Receiving Antennas.-In point-to-point radio communica
tion it is of considerable advantage to employ directional receivin:g ant en
,nas, since in this way interference from static and radio signals ,coming in 
from other than the desired direction can be eliminated, with' consequent 

. improv,ement in the signal-to-noise ratio. This is equivalent to increa��ng 
the power of the transmitter and', in cases where the bulk of the inter
ference arrives from directions other than that in which the transmitter is· 
located, the benefits from directivity become very great. With,a random 
distribution of interference the gain from a directive receiving antenna is 
the same as the gain when the same antenBa is used for transmitting, while, 
if most of the energy comes froin other than'the desir�d direction, 'the gain 
resulting from directivity at the receiver is still greater. 

In a directional receiving antenna it is desirable for the directh:e 
pattern to have t>ne main lobe' with negligible minor lobes, and it is essen
tial that the transmission line be arranged so that no energy reaches the 
receiver ex.cept that picked up by the antenna. In this way strong 
disturbances from undesired directions deliver practically no energy to the · 
receiver. The most satisfactory directive antenna systems for short
wave work are the flshbone antenna of Fig. 387 and the rhombic antenna 
of Fig, 393c. ' Beth of these are non-resonant and so can operate over a 
range of frequencies without readjustment. The fishbone antenna is; 
more complicated than the rhomboid, but has the advantage of a directiv� 
pattern that is substantially free of minor lobes. Other tyPes of antennas, 
such as the resonant V,'the broadside array, etc. ,  have been used to some 
extent in reception but are generally less desirable . . 

The maximum directivity usable in a receiving antenna is set by.the 
angular deviations that can be expected from time to time in the received 
wave, just .as is the case with transmittinKantennas.. There is also a limit 
to the physical size of a short-wave directive antenna, since signa!s received 
at points separated by distances of the order of 10 w�ve lengths ordinarily 

. I 
, 
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have more or less random phase difference, and so will not add up properly 
in the antenna. This causes -a loss in 'directional characteristics since the 
maintenance of the pattern requires proper phase relations for the differ
ent parts of the antenna. It is hence undesirable for'the reeeiving antenna 
to be more than six to eight wave lengths in size. 

At broadcast and lower frequencies the Beverage wave antenna is the 
most satisfactory directive antenna since it is simpl,e , has excellent direc
tivity, and, as a result of being 'non-resonant , can be used for the reception 
of different frequencIes ,without readjustment. In cases where only a 
single frequency is to be received, as in the transatlantic long-wave tele
phone, it is also possible to use an array of two to four antennas (such 'as 
loops or vertical wires) spaced from half a wave length to t�o wave lengths 
apart and coupled together with proper phase relations by use of trans-
mission Fnes. 1a 

• . 

In the construction of directional short-wave repeiving antennas it is 
necessary.to take special precautions to prevent the directional character
istics from being partially destroyed by the action of near-by conductors, 
such as towers, guy wir.es, and power lines. Such objects, if of the right 
dimensions, will abstract appreciable energy from waves' that a�rive in ' 

unwanted directions and will reradiate this energy to the receiving 
antenna. ' If the interference arriving from these unwanted directions is 
great , this action will largely neutrali�e the other advantages of the direc
tional antenna. Hence it is customary to locate short-wave directive 
receiving antennas in spaces that are clear of trees, ho.uses, power 
and telephone wires, etc . ,  and considerable attention is also paid to 
minimizing the effect of towers and other metal structures . that must 
necessarily be near the antenna. Wooden telephone poles are partic
ularly satisfactory when they can be used. . It is also desirable to locate 
directive receiving antennas where there will be a minimum. of noise of 
man-made origin. This in general means rural locations removed from 
main· traveled roads, regular air routes, power lines, etc. It is also desir
able to bury near-by power wires in underground conduits to prevent 
the receiving antennas, transmission lines, etc. , from picking up disturb-
ances originating on the pow.e� system. 

. . 

Antennas for Ultra-high Frequencies.-With ultra-high frequencies the 
principal probleIIl involved in non-directional reception is to obtain 
adequate energy pick-up. Since the energy abstracted by an ' antenna a 
half wave length or less in size is very small at such frequencies, it is 
commonly desirable to employ larger antennas ev�n. though this intro
duces appreciable directivity. ·  . It is also essential that the receiving 
antennas for ultra-high frequencies be located as far as possible above 
the earth� since, as shown by Eq. (219) , the field strength received from 
a distant transmitter is directly proportional to the untenna height 
above earth. 
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Directive antennas used at ultra-high frequencies are commonly of 
the same types employed at lower frequencies; but with ,the difference 
that there is greater flexibility possible in design because of the small 
physical size represented by a wave length. 

Problems 

1. A vertical wire 10 meters long carries a current pf 5 amp. of frequency 2000 kc. 
Assuming the wire is in free space, and that the current is uniformly distributed, 
calculate the strength of the radiated field produced at distances of 1 ,  10, 50, and 200 
km 'in a direction at right angles to the axis of the wire, 

2. In Prob. 1 calculate the rate at which energy flows through a square area Xj4 
on a side when the distances are 1, 10, 50, and 200 km. . . 

S. a. A particular antenna consists of a hm:izontal wire 2Y2 wave lerigths long . 
Sketch the nature of the current distribution in the antenna, and also sketch th,e image 
antenna with ,its ,current distribution. 

b. Repeat (a) for the case where the wire is vertical with its lower end Xj4 above 
ground. 

4. Discuss the equivalent receiving antenna circuit of Fig. 374 from the point 'of 
view of Thevenin's theOrem. 

6. Discuss qualitatively th� reasons that the pattern ·for the 1 �-wave-length wire 
in Fig. 375 has six lobes (three on each side of the wire). 

6. Derive an equation analogous to Eq. (228) hl�t for the case where the wire 
length is an odd number of half wave lengths. 

7. Calculate and plot the directional characteristic in a horizontal plane obtained 
fi'om two vertical wires spaced one wave length apart and having the same ph8.se. 

8. a. An antenna system consists of.two spaced vertical wires carrying identical 
currents. Deduce a formula for the directional characteristic in a vertical plane 
containing the line joining the wires, and for the vertical plane at right angles to this, 
assuming that the field from the individual radiator is proportional to the cosine of 
the angle of elevation. 

b. Calculate and plot, the directive patten:.s for a spacing of one wave length. 
9. Deduce a formula for the directional cha�acterisiic in a horizontal plane of 

.three vertical antennas spaced apart a distance d along a line, with phases of - a, 0, 
and a, respectively, and carrying identical currents. , 

10. In a non-resonant antenna it is possible, by the use of series condensers, to 
reduce the phase shift of current along the line, even to the point where the current 
nverywhere is of the same phase. Discuss, qualitatively, the effect that this change 
can be expected to produce in the directional characteristic, with particular. reference 
to the directions of maximum radiation. 

11. Discuss the directional characteristic of the array of .arrays of Fig. 389 on the 
basis that this is a two-element array, each element of which is a broadside array, 
and show that the result is the same as obtained by taking the arrangement to be a 
broadside 'array, each element of which is a unidirectional couplet. 

. 

12. In a non-resonant V antenna of the type shown at Fig. 393b, if the tilt angle 
is not the optimum value, demonstrat� qualitatively that, although the major lobes of 
radiation from the two sides of the V do n@t point in' the desired direction, the sum 
of the two lobes does provided the tilt angle is not too far from optimum. 

lS. Design a horizontal rhomboid antenna that will give optimum directivity at a 
wave length of 20 meters, when the length of each ' leg is limited to 60 meters and 
the radiation is to be concentrated at a vertical angle of 15 deg. above the horizontal. 
The design includes ,determination of antenna dimensions (in meters or feet), a�gles, 
and height above earth. 

' 

, 
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14. Calculate and plot the directional .characteristic of the antenna of Prob. 13  
for the antenna in free space, f�r the plane Of the antenna, and for a vertical plane 
passing through the terminating resistor and the di�gonally opposite apex. From 
this calculate and plot the directional charactelistic in the vertical plane for a perlect 
earth with the antenna height selected · in Prob. 13. 

16. Repeat the calculation of directi,vity in the vertical plane of Prob. 1 4, assuming 
an imperfect earth having the reflection coefficients of Fig. 346. 

16. ' Design a horizontal resonant V antenna for service at a wave length of 40 
meters, when the length of each leg is' 3 %  wave lengths, when the optimum vertical . 
angle is 20 deg. , and when a unidirectional characteristic · is desired. The de&ign . 
includes specification of antenna dimensions (i:Q· meters ' or feet), apex angle, and 
height above earth. 

. 

17. Calculate and plot the directional pattern for the antenna of Prob. 16 in the 
horizontal ' plane, and also in the vertical plane passing through the bisector of the 
apex angle (assuming a perlect ground). 

' 

18. An antenna �onsists of a horizontal wire a half wave length long and three
fourths of a wave length high. Calculate and plot the directional characteristics in 
vertical plane� that : (a) are at right angles to the axis of the wire, (b) contain the wire. 
Make calculations (1) for a perlect earth, (2) fo� an earth having reflection coefficients 
as given in Fig. 346. 

' 

19. Derive a formula for the directional characteristic in the horizontal plane of an 
antenna system comprising two vertical wires spaced a distance d apart, carrying 
currents with magnitudes in �he ratio A and having a relative phase <P. 

20. Determine the 'gain of a vertical grounded antenna that' is 5>./8 high compared 
with, a s}:lort vertical wire, using the graphical method. 

21.' Calculate and plot the resistance component of the impedance of a half-w�ve , 
horizontal antenna as a function of height above ,a perlect earth (up to height = 2>.) 
by deducing from Fig. 408 the resistance component of the impedance which 'the 
negative image antenna couples into the actual antenna. 

, 22. Prove that, when n antenna systems are arranged in an array in such a rp.anner 
that the maximum lobes of radiation, all add in phase, then the gain of the combination 
will be n times the gain of the individual antenna system provided the spacing 
(or orientation) is such th�t the mutual impedances between antenna systems are 
negligible. 

" 

23. A parasitic half-wav� , antenna is 3Aj8 distant from the radiating antenna. 
Using Fig. 408 determine : (a) the magnitude and phase of the induced voltage when 
the radiating antenna current is 10; Cb) the current in the parasitic antenna when it is 
tuned to resona�ce ; (c) the resistance component of the effective impedance' of the 
radiating -antenna, taking into account the effect of the parasitic antenna. 

24. When a parabolic reflec�or is used, explain why , the focus must , be an odd 
number of quarter wave lengths distant from' the nearest part of the reflector. 

26. A particular two-wire transmission line is to be constructed from No. 12 wires . and must haye a characteristic impedance of 600 ohms. Specify the spacing required. 
26. In the arrangement shown at Fig. 413e explain why the distance rn depends 

upon the antenna height above 'earth. ' ' 

27. A half-wave transmitting antenna is to be coupled to a 600-0hm line so that 
the line will be non-resonant. . If the connection to the a�tenna is made by opening the 
center of the antenna so, that the antenna offers a resistance irrpedance of 73.4 ohms, 
design a quarter-wave coupling line of the type shown at Fig. 413c. 

. 

28. When a particular antenna is connected directly to a transmission line, it is 
found that the resonances are such that the minirp.um line current is half the maxi
mum current along the line. . Design a stub line that will make the line non-resonant. 
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29. Describe the 'mechanism by which -unbalances to ground or dissymmetries in l\ ' .  

transmission line will cause currents to flow out along the two transmission-line wires 
in parallel and return via the ground. 

. 

30. In (b) of Fig. 416a, explain : .(a) the coupling mecha:nism between line and 
antenna, (b) the reason the line should be an odd number of quarter wave lengths long. 

31. Discuss the differences that would exist between short-wave directive antenna 
systems for communication over a few hund;red miles as compared with ' corresponding 
antennas intended for communication over gr�at distances. 

32. Describe a tuning procedure that wo�ld be suitable for placing the antenna 
systerp. of Fig. 3970 in operation. 

' 

33. ' Calculate and plot the 'directivity in a vertical plane of grounded vertical 
antennas of heights X/8, 3 Xj8" ]0./2, 5A/8, and 3Xj4. Plot on the same pola:r coordi
nates and reduce all cases to the same radiation along the horizontal. From the 
results , discuss the effect of antenna height from the point of view of broadcast 
coverage. 

34. ' Design a fishbone antenna to receive long-distance signals in the frequency 
range 15 to 7.5 me. The design includes specification of number, length, and spacing 
of the collector antennas, and the height of the array. 

35. Explain why a large receiving antenna is of advantage when the recei:ver is not 
particularly sensitive, but is of little or no advantage with a sensitive receiver. 

36. In the all-wave receiving antenna of Fig. 419 what would be the practical 
effect of: (a) a poorer impedance match between the antenna and the line, (b) a 
poorer impedance match between the line and the re�eiver ip.put, (�) removal .of 
electrostatic shielding in the line-to-receiver filter, (d) increasing the length of the 
transmission line? 

• 



,CHAPTER XVI 

RADIO AIDS ' TO NAVIGATION 

139. Fundamental Principles of Radio. Direction Finding. L-The 
fact that radio waves, propagate away from the transmitter along a great
Circle route can be utilized in direction-finding work. Thus a ship or 
airplane can obtain its location by determining the direction of tp� radio 
waves sent out by transmitters at known locations� Similarly it is 
possible to determine the location of a radio 'transmitter by taking bear
ings on th:e radio waves at two receiving locations. 

FIG. 420.-Examples of typical loop antennas. 

A nalysis of Loop Characteristics .-Most practical direction-finding 
systems make use of a loop antenna, which is essentially a large coil of 
any conveniently-shaped section (see Fig. '420, for examples) . Such an 
antenna has the directional characteristic shown in Fig. 421 and abstracts 
energy from passing waves as a result of phase differenees between the 
volt ages induced in the opposite legs. Thus consider the case of a 

FIG. 421 .-Directional 
characteristic of loop an
tenna. This applies to 
loops df all shapes. 

rectangular ioop in the path of a vertically polar
ized radio wave: When the plane of the loop is 
perpendicular to the direction of travel {>f. ' the 
waves, the voltages induced in the two legs are of 
equal magnitude and the same phase, and, being 
directed around the loop in opposite sense, cancel 
each other and result in zero response. As the 
plane of the loop is brought nearer to parallel 
wit� the direction of wave travel, the wave front 

,:eaches the two legs at slightly different times, causing a phase 
difference between the volt ages induced in the two legs and giving rise to a 
resultant voltage that acts around the loop , and is maximum when the ' 
plane of the loop is p,arallel to the direction along which the waves travel. 

1 For further information on direction finding and for references to the extensive 
literature on the subject one should read R. L. Smith-Rose, Radio Direction Finding 
by Transmission and Reception, Proc. I.R.E., vol. 17, p. 425, March, 1929. 

722 

. I 



SEC. 139] RADIO AIDS TO NA VIGA TION 723 

Vector diagrams illustrating the situation for several loop orientations 
are shown in Fig. 422'. 

The resultant voltage acting around a rectangUlar loop is given by the 
following equation :1 ' 

Resultant voltage acting 
,
around loop = 2.IN sin er: cos 0) (251 a) , 

where 
e = strength of radio wave in volts ' per meter 
l = height of loop in meters 
s = width of loop in meters 

N = number of turns in loop 
A = wave length of radio wave in meters ' 
(J = direction of travel of wave with respect to plane of loop. 

In practical loops the size is small compared with a wave length so that 

�in (7. cos 0) nUty be �tten as .-: cos 0 without appreciable error, giving 

Resultant voltage acting around loop = 27reN� cos (J (251b) 

'= 27reN(looP 
x
area) cos (J (251c) 

EquatioJ;l (251c) applies to loops of all shapes provided only that the 
loop is small compared with a. wave length. 2 . • 

The effectiveness of a loop as a means of abstracting energy from pass
ing wav�s (or for radiating ene.rgy) is low because of t�e tendency of the ' 
opposite legs to cancel each other's effects. The practical usefulness of ' 
the loop at'ises from its directionttl characteristic, its , convenient physical 
form, and its independence of the ground. '  

Direction Finding with Loop Antennas.-The direction of travel of a 
radio wave can be determined 'by using a loop antenna ·to excite a radio 
receiver. The loop is rotated until zero response of the receiver 'indicates 
that the plane of the loop is perpendicular to the direction in which the' 

1 This formula can be readily de�ved as follows : The voltage induced in each 

vertical leg is ENl, while the phase difference between the voltages is 2�8 cos 8 radians, 

since- the wave front must travel a distance 8 cos 8 to pass from one leg to the other. 
Subtracting the voltages in the two legs while takiq.g into account this phase' differ-
ence gives Eq. (251). '  • 

2 A discussion of loops not small compared with a wave length is given by L. S. 
Palmer and L. L. K. Honeyball, The Action of Short-wave Frame Aerials, Proc. 
I.R.E., ·vol. 20, p.  1345, August, 1932 ; V. 1. Bashenoff and N: A. Mjasoedoff, The 
Effective Height of Closed Aerials, Proc. I.R.E., vol. 19, p. 984, June, 1931 . ' 
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wave travels (see Fig. 421) . . In using the loop the position �or minimum 
rather t'han maximum response is used because the percentage of change 
of response with small'" change in loop position is much greater in the 
vicinity of the loop minimum. " " 

A simple loop antenna employed as described gives the bearing angle of 
the passing radio waves but leaves a 180-deg. ' uncertainty in the actual 
direction of the transrriitting station . . The sense of the bearing can be 
determined by making use of a vertical antenna in conjunction with the 
loop. The vector diagram of Fig. 422 shows that the polarity of the 
resultant ,-:"oltage acting around the loop depends on the direction from 
which the waves arrive, so that, if a small amount of pick-u'p from a 
vertical antenna is suitably coupled into the loop, the antenna action will 
cause one lobe of the loop pattern to be enlarged and the other to be 
diminished, as shown in Fig. 423. When the two forms of pick-up are 
of 'the same magnitude, the directional pattern reduces to a cardiod. The 
procedure for di.rection finding is hence to obtain the beariI,lg by adju�ting 
the lo?p for zero response with the vertical antenna d�sconnected, after 

Ploln View of Loop Vector DiClqr(;lms of VoltClges Actin.::l il1 Loop 
Showin9 DiYectiol1 of Siole View of Loop A ,  B C 0 ' E 

• WOlVe Travel 

-�, 

ECEz E,-Et C £E (}, EV' -V' � t') .  ' E/' "1Ez-t lE! A. L E2 .,...-+ 
FIG. 422.-Vector diagrams showing how the voltages induced in the two sides of a loop 

by a passing radio wave combine to gi.ve a resultant voltage acting around the loop. 

which the 180-deg. uncertainty in' the bearing is eliminated by rotating 
the loop 90-deg. in a specified ,direction and coupling the vertical antenna 
�o the loop. If the addition of the vertical antenna increases the signal, 
the sense is one way, while a diminution of signal indicates the opposite 

• sense. 
. The vertical ante:n:na used ' to obtain the sense of the bearing can he 

any convenient arrangement located near the loop, and nlUst be coupled 
so that the voltage induced in the loop circuit will either add to or sub
.tract from the resultant loop voltage . A practical arrangement is shown 
in. Fig. 423. Here a resistance 6f several thousand ohms is , pl'aced in 
series with the antenna to make the current in the antel1-na substantially 
in phase with the induced voltage and independent of frequency. ,  This 

, current then passes through a coil that is inductively coupled to the 
loop, thereby causing the vertical antenna voltage acting in the loop 
to be 90 deg. out of phase with the �oltage induced in the vertical antenna. 
Tliis gives the required phase conditions, since ref(�rence to Fig. 422 shows 
that the resultan't voltage I;tcting around the loop is also almost 90 deg. 
out of phase with' the voltages induced in the vertical sides of the loop. 
In Fig. 423 the required antenna effect is obtained by connectiI).g the " 
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antenna to op.e end of the antenna coil. . The amount of vertical antenna 
effect must not appreciably exceed the loop pick-up, but at the same time 
it must be sufficient to produce a noticeable effect upon the directional 
��. . , .  

Err.orsinLoop Bearings and Their Elimination.-The bearings obtained 
by the use of a loop antenna are accurate only when the ioop is remo�e from 

Vertical antenna .... 

High resistc7I7c,e 
Condenser to (-,>, 
c(mtro/ comjJM-
cl'af/on fOr/oop ;bra;�-,

; 
� 

"..:,t " 

'" 

r-'�f--L-, .,.,. \ Swifeh fo chcmqe 
vert lea/antenna 
from unba/ance 
compenscrtion 10 
sense agVUstr.nenf 

I 
(b) Directi onal pattern with 

va ri ous amounts of 
• vertica l cmtenna effect 
Zero response directions 
with moderate anfenna 

/ �, ... - ..... , J , . ---, , 

/ .,�-::-_-� effecf 

I ' /' ', ', /- ' \  I ,'-.... \ , , . I I I \ �_., , I I 
\ \ I I " 1'�'.... ""�'(� . ....... ',,:-'\ .,,� \ .  \ --,... \ \ I , \  No anfenna errecf-' \ \ J \ 

Moderafe anlenna erred -' " 
Lpop ancl anhmna erfecfequa/ /. 

FIG. 423.-Circuit diagram of  practical radio compass', together with typical directional 
patterns tliat result when loop is combined· with the vertical antemi�. 

metal obJects, when it is balanced electrostatically to ground, and when 
down-coming horizontally polarized waves are absent. Wi.res and other 
met.al object.s abstract energy from. passing waves and then produce 
induction and reradiation fields that induce spurious voltages in a near-by 
loop. The .resulting error in bearing can usually be allowed for by an 
experimentally determined correction curve, provided the metal obje�ts 

Unbafc:mc'eol loop B I I 
Insqloded Joinf 

. C·fnlC� II�Td r:rI�J ;19t: 
+ � + . -f'l----is{;.f��/r:C·o-n To receI Ver _r, 

Radio receiver , shields , To receiver 
wifh pushpu/l To receIVer ""puf 

FIG. 424.-Unbalanced, balanced, and shielded loop arrangements. 

are always in the same relation to the loop. Th:e correction requir�d will 
ordinarily depend s.omewhat upon frequency. 

Spurious bearings can also be expected unless the loop is electro
statically balanced with r�spect to ground. Thus, referring to .the left
hand diagram in Fig. 424, aft,er the loop is in ' the zero signal position the 
voltages induced in the vertical legs are of the same inagni�ud� and phase, ' 
and, being directed .aro,:!nd the loop in opposite directions, produce no 
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resultant voltage around the loop circuit. However, because of the dis
symmetry that results fro� grounding one side of the tuning condenser, ' 
capacity currents flowing to ground through C/ flow through the tuning 
condenser, whereas the corresponding currents through Co' do not, and 
this unbalance causes a signal to be delivered to the receiv�r even though 

, the loop ' is in the position for zero response. The resulting effect is 
equivalent to coupling a small amount of vertical antenna pick-up into 
the loop circuit , and results in a spurious bearing, as seen from the direc
tional (!haracteristic given in Fig. , 423b. It ,will be noted from Fig. 423b 
that a small amount of vertical antenna action such as produced as the 
result of unbalance causes the angle between the two zero positions to 
differ by less than 180 deg. ,  so that the presence of unbalance in a loop 
can be tested for by fhiding a null position and then rotating the loop 

' 180 deg. and noting whether or not a null is again realized. Errors from 
unbalance can be minimized by using circuit , arrangements that are 
symmetrical with respect to ground, such as shown in Fig. 424. It is also 
helpful to enclose the loop in an electrostatic shield, ' such as a metal 
housing broken by an insulated bushing, �s shown in Fig. 424, so that the 
shield does not act as a short-circllited turn. Such a shield insures that all 
parts of t4e loop will always have the same capacity to ground irrespective 
of the loop orientation or of neigh boring objects. Finally, where maxi
mum accuracy is required it is possible to compensate for residual unbal
ances by connecting the antenna to the center of a small balancing 
condenser such as shown in Fig. 423, in order to introduce a controllable 
amount of compensating antenna effect. The proper adjustment of this 
balancing condenser is obtained experimentally as the setting for which a 
180-:-deg. rotation of the loop does not affect the null. 

' When horizontally polarized downward-traveling waves are present, 
the horizontal members of the loop have voltages induced in them that 
do not give zero resul�ant voltage when the plane of the loop is perpendjc
ular to the bearing of the radio waves. This ca�ses the minimum signal 
to occur at a false position, and in some 'cases makes it impo'ssible to 
obtain zero response at any loop position. Since horizontally polariz�d 
downcoming waves are produced by the action of the i6n�sphere, the error 
is negligible near the transmitter where the sky wave is much weaker 
than the ground wave , but becomes of. increasing importance as the di's
tance is increased. When this type of error is present, the bearing of the 
waves as observed by the loop appears to vary continuously. ' At broad
cast and lower frequencies, where loops are most commonly used, the 
sky wave is much stronger at night than in the daytime, so that the error 
from down-coming s�y waves is often termed night effect. The ' �  night 
effect " type of �rror sets a limit to the usefulness of the loop as a direction
finding device, and makes it necessa�y to replace th� loop by an Adcock 
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aerial� as described below, when it is necessary to take bearings in the 
presence . of strong sky w�ves. 

When the straight-line path between radio transmitter and receiver 
follows along a coast line, the direction from which the radio waves arrive 
at the . re.ceiver often differs from the true bearing of the transmitter. 
This ,comes about as a result of the higher ground-wave attenuation over 
the land, and makes it necessary to distrust all bearings obtained under 
this particular sit�ation. Similar behavior is often found in mountain
ous regions, since the attenuation of a wave trayeling up a valley is less 
than for a w.ave traveling crosswise from ridge to ridg�. 

A properly balanced and calibrated loop will ordinarily give bearing� 
on near-by radio stations that are accurate to within � to 2 deg. The 
accuracy diminishes, however, as the distance to the transmitter increases, 
is' greater during the day than at night, is reduced as the frequency is 
raised, and is greater when the transmission is over water than when over 
land. This is because all these factors affect the ratio of ground wave to 
downward-traveling -sky wave. The maximum distance for which satis
factory bearings can be obtained in the day-time is of the order of 50 to 
200 miles at frequencies of about 500 kc, and may be as great as several 
thousand miles at very low radio frequencies. ' 

. When radio direction finding is employed to enable ships, airplanes, 
etc . ,  to determine their location, it makes no difference, whether the ship 
observes the bearings of w�ves radiated from known locations or whether 
receivers at known positions are used to . determine the bearings of waves 
sent out from the ship. This is because the Rayleigh-Carson reciprocal 
theorem (see Sec . 130) shows that under the conditions where accurate . . bearings are " possible (no effect from down-coming sky waves) the 
observed bearings are unaffected by 'interchanging the transmitter and 
direction-finding .receiver. 

. ' 

Adcock Antenna. I-The . eFrors . in bearing caused by down-coming 
horizop.tally polarized sky waves can be 'eliminated by replacing the loop ' 
antenna with the Adcock aerial system, which in, its simplest form consists 

_ , 
of two 'spaced vertical antennas connected as shown in Fig. 425. The 
action of such an ,antenna as far as vertically polarized waves are con-
cerned is identical with the loop since the resultant current in the output 
coil of the Adcock antenna is proportional to the vector difference of the 
voltag�s induced in the two vertical members, e�actly as is the case with 
the loop. Horizontally polarized down-coming waves do not affect the 
Adcock antenna, however, since the volt ages induced in the two horizontal 

1 For further 'discussion of the Adcock antenna, see Smith-Rose, .loc. cit.; R. A. 
Watson Watt, Polarization' Errors in Direction Finders, Wireless Eng., vo!. 13, p. 3, 
January, 1936; R. H. Barfield, Recent Developments in Direction Finding Apparatus, 
Exp. Wireless and Wireless EniJ. ,  vo!. 7, p- :262, May, 1930. 
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members are the same in magnitude and phase and cancel out as a result 
of the circuit arrangements. By maintaining symmetry with respect to , 
ground and by enclosing in an electrostatic shield, the Adcock antenna 
makes it possible to obtain accurate bearings up to severar" hundred 
kilometers at frequencies in excess. of 5000 kc under conditions. where 
a loop antenna is utterly us�less. The practical value of the Adcock 
antenna is, however, limited by the fact that the energy pick-up is the 
'dame as that of a one-turn loop, and so tends to be q1)ite small. Hence 
the Adcock antenna must be relath.;ely large compared with a ioop; and so 
is not suitable for many applications. 

Goniometer Arrangements.-When it is desired to avoid the necessity 
of rotating a loop or Adcock antenna, it is possible to obtain the effect of 
rotation by using two loop or - Adcock antennas at- right angles to ea�h 
other and combining the outputs in a goniometer. The goniometer con-

Oufput 

FIG. 425.-Simple form of Adcock 
aerial system. 

Goniometer 
To f"rsf loop 

Tos«ond 
loop 

Gon/ometer 0tIf.pu1 
FIG. 42'6.-Goniometer ' arrange

ment for shifting directional character
istic of loop antenna without moving 

,the loop. 

sists of two pairs of primary coils (one pait Jor each antenna) arrttnged at ' ' 
right angles to each other and coupled to a secondary coil as shown in Fig. 
426. If the goniometer is built so that the mutual inductance between 
each pair of primary coils and the- secondary is proportional to the cosine . , 

. of the angle that the axis of the secondary coil makes with the aXis of the 
primary coils, then for any position of the secondary the , directional 
characteristic of the antenna �ystem will be identical .hi form with the 
direction�l characteristic of a single loop or Adcock antenna. -The -

, orientation of this characteristic depends upon the position' of the rotating 
coil, however, and can be changed at will - by rotating the goniometer 
secondary just as the ori�ntation of the directional characteristic of a loop 
is changed by rotating the loop. 

HO'ming Devices.-A homing device is a form of direction finder which 
gives a visual or mete! indication of the orientation of the direction
finding equipment with respect to the direction of travel of the radio 
waves. A typical circuit arrangement is shown in Fig. 427. Here loop 
and vertical antennas'are combined to give a ca'rdioid directional pattern, 

" 
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and the output of the receiver is rectified and passed through 'a direct
current zero-center !¥tlvanometer. The polarity of the loop output is 
continually reversed by means of a commutator so that the directional 
p�ttern is shifted back and forth between .the solid and dotted catdioids of 
Fig. 427. A second commutator synchronous with the first reverses the 
terminals of the galvanometer in synchronism with the reversals of the' 
loop pol�rity" so that the galvanometer deflection represents the difference 
between the receiver .output for the two loop polarities. If the loop is , 
perpendicular to the, direction in 'which the signals travel," the antenna- " 
system output is the' same for both loop polarities, so that equal d-c cur
rents will pass through the galvanometer alternately in opposite directions 
and there will 'be no deflection. Howe:ver, if the plane of the loop -is not 

. perpendicular to the bearing of · the signal, the output of the antenna 
system will depend upon the loop polarity as seen in Fig. 427, and a result

. ant d-c current will flow through the galv,anometer, causing a deflection 

D. c. 
Get/van. 

Polarity 
reversing 

,-commutators,) 
, '-

" On course " or zero cle-
flection etireelion Motor / � .  

' 
I�----Typica/ "Offcourse» 

et/reelion with unequal 
antenna oufpt/ls and 
resv/ta nf go/vanome-

. f(Jr cleflecfton . 

Receiver , , FIG. 427.-Circuit diagram of simple homing device, together with diagrams of the antenna 
directional patterns for the two loop polarities. 

. 

to the right or left according to which side of the zero direction the signals 
arrive from. The sense of the bearing obtained in this way can be deter
.mined' from the fact that, if the loop is deflected from the position giving 
zero output, the direction in which the galvanometer deflects will depend 
upon the sense of the bearing. 

The actual details of the 'circuit arrangements of homing devices 
may vary considerably. Thus in some cases the polarity of the vertical 
antenna instead of the loop is reversed, and in many cases vacuum tubes 
ar� used for switching instead of the mechanical arrangement illustrated 
in Fig. 427. 

Hoining d€vices are ·particularly useful in guiding planes, ships, etc. ,  
to a base. , Thus an airplane sent out from an aircraft carrier can be guided 
·back to the ship ' by me8tns of a homing device set to give an '! on-course" 
indication (zero galvanometer deflection) when the plane is headed 
in thp. direction of travel of the radio signals . sent oU,t from the carner. 
It is then merely necessary to make sure that the airpl:;tne is headed toward 
rather than away from·the carrier, which is done·by intentionally turning 



. 730 RADIO ENGINEERING [CHAP. XVL 

the plane to one side and noting which way the output galvanometer 
deflects, and then following the radio waves back to their source. .-

140. The Radio Range. I-The radio range is a type of radio beacon 
which lays down a course in a predetermined direction. The radio 
ranges in common use are of the aural type and employ two crossed-loop 
or Adcock antennas which are alternately excited from a common source 
of radio-frequency power. The directional characteristics of the crossed 
, antennas are shown in Fig. 428, where tt is seen that in certain directions 
from the transmitter the signals from the two antennas are of equal ) 
strength. By interlocking the two antennas so that one of them is always 
radiating energy, and then sending out complementary signals such as 
N(- -) and A(- -), the signal hea!d along the equisignal line is a c'on
tinuous dash, while at points to the side of this equisignal course either , 
one or the other of the code characters dominates, depending on the side 

(0) 'CompOIrison case 
( ) (d) b VerticOlI radiOltion Angle between A and added to B B OI,ltered ,/� - - '  ... 

N'ote: Dolled curVes refer to antenna B 
Solid Cl/riles refer fa anfenna A 

, , 
: \ 
I ) 

FIG. 428.-Equisignal course� from an aural radio range under various conditions of 
adjustment • .  

of the course on which one is located. The principal air routes of the 
'United States are marked by this type of radio range. 

The various courses of the radio range can be aligned to the . actual 
routes followed by air , travel in ,several ways. These include , varying 
the angle between the ' crossed antennas, supplying unequal pow�r to the 
two antenna systems, and adding a small amount of addition,al radiation 
from a vertical antenna, as illustrated in Fig. 428, and various combina
tions of these expedients., The radio ra:nge transmitters normally operate 
at frequencies between 200 and 300 kc, and preferably nlake use of two 
pairs of spaced vertical radiators arranged to form a pair of crossed 
Adcock antennas.2 , Large loop transmitting antennas are sometimes 

1 A summary (with bibliography) of the work involved in the development of the 
radio range is given by J. H. Dellinger, H. Diamond, and F. W. Dunmore, Develop
ment of the Visual-type Airway Radio Beacon, Proc. I.R.E., vol. 18, p. 796, May, 1930. 

, 2 For further information on this type of antenna, see H. Diamond, On the Solu-
tion of ' the Problem of Night Effects with the Radio Range Beacon System, Proc. 
I.R.E., vol. 21,  p. 808, June, 1933. 

The proper phase relati�ns between the individual an�ennas in each pair forming 
the Adcoc;k antenna can be 'maintained irrespective of slight changes in tuning caused , 
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employed fpr transmissio�, but have the disadvant,age that such antennas 
radiJ1te a strong horizontalJy polarized wave at high vertical angles. At 
the low frequencies employed for radio-range operation there is very little 
change in polarization produced by the refraction in the ionosphere so _ '  

that a loop gives much more ".night effect " error than does an Adcock 
transmitting antenna. 'A goniometer arrangement is employed to supply 
'power to the two antennas so that the directional pattern (and hence the 
equisignal courses) can be 'shifted at will' without disturbing the antenna 
structure. 

Another form of radio range that is being used experimentally is 
termed the visual type. - It employs the same antenna system �s, the.aural 
type, but, instead of alternately exciting the separate-antennas, it radiates 
a carrier wave modulated at a convenient low frequ(!ncy (usually 65 
cycles) from one antenna and the same carrier frequency modulated at a 
different frequency (usually 86.7 cycles) from the second antenna. The 

- result of these two radiations is to produce equisignal zones in which the 
65- and 86.7-cycle side bands are of the same ampli'tude. An airphtne 
making use of signals from the visual-type radio range is supplied 'with a 
radio receiver which delivers its output to two reeds tuned to 65 and 86.7 
cycles, respectively, �hich vibrate with an amplitude corresponding to 
the strength of the corresponding side-band components . These reeds 
ar� mounted on the ,pilot's instrument board with the tips v:isible . The. 
tips are painted white and when in vibration give white lines proportional 

. to the side bands involved. When on the course laid out by the vismtl 
radio range, the two reeds' vibrate with equal amplitude ; when off the 
course, one will vibrate with greater amplitude than the other arid , will 
indicate in which direction the true course lies. 

The antenna for receiving radio-range signals must be vertical with all 
horizontal components of the antenna structure symmetrically ar,ranged. 1 , 
In this way there will be- no response to' horizontally polarized down-com
ing waves such as radiated by a loop transmitting antenna or produced by 
rotation of the polarization in the ionosphere. , 

With a suitable receiving antenna and an Adcock transmitting antenna 
. the 90utse indications of a radio -rang� operating at frequencies between 
200 and 300 kc can be depended upon to distances in excess of 100 miles 
for both day and night, while with a 10Qp tran�mitting antenna th� night 

by weather, etc. ,  using means describ�d by F. G. Kear, Maintaining the Directivity of 
Antenna Arrays, Proc. I�R.E. , Yol. 22, p. 847, July, 1934, and Hans Roder, Elimination 
of Phase Shifts between the Currents in Two Antennas, Proc. I.R.E., vO!. 22, p. 374, 
March, 1934. 

. " , 
1 For further information see H. Diamond and G. L. Davies, Characteristics of. 

Airplane ,Antennas tor Radio- Range Beacon Rec�tionJ Proc. I.R.E., vol. ' 20, p. 34&,-
February, 1932. 

' 
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range is 'usually reduced to less than half this di�tance. The wIdth of the 
equisignal 'course depends upon the transmitter adjustments, bu.t is 
commonly 5 to 10 per cent of the distance to the transmitter. 

141. Blind;..landing Systems.-A number of radio devices have been 
devised to permit the blind landing of airplanes. In one arrangement two 
marker beacons mounted on trucks are driven to points approximately 
7:4: and 2 miles distant fr<>m the airport at locations such as to indicate the 
proper into-the-wind' approach .for landing. Before landing the pilot first 
obtains the position of these marker beacons from ' the airport radio 
operator, and then determines his own position with respect to the airport 
by ascertaining with the aid of his, own radio receiver 'when the plane is 
directly over the marker beacons. A blind landing is then made using a 
sensitive altimeter to give the height above ground and depending upon 
the gyrocompass' and other navigating instrument� on'the plane to control 
the angle of glide. . 

In another blind-landing system an ultra-high�frequency horizontally 
polhrized landing beacon having a directional characteristic such as 

. 
Oirecliona/ paff£>rn shown in Fig. 429 is used to control 
of'landing beam -\ the glide. !  This landing beacon is 

Pafh ofp!t:me outlined by marker beacons, and the 

/ 

landing is accomplished by approach
ing the ultra-high-frE;quency beacpn 
at a specified elevation.' A marker 

Marker beCl06n for beacon indicates the point at which 
beginning of' glide the glide should begin, and the land

FIG. 429.-Blind-landing system in 
which the plane glides down a path of con- ing is accomplished by simply follow-

. stant. signal intensity when hinding. ing the bea� down ' to earth while 
keeping the signals received from the la;nding beacon at a constant level . 
The equisignal line followed has the general character illustrated in Fig. 
429, and by giving the landing beacon the proper directional characteristic 
the equisignal line can be readily made correct for a perfect landing . 

. 

Problems 
1. Determine the height of a vertical antenna that will have the same induced 

voltage as the resultant loo.p voltage of a loop 3 by 2 ft. with 20 turns, when the wave , 
length is 1000 meters. 

2. Discuss the factors that .set a practical limit to the number of turns ' that can be 
used on a given-sized loop frame. 

3. Describe the three-dim�nsional directional pattern of a loop that is in free 
I:3pace (remote from ground) . .  . 

4. Explain why the zero-sign�l posHion of a loop ,is not affected by horizontally 
polarized waves traveling parallel to the ground or by vertically polarized down
coming waves, but is affected by ho�zontally polarized down-coming waves. 

1 See H . . Diamond and F. W. DUnmore, A Radio Beacon and ij,eceiving System for . 
Blind Landing of Aircraft, Proc. l.R.E .• vol. 19, p. 585, April. 1931 . 

. 
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, 6.  Derive an equation for the directional characteristic of a goniometer arrange
ment such as Fig. 426, assuming that the mutual inductance between the rotating coil 
and a. pair of stator'coils is proportiona1 to the cosine of the included angle. 

6. /Demonstr�te that the Adcock transmitting antenna is superior to the loop for 
radio-range wor� 'only when th� ionosphere produces little change in the polarization 
of the sky wave, and that at high frequencies, where there is a large change in polariza
tion produced by the ' ionosphere, the Adcock' antenna ·has little if any advantage for 
transmitting. 



CHAPTER XVII 

TELEVISION 

142. Elements of a System of Tele.vision.-A picture ca'n be trans
mitted electrically by exploring the surface in a systematic manner and 
transmitting at each instant a current that is proportional to the- light 
intensity of the elemeutary area being explored at that instant. The 
result of such a process is to produce a current that varies with time in 
accordance with the light .intensity of succe�sive elements of the picture. 
This current can be amplified and transmitted directly over wire circuits, 
or can be modulated upon a carrier and sent out in the form of a radio 
wave. At the receiving point the received energy is amplified, and in the 
case of radio reception also rec.tified, to give at the receiver a current 
similar to that produced at the transmitter and of adequate amplitude. 
The picture is then synthesized by employing this received current to 
�ontrol the light intensity of the successive elementary areas correspond
ing to those at the transmitter. In televi�ion this process of picture
transmission is speeded up until the effect of a motion picture is obtained. 

143. Scanning.-The process of exp�oring ::tn image to obtain a current 
that varies with time in accordance with the light intensity of successive 
areas of the picture is called scanning. In all practical systems of -televi
sion the portion of the picture viewed at any one time is limited by some 
form of aperture which has a height that is commonly from 7120 to 7�5 0  of 
the height of the image and which is commonly square. This aperture is 
moved relative to the image along successive parallel horizontal paths that 

. are 'space'd by an amount equal to the height of the ::tperture, as shown in • 

Fig. 430. With such an arrangement the entire image is systematically 
covered by means of a series of horizontal lines, the edges of which 
just barely overlap. 

Many metho"ds have been devised for carrying out the scanning oper
ation. Until relatively recently all the�e were mechanical, and involved 
such schemes as a flying spot of light controlled by a rotating disk in such 
a way n:� to scan the image in the way that the aperture is 'shown doing 
in Fig. 430. 1 The practical limitations of such mechanical ar:r:angements 

1 Examples of such mechanical systems are described by Herbert E. Ives, Frank 
Gray, and M. W. Baldwin, " Image Transm:ission System for Two-way Television ,"  
BeU System Tech. Jour., -vol. 9, p .  448, July, 1930. R.  D. Kell, " Description of Experi
mental Television Transmitting Apparatus, "  Proc. I.R.E., vol. 21. {>. 1674, Dec. 1 933. . 134 
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have led to the development of electrically controlled scanning systems 
which have no moving parts. There' are two successful methods of this 
type suitable for general television work, the " Image Dissector " devel
oped by Farnsworth and the " Ic'onoscope " 
of Zworykin. ' 

The Farnsworth Image D'l:ssector . I-The 
Farnswortp. image dissector was the first 
successful non-mechanical system of 
scanning to be placed in operation. The 
principal features of this device are indi-
cated in Fig. 431 .  Here C is a translucent 
cathode, the surface of which is coated 
with photo-sensitive material, and upon 

I 
/ Aperture . 

-or-:)�-__ _ 

which is focused the optical image of the :-:--;r--+-----.:= 
scene to be traItsmitted . .  Each element- :/'/<�1r-;,----....--�==: 
ary area of the cathode surface accordingly .-

. h i · · · f I 'L Ines indiccr flng pafh and gives a p otoe ectnc emISSIon 0 e ectrons direcflon followed by aperture 
proportional to the light intensity of that FIG. 430.--:-Lines indicating path 
particular part , of the picture. These followe� by aperture in scanning a 

picture. 
emitted electrons are then attracted to 

' the anode A,  which is at a positive potential with respect to the 
, cathode. The tube is surrounded by a coil carrying ' a direct 

current that · produces a subst�ntially uniform axial . magnetic 
field. , When the strength of this magnetic field is adjusted to the 
proper value in relation to the anode voltage and tube dimensions, 

Focuslng coi/, 

(Pafhs of e/e�frons 

Translucenf J/iii.iiiiiiiiiiiiiiiiiiiiii_.�� I I pho fosenslfive. 
cathode 1/ 1/1/111/1 /llll h-""--+-, .+---+-..... .:..=.=:.:; 

, load resisfance' 

FIG. '431 .-Essential features of the Farnsworth image dissector. 

electrons emitted from a particular point on the cathode will strike the 
same spot on the a'node surface as shown in Fig. 431 'in spite of the fact 
that many of the photoelectrons emitted from the spot on the c�thode have 

1 For further information on the Farnsworth system of television see P. T. Farns
worth, Television by Electron Image Scan.p.in.g, Jour. Franklin Inst. , vo1. 218, p. 41 1,  
October, 1934 ; A.  H. Brolly, Television by Electronic Methods, TraM. A.I.E.E., 
vol. 53, p. 1 153, August, 1934. 

' 

• 
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an initial velocity component in a radial direction. l  Under this condi
tion the distribution of. electrons at the anode plane corresponds to the 
distribution of light intensity upon the cathode, thus giving at the anode 
what might be termed ,an electron image of the scene being reproduced. 

The anode A is provided with a scanning aperture consisting of a small 
hole . The electrons ,passing through the aperture are collected by a 

FIG. 432.-Coil system for producing 
magnetic deflection of electron image 
and for focusing. The view shown is a 
cross section t4rough the mi�dle of the 
tube of Fig . . 431 at right angles to the 
axis. 

collector electrode which hen�e receives 
an electron current proportional to the 
light intensity of the corresponding 
part of the optical image. The picture 
is then scanned by displacing 'the elec
tron image at the ano<;le with respect to 
the aperture so that the part of the 
image that supplies electrons to , the 
collector eiectrode ts continuously 
changing in a systematic manner. 

This ' displacement o( the electron 
image is accomplished by means of 
magnetic fields produced by the two 
pairs of coils shown in Fig. 432. 'Cur
rent passed through the top and bottom 
pair produces a magnetic field that will 
deflect the electron image to the right 

, or left, while current passed through the two side, coils will in the same 
manner deflect the electron image up or down. Scanning is aC'complished 
by applying to the ·side coils a saw
tooth Wave such as illustrated in 
Fig. 433, having a frequency -equal 
to the number of times per second 
the scene is to be scanned, while, the 
second pair of coils is supplied with FIG. 433.-Saw-tooth wave used for 

scanning purposes. 
a. similar saw-tOot� ,wave having a 
frequency equal to the number of lines per picture times the number of 
pictures per second. The result is to move the electron image with 
respect to the aperture in ' the manner indicated in 'Fig. 430 .  

1 This focusing action comes about as a result of the fact. that, while the axial 
magnetic 'field exerts no force on an electron traveling parallel to the flux lines (i.e., 
traveling directly toward the anode), it causes those electrons which have a radial 
component of velocity to follow a helical patl}. and ultimately to intersect the direct 
path to the anode. It can be demonstrated that all electrons emitted from the same 
spot . cc;mve:rge at the sa:tne point · irrespective of the iruti� radial velocity. This 
focusing action of an axial magnetic field upon a cathode beam is well known and is 
discusSed many places in the literature. For example see Brollr, loco cit . 

• 
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Electron MuUiplier.-The chief drawback of the pick�up arrangement 
. shown in Fig. 431 is that relatively few electrons pass through th� aperture 

if this is sIPaU enough to provide a large number of lines per picture. · It · 
has been calculated that under ordinary conditions a 24Q-line picture 
of ' a bright outdoor scene. gives only a 'few hundred electrons when an 
area equal to the aperture area is scanned. . This is so small that, when. 
the output current is amplified, thermal-agitation voltages in the , input 

. circuit of the first tube will be comparable to' the signal. 
Farnsworth has overcome this limitation by making use of secondary 

emission · to multiply the number of electrons that the scanning tube 
develops. A schematic circuit diagram of one form of electron multiplier 
d�velQped for this purpose is 'sho�n in Fig. 434. Here electrodes B and 
B' are coated with material that gives prolific secop.dary emission, and 

�node of Muffipl/er dissecfor fube '\ sedion .... \ Osci/lctfor 
(ClRprox. SO me.) , , V �OufPute/ecfrod;} 

, t Is" s ' / f AP<>rfure-.... I · I-+----�--.----' 
I / 

1 1 1 1 1 1 1 1 1 1  i I I I t--�I� + 90 

FIG. 434.-Image dissector provided with eleckon �ultiplier. 

a radio-freque�cy potential of the order of 50 me is applied between these 
electrodes. A central ring anode operated at 3: moderate positive pot�n
tial is also provided as shown. Electrons that pass through the aperture ' 
and enter the multiplier chamber at the instant when the ,radio-frequency 
oscillator is just passing through zero and going positive are attracted to 
B' and upon striking this electrode emit numerous secondary electrons. If 
the oscillator frequency is such that the time required for this electron to 
pass from B to Jj' corresponds to exactly one-half cycle, then these second
ary electrons are emitted at, the instant when �lectrode B is just turning 
positive with respect to B'� so that th� secondary electrons are attracted to 
B with velocity sufficient to produce more secondary electrons, which are 
then attra,cted to B', and so on. In this way a very few electrons initially 
passing through the aperture wi,ll iil .a relatively few round trips be multi
plied enormously. A portion of the electrons thus produced is collected 
by the ring anode and represents the useful output of the multiplier . . 

By proper circuit proportions and operating conditions it is possible to 
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.Obtain a stable output that is pr.Op.Orti.Onal t.O the number of primary 
electrons �riginally passing thr.Ough the aperture and is at least 1000 times . 
as great. It is to be n.Oted that the input v.Oltage t.O the first amplifier 
tube is n.Ow .relatively large, ,s.O that thermal-agitati.On effects n.O l.Onger 
give tr.Ouble. The m;1in s.Ource· .Of n.Oise then bec.Omes the sh.Ot effect· of 
the .Original electr.On. fl.Ow thr.Ough the aperture. 1  

The Zworykin Iconoscope. 2-The ic.On.Osc.Ope meth.Od .Of 'scanning can 
be explained by reference t.O Fig. 435. The .Optical image .Of the scene 
under c.Onsiderati.On is f.Ocused up.On the screen P, c.Onsisting .Of a: mica .Or 
.Other insulating plate, up.On the illuminated side .Of which is a m.Osaic 
surface c.Omp.Osed .Of minute is.Olated gl.Obules that are ph.Ot.Osensitive. 
The manufacturing pr.Ocess used in pr.Oducing this surface must be such 
that the individual gl.Obules are actually insulated fr.Om each .Other. .The 
back side· .Of the mica .Or insulating plate has a metal ,c.Oating that serves 

FIG . . 435.-Essential features of the Zworykin iconoscope. 

as the ·.Output electr.Ode, as sh.Own. . The .Optical image f.Ocused up.On the 
m.Osaic ph.Ot.Osensitive sur-face is scanned by means .Of a cath.Ode-r.ay beam 
which is .pr.Oduced by an electr.On gun similar t.O that useq. in .Ordinary 
cath.Ode-raY tubes. This.' cath.Ode-ray beam scans the m.Osaic. surface by 
means .Of vertical and h.Orizontal deflecting fields actuated by saw-t.O.Othed 
waves similar t.O th.Ose used in the dissect.Or described above. 

The .Operati.On .Of the ic.On.Osc.Ope depends up.On the fact that each 
gl.Obule .Of the m.Osaic surface f.Orms a small c.Ondenser with respect t.O 
the back plate. When �ight falls up.On a gl.Obule, electr.Ons are l.Ost througli 
ph.Ot.Oelectric emissi.On, and the globule bec.Omes p.Ositively charged with 
respect t.O the back plate. This p.Ositive charge builds up at a rate 
pr.Op.Orti.Onal to the light intensity. When the cath.Ode-ray beam strikes 

1 Another type of electron multiplier which requires a more complicated tube 
structure, but which avoids the necessity of an oscilI�tor, is described by V. K. Zwory
kin, The Secondary Emission Multiplier......:..A . New Electronic Device, Proc. I.R.E., 
vo], 24, p. 351, March, 1936. . 

2 For further description of the iconoscope see V. K. Zworykin, The Iconoscope
A Modern Version of the Electric Eye, Proc. I.R.E., vol. 22, p. 16, January, 1934. 

. 1  
I 
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the globule, the negative charge that has been lost by photoemission is 
rep�aced by the electrons .in the cathode-ray beam, so that the cathode
ray spot can be said to discharge the globule. At the instant of discharge , 
there is , a rush of current through the resistan'ce R equal to the ,positive 
charge accu.mulated upon the globule, and hence proportional to the 
illurp,ination upon the globule. It is to be noted that the current passing 
through the output resistance R is relatively large because the number of 
electrons represented by the discharge is equal to the total photoele'ctric 
emission since the previous scanning. This means that the total 'em.ission 
over one picture frame (commonly ��o sec.) is utilized, instead of only 
the photoelectric emissio:p. during the instant the spot is being scanned: 
Actually this storage action is not 100 per cent efficient, since the globule 
under consideration may receive electrpns from other globules and also 
may lose current by leakage. The actual output is, how;ever, ordinarily 
several thousand times as great as that obtained from a simple aperture, 
as in Fig'. 431, before electron multiplication. 

144. Reproduction of Television Images at the Receiver.-All modern 
systems of television, employ a cathode-ray tube to reproduce the signals 
at the receiver. 1 The intensity, of the luminous spot is controlled by the 

. , 
strength of the incoming signals, while the position is controlled by saw-
tooth deflecting waves similar to those employed for scanning at the trans- ' 
mitter. By synchronizing the receiver deflecting waves with the 
corresponding waves at the transmitter by means described below, the 
position of the cathode-ray 'spot on the frame of the received picture will 
be in the same relative position as the picture element being scanned at the 
transmitter. ' The result is then the synthesis at the receiver of the original 
Image. 

Cathode-ray 'tubes for television are essentially the same as the tubes 
cOinmonly used for observing wave forms, but are larger in order to give a 
fair-sized image, and operate at a higher anode voltage in order to produce 
a picture haying a satisfactory ' level of illumination. It is customary to 
use electrostatic deflection for line scanning and magnetic deflection for 
the frame scanning. The light intensity of the reproduced image depends , 
upon the �atts dissipated per unit .area of the fluorescent screen, and �for 
wille'mite (the usual screen' material) the luminous efficiency is about two
thirds that of a tungsten lamp. The fluorescent screen is usually designed 
so that some light persists for a brief period after the passage of the cathode 
ray. For optim�m res�lts this , persistence should be just less than the 
time required to scan one frame of the picture.2 

1 This cathode-ray tube is often given a special name such as osciUite, kinescope, 
etc., when used in teleyision, but it is still only a cathode:-ray tube. 

2 For more detailed information concerning the properties of cathode-ray "tubes 
'with particular reference to television, see V. K. Zworykin, Description of ' an Experi-
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145. Miscellaneous Considerations. Production of Saw-toothed Waves. 
The sa:w-tooth scanning waves of Fig. 433 must be substantially linear 
during the period t8 in order for the scanning to take place properly . . 
During the return period'tr the exact shape is not important, but the ratio 
of return time to scanning tiipe tr/t8 should be smal� in order to avoid lost . 
time. The nature of the saw-tooth generator must also be such that the 
freq�ency can be readily con�rolled by means of pulses illj ected from an 
external source. 

(a) Generator' of saw-tooth voltage wave 

1 Synchronizing pul$es 
�R-----"---1� 

c oufpuf , 
. 
I 

(b), Gene  rator ofvolta ge wave that will  cause 
. saw- tooth currenf wave in a coi l · . 

. r-I ---fIl l  
Synchronizing pulses 

t----"'9---I1---J. 
• 
r 

: OUfput : 
I 

(c) , Shape of voltage waves required to produce a 
saw- toot h current wave 

For res istance 

Fot'" inclyctance 

For coil  with resistcmce l � � ,...-\I , \J  \I 
FIG. 436.-Circuit for generating a saw-tooth wave; together with voltage wave shapes 

required for a saw-tooth ourrent wave through a resistance, an inductance; and a circuit 
with bot� resistance and inductance. 

With electrostatic d.eflection a saw-toothed voltage wave is req�ired. 
This can be generated in a number of ways, a typical arrangement being 
shown in Fig. 436a. Here V is a tube that is biased beyond cut-off 
except during moments when a synchronizing Plllse is acting on the grid. 
The operation can be understood by' starting at the moment just after a 
mental Television Syste� and the Kinescope, Proc. I.R.E. , vol. 21, p. 1655, Dec�mber, 
1933; R. T. Orth, P. A. Richards, and L. B. Headrick, Development of Cathode-ray 

, Tubes for Oscillographic Purposes, J?roc. I.R.E., vol. 23, p. 1�08, November, 1935; 
T. B.. Perkins and H. W. Kaufman, Luminescent Materials for Cathode-ray Tubes, 
Proc. I.R.E., vol. 23, p. 1324, November, 1935 .

. 
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synchronizing pulse has caused the discharge of the condenser C. As 
soon as the puise is removed, the tube beco,mes 'non-conducting and the 
condenser starts to charge through the series resistance R. If the circuit 
proportions ,are such that the voltage across the condenser is always much 
smaller than the supply voltage, the resulting condenser ,:"oltage will build 
up linearly, giving a substantially straight-line saw tooth corresponding ' 
to the portion ts in Fig. 433. This process continues 'until the ne�t ' 
synchronizing pulse arrives, when the tube momentarily passes . plate 
current, discharging the condenser C rapidly and giving the . return part .tr 
of the cycle in Fig. 433. After the passing of . the synchronizing pulse, 
the tube again becomes non-conducting ana the cycle is repeated. It wi�l 
be noted that the result is a saw-toothed wave having a frequency con
trolled by the external synchronizing pulses, and that with proper circuit 
design a substantially linear 'wave can be obtained during the scannirig 
portion of the cycle, with a quick r.eturn . 

. The discharge tube in the saw-tooth generator of Fig; . 436 can'be either 
a gaseous or vacuum tube when producing low frequencies. However, at 
higher frequencies, ' such as used for line scanning, the' time lag of gas 

, tubes normally introduces distortion, and a high-vacuum tube is ' 
preferable. . 

When magnetic deflection is employed fQr scanning, it is necessary 
to have a saw-toothed wave of current rather than 'a saw-toothed voltage 
wave. This complicates matters as the deflecting coils have both induc
tance a:n:d resistance, so that, when a saw-toothed voltage wave is applied,' 
the resulting current is not of the desired wave' shape. The simplest 
manner of handling this situation is to work back from the coil inductance 
and resistance to determine the· wave form of voltage that must be applied 
to produce the desired shape of current wave . . If the coil 'were a pure 
inductance, th� required shape of the voltage wave would be a simple 
pulse having a duration equal to' th� return time, as shown in the second , 
liI).e of Fig. 436c. On the other hand, if the coil were predominantly 
resistive, the voltage waVe would have the same shape as the current wave , 
and so would be saw-toothed, as in the first line of Fig. 436c. In the actual 
case, where both resistance and inductance are present, it is necessary to 

. combine the wave shapes of ,resistance and inductance i,n' the proper 
proportion, such ,as shown in the last Hne of Fig. 436c, in order to get a 
saw-toothed wave of current. ' Such a voltage wave can be obtained by 
rearrangi�g the circuit of Fig. 436a as in Fig. 436b . . The voltage across 
the ' condenser C in this arrangement has the same 'shape as in Fig. 436a, 
i.e., is , a saw tooth suitable for overcoming the resistance drop of the 
deflecting coil. The voltage. across r, however; is in the form of a pulse, 
as shown in the sec'ond part of Fig. 436c, provided r « R. This is because, 
when the condenser discharges, there is a .sudden rush of current through 
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r, while during the charging period the current through r is small and 
substantially constant . ' 

. 

Synchronization and Synchronizing Pulses.-The preferred method of 
synchronizing in a television system consists in generating pulses at the 
transmitter which control the saw-toothed scanning- waves used in the 

" pick-up device, and which at the same time are transmitted to the receiver 
and there used to control the scanning of the reproducing equipment. 
The required pulses can be generated in a number of ways. One method 
is to employ a rotating disk provided with holes which allow a light to 
shine intermittently upon a photoelectric cell . Another method consists 
in using some form of multivlbrator oscillator which is controlled by a 
vacuum-tube oscillator, the pulses being generated across a small ind�c':' 
tance placed somewhere in the muitivibrator circuit . 

In any case, the end of each line IS indicated by a short synchronizing 
pulse, while the end of each frame is marked by a longer pulse. These 

Sy'nchronizing impylse fo Synchronizing impulse fo 
srabilize fhe line f'reguency stabilize f'rd'me frequency 
$aw - foofh genercdor af saw- foo fh generaror at 

. receiver \ the receIVer .... , 
\ , 

Um!."!.'2'!.. �'!..e} __ _ � _ _ 
\ 

BlaCk -"1--- --�· - -
Range of picture . 
signa:lcurrenfs I '  

Whife - - - -t - - - - - - - - - -- - - � t<, - L�-_-----
-- ----- One f'rame ____ l _ _  �� , 

One /ine / 
FIG. 437.-Typical television sigflal showing superimposed synchronizing pulses. 

pulses occupy 5 to 15 per ce�t of the totai time, and are separated at the 
receiver by the difference in duration. 

Exact synchronization between transmitt�r and receiver is obtained 
by modulating the· pulses upon the ·transmitt�d carrier, or in the case of 
wire transmission by transmitting them directly to the receiver along with 
the signal. In order that the signal cu�rents will not inperfere with the 
synchro�izing action, -the polarity of the transmitted synchronizing pulses 
is made to correspond to the polarity of black, and the amplitude of the 
pulse is ma�e appreciably greater than the amplitude of the signal . 
cU.rrent for a black portion of the image. In this way the synchronizing 
pulses are always larger than the maximum possible signal current . In 
order to prevent overloading of the transmitting equipment, it is common 
practice to pa�s the· combined signal and synchronizing currents through a 
limiting amplifier which limits the peak amplitude to perhaps 50 per cent 
more than black. The resulting waves as transmitted are shown in Fig. 
437. The limiting action at the transmitter can be obtained in a variety 
of ways, a typical arrangement being shown in Fig. 438, where an amplifier 

/ 
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is so operated that the maximum desired amplitude just barely drives the 
grid to zero bias. ' Any �dditional amplitude causes very little additional 
output because the resulting grid current in flowing through the high ' 
resistance in series with the grid prevents the grid voltage from rising 
appreci�bly above zero. 

By transmitting the synchronizing pulses with a poiarity correspond
ing to that of black in the reproduced picture, and at the same time by 
making these pulses have a duration equal to or slightly greater than the 

. time required for, the saw-to.9th scanning wave to return from the end to 

Wave �i�h peaks to be Ilml fed 

�Hl9'h 
\resistance ' 

Ou.fput .:vifh Dosifive 
pe<;1ks limited . 

�-----A----I I I I IJ-------I ____ -L 
FIG. 438.-Circuit for producing limiting action of television signal. peaks. 

• 

the -beginning of its linear portion, the cathode-ray spot is blanked out 
during the return period and no 4isturbance is' produced in the picture. , 

At the receiver the synchronizing pulses are separated from' the signal 
. currents by taking advantage of the difference in amplitude. This can be 

conveniently done by biasing an amplifier tube sufficiently far beyond cut
off �o that only the synchronizing pulses have sufficient amplitude to cause, . plate current to flow. The r�sulting pulses free, of signal are then applied 
to a network such as shown at Fig. 439, which separates the line and frame 
pulses by utilizing 'their difference in duration and frequency. 

Verf/cal 
r------r----I de f lec Non 

oscillafor' 

Combined 
line and �_�-fI-1_--I Horizonfal 

frame pulses deflection 
oscillator 

..,.., '\ 
To 

deT/ecfion 
plates / ",J.:' 

. 
FIG. 439.-Network for separating line and frame synchronizing pulses. 

Frequency Band and Picture Detail.-The detail of a television picture 
is determined by the nu'mber of .scanning lines. · This is obviously true for 
gradations in the light intensity of the image in the vertical directi<1n, 
because any change taking place in a distance that is less than the width 
of a line obviously cannot be reproduced. The sit�ation: with respect to 
the horizontal direction is somewhat more complicated but comes to. 
about the same result. 

Studies show that it is necessary to have at least 180 lines to reprodlice 
a scene fairly satisfactorily, that 240 lines give a fair picture, and that 480 

' .... 

• 
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l ines are practically equivalent to a home movie . At the present time it is 
considered that comm ercial television In�st have at least 240 lines, and 

there is a tendency to standardize on 350 to 450 lines. 1 The effect of the 
number of lines upon the detail is shown in Fig. 440. 

The optiInum viewing position for a television image is such that the 
distance between the centers of adj acent lines subtends approximately 
2' of arc. This insures that the li nes will merge together and give a 

(a) 1 20 sca nning lines 

(0) 2,1 0 sC[l.n ning lin es 
� -=--.�::-.-::;:=t;jj 

FIG. 440.-Typical telovh!ioll i mages showing effect of tho number of scanning l inos. 

uniform grainless picture. Closer viewing causes the line structure to 
stand out, while viewing from a greater dist ance. reduces the amount of 
detail that can be perceived to less than that actually present ill the pic
ture. It is also desirable to make the viewing distance from four to 
eight times the height of the picture. Hence, if the reproduced image is 
1 2  in. high, the optimum viewing distance is about 6 ft. At this distance 

1 William H. " 'cnstrom, Notes on Television Definition, Proc. I.R.E., vol. 21; 
p. 1 3 1 7, Septem ber, 1933; E. 'V. Engstrom, A Study of Television Image Gharac-
tcristics, Proc. I.R.E., voL 2 1 ,  p. 1 631 ,  December, 1 933. 
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it  is ncces�ary to haye approximately 25 lines per inch for each line to 
cover 2' of arc at the observer's eye, so that the picture should be at least 
300 lines. Such a calculation i$ approximate, but gives an idea as to the 
factors involved in the reproduction of television images. l 

Tile frequency band required to transmit a picture having appreciable 
detail is very great. The worst case is where the image to be transm itted 

'is a checkerboard pattern.of alternate dark and light sections as shown ill 
Fig. 44 1a, with the side of each square equal to the width of the scanninp; 
line. In scanning such a pictu re the output curren t of the pi ck-up devi'cc 
will be alternately large and small, so that onc cycle of output current 
corresponds to traversing two squares of the pat tern. If the number of 

lines in the picture is a and the ratio of width to height is R ( =  aspect 
ratio) , then the total number of squares is a2R, so that. for n pictures per 

(0) Po ytion of o �i9 ih ct l  che cker boa r-d ' patte rn 
. Typical aperture pos ifion� • ..... --=.:::�-----""" .J!'''' 

(b) Reproduced im �ge s h owine 
t h e  conseque nce s of Clpet'
ture d isto r+ion 

., , , 
, • I . 

. , • I 
.1 J .j_ � 

FIG. 441.-Checkerbourd image us scnnned nt the t ransm i t t er. nnd distorted image received 
as a result of aperture dist.ortion. . 

second the frequency band required would be a'lnR/2 cycles. V{ith 
ordinary sccn e� it is found that this givcs more detail in ti1e direction of the 
scanning lines than in the vertical direction. Expcrience shows the detail 
is equal in the t'\vo directions when the frequency band is only about 70 per 
cen t of t,lw full frequency ban d, so 

. 

Actual freque�1CY hand} = 0.35a2nR (252) 
for aspect ratIO of ]� 

The resulting frequency band required to transmit a television imag(' 
having good definition is considerable. Thus a 343-Hne picture, repeated 

30 times per second and having an aspect ratio of �5 , requires a band at 
least 1 ,640,000 cycles wide. If 10 per cent is allowed for the synchroniz
ing pulses, the act ual freq uency band that must be provided is 1 ,830,000. 
\Vhen this is modulated upon a ca rrier, t,he tot a.l width of the two side 
bands is thus nearly 4,000,000 cycles . .. 

I Engstrom, wc. cil. 
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As a result Qf these side-band requirements it is apparent that' televi
siQn pictures can be transmitted by wire Qnly Qver special circuits. When 
radio. transmissiQn is to. be emplQyed, it is necessary that the carrier 
frequency be extremely high, such as 40 mc Qr mQre, so. that the side-band 

. 

. width will nQt be tQQ high a percentage Qf the carrier frequency. Under 
such cQnditiQns prQperly designed tuned circuits will handle the mQdulated 
television signal satisfactQrily withQut excessive side-band trimming. 
The use Qf ultra-high frequencies fQr the transmissiQn Qf televisiQn signals 
. also. has the advantage that there is an enQrmQUS frequency band avail
able , and that carrier frequencies can be duplicated at PQints abQut 200 
miles apart withQut any interference trQuble because Qf the limite · i\ 
range Qf prQpagatiQn . 

. Aperture Distortion.-The finite size Qf the aperture at the transmitter 
intrQdu ces distQrtiQn by making it impQssible to. transmit details finer 
than the area that the aperture represents. 1 This can be made clear by 
cQnsidering what happens when a checkerbQard area such as Fig. 441a is 
scanned. As the aperture travels· fJ,"Qm left to. right; it is seen that the 
average - light intensity Qf the area enclQsed by the aperture varies 
gradually instead Qf suddenly frQm light to. ·dark, thus . reprQducing ' a 
distQrted pattern as shQwn at Fig. 441b. This effect is equivalent to. 

. discriminating against the higher frequency cQmpQnents in the ou�put Qf 
the signal. 

This situatiQn can be imprQved to. SQme extent by the use Qf cQrrecting 
netwQrks. In this way it is PQssible to. dQuble the rate at which the transi
tiQn between dark and light takes place . .  Inasmuch as aperture distQr� 
tiQn takes place at bQth the transmitting and receiving points, it is �ence 
seen that, if cQrrecting netwQrks are emplQyed at both transmitter and 
receiver, the tQtal amQunt Qf aperture distQrtiQn is apprQximately the 
distQrtiQn intrQduced by a single uncQrreeted aperture. 

. 

Video-frequency Amplijier.-. The signal currents Qbtained frQm the 
pick-up tube of the televisiQn transmitter are cQmmQnly termed videQ
frequency currents to. distinguish them frQm audio- and radiQ-frequency 
currents. VideQ-frequency amplifiers fQr increasing the Qutput Qf a 
pick-up tube to. a level suitable for mQdulating a radio. transmitter, 
and fQr amplifying the r�ctified received signal up to. an amplitude suit
able fQr Qperating the cathQde-ray tube, must handle a very wide fre- · 
quency range with negligible amplitude and phase distQrtiQn. The 
reSPQnse at IQW frequencies must extend well belQw the frequency CQr
resPQnding to. the number Qf pictures per secQnd, while the highest fre
quency is given by Eq. (252) .  Over this range the resPQns� shQuld 
be substantially unifQrm and shQuld be aJcompanied by negligible phase 

1 In the case of the iconoscope, the size of the cathode-ray spot scanning the mosaic 
plate is the effective size of the aperture. . •  . 
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distortion. Phase distortion is particularly important because it · is 
equivalent to different velocities of transmission for different frequencies, 
and so it obviously distorts the picture by causing certain parts of the 
detail to arrive either too early or to� late. This is in contrast with. 
audio-fr�quency work, where because of the characteristics of the ear the 
amount of phase distortion produced by ordinary amplifier circuits has 
negligible effect. . , 

The usual method of meeting the amplifier requirements is to use a . resistance-inductance coupling arrangement of the type discussed in 
Sec. 46, with a low coupling resistanc� and the minimum possible shunt
ing capacity. Such an amplifier when properly designed can be made to 
give substantially uniform amplification with negligible phase distortion 
up to frequencies that would correspond to the 70 per cent point , if the 
coupling inductan'ce were omitted. The gain per stage is relatively low 
because of the low coupli'ng resistance that must be used, ' but is still 
appreciable.  . 

The amplification of the low frequencies introduces no special problems 
since amplifiers can be readily built to amplify ali frequencies above a 
few cycles with negligible amplitude and phase distortion. In some 
cases, however, low-frequency equalization is employed to prevent the 
dropping off at low frequencies that would take place if the coupling 
condenser were only moderately large. ' 

Flicker, Power-line Ripple, and Interlaced Scanning:l-If the rate of 
repetition of the television image is not ' sufficiently high, there· will be a 
pronounced flicker even . though the rate of repetition may be sufficient 

, to , convey movement satisfactorily. Studies indicate that the lowest 
repetition rate at which the flicker is not objectionable is approximately 
48 times per second, which is considerably greater than the rate required 
to convey motion. 2 

In selecting the frame frequency it is also necessary to consider the 
effect of stray power-line currents in the deflecting and anode circuits. 
If the frame �requency' is not an exact sub multiple of the power frequency, 
any stray current of power frequency in the deflecting, anode, or control 
circuits will cause · ripples of various [3orts to travel across the field with 

, very annoying psychological effects. If the frame frequen<1Y ' is a sub
multiple of the power-line frequency, such as 15, 20, 30, or 60 for a ' 

1 For more detailed information upon these subjects, see E. W. Engstrom, A Study 
of Television Image Characteristics, Part 11, Determination of Frame Frequency for 
Television in Terms of Flicker ,Characteristics, Proc. I.R.E., vo!. 23, p. 295, April , 
1935 ; R. D. Kell, A. V. Bedford, a�d M. A. Trainer, Scanning Sequence and Repetition 
Rate of Television Images, Proc. I.R.E., vo!. 24, p. 559, April, 1936. 2 In motion-picture work where there are 24 frames p�r second, flicker is avoided 
by cutting off the light momentarily during the middle period of each frame so that 
the light flashes on the screen twice for each picture, or 48 times per second. 
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60-cycle power system, these disturbances, while still present, are now 
stationary and so are much less noticeable. 

Since the ustial power-line frequency is' 60 cycles and since 60 has no 
. sub multiple between.30 and 60, it' is therefore necessary that th� repetition 
rate of the television picture be 60 times per second in order to avoid 
excessive flicker and power-line ripple. This is a relatIvely high frame 

. 

frequency, at least three times that required ' to convey continuous 
motion, and so is undesirable because of the excessively wide frequency 
band that results. A fairly satisfactory solution for this situation is to ' 
scan the image 60 times per second, but to scan only alternate lines during 
one scanning period. Thus with a 2.40-line · picture 'one would scan the 
odd-numbered lines during · the first 7�O sec. ,  and then scan the even
numbered lines during the next 7't30 sec. As far as flic�er is concerned the 
result is equivalent to scanning at the rate of 60 times 'per second, while 

. from the point of view of detail and frequency band required the result is 
suhstan�ially equivalent to scanning a 240-line picture 30 times a second. 
An arrangement of this sort is known as interlaced scanning and is becom
ing recognized as the best compromise between "low flicker and the narrow
est possible frequency b�nd. The only disadvantage is the relatively 
complicated synchronizing system that is required to interlace the lines 
accurately. 1 

. 146. Typical Complete System of Television.-A television trans
mi�ter consists Of a pick-up tub,e (iconoscope or image dissector) , a saw
tooth wave generator with frequency controlled from a pulse generator, a 
video-frequency amplifier, and an ultra-high-frequency radio transmitter 
upon which the output of the video-frequency amplifier is modulated. 
The amplifier circuits, both video ' and radio frequency, must be arranged 
to transmit the 'wide frequency bands involved without appreciable ampli
tude or phase distortion. In many respects this layout is similar to that 
of an . ordinary broadcast transmitter, with the pick-up tube taking the 
place of the microphone and the video-frequency amplifier corresponding 
to the broadcast audio-frequency system. A block diagram of such a 
transmitter is shown in Fig. 442a.2 

A typical television receiving system is shown in Fig. 442b.3 Consider
ing for the. moment only 'the picture channel, this consists of a super-. 
heterodyne receiver with a high intermediate frequency (5 to 10 mc) ,  with 

1 For a description of suitable synchronizing systems,' see K;ell, Bedford, and 
Trainer, wc. cit. 2 Fo'r more. complete details of a complete television transmitter, see R. D. Kell, 
A. V. Bedford, and M. A. Trainer, An Experimental Television System-the Trans-
mitter, Proc. I.R.E., vol. 22, p. 1246, November, 1934. 

. 

3 R. S. Holmes, W. L. Carlson, and W. A. Tolson, An Experimental Television 
System-the Receivers, Proc. I.R.E., vol. 22, p. 1266. November, 1934. 

. 
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band-pass coupling circuits designed to give a flat response over the 
necessary frequency range,. The intermediate-frequency amplifier is 

, followed by the ,usllal second detector, 'and the resulting video-frequency . , , 

( a) Bloc k c1,iagram of transmitter 

Pic kup f-+ Video � Lim iter � tube amp lifier 
t 

Saw-toOth Pu lse 
wave I+- generator , generators 

(b) Simpl ified circuit d�agrCAm of receiver 
Sound Chan nel 

� 
Raa io-

frequency amplifie r  
f 

Video � Modulated 
amplifier CAmplifie� 

t 
Osc i l latot; 
Buffer, Ampl ifier, 
etc. 

1 st clet. �-�,�:. F. SYS::: -----�: � ¥;fl �s���o 

I , 
I Osci l lator 

Tube for ' 
separating . 
synchronizfng 
pulses from picture currents 

H orizontal saw- tooth 
generator 

Vertica l 
saw-tooth 
generator 

FIG. 442.-Diagram of complete television system. 

currents, together with the accompanying synchronizing pulses, are then 
amplified by the video amplifier to a level suitable for controlling the 
cathode-ray reproducing tube. Synch,ronizing pulses free of signal are 
obtained by'also applying the output of the second detector to an ampli-
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fier biased so that only these pulses have enough amplitude to develop 
output . The pulses corresponding to th� line frequency are then 
sep�rated from the frame frequency as shown in Fi$. 439 and used to 
control the frequency of local saw-tooth generators which produce the 
currents for deflecting the ,spot of the cathode-ray reproducing tube. 

The sound accompaniment for a television picture is most conveniently 
transmitted 'by modulating an auxiliary carrier frequency that is just 
outside. the side-band range of the television signals. , In the receiver, the 
antenna circuits and the local oscillator can then be common to both 
sound arid picture channels, but the sound channel has a separate first 
detector and intermediate-frequency amplifier" as shown in Fig. 442b. 
The intermediate-frequency amplifier for the sound channel should have a 
relatively narrow response band centered about a fre'quency differing 
from the inid-frequency of the picture cha�nel by the difference b�tween 
sound and picture carriers. The local. oscillator then automatically 

" produces the correct beat frequency Jor the picture channel when the 
adjustment is such as to bring in the sound, channel, and, since the sound' 
channel has a relatively sharp response, it serves as an accurate tuning 
indicator. 

Problems 

1. In the Farnsworth image dissector explain the effect upon the reproduced 
picture of improper strength of the axial magnetic focusing field. 

2. In the electron multiplier of Fig. 434, explain why ,th� mUltiplying action is 
obtained only for certain oscillator frequencies, which depend ' upon the multiplier 

, dimensions and the potential of the output electrode. 
, • 3. Discuss the effect of leakage between adjacent globules in the mosaic p�ate 

of the iconoscope. 
4. If the storage process of the iconoscope were lOO per cent efficient, derive a 

formula giving the improvement in sensitivity over the output obtained by a simple 
aperture (as the image dissector without electron multiplication) .  

5.  Explain why an ordinary sine wave could not be used for scanning instead of 
the saw-tooth waves always employed� 

, 

6. In the reproduction of television pictures with a cathqde-ray tube what would 
be the effect of using a fluorescent screen material that had : (a) a very long persistence, 
and (b) a very short persistence? 

7. In the saw-tooth-wave generator of Fig. ' 436a it is necessary that the adjust
ments be such that the maximum voltage built up across C be limited to a small frac
tion of the supply voltage EB. Explain what would happen if this were not the case. 

S. Explain why it is not permissible to send the synchronizing pulseS with a 
polarity corresponding to white. 

9. Calculate the frequency band required to transmit pictures having 120, 240, 
and 480 lines, with a frame frequency of 30 and an aspect ratio of %, when the video 

, current is modulated upon a radio-frequency carrier. 
10. Sketch the shape of the output wave of the pick-up tube when one line of the 

pattern of Fig. 44la is scanned for (a) no aperture distortion, Cb) aperture distortion. 
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11. Design an amplifier 'to produce a voltage gain of 1000 and capable of handling 
the output of a scanning tube for a 343-line picture having a frame frequency of 30. 

12. When portraying very rapid motion, an interlaced scanning system introduces 
a peculiar kind of distortion not'present with a simple scanning system. Descrihe the 
effect. ' 

13. Discuss the number and nature of the controls that are required in a televisiol l  
receiver. 

. . 

" 



CHAPTER XVIII 

SOUND AND SOUND EQUIPMENT 

147. Characteristics of. Audible Sounds.-Sound is a mechanical 
vibration lying within the frequency range to which the ear responds, and 
'it is ' characterized by pitch, loudness, and phase� The pitch represen.ts 
the frequency and is expressed in cycles per second. 1 The loudness 
depends upon the amplitude of the wave and is measured either in terms 
of the pressure in bars (dyn�s per square centimeter) that is prod�ced by 
the sound waves, or as the ratio of energy contained in the actual sound to 
the energy contained in the weakest audible wave of the same' frequency. 
Sound travels in air .at a velocity of approximately 1130 ft . per second. 

Most actual sounds are complex waves containing several components 
having fre'que,ncies th�t are in harmonic relation to each other. The 
fundamental frequency corresponding to these harmonies (or overtones) 
is called the pitch of the complex sound; while the pre,sence of the ' har� 
1110nics determines what is commonly tet:med the quality of the ' sound. 
Changing the relative amplitudes of the different components without 
changing their frequencies hence merely changes the quality without 
affecting the pitch. 

'Speech.2-, -The sounds encountered in speech lie in the frequency range , 
100 to 10,000 cycles . The pitch of. speech is determined by the funda
rp.ental frequency of the vocal cords, and is about 125 cycles fOl: a normal 
male voice and about twice as high for a normal female voice. The pitch 
varies somewhat during speech and tends to rise as the voic� intensity is 
increased� This latter fact makes it possible to estimate the original level 
of speech independently of the loudness of the sound reaching an observer. '  

The various speech sounds differ in the way in which the energy is 
distributed with respect ' to frequency, in the manner of production, and 
in the way the sounds are begun and ended. Thus .the vowels are rela
tively powerful sustained sounds produced by using the lungs as bellows 
and setting the resulting air stream in vibration by me�ns of the vocal 
cords. The sound so produced is rich in harmonics. The various vowel 

1 This is only approximately the case since recent studies indicat� that the pitch of 
a sound, as judged by the ear, depends to some extent upon the intensity and the 
overlones present. ' See Harvey Fletcher, Loudness, Pitch, and Timpre of Musical 
Tones and Their Relation to the Intensity, the Frequency, and ,the Overtone Struc
ture, Jour. ACOU8. Soc. Amer., October, 1934. 
• 2 For a more detailed discussion of the ,nature of speech sounds, the reader should 

consult Harvey Fletcher, " Speech and Hea�," D. Van Nostrand Company, Inc. 
'b� , 
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sounds are produced by positioning, the lips, tongue, etc., so that the 
throat, mouth, and nasal cavities reinforce harmonics lying within certain 
frequency ranges as a result of resonance; while t_ending to suppre�s other 
harmonics:. Other 'sounds, such as w, y, and h represent' particular ways 
of beginning ' the vowel sound, while still others such as ch, sh, and f do 
not involve the vocal cords. 

The power of average conversational speech varies widely wi'th differ
ent persons, btlt under typicl;\l conditions for American speech averages 
approximately 10 p.w. If the silent intervals during conversation are 
excluded, the average is increased to approximately 15 p.w. This repre
sents an extremely small amount of energy, as is apparent when it is 
realized that the total average power that ', would be produced by all 
inhabitants of the earth talking simultaneously is less than the power 
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FIG. 443.-Distribution of average and peak speech energy over the frequency spectrum. 
When the speech is divided into time intervals of �-sec. duration, the peak intensity in 
90 per cent of these intervals does not ex()eed the value given by, the curve marked " 90 
per cent. " 

radiated from a large broadcasting station. When one shouts as loudly 
as possible, the average speech power rises to ' about one hundred times 
the normal av�rage, while in speaking with a� weak a voice as possible 
without whispering the average power is reduced to approximately one
hundredth. The peak ' power of the loudest sound encountered ' in 
conversation is in the order of 5000 p.w, while the power of a faint whisper 
is in the order of 0.01 p.w. This represents an intensity range of 500,000 
to 1 .  The pure vowels and the diphthongs are the most powerful 
sounds" while the th, ,as in thin, is the weakest. 

, The distribution of speech power over the audible fr�quency range 
is approximately as shown in Fig. 443. ' In the case of male voices the 
most powerful sounds are more or less evenly distributed throughout the 
frequency range 500 to 1500 cycles, while the average power is greatest 
at approximately 500 cycles� The higher frequency peaks, while about 
as intense as the lower frequency peaks, are less numerous. This is 
�pparent from the 90 per cent curve of Fig. 443, which indicates that, 

, when the speech is divided into intervals of ,� sec., the peak intensity ' 
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in 90 per cent of the intervals is less than the value given by the curve. 
In the case of women's voices ' the higher fundamental pitch tends to 
shift th� energy distribution toward higher frequencies . 

A general picture of the frequencies and intensities involved in the 
different speech sounds as used in normal conversation is shown in Fig. 
444. Sounds that have several important frequency ranges appear 
more than once in the diagram. Powerful sounds are at the top of the 
figure, weak sounds at the bottom, while positions to the right or left 
represent important high- or low-frequency components , respectively. 

M usic.-The frequency range of musical sounds is much greater th.an 
with speech. Thus, the bass tuba, bass viol, piano, organ, and drums 
have fundamental frequencies of the order of 60 cycles or less, while many 
musical instruments can produc� notes that have harmonics extending 

tOtO up to 15,000 cycles. Musical sounds 
are often accompanied by a noise 
caused by key clicks, hissing of air, 
etc. This noise represents energy 
more or less uDifo/mly distributed 
over a range of frequencies at the 
high-frequency end of the audible 
spectrum. The results of an exten
sive investigation of the audible fre
quency range of musical sounds 
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shown in Fig. 445. 1  These were FIG. 444.-Chart showing intensities 

and region of most important frequency obtained from listening tests in which 
components of fundamental speech sounds. the frequencies at one end of the spec(After Fletcher.) When a 'sound has 
several principal components the intensity trum were progressively cut out until 
and frequency of each are indic�ted. trained observers were able to detect a 
difference from the �riginal sound. The results therefore represent 
the useful frequency range but do not necessarily mean that there is 
absolutely no energy outside the ranges indicated. 

The power' involved in musical sounds is often very large and in the 
case of large orchestras may reach peak values approaching 100 watts. 
The Heak power depends, of course, upon the nvmber and char.acter 
of the instruments involved and upon the nature of the musical composi
tion being , rendered. Typical values of peak sound power obtained 
from musical instruments when played loudly are given in Table XV.2 

1 See W. B. Snow, Audible Frequency 'Ranges of Music, Speech, and NoiSe, 
Bell System Tech. Jour., vo!. 10, p. 616, October, 1931. 

. 
2 See L. J. Sivian, H. K. Dunn, a�d S. D. White, Absolute Amplitudes and Spectra 

of Certain Musical Instruments and Orchestras, Jour. Acous. Soc. Amer. , vo!. 2 • 

. p. 330, Janua.ry, 1931 .  
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The instruments producing the largest power are the bass drums, which 
generate peaks reaching 25 watts (approximately 3,000 times the peak 
power of the average voice) , the pipe organ, the snare drum, the cymbals, 
and the trombone. . 

The way in which the sound power produced by· musical instruments 
is distributed over the frequency spectrum depends upon the instrument 
involved and upon the fundamental frequeney being played. Most, 
although not all, musical instruments are so constructed as to produce 
more sound power on the lower notes (i.e . ,  those below 500 to 1000 cycles) 

-Acfua/ tone range . 
-Accompomyinf! noise rv:mrJe 

• CuloTT frequency of fiNer 
defecfOtble in eo. % or tests 

• 

T�mp<llni - -- --- rnW+=��:J+I+l+1���, �,,,,1TTlrl Bass oIrum- - - - --- ��-+-oH-+_+++++___�"" 11 11 I 
Snare oIrum- - - - -
\4 "  �mbOlls- - -- -

Bass violin - - - -- --.Ho+++++-�H---++�I-+-I� 
Cello - - - - - � -- 
Piomo - - - - - - - -
Violi n-- -- - - - - -

BOIS5 tubOl----- -----�_+O+++++__+_+_+++++++_-I_H 
Trombone - - - - -
Fre nch horn - - - - 
Tru mpet - - ---- --

BOIss sOlxo·phone- -- 
BOI ssoQn - ----- - 
BOIss clOIrinet - - - - 
CIOlri net� -- - - - 
Soprono sOIxophone --
Oboe - - - -- - - --
Flute- - ---- - 
Piccolo- - - - - - - -

MOIle s�ec.h- - - --
FelTlOlle speech- - -- -
Foot 5tep5 � - ---
Hanoi c101ppin� - - - - 
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FIG. 445.-Frequency �ange of representative musical instruments as determined by . 
listening tests (as given by W. B. Snow) . 

than on the higher frequencies, as is evident in Table XV. This table 
also gives the percentage of time intervals of %-sec. duration in which 
the peak power is at least one-fourth of the maximum power observed, 
and it is 'apparent that different instruments vary greatly in this respect. 
The range of sound power encountered in the rendition of musical pieces 
depends upon the selection invdlved and upon the number of instru
ments participating. In the case of a symphony orchestra the sound 
power during the loudest passages may reach peaks that are 10,000,000 
times as great as the sound power during the softest pass;:tges. 

N ois.e.-N oise represents sounds in which the energy is. more or less 
uniformly distributed over a considerable frequency range without a. 

I 
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definite pitch being present. In a crude way noise can be considered 
as consisting of a mixture ' of sound of all frequencies. Noises differ 
in the way in which their energy is distributed with frequency, as is 
appar�nt from Fig. 446. Many noises, such as , the j ingling of keys, 
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FrG. 446.-Energy distribution of typical noises expressed in terms of the deafening 
(or masking) effect. ' The distinguishing feature of noises is the more or less continuous 
energy distribution over a wide frequency range. ' 

clapping of hands, and footsteps, contain important components having 
frequencies above 8500 to 10,000 cycl�s and do not sound natural when 
these are suppressed (see Fig. 445) . 

. 

TABLE XV 

Instrument 
Peak 

power, 
watts 

36- by IS-in. bass drum . . .  '. . . . .  ' 24 . 6 
Snare drum . . . . . . " . . . . . . . . . . . . ' 1 1  . 9  
IS-in. cymbals . . . . . . . . . . . . . . . . . 9 . 5 
Bass saxophone . . . . . . . . . . . . . . . . O .  288 
French horn. . . . . . . .  . . . .  . . . .  . .  . 0 . 053 

Piccolo " . . . . . . . . . . . . . . . . . . . . . . , �  � :  ��� 
Piano . . . . . . . . . . . . . . . . . . . . . . . . 0 . 267 5 13 . 4  7S-piece orchestra . . . . . . . . .  " . . . .  1 66 . 5  

Percentage of 78-soo. 
'intervals in which 

power is at least 
one-fourth of peak 

6 
272 
772 

25 
6 

72 
' � 10 16 

9 1 

Band containing . 
maximum peaks, 

C.P.s. 

250 to 500 
250 to 500 

8 , 000 to 1 1  ,300 
250 to 500 
250 · to· . 500 

2 , 000 to 2 , 800 

250 to 500 
250 to 500 

8 , 000 to 00 

148. ,Characteristics of the Human Ear. 1-The properties of the ear 
are of fundam�ntal importance in sound work since it is through the 
medium of the e:;tr that sound waves are observed. The. frequen cy and 

1 Much of the ma�erial in this section is summarized from Fletcher, wc. cit. 
For further information also see Sec. 9 of " Electrical Engineers Ha:n.dbook
Communication," John Wiley & Sons" New York. 

• 
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amplitude ranges over which a normal ear. receives auditory sensations 
are illustrated in Fig. 447. Frequencies below about 20 cycles .are per
ceived by feeling rather than hearing; while frequencies above about 
20,000 cycles are not heard by most ears. The limit marked " Threshold 
of feelirig" . in Fig. 447 represents the point at which the sound intensity 
becomes great enough to produce a. sensation of pain, while the limit 
marked " Threshold of ' audibility'� represents the minimum sound 
audible to the normal ear. It is apparent that ' the sensitivity of the 
ear depends upon the frequency and 
is maximum in the range 1000 to 10,000 

3000 cycles. . � 1.000 
lOO The smallest variation 'in sound '� �- 10  

amplitude that the ear is able to � . I 

! Id of fee/i/7g 
�5110 ,1'P ... 

... ... , , 
. <' ... 

, 11 , , , � .... "'", �-9- L � /1 �i'i"y.· .... 
16 32 64 118 256 51'2 1,024. 'lJl48 4JJ96 &192 I6,;S84 

Frequency 

perceive is roughly it constant per- � 0.1 
centage of the original intensity, � 001 
which is equivalent to stating that eX nool 
the loudness of a sound as .measured QOOOl8 
by the ear is proportional to the 

FIG. 447.-Average auditory sensation area logarithm �f the sound intensity. . of normal ears. 
The minimum percentage of change 
in sound energy that is detectable is in ' the order of 25 per cent (1 db) 
in the middle range ' of frequencies at moderate intensities, and becomes 
less when the intensity is low or when the frequency is high or low. 

The wide r�nge of intensities to which the ear responds and the fact 
that the sensitivity of the ear varies logarithmically make it convenient to 
use a logarithmic scale for measuring sound intensities. The unit 
commonly employed for this purpose is the decibel (abbreviated db) , 
which is described in Se,c. 54, and is ten times �he common logarithm of a 
power ratio. 

The minimum perceptible change in frequency varies with pitch, 
but over , the frequency. range' 500 to 8000 cycles is very close to 0.03 
per cent, with larger values for very low frequencies and for \ow sound 
levels. 

. 

The ear has a non-linear response to sound waves of large amplitude . . 
�he result is that with powerful sound waves the ear produces harmori.ics, 
as well as sum and difference tones, which are not present in the original 
sound and yet which are actually present in the hearing organs and are 
perceived by the brain. Such frequencies .produced in the ear are called 
subjective tones and explain a number of sound phenomena. Thus the 
pitch of a sound is not changed by removing the fundamental frequency 
since the harmonics combine in the ear to produce a difference frequency 
that recreates the fundamental ' component in the form of a subjective 
tone. . This non-linear character of the ear also makes many radio receiv- . 
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ers and loud-speakers at least passably acceptable by regenerating in the 
form of subjective tones the low frequencies that the equip�ent itself 
fails to reproduce. 

Another important consequence of the non-linear character of the 
ear is the phenomenon known as masktrtg, which appears as � deafening 
to high-frequency sounds caused by the presence of a lower pitched 
sound. Masking arises from the fa,ct' that" when the ear produces har
monics of the low frequencies, these harmonics interfere with the per
ception of the higher pitched sounds, which are then said to be masked. 
Masking is particularly important in noisy locations, since it is equivalent 
to a deafening. It is the reason that it is necessary to raise the vQice 
when carrying on a conversation in a noisy location. 
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FIG. 448.-Contours giving intensify required for equal loudness as a function of fre
quency for . pure tones. The numbers on the ,contours give the strength of an equally 
loud lOOO-cycle tone in decibels above the minimum audib�e iOOO-cycle tone. 

Loudness. I-The magnitude of the auditory sensation produced by a 
sound is termed its loudness. Experiment shows that the relative loud
ness of different frequencies depends upon the absolute as well as' upon 
the relative intensity. This is shown by Fig. 448, which presents 
experimental curves giving intensity level of the sound required for 
equal loudness as a function of frequency for the case of pure tones. 
It is seen from these curves that, when the intensity level is lowered, as, 
for example, when a radio is played softly, the lower frequencies tend to 
disappear. Thus, if 100- and 1000-cycle tones both have intensities 
corr�spon<llng to the 70-db, contour in' Fig. 448, reducing the intensity 

I For further information see Fletcher and Munson, Loudness, Its Definition, 
Measurement, and Calculation, Jour. Acous. Soc. Amer. , p. 82, October, 1933. 
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of both by 40 db will reduce .the loudness of the 1000-cycle tone to the 
30-db contour, while the lOO-cycle tone will be just at the limit of audi
bility and so will have disappeared. 

149. Eiements · of Acoustics. 1--The sound reaching an observer 
will generally differ from the sound .as generated because of reflections 
from near-by obj ects. Consider, for example, the Typicc"putns wnicn waves 
situation illustrated in Fig. 449, which shows only Il7QY1ru�/in?:,ch;ngobSemr 

. a few of the paths by which sound produced in a ! '/ \ 
room may travel from source to observer. The 
direct route involving no reflections is the most 
important individual path, blit, unless the observer 

\ 

is very close to the source, or unless the walls are FIG. 449.-Diagram 
lined with sound-absorbing material, large amounts illustrating a few of the 
of sound energy 'will reach the observer by way of many routes which sound 

produced in a room may · 
the longer indirect paths involving reflections from travel . in r e a  c h i  n g a 

. listener . the bounding surfaces. 
The principal effects that these reflections have on the sound as 

observed 'are as follows : 

1 .  The average intensity of the observed sound is raised because sound originally 
sent out in other. directions is reflected back to the observer. 

2. The relative amplitudes of the different frequency components of the sound 
may be altered as a result of selective absorption of the reflecting surfac�s, which 
usually tend to reflect low frequencies more efficiently than high frequencies. 

3. The relative amplitudes of the different frequency components of the sound will 
always be altered as a result of interference effects res�lting from the fact that the 
phase with which the energy tIaveling along the different possible paths combines 
depends upon the position of the observer and upon the frequency. 

4. The observed sound .persists for some time after the original sou�d has ceased 
as a result of �he greater time it takes the sound traveling along the indirect routes 
to rea�h the observer. This effect -is known as reverberation. 

The magnitudes of the first three of these effects ·depend primarily 
upon that fraction of the total energy reaching the observing point which 
has traveled an indirect path, and this in turn is determined by the 
relative lengths of the direct and the indirect paths and the fraction 
of the sound-wave energy th�t is absorbed upon reflection. When 
the direct path is short, or when the bounding surfaces are of such a 
character as to absorb a large fraction 'of the energy ·of sound waves 

. striking them, .most of the energy reaching the observer travels along 
the direct path, and interference, selective absorption, . etc. ,  are not · 
important. 

1 For further information. on the subject of acoustics, the reader should consult 
Sec. 9 " Electrical Engineers Handbook-Communication,H John Wiley & Sons, 
New York. 
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When the observer is at a rea'sonable distance from the sound source, 
interference effects will produce considerable quality distortion. The 

. extent of the quality distortion that can be expected i,s indicated in Fig. 
450, which shows sound powers actually observed by a microphone in a 
small-sized classroom. !  It will be noted that the' relative sound intensity . 
varies widely with frequency arid microphone position . . The result is 
that the actual sounds observed depend to a large exten,t upon the posi
tion of the observer. 

Reverberation:-Reverberation in a room depends upon . the ratio 
of the enclosed volume to the area of the bounding surfaces, and upon the 
average coefficient of sound absorption of the walls. It is measured in 
terms of the time' after the sound source has been silenced that it takes 
a sound uniformly distributed thr�>ughout the room and ha:ving 1 ,000,000 
times the minimum audible energy to die dmyn to inaudibility. This 
reverberation time depends upon the volume of the space involved, 
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the area or" sound..:absorbing surface present (i11cluding walls, furniture, 
people, etc. ) ,  and the average coefficient -of sound �bsorption of the 
surfaces. The reverberation time is commonly of the order of several 
seconds . in large . theaters and auditoriums where the sound travels 
long distances between reflections. In living rooms of ordinary homes the 
fact that the sound waves have opportunity to travel only a . s�ort dis
tance between reflections results in rapid absorption and hence ·a very 
short reverberation time. 

It might be thought that the smaller the reverberation time the 
better, but this is not necessarily true because the ear normally expects 
a certain amount of reverberation and because reverberation enhances 
certain music.al and oratorical effects. Thus with music the presence of 
reverberation helps the different players in an o�chestra to play together 
properly and increases the effectiveness of passages intend�d to convey 

1 The writer i� indebted to P. G. Caldwell, form'erly graduate student in electrical 
engineering at Stanford University, for these curves. 
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. the impression of power. Similarly in speech the .presence of reverbera
tion increases the average intensity of. the sound above the level that 
would be present outdoors or in a room with perfectly absorbing walls, 
and thereby makes it possible for a speaker's voice to reach a larger . 
number of people. 

The optimum reverberation ti:rp.e for a broadcast studio varies with 
different conditions, but is always less than for the corresponding theater 
or auditorium. This is because the ultimate listener receives reverbera
tion" from both the broadcast studio and the room in which the .�ound is 
reproduced. 

Experience indicates that the optimum reverberation time for broad
cast work is about two-thirds of that considered best for ordinary speech 
or music rooms. This result can be most satisfactorily achieved either 
by using a· directional microphone so pl�ced as to discriminate against 
sound reflected from room boundaries in favor of sound coming directly 
from the source, or by using a relatively long narrow studio having high 

. absorption at one end (where the microphone is located) and low .absorp
tion at t�e other (where .the sound is produced) . These expedients 
red�ce the amount of reverberation picked up by the microphone, while 
allowing the· performers to work in the presence of normal reverberation. 

. The reverberation time can be controlled by the use of sound absorb
ants, and studios, auditoriums, etc. ,  must be acoustically treated so, that 
the optimum reverberation time is obtained. This is done by use of 
acoustic tiles and plasters on walls and ceiling to provide a certain mini
mum of absorption, and by adding rugs, drapes, etc. ,  when circumstances 
,call for still less reverberation. 

150. Effect� of Distortion in the Reproduction of Sound.-In designing 
a system for the electrical reproduction of sound it is necessary to con
sider the �arious ways in ·which the original sound m�y be distorted, and . 
the consequences of this distortion. The most important single factor· 
involved is the frequency range of the electrical system. The frequency 
band required · for substantially perfect reproduction varies ' with the 

. nattlre of the sound involved, · as is apparent from Fig. 445, but is about 
100 to 10,000 cycles for speech and 60 to 15,090 cycles for music. Experi-, ence indicates, however, that a frequency range of 80 t'o 8000 cycles is 
adequate to. give e�cellent reproduction of all sounds except certain types. 
of noises. The usual broadcast program has a frequency range of the 
order of 100 ' to 5000' cycles, and . understandable although not natural 
speech can be transmitted with a much narrower range of frequencies, 
as illustrated by the telephone, which has a · frequency range of 250 to 
3000 cycles. 

Experimental investigations of the effect of amplitude disto'rtion, 
such as introduced by an overloaded amplifier, indic�te that, when the 

., 
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full frequency range is reproduced, distortions of -3 to 5 per cent are 
. . detectable, and that 10 per cent is very noticeable. 1 Odd harmonics are 

more troublesome than even harmonics, and the amount of distortion 
permissible be90mes less as a wider frequency range is reproduced. 

The intensity level at which the sound is reproduced is also of con
siderable importance. If the �eproduced sound is at lower intensity 
than the original, the low frequencies appear to be weaker than they 
should, as explained in connection with Fig. 448, while the tendency of 
the high frequencies to be masked by the lower frequencies is reduced. 
Both of these effects work in the same direction, and combine to make it 
necessary to vary the frequency response with volume level if high
quality reproduction . is to be obtained. The "tone-compensated" 
volume control used in many radio receivers is for the purpose of provid
ing this type of correction. 

The acoustics of the space where the microphone is located and of 
the room containing the loud-speaker affect the fidelity of the r.eproduced 
sound as explained above. In this connection it is to · be: noted that a . 
person listening to the original sound is able, as a result of having two . 
ears, to disci-iminate against noise and reverberation arriving from 
directions other than along the direct path, whereas· the · microphone . 
cannot. The result is that studjo reverberation and noise picked up by 
the microphone and reproduced by a loud-speaker do not sound the same 
as normal reverberation and noise. Ordinary reproducing systems also 
fail to give space relationsQ.ips, since all . the reproduced sound comes 
to the observer from the same direction,. irrespective of the location of 
the original sound source with respect to the microphone. 2 .  

The extremely wide range of  intensities encountered in ordinary 
sound makes it necessary in electrical. reproducing systems to reduce 
the intensity of the very loudest passages · to prevent overloading ampli
·fiers, etc.,  and to increase the intensity of the weaker passages to prevent 
their being lost in the . background noise. This introduces a form of 
distortiOIi to which the musically inclined tend to b� particularly sensitive, 
but which ·can be readily remedied by means of automatic volume expan-
sion,· as described in Sec. 48 . 

. 
. 

The exact phase relations between the various components of a 
complex sound are unimportant unless the phase shift is great enough to 
produce an appreciable time-delay distortion, such as 0.01 sec. · Varia-

1 See Frank Massa; Permissible Amplitude Distortion of Speech in an · Audio 
Reproducing System, Proc. I.R.E. , vol. 21, p. 682, MaY', 1933. . 

The percentages given are the percentages ·of harmonics that result with a sine 
wave having an amplitude equal to the peak amplitude of the complex audio wave. 

2 The illusion of space can be obtained by the use of two or three separate channels. 
See a series of six papers on Auditory Perspective, Electrical Eng. , January, 1934. 

. . 
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tion in 't4e phase (such as + 1800) of various components with respect 
to each other is not even detectable by the ear. 1 

In view of all these ways in which the original sound may be dlstorted, 
it might be thought rather remarkable for the reproduced sound to be 
acceptable. Actually, however, the ear is not a particularly critical 
device, and is reasonably content with rather imperfect results. This ' 
is in part due to th� fact that the ear has . been trained since infancy to 
accept many forms of distortion ; for �xample, the distortion discussed in 
connection with Fig. 450 is accepted as perfectly natlj.ral . ' 

Articulation.-The extent to which a transmission system is capable of 
reproducing the original speech meaning is measured in terms of the artic
ulation.2 Articulation is ordinarily based upon -the aGcui'acy with which 
the fundamental voice sounds are .perceived, and can be tested using ran
dom combinations of vowel and consonant sounds in vowel-consonant, 
consonant-vowel, and consonant-vowel- • .  

• , JcufJ!4L consonant combinations. An articula- 100 
tion of 90 per cent on such a test would qO 
mean that 90 , per ' cent of the individual 80 
voice sounds were correctly received. 10 

The results of a typical articulation 1: 60 
test are shown in Fig. 451 .  It will be � 50 
noted from this ,figure that, while most of £ 40 

the energy of speech is in the lower ire- 30 

quency range, the higher frequencies are '10 
10 

i"'- J. ! �;:::"; � fnef'IXV left 
V I, iEis cut ouf :...-"'-

t�t I \�,f)�" 
I �Y .... �� r- _�� c�, 'i:: t ,r-f � \ 'I .  � I '" �� .l�� ��.>< J:"< � .  essential to satisfactory articulation. 0 

Thus, when all frequencies above 1550 0 \000 '2..000 3,000 4,000 , 5,000 
, C ut- Off Freoruency 

cycles are suppressed, the articulation is FIG. 45 1.-Variation of articula: 
reduced to 65 per cent ·although less than tion for voice sounds as one end of the 
1'2 per cent of the sound energy is elimi- frequency spectrum is cut out, to-

gether with the fraction of the 
nated, while suppressing all frequencies original' sound power remaining after 
below 1550 cycles gives an articulation the restriction of the frequency band. 

of 65 per cent even though only about 12 per cent of the original sound 
energy remains. In this connection it must be kept in mind that 
naturalness and articulation are not synonymous. '  Thus Fig. 451 shows 
that the articulation is not appreciably reduced by ,suppressing all 
itequencies below 500 cycles, although doing so destroys the naturtilness . 
of the voice. In general, satisfactory naturalness requires the pres
ervation of a much greater frequency range than is needed from the 
standpoint of mere �rticulation. 

1 See Balth. van der Pol, A New Transformation in Alternating-current Theory 
with an Application to the Theory of Audition, Proc. I.R.E., vol. 18, p. 221, February, 
1930. 

2 See Fletcher, loco cit., for more detailE)d information on articulat�on and articula-
t�n testing. 

. 
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161. Dynamic Loud-speakers Employing Paper Cones.-Nearly all 
loud-speakers employed in radio receivers · are of the " dynamic" type 
illustrated in Fig. 452. This · consists of a paper cone to the apex of 
which is fastened a coil (commonly called the . voice coil) located in a 
strong magnetic field and carrying the audio-JrequeilCY currents to be 
' . 

transfor�ed into sound waves. In 

8aff'le -- "Flexible mounting 
�' 

¥,TO o.C vo/roge 

such an arrangement the action of the 
magnetic .field on the coil current pro
duces a mechanical force that vibrates 
the paper cone and causes the radiation 
of sound waves. The cone is supported 
in some manner around its outer edge, 
while · the coil ' is held in position and 
supported by means of'a flexible spider. 
The entire coil and cone assembly is 
therefore free to move as a unit, and 

- under . ordinary conditions · is propor-
·9 tioned in such a mar..nel' as to have a 

Output f'rom mdio resonant frequency at the lower end of �e:;.,�'ii��;:er . . th'e frequency range to be reproduced� 
VOICe coil .., resistance t1 Coup/inn ,/Equiva/enf 

� . r complIance 
-.AJiW,�fNv-"'" 

D

c Frictional Source of. 1f -..: and eddy power / . ...., f current 
. \ loss Voice coil / \ I 

inducfance Equivalent 'Equivalent 
mass of radiafion 
vibrating resis tance 
system 

FIG. 452.-Cross section of typical 
dynamic type of loud-speaker, to
gether with equivalent electricat ' cir
cuit of. electromechanical system. 

The cone must be mounted in a baffle 
as shown in Fig. 452, . or in a box, in 
order to prevent the radiation from 
the front and back sides from cancel
ing at low frequencies . 

The characteristics of a typical 
high-grade dynamic speaker are shown 
in Fig. 453. The frequency range 
is adequate for ordinary broadcast 
receivers, and the response is. suffici
ently uniform over this frequency 

range · to sound entirely satisfactory upon listening tests. 
Analysis of D,ynamic Speaker Action. I-The force that is exerted upon 

the voice coil as a result of the action of the magnetic field .upon the voice
coil currents acts against ' a mechanical impedance consisting of a mass, 
a compliance, and a resistance. The mass consists of the effectIve mas .. 
that the' coil and cone assembly offers to the frequency involved plus the 
fluid mass caused by the air in contact with the cone. The equivalent 
compliance is determined pnmarily by the spider �upporting the 'voice 

1 For further information .see H. Olson and F. Massa, " Applied Acoustics," P. 
Blakiston's Son & Company, Philadelphia; Frank Massa, Loud Speaker Design, 
Electronics, vol. 9, p. 20, February, 1936 ; J. D. Seabert, Electrodynamic Speaker pesign Considerations, Proc. I.R.E., vol. 22, p. 738, June, 1934. 
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coil; but is also influenced by closed air spaces, etc . The "effective resist� 
ance to motion includes eddy-current losses; sound energy that is radiated, 
etc. The velocity of the resulting voice-coil vibration is proportional 
to the force divided by the mechanical impedance, while the amourit of 
sound energy radiated is proportional to the square of the velocity times 
the radiation component of the resistance. 

. . . 
The voice coil in vibrating. cuts across the direct-current magnetic 

. field of the loud-speaker and so has a back voltage induced in it. , . This 
causes 'a voltage drop that is ' equivalent to adding an impedance to the 
voice-coil circuit, and, since this additional , impeda�ce is caused by 
vibration, it is termed motional impedance. The real a:nd reactive' 
energies represented by the voice-coil current flowing through the voice-

+ 20 

1/) +  f O  :8 '2 . . 0 a 
0)"' � - fO o a.. I/) & - 20 
� 
� - 30  0) 0:: 
. - 40 
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I _I 1 I 
Response on axis )  

� I"': ... 
11' 1\.  J' ,r'\. 1"\ .. �. \.// � \ I .... , y'\ , 

. .  Re;;;.on,se 30deg. of': aXIs "-
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\ 
, 
\ 

r--i-'--

r... r\ I 

� � '"1 
40 60 100 200 400 600 1,000 :Z,OOO 4,000 JqOOO Frequency in Cyc les per Second 

FIG. 453.�Response curve of typical cone dynamic speaker. 

. . 

coil motional impedance are the real and reactive energies, respectively, 
which' the electrical circuits deliver to the vibrating system in order ·to 
sustain the vibrations. 

The quantitative . relations existing in the electromechanical system 
represented by the dynamic loud-speaker can be summarized by the· 
following equations. The force that the magnetic �ux of the field circuit 
exerts on the voice coil is 

Bli Force in dynes 
= 10 

The effective impedance against which this force is exerted is 

Impedance of co�e and voice coil in} = Z ::;::: R + '(wm _ �) rnechanical ohms or dyne sec/cm J wC (254) 

The velocity with which the voice coil moves is equal to the force divided 
by the impedance, or 

. , . 
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. . . , force in dynes VeloCIty In cm per sec. = J.L = . d . h ' 1 h (255) Impe ance 10 mec aruea 0 ms 

The, amplitude of the vibration is 

A
· 

l't d f 'b t' . '  velocity in cm per sec (256) mp 1 u e o  VI r� IOns In cm = -,----::.----=---
W 

The energy radiated per square centimeter of cone surface is 

Radiated energy in watts per sq 'cm = J.L2Ra X 10-7 (257) 
The motional impedance is the counter e.mJ. Ec induced in the voice coil 
divided by th� voice-coil curr�nt causing the' vibration, or 

�otional impedance} = Zm = �c = 
B2l2 X 10-9 In ohms . � Z 

, , 
(258) 

�he notation in these equations not given In connection with the 
equations is 

B '::! air-gap flux density in gausses 
l = length of wire in the voice coil ' in centimeters 
i = voice-coil current in amperes , 

' 
, 

, R = total resistance of cone in mechanical ohms (dyne seconds per 
' centimeter) including radiation loss, eddy-current loss, fric
tional loss resulting from the bending of the cone material, etc. 

Ra = ' radiation ·resistance per square centimeter of cone area 
m = effective mass in grams which vibrating system offers driving 

force, including coil mass, effective cone mass, and effective 
mass of air load ' 

C = compliance of vibrating system in centimeters per dyne 
w = 21T times frequency. ' 

A study of Eqs. (253) to (258) shows that, as far as the electrical circuits 
are concerned, the mechanically vibrating system is equivalent to a tuned 
secondary. This leads to the equivalent electrical circuit for the dynamic 
loud-speaker shown in Fig. 452, 'in which the mechanical force acting 
'on the voice coil is repre�ented by the voltage induced in the secondary, 
while the motional impedance is the coupled impedance. It will be noted 
that the mechanical impedance of the secon�ary is of the same form as 
that of a tuned circuit, and that the velocity of vibration is equivalent 
to the current in the �l�ctrical analogue. The energy dissipated in the 
secondary resistance of the equivalent electrical circuit hence represents 
the energy required to mamtain the cone vibr�tions, and the fraction 
of this energy dissipated in the portion of the secondary impedance 
corresponding to radiation resistance represents the ' amount of energy 
"actually converted into sound power. ' 
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At low frequencies (commonly up to 500 to 1000 cycles) the paper 
cone acts approximately as a piston diaphragm having a diameter equal 
to the diameter of the cone. l Under thes� conditions the presenc� of 
the air in contact with the vibrating diaphragm produces a mechanical 
radiation resistance Ra per unit area which varies with frequ�ncy as shown 
in Fig. 454. For frequenCies low enough Sl) that the diameter of the 
cone is appreciably less tht;tn a half w�ve length it is seen that 'the radia-, . tion resistance is indirectly proportional to the square of the frequency, 
so the total sound power will be independent of frequency if the velocity 
is inversely proportional to frequency. This result ' can be readily 
realized by making the resonant frequency of the cone and coil assembly 

50 

0.1 
0.01 

11 I 

V-I 
'I , , 

0. 1  ' 1.0 Diameter of Piston il"l Wave lengths 10 

FIG. 454.-Radiation resistance of piston radiator per square centimeter of surface� (When 
both si,des of piston radiate, the total surface is twice area of one side.) 

less than the lowest frequency to be reproduced, since then the principal 
impedance to motion in Eq. (254) is supplied by the inertia of the coil 
mass and is proportional, to frequency. " 

At the resonant frequency of the coil and cone combination, the 
impedance to motion becomes very small, so that there is a tendency 
for the velocity of vibration and hence the radiated power to be large. 
However, under these conditions the motional impedance is also l�rge, 
and examination <?f the equivalent electrical circuit of Fig. 452 shows that 
this exerts a counteracting tendency by reducing the current through 

1 The assumption of piston action is actually only a rough approximation, since 
studies show that the actual cone motioIi is of a very complex character even at very 
low frequencies. The observed behavior is �easonably consistent with piston action 
at low frequencies, but it is probable that departure,.s from true piston action begin to 
be appreciable at a few hundred cycles and become progressively more pronounced 
as the frequency is increased, until at about 1 000 cy<1es the vibrations are in the form 
of waves radiating out from the apex of the cone. 
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the voice coil. By proper design, partic'ularly by use of a magnetic 
field of appropriate strength, ' it is possible to make the response at the 
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, . resonap.t frequency substantially the same as at higher frequencies, or to 
have either a peak or a dropping off. l A strong resonant peak is some
times deliberately introduced to ' increase the sound power radiated at 
very low frequencies and thus to give ,the appearance of a strong bass. 
This practice is not very desirable, however, �ince pronounced transient 
oscillations at the resonant frequency will then take place upon shock 
excitation. Below resonance the response drops off· rapidly as a result 
of the rapid rise in elastic impedance offered to the driving force. 

At frequencies so high that the 'diameter of the cone exceeds a half 
wave length the radiation , resistance becomes substantially independent 
of frequency. With piston action and a velocity inve�sely proportional 
to frequency, the radiated power is then inversely proportional to the 
square of the frequency . .  This tendep.cy fo'r the. response to fall off at 
high frequencies can be counteracted by so designing the paper cone that 
it ceases to' operate as a piston at these higher frequencies. The cone 
vibrations are then in the -form of waves traveling outward from the 
. apex, with the result that the' cent er part of the cone vibrates much more 
intensely than the outer edges. As the frequency is increased, the action 
is therefore very Ip-uch as though the size of the cone were progressively 
decreased. This reduces the effective , mass, increasing the velocity 
above what it would be with piston action and increasing , the total 
radiated sound energy. The power still tends to drop somewhat at the 
higher frequencies, but, since the!e is a tendency for the radiated energy 
to be concentrated more nearly' along the axis of the cone the higher the 
frequency, it is found that the response directly in front of. the cone can 
be made substantially constant up to rather high frequencies, although 
there is a falling off of the higher frequencies to the side (see Fig. 453) . 

1 This assumes that the internal impedanc� of the power source indicated in Fig. 
452 is equal to or less than the equivalent load impedance offered by the voice coil, 
as is the case when a triode power tube is used to drive the speaker . . With pentode 
tubes, where the plate' resistance is much higher than the load impedance, the high 
back voltage at resonance merely increases the voltage drop across the speaker input 
without changing the current. The result is then an accentuation of the resonance' 
effect since this increase in power input comes when there is already a tendency for the 
output to be excessive. ' This fact that the pentode does not help damp out speaker 
resonance as does a .triode tuhe has until recently been considered a major defect of the 
pentode power tube. The development of the feed-back amplifier has ::tltered the 
situation, however, since feedba�k circuits 'such as that . of Fig. 143c which act to 
stabilize the output voltage operate to damp out resonances just as though the tube 
had a low plate resistance. It is to be noted, however, that other feedback circuits 
such as Fig. 143a which act to stabilize the output current have just the opposite effect, 
tending to give the' effect of an �xcessively high plate resistance even when the tube 
itself has a low phite resistance . . 

/ 
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The ultimate limit to the high-frequency response is set by the mass 
, of the voice coil. 

: ' Miscellaneous C.onsiderations.-A study of the factors involved in the 
behavior of a cone speaker shows that. a large cone and a proportionately 
large voice coil are best for the radiation of low frequencies, but that a 
small co�e and correspondingly light voice coil- are favored for the repro
duction of the higher frequencies. As a result, a very wide frequency 
range is best reproduced by a pair of loud-speakers" one with a large cone 
for the lower frequencies and the ot.her with a small cone and light 'voice 
ceil for the higher frequencies, With accompanying ' 
electrical networks for separating the high- and 

' low-frequency audio currents. 1 An ingenious 
combination of a low-frequency speaker and a 
high-frequency speaker in one unit is provided 
by the articulated voice-coil arrangement of Fig. L h ' • , arge eavy ' 455.2 Here the speaker is provided with two voice coil / \ 
voice coils, one heavy and one light, which are Smf¥1I light- weighf )  
connected together by an elastic link as ehown. vOice COil , FIG. 455.-Articulated At low frequencies bpth coils carry current and act voice coil arrangement for 
together as a unit, but at high frequencies the extending high·frequency 

large mass of the heavy voice coil causes it to response. 

remain substantia1ly motionless while the light voice coil continues to 
function' as a result of the elastic compliance CMI provided between the 
coils. The low-frequency coil is also shunted by a condenser in order to 
by-pass the impedance of the large coil to high frequencies. , 

The efficiency of a loud-speaker in. transforming electrical energy into 
acoustical radiation is relative1y low except at the resonant frequency 
because the coupling between the air and the vibrating cone is so poor that 
very little of the driving force is actually used in doing work against the 
air. Under practical conditions the 'average efficiency of a cone speaker 
is less than 5 per cent. ' , 

The paper cone must be mounted in some form of baffle as shown in 
Fig. 452 in order that the waves radiated from the two sides of the cone, 
which are produced with a phase difference of 180°, will not cancel each 

' other. The baffle diameter should be of the order of'a half wave length 
at the -lowest fl'�quency for which little or no loss in the sOl;nd output is 
desired, and for best 'results should have an irregular outline in order to· 
eli�nate the , possibility of destructive interference between front and 

1 The design: of such networks is described by John K.  Hilliard and Harry R. 
Kimball, Dividing Networks for Loud" Speaker Systems, Technical Bulletin, Academy ' 
of Motion Picture Arts and Sciences, Mar. 3, 1936. 

2 See Harry F. 01son, A New Cone Loud Speaker for High Fidelity Sound Repro- ' 
duction, Proc. I.R.E., vol. 22; p. 33, January, 1934. ' 
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back side radiation at certain critical frequencies. In the usual radio 
J.'eceiver the cabinet supplies the baffie, and whe,re good response down 
to low frequencies is desired the cabinet must be :of ample size, or must 
be provided with some form of acoustic labyrinth or resonator as described 
in Sec. 153 .  

152. Horns. l-The horn is essentially an acoustic ' couplin.g , device 
which transforms acoustic energy at a high pressure and low velocity to 
energy at a low pressure and high velocity. A horn can therefore be 
used to increase the load that the air produces upon the driving mecha
nism of a loud-speaker, and thereby makes it possible to obtain a better 
match between a relatively heavy driving mechanism and the fluid air. 

A typical horn speaker, is illustrated schematic ally in Fig. 456, while 
the details of a representative moving-coil driving arrangement are 

Diaphragfn 

FIG. 456.-Diaphragm, 
throat, and coupling air 
chamber of horn-type loud-
8p�aket. 

Annulotr 
plug 

FIG. 457.-Moving-coil type of 
driving unit used in a commercitLl 
horn-type loud-speaker. 

shown in Fig. 457. Sound waves_ produced at the throat by the dia
phragm vibrations travel along the horn, expanding in an orderly manner 
until large enough ' to transfer their energy to space without undue 
disturbance. 

Design 9f H orns.-The facto.rs involved in the design of a horn are 
the taper, the mouth area, and the throat area. For proper o�ration 

, the taper should be such that the cross-sectional area is proportional to 
an exponent of 'the distance along the horn. That is 

Area at distance x from throat = AOEBx (259) 

' where Ao is the throat area and B is a constant that determines the rate 

1 For. more detailed information on horns and horn-type loud-speakers, see C . .  R. 
Hanna and J. Slepian, The Function and Design of Horns for Loud-speakers, Trans. 
A.I.E.E., vol. 43, p. 393, 1924 ; C. R. Hanna, Loud-speakers of High Efficiency ,and 

. Load Capacity, Trans. 4.I.E.E., vol. 47, p. 607, April, 1928; E. C. Wente and A. L. 
Thuras, A High-efficiency Receiver for a Horn-type Loud-speaker of Large Power 
Capacity, ' Bell' System Tech. Jour. , vol. 7, p. 1 40, January, 1928 ; Olson and Massa, 
loco cit.; Massa, loco cit. 
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at which the horn opens out. 1  An infinite horn when tapered -in this way 
transmits freely all frequencies appreciably above a certain critical " cut
off" frequency, and nothing below. This transmission characteristic 
depends upon the ratio 27rf/B as shown in Fig. 458. Cut-off occurs 
when f = 2730B, and the transmission falls off rapidly for frequencies 
less ' than 4000B, where B is evaluated from Eq. (259) when dimensions ' 
are in centimeters. The proper taper . for an exponential horn is there
fore determined by th� lowest frequency ,sound that is to be radiated. 

The mouth area of a horn determines the lowest frequency sound 
Wave that can be transferred from the horn to free space without setting 
up resonances in the air column. When the mouth diameter is 2A/3, 
such resonances are negligible, and do not become excessive until the 
diameter is lel;ls than A/4, where A is the 'Yave length of the sound. The 
mouth of a horn is hence determined by the lowest frequency that is to be 
handled. 

. 

The throat area of the horn determines the loading that the horn 
places upon the diaphragm of th� driving mechanism. When the dia
phragm has the same area as the throat, the 1.0 
acoustic resistance that is offered ' to the 0.9 
vibrations of the diaphragni is 41.5 mechani- o.s 

, cal ohms per square centimeter, while, if the � 0.7 
throat represents a constriction, -the acoustic ! 0.6 
resistance offered to · the diap'hragm is � 0.5 
41.5 (Sd/SO) 2 mechanical ohnis per square � OA 
cm. of thro�t, where Sa. is the diaphragm area, & 0.3 

and So is the area of the throat. A small 0.2 
throat therefore increases the acoustic loading 0.1 

, I 
f 
I 

I 
I I 
I I 
I 
I I I 

r 

. 
. 

i on the diaphragfil:, and sd raises the efficiency °0 5 1 0  15 20 25 30 35Xl0'" 
with which the electrical energy is transformed ,� 
into sound energy. However, a small throat FIG. 458.-Relative power 
has various disadvantages, such as requiring transmitted along anexponentia� 

horn with different values of . El. longer horn, increasing the frictional losses, taper (all lengths measured in ' 
distortion due to excessiv� throat pressures, ce�timeters) . 
etc., so that in actual practl�e the throat size is chosen as a compromise 
between various factors. 

It is t'o be noted that the length of a horn is determined by the 
. mouth, the throat, and the taper. ' 

Performance of Horn Speakers.-The low-frequency limit of a horn 
speaker is set by the taper and mouth of the horn, �s has been explained. 
The ultimate high:"frequency limit is set by the mass of the moving coil 

1 Othet: forms of taper, such as conical, are occasionally employed in horns brit 
have the disadvantage of much less uniform transmission with variation of frequency 
than the exponential horn . 

• 
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and diaphragm. In order to realize this possibie high-frequency limit, 
it is, however, necessary that the distance from the throat to various 
parts of the diaphragm vary by less than a half wave length, since other
wise the sound waves produced by various parts of the diap�ragm will 
not add up in pMse at the throat and there will be a falling off in response 
at the higher frequencies . In ord�r to minimize difficulties of this sort, 
it is common practice to employ an annular plug between diaphragm and 
throat, to equalize the distance to the throat fro� various parts of the 
diaphragm as shown in, Fig. 457. , 

The sound power generated by the diaphragm of a ' horn speaker is 
proportional to the square of the diaphragm velocity. In order to 
obtain a frequency response that is substantially independent of fre
quency, it is accordingly necess,ary that the impedance, which the vibrat·· 
ing system offers to its , driving force be substantially resistive. This 
condition is realized by making the acoustic loading o� the ' diaphragm 
high and by designing the vibrating system to have the lowest possible 
mass together with a resonant frequency in the middle of the response 
range. Under thes� conditions the impedance that the diaphragm offers 
to its driving force , is predominantly resistive, and the velocity is rela
tivelY ,lndepep,dent of frequency. 

The efficiency with which the electrical energy supplied to the voice ' 
coil IS converted into acoustic energy depends upon the ratio of copper to 
radiation resistance, and becomes �igher -the greater the diaphragm 

_ I loading. This indicates the desirabilIty of a 
small throat ; but at the same time the throat 
must not be so small that an appreciable part 
of the acoustic energy is lost in friction, or 
that the �ound-wave pressure in the throat is 
sufficient to cause excessive distortion. 
Under practical conditions efficiencies of the 
order of 25 to 50 per cent are commonly 

FIG: 459.-Horn with de- obtained. , 
fleeting 'vanes to distribute A horn tends to concentrate the sound high-frequenClY energy eveniy. 

. along its axis, with, this , tendency becom-
ing more pronounced the higher the frequency. The result is ' that, 
when the total sound power generated is independent of frequency, 
the high frequencies are too strong along the axis and too. weak to the , 
side. This effect can be taken care of when necessary by providing 
the horn with deflecting vanes, as shown in Fig. 459, for the Durpose of 
spreading the energy equally for all frequencies. 

Directional Ba:f!les .-In public-address and theater·work it is common 
practice to e�ploy ordinary cone speakers which are provided with a ' 
short horn, or directional baffle, as shown in Fig. 460. The distinguishing 

• 
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feature of such an arrangement is 'a short .horn, made possible by ·the 
use of a throat area equal to or only moderateJy less than the size of 
the paper cone, and the enclosed box for the purpose of preventing 
radiation from the back of the cone. 
At frequencies low enough so that 
the box dimensions are appreciably ' 
less than a quarter of a wave length, 
the prese:p.ce of the box is equivalent 
to adding ·stiffness to the vibrating 
system. Resonances at higher fre
quencies ' are avoided by packing 
the box with felt or other acoustic 
absorbent and by taking advantage 

Oirecflona/ 
barf"le 

\ 'Sound Clbsorhanf ' 

of the fact that the absorption coef- · FIG. 460.-Co.ne .speaker provided with 
. ' • .  dIrectIOnal baffie. fiClent Increases WIth frequency. . ' 
. A directional baffle concentrates the sound and also increases the 

efficiency of radiation, particularly in the frequency range in which the 
cone functions as a piston. This is because with a throat of the same 
SIze or smaller than the cone the 'acoustic impedance will be at least 

.,' / 
Pole 
pieces 

\ , 
A.c. 

coils 

(b) Bala nced armature �y"pe 
rA. C coils 
\ 

.". .... -

{;:a=' f�u=�=e=1���1---� 
� -Polarizmg ' P.ole // Polarizing 

�----- magner' p,eces magnet 
FIG. 461 �-Ty�ical magnetic-speaker driving systems. 

41.5 mechanical ohms per square centimeter at low frequencies, ,whereas 
it is seen from Fig. 454 that the acoustic resistance is much less for the ' 
same cone operated in a plane baffle' at a iow frequency. In this way 
the acousti� loading can be ',increased to the point where 'it tends to 
control the impedance of the vibrating system 'at low and medium 
frequencies, 'with the result that efficienci:es pf the order of 25 per c�nt are 
typical. 

163. Loud-speakers. Miscellaneous Considerations. Magnetic 
Speakers.-While most ' �peakets employ a moving-coil driving mecha
nism, some of the yery cheap loud-speakers employ driving systems 
such as illustrated in Fig. 461 . These are termed magnetic speakers, 
and make use of what is essentially a large telephone-receiver type of 
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driving mechanism such as .discussed in Sec. 154. The chief ,disadvan-, 
tage of the magnetic speaker is that the force-displacement character
istic of the ,driving mechanism of magnetic speakers becomes non-linear 
when the amplitude is at all appreciable, so that the output obtainable 
without distortion is very low, particularly on the lower frequencies. 

Distortion.-If driven too hard all loud-speakers Qverload and 
generate spurious frequencies. One form of distortion is caused by a 
non-uniform distribution of flux in the air gap in which the voice coil 

1 operates. Such distortion is most pronounced when the amplitude of. 
' vibration is large, and so is found at low frequencies, particularly the 
resonant frequency of the vibrating system. In improperly designed 
speakers in which excessive resonance is allowed in order to boost the low 
notes, it is not uncommon for the harmonics to reach 50 per cent to 100 
per cent or even more of the fundamental. 1  Another ' important suq.rce 
of ' harmonics is a non-linear force-displacement characteristic of the 
moving system arising as the result of non-linear action in the paper ' 
cone, supporting spider, etc. Under certain conditions non-linear dis
tortion in the cone also produces relatively strong sub-harmonics, i.e. , 
frequencies that are one-half, one,;.third, etc., of the driving frequency. 

In horns, high air pressures produced in the throat cause distortion 
because, the adiabatic compression of air is non-linear with re�pect to 
pressure. This effect tends to be most pronounced at the higher fre- ' 
quencies and sets · a  limit to the lowest permissible throat area in horns 
intended to handle high sound powers. 2 

Acoustic ' Labyrinths, Resonators, Etc.-The practical impossibility 
of obtaining sufficient baffie action from a receiver cabinet to reproduce 
the very low frequencies has led to the development of various expedients 
for meeting this problem. One such arrangement involves connecting 

, the back of the loud-speaker to open space through a tortuous passage or 
labyrinth. This gives the effect of a large baffle at the very low audio 
frequencies while tending to absorb the higher frequencies . Such an 
acoustic labyrinth is shown in the large compartment below the receiver 
chassis in Fig. 320. 

1 Thus see Hugh S. Knowles, Loud Speaker Cost versus Quality, ElectroniC8� vol. 6, 
p. 240, September, 1933. 2 The resulting distortion can be approximated by the equation . '  VW(f ) ' Percentage of second harmonic = 81 f: X 100 

• 

(260) 

where W is the acoustic watts per square centimeter of throat area and (ft/fa) is the 
ratio of driving frequency to horn cut-off frequency. See A. L. Thuras, R. T. Jenkins, 
and H. T. 0' Neil" Extraneous Frequencies Generated in Air Carrying Intense Sound 
Waves, Bea System Tech. Jour., vol. 14, p. 159, January, 1935. ' 
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Another arrangement coming .into use consists in inclosing the back 
of the cone by a box that is provided With a port that opens in the same 
direction as the front of the speaker. By proper proportions of the 
inclosed space, port size, and port position, it is possible' so to shift the 
phase of the radiation from the' back of the cone that the sound issuing 
from the port will be in phase with the radiation from the front of the 
cone at the lower frequencies. At higher frequencies this is not neces
sarily so, but by the proper use of absorbing material in the inclosed space, 
the high frequencies can be sufficiently damped to prevent excessive 
resonance. 

Very low frequencies can also be reproduced by inclosing the back 
side of the cone speaker with a box which is normally line? with, sound
absorbing material. This prevents radiation, from the back of the cone, 
and so avoids the cancellation of the low frequencies when there is not 

. sufficient baffle area. The effect of the enclosed space is to add stiffness 
to the equivalent vibrating system of the cone at low frequencies, while 
the higher f�equencies are absorbed. 

' 

A still different method qf attacking the problem of low..;frequency 
reproduction consists in coupling the equivalent of a �olded horn to the 
back side of a small cone by means of an air chamber of suoh size that 
ae low frequencies the horn functions in ' a  normal manner, while in the 

4 mid- and high-frequency range the horn ceases to function and the front 
side of the cone is depended upon for reproduction. 1  

. High-frequency Speakers .-The efficiency, acoustic output, uniformity 
of response, etc., can all be improved by limiting the frequency range. 
This has led to the use of dual-speaker systems where high quality, t>r 
high power, or both, are important. The low.,.freque,ncy unit of such an 
arrangement commo'nly consists of a horn speaker, or cone with direc
tional baffle. The high-frequency unit always employs a horn, but the , 
method of driving varies. The most widely used, drives are a small . 
paper cone with light voice coil, and a metal diaph�agm and moving-coil 
arrangement similar to Fig. 457. Other arrangements that have been 
suggested include a piezo-electric driving arrangement. 2 

154 . .  The . Telephone Receiver.-The term telephone . receiver i"s used 
. here to denote those devices whicn convert electrical energy into sound 
waves and which are .held against the ear when used. This is in con
trast with loud-speakers, whi�h are arranged to ' produce sound wave� 
that spread over a large volume . 

. . 1 See H. F. Olson and R. A. Hackley, Combination Horn and Direct Radiator Loud 
Speaker, Proc. I.R.E., 17')1. 24, p. 1557, December, 1936. , . 

2 See Stuart Ballantine, A Piezoelectric Speaker for the Higher Audio Frequencies, 
Proc. I.R.E., vo1. 21, p. 1399, October, 1933. 
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All types of telephone . receivers make use of a diaphragm that is 
effectively sealed to the ear by means of a vented cap, so that, as the 
diaphragm vibrates, the pressure of the small quantity of air trapped 
between the diaphragm and the ear· drum varies in accordance with the 
displacement of the diaphragm. Investigations 'have shown that; in 
order to obtain distortionless reproduction, the amplitude of the dia
phragm vibrations should be proportional to the current supplied to the 
telephone recdver and independent .of the frequency of this current. 

Magnetic-diaphragm Telephone Receiver . I-The type of telephone 
. receiver most widely employed· makes use of a permanent magnet, 'upon 
the pole tips of which are coils that carry the voice currents. The mag
netic circuit is closed by means of a magnetic diaphragm, which is set in 
vibration by the audio-frequency currents passed through the receiver 
windings. The cross section of a typical telephone receiver of the type · 
worn with a head band is shown in Fig. 462. The receivers used in the . 

'PeJ-mfArne/7t m&l9net . 

telephone system are similar except for the 
fact that the · permanent magnet is · located 
inside the hand piece. 

The permanent magnet increases the sensi- . . 
tivity and prevents distortion. This results . 
from the fact that the pull on each unit area 
of the diaphragm is proportional to the square • FIG. 462.-Cross section of 

. typical watch-case type of of the flux density in the· air gap. Thus, if 
telEiphone receiver. Bo is the flux density produced by the perma-
nent magnet and Bs sin wt is the flux density produced by the current in 
toe receiver windings, then 

Pull on diaphragm ex: (Bo + B8 sin ·wt) 2 = . B 2 Bo2 -t 2BoB8 sin wt + 2 (1 - cos 2wt) (261) 

The first term on the· right-hand side of Eq. (261) represents the COrist�lllt 
pull produced by the permanent magnet . .  The second term �s a force 
that varies in accordance with the .current passing through the receiver 
winding and is ·proportional to the s.trength of the pernlanent magnet. 
This is the force that produces the desired diaphragm vibrations. The 
final term consists of a constant pull and a double-frequency distor
tion alternating-current force, both of which are relatively small if the 
flux from the permanent magnet is large, but ·which in. the absence of a 
permanent magnet represent the only forces exerted on the diaphragm. 

1 An exhaustive treat�ent of the magnetic-diaphragm tel�phone receiver is given 
by A. E. Kelmelly, " Electrical Vibration Instrume�ts," The Maemillan Company, 
New York. 
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The diaphragm of a telephone regeiver has mass, elasticity; and 
, friction, and so behaves under the influence of an applied force according 

to exactly the same laws as the moving' system of a dynamic speaker [see 
Eqs. (253) to (256)1-. Since the response is proportional to the amplitude 
of vibration, ref�rence to Eqs. (255) and (256) shows that for a coitstant 
coil current the reSponse is independent of frequency up to the region, 

, of diaphragm resonance, where the response depends upon the damping. 
At higher frequencies the resporise falls off .rapidly. For very high 
quality reproduction it is hence , necessary to use a light diaphragm 
stretched until the resonant frequency is at the upper limit of the response' 
range desired, and then to provide ' 
just , enough damping for the reso
nant response to be' the same as the 
response at lower frequeilCies. 

Balanced-armature Receivers. 
The possibilities of the magnetic
diaphragm type of receiver that has 
just been described are limited by 
the fact that the diaphragm must be 
of magnetic material and must with
stand the strong steady pull of the " 
permanent magnet. These disad-: 

, vantages are overcome in the Bald
Win or bala.nced-armature , receiver, 
illustrated in Fig. 463, which ' em
ploys a pivoted armature arranged 
as shown in the ill�stration and 

FIG. 463.-Schemati'c diagram illustra
ting the operation of a balanced-armature 
receiver. The forces exerted on the arma
ture are balanced unless the coil is carrying 
current, in which case the flux produced by 
th� coil unbalances the flux distribution in 
the air gaps. 

connected to a mica diaphragm by means of a link. The pulls exerted 
on the magnetic armature are balanced until current is passed through 
the winding, when the additional flux produced by the winding causes an 

Permanenf magnet ' • 

FIG. 464.-Construc
tional details of a commer
cial form of moving:...coil 
telephone receiver. . 

unbalance that deflects the armature. 
Moving-:-coil Telephone Receivers. L-In the 

moving-coil type of telephone receiver, tb,e force 
driving the diaphragm is obtained by the action 
of a magnetic field on a coil carrying the audio� . 
frequency currents exactly as in the dynamic 
loud-speaker. The construction of a receiver of 
this type is shown in Fig. 464. The required 

damping at resonance is provided by means of a slit which connects the 
'inclosed space back of the · diaphragm to outer space, while the in closed 
air space behind the diaphragm and the slit provide a coupled system hav-

1 See E. C. Wente and A. L. Thuras, Moving-coil Telephone Receivers and Micro
, phones, Bell System Tech. Jour., vol. 10, p. 565, October, 1931.  

. ' 
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ing mass and stiffness which is utilized to make the response relatively 
uniform up to frequencies about one and one-half times the resonant 
frequency of the diaphragm. • 

15p. Microphones.-Any device that converts sound energy into 
electrical energy is termed a microphone. ' While many ' types of micro
.phones have been devised, the only ones that are now used to an appre
ciable extent are the carbon, condenser; ribbon, crystal, and moving-coil 
types. , ' 

• Carbon Microphone. l�The carbon microphone makes use of the 
fact that the resistance which a mass of carbon granules offers to an 
electricaJ current depends upon the pressure applied to the carbon. 
In the carbon microphone a direct current is passed through the granules, 
which are made from selected and treated anth,racite coal and mounted 
against a diaphragin to form . a " button." Sound waves striking the 
diaphragm vary the pressure exerted on the granules. This produces 
corresponding changes in resistance of the button and hence causes the 
current to vary Ip.ore or less in accordance with ' the sound pressure 
exerted against the diaphragm. • 

The force acting on the' diaphragm is proportional to the air pressure 
of the sound waves, while the pressure upon the granules de'pends upon 
the resulting amplitude of diaphragm vibratiori. As discussed in con
nection with the magnetic-diaphragm telephone receiver, and shown by 
Eq. (256) , the amplitude of vibration will be substantially independeJ:.lt . 
of frequency below the resonant frequency of the diaphragm, will fall off 
rapidly above resonance, and at resonance win depend upon the damping. 
High quality therefore require!? a high resonant frequeney with suitable 
damping. 

The great advantage of the carbon microphone is that it is an ampli- . 
fier, since the amount of electrical output that the diaphragm motion 
controls is greater than the sound power required to operate the dia
phragm. At the same time the carbon microphone has a number of 
disadvantages, the most important of which are the steady background 
hiss, resulting from random changes in the resistance which the carbon 

. granules offer to the direct current passing through them, 2 and the insta
bility of the carbon " button." As a result the carbon'microphone is used 
in the telephone system where the high sensitivity is a great asset, and 

1 For a more detailed discussion of the carbon microphone, see W. C. Jones, Con
denser and . Carbon Microphones-Their Construction and Use, Bell System Tech. 
Jour., vol. 10, p. 46, January, 1931 ; F. S. Goucher, The Carbon Microphone :' An 
Account of Some Researches Bearing on Its Action, Bell System Tech. Jour., vol. 13, 
p. 163, April, 1934. 

2 See C. J. Christensen and G. L. Pearson, Spontan�ous Resistance Fluctuations 
in Carboh Microphones and Other Granular Resistances, Bell System Tech. Jour. , 
vol. 15, p. 197, April, 1936. " 
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also in amateur, police, and other radio work where the transmission of 
information rather than eD:tertninment is the. primary object, but IS 
seldom used in public-address or h igh-quality radio-telephone work. 

The constIuction of a typi cal high-grade carbon microphone is 
Shown in Fig. 465. The diaphragm is thin c1uralumin stretched to a 
resonant frequency of 5700 cycles and associated ",'ith a grooved plate 
which provides the required damping at the resonant frequency and which 
is provided with two buttons. Carbon microphones used in the telephone 
system , and also ler:;s expensive models, have II single button and obtain 
increased sensitivity at the expcn�o of uniformity of response by making 
the diaphragm resonant in the middle of the voice range. 

1, ...1JAl J fjT,rt:·rr.�rIIN" �I N·� 

I I (.R..vl'JI9.t.11; . 
(Jolll\01i 

(l' .... 1HAAC.'· I l ' INAI. ' CMMPINC · ll�' '·C.rllt""l�1 ,:1lA"!"� l �o(rJr lI!rl\"l. • 

. . 
• 

Fw. 4G5.-Construct iona l  features of high-grade douhle-button carbon microphone. 

Condenser Jl.-lic?"ophone. l�Thc condenser microphone it! a condenser 

in which one plat e is fixed while the other is :1 diaphragm against which 
the sound 'Naves act . A direct-c urrent potential of several hundred volts 
is applied between the plates of the condens�r, and, as the capacity is 
varied by the vibrations that the sound ,\'aves produce in the flexible 
plate, a corresponding voltage drop is produ ced in the high resistance 
that is placed between the direct-current volt age and the microphone, 
as shmvn iil Fig. 467. . 

The most important constr{wtional details of a typical condenser 

microphone are shown in Fig. 466. The diaphragm is of alurninum 
alloy 0.00 1 1  in. in thickness and stretched until its resonant frequency is 
of the order of 5000 cycles. Acoustic damping is provided by the back 
plate and is cont.rolled by a series of grooves which intersect each other 

at right angles, with holes drilled through the back plate at the inter

sections. The spacing between the dia.phragm and back plate must be as 

1 For additional information on condenser microphones sec Jones, ,loco dt. 
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small as possible in order that movements of the diaphragm ,yill change 
the capacity

' 
appreciably. In the microphone shown' the spacing is 

0.001 in .,  and since there :is a high dil'ec't-cul'l'ent potential difference 
behvcen the plates it is neceRsary to keep out all dust and dirt. This L'3 

. done by sealing the microphone from the outside air. 

The condenser microphone is used in the circuit shown in Fig. 467, 
which should be so proportioned that the capacity shunted across the 
microphone by the leads and a1llplifier tube is small in comparison with 

O.o.MPING ACOUsnc: f'L/.TE GRC!<?VE VALVE 

FIG. 4nG.-Constructi onnl fentures of n typical condenser mi crophone . 
. 

the microphone capacity, while the 'equivalent resistance formed by R 
nnd Rf/l ill parallel is at least us gl'(�at as the reactance which the capacity 
formed by the microphone, its leads, and the amplifier tube has at the 
lowest frequcllcy to be reproduced. A low shunting capacity increases the 
sensitivity, since, as the diaphragm vibrates and changes the capacity of 
the microphone, the resulting potential variations are proportional to the 
change in capacity div:ided by the totnl capaci ty provided the rcsistances 
R and R{/l arc large enough to prevent appreciable chango in the charge on 
the microphone plates. If these resistances arc not large enough) there 
will be enough charge flO \ving in and out of the condenser at low fre
quencies to reduce the potential variations

' 
appreciably . .  
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The amplifier tube into which the microphone output feeds should be 
placed as close as 'possible .to the �icrophone in order to reduce the capac
ity �f the. leads and also to reduce the stray pick-up. This latter point is 
partic�larly important because the condenser microphone has a relatively 
small output and is a high-impedance device. The usual practice is to . 
place the . first amplifier tube in the micr�phone stand. This tube 
should also be non-microphonic in order to avoid the introduction of 
extraneous n9ise through electrode vibration . . 

The conde�ser microphone, . like the carbon microphone, is a pressure
actuated device in which the output is proportional to the displacement 
of the ' diaphragm.. The response of a condenser microphone hence is 
substantially constant at frequencies below diaphragm �esbnance, falls 
off rapidly at high frequencies; and has a characteristic at resonance that 
depends upon the amount of damping present. 

. 

A condenser nllcrophone has relatively stable characteristics and 
can be designed to . have substantially constant response over a wide 
frequency range.· Its disadvantages 
are a relatively low sensitivity and 
the need of an amplifier close to the . Conaenser. 
microphone. The principal use of the microphone 
condenser microphone is in making 
sound measurements_ At one time ' 

R . Rgl. 
�-) 

200-300 
volts the . cbndenser microphone was widely 

used in broadcast and public-address 
work, but it has since been displaced 

FIG. 467 .-Circui t of ' condenser 
microphone. 

. to a considerable extent by the moving-coil, velocity, and crystal 
microphone�. 

Moving-coil M icrophone.� The movin�-coil microphone is similar in 
construction to the moving-coil type of telephone receiver discussed in 
Sec. 154. The dynamic characteristics of the two instruments differ, 
however, because in the microphone the voltage induced in the moving 
coil is proportional to the velocity of the coil, which must therefore De 
proportional to the sound pressure, while in the telephone receiver the 
best performance is obtained when the amplitude of vibration varies 
directly a� the pressure of the soun:d being reproduced. The require
ments of the moving-coil microphone 'can be met by modifying the 

. moving-coil rec�iver in se�eral respects, and particularly by m.aking the 
resonant frequency of the · diaphragm moderately low, such as 600 cycles, 
and using resonant air chambers · to increase the amplitude at lower 
frequencies and higher frequencies: When this · is properly done, the 
result is a very excellent microphone having a response practically flat 

.1 See E. C. Wente and A. L. Thuras, Moving-coil Telephone Receivers and Micro
. phones, Bell System Tech. Jour., vol. 10, p . . 565, October, 1 931.  

i . ! 
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from 40 to 10,000 cycles. In addition to its very satisfactory frequency 
response the moving-coil microphone has so�ewhat greater sensitivity 
than a condenser microphone of the same frequency range and has a low 
impedance output. This latter featGre makes it possible to employ a 

. long twisted-pair. cable between microphone and first amplifier without 
adversely affecting the frequency response and without giving trouble 
from stray pic�-up. 

The Ribbon or Velocity M icrophone. 1-· The ribbon Dlicrophone is a 
special form of moving-coil microphone in which the moving coil consists 
of a flat piece of aluminum-alloy. foil which is acted upon directly by the 
sound waves , and which has a resonant 'frequency below the audible 
range. The �onstruction of such a microphone is shown in Fig. 468. 

KID.Don support 

fo re-

Dlrecfional /' characterisfic .... , 

magnef 

FIG. 468.-Sketch showing constructional details of velocity microphone, together with 
directional characteristic. . 

When a plane wave passes by a ribbon microphone, t�e re�ulting force 
acting on the ribbon is proportional to the difference in sound pressure 
on the front and back of the ribbon. Whe'n the frequency is low enough 
so that the difference in. distance to the two sides is appreciably less than 
a quarter of a wave length, the resulting force exerted against the ribbon 

. is proportional to the frequency and to the pressure gradient, or particle 
velocity, of the sound wave. As a result, this type of microphone. is 
commonly called a velocity microphone. By making the resonant fre
quency of the ribbon lower than the lowest frequency to be reproduced, 
the ribb�n offers an inertia reactance that is very nearly proportional to 
frequency. The velocity of vibration and h�nce the r�sulting voltage 
induced in the ribbon are then SUbstantially independent of frequency 
until the frequency is so great that the difference in distance to the front 
and to the ba,?k of the ribbon approaches a quarter of a wave length, when 

1 See Harry F. Olson, On the Collection of Sound in Reverberant Rooms with 
Special Reference to the Application of the Ribbon Microphone, Proc. I.R.E., vol. 21, 
p. 655, May, 1933 . . 
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the response tends to fall off. By cutting away the pole pieces as is done 
in Fig. 468 this difference in distance can be made small enough to give a 
substantially uniform response to above 10,000 cycles . . 

When a velocity microphone, is placed very close to the sound source, 
the low frequencies are overemphasized. This comes about because the 
pressure gradient in a spherical wave is greater in propo!tion to pressure 
than the pressure gradient of a plane wave by the factor VI + (c/wr)2, 
where r is the distance to the source, c is the velocity of sound, and w is 
21r times frequency. 

The velocity microphone also has a pronounced directional charac
teristic as shown in Fig. 468. This is because sound waves arriving from 
the side strike both the front and back 'of the ribbon at the same instant 
and so produce no resultant force. This directivity can often be taken 
advantage of to . minimize undesired reverberation and noises, and also 
makes the velocity microphone ' particularly suitable for use as a lap.el 
microphone, since by properly utilizing the direCtional characteristic it is . 
p<?ssible to arrange matters so that the output 'of a microphone locat'ed 
upon the coat lapel is SUbstantially independent of the direction in which 
the speaker's head .is turned. 1  . 

The velocity microphone has the advantage of simplicity, an ex
tremely good frequency response, and a low output impedance. Its 
principal disadvantage is that it cannot be used close to the source of . 
sound. 

Crystal Microphone. 2-Crystal microphones make use of the piezo
electric effect of Rochelle salt crystals to transform mechanical stress 
produced by sound waves into electrical output. The most successful 
arrangement of this type consists of two crystal slabs mounted as shown 
in Fig. 469. The bending of these slabs resulting from the pres�ure 
of the sounq wave pro�uces a voltage across the crystal face. that is then 
utilized to operate an amplifier. By making the assembly small so that 
the resonant frequency is above the audible range, the device becomes 
pressure operated, and with simple equalizing circuits gives a ' substan
tially uniform response up to 15,000 cycles. The small size of the crystal 
assembly also makes this type of microphone practically non-directional. 
The electrical output of a single umt such as illustrated in Fig. 469 is 
,small, but can be readily increased by connecting a number of these in 
series. 

1 Harry F. Olson and Richard W. Carlisle., A Lapel Microphone of the Velocity 
Type, Proc. I.R.E., vol. 22, p. 1354, December, 1934. . 

2 See Stuart Ballantine, High Quality Radio Broadcast Transmission and Recep
tion, Proc. I.R.E., vol. 22, p.  564, May, 1934 ; C. B. Sawyer, The Use of Rochelle Salt 
Crystals for Electrical Reproducers and Microphones, Proc. I.R.E., vol. 19, p. '2020, 
November, 1931. 
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The crystal microphone is simple and has a good frequency response. 
Its chief disadvantages are the relatively low sensitivity, the fiwt that 
the sensitivity tends tQ fall off at temperatures exceeding 90°F. ,  and high 
output impedance. 

Some use has been made of crystal micr.ophones in which sound waves 
act upon a diaphragm that is mechanically coupled in such a way as to 
produce a stress in the crystal. Such microphones have relatively high 
sensitivity and are inexpensive, but do not generally have a very uniform 
frequency response. 

, Pressure- and Field-response Characteristics .-Condenser, moving-coil, 
and similar microphones give responses that depend upon the pressure 
against the diaphragm, and are normally designed so that over the essen
tial frequency range the output is proportional tQ pressure and independ
ent of frequency. The calibration curve of such 'a micr.ophone depends, 
however, upon the way in which the calibration is made because the pres-

Compos/fe piezo 
p/afe __ ..... 

Composite piezo plafe 

p 

p 

Damping ana' 
separaflng slabs.) 

",-

Mounf 

FIG. 469.-Construction of . .  sound-cell" of crystal microphone. 

sure of a sound wave traveling in free space is not necessarily the pressure 
-that this same wave produces acting against the diaphJ:agrrl of a micro
phone. ' At low frequencies, where the microphone dimensions are s,mall 
compared with a wave length, the sound wave diffracts around the micro
phone with negligible reflection, and produces a pressure against the 
diaphragm 'which is a true measure of the pressure of the wave. At higher 
frequencies, however, reflections occur at the microphone and may cause 
the pressure exerted on the diaphragm to reach twice th� pressure of the 
wave. In addition, the, front of the mi�ophone forms a shallow air 
pocket which introduces a resonance that' will still further increase the 
pressure again�t ' the diaphragm at high frequencies . 

The relation between the output voltage of a condenser microphone. 
and ·the pressure exerted against the diaphragm is called the pressure 
calibration, while the relation between the pressure of a free sound wave 
and the output ' voltage which this wave develops when striking the 
microphone is called the field calibration. The two are the same at low 
frequencies, while at high frequencies the field calibration depends upon 
the angle of incidence with which the wave st�kes the mIcrophone , as well 
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as upon the frequency. Typical pressure� and field-calibration curves of 
a condenser microphone .are shown in Fig. 470.1  

156. Measurement of Microphone and Loud-speaker Characteristics. 
Sound ' measurements are ordj.narily made with the aid of a calibrated 
microphone, most commonly a condenser microphone. In making 
measurements, the difference between the field and pressure calibrations 
is a source of difficulty if accurate results are required. . This trouble 
can be eliminated ; howev�r, by placing the condenser microphone in a 
spherical housing and employing a construction that eliminates the 
cavity. 2 The relationship between field and pressure calibrations 
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. FIG. 470.-Typical pressure and field calibrations 'of a condenser microphone. . . 

can then be calculated because of the simple geometrical shape. Another 
. expedient sometimes employed consists in using a miniature condenser 

microph�ne so small that the field and pressure calibrations do not differ 
until above the useful range of frequencies. S Such miniature micro
phones �re also often used in exploring sound· fields in horns, etc. . 

Microphone Calibration.L-The field calibration of a microphone can 
. be most conveniently obtained by using a Rayleigh disk to measure the 

� For a more detailed discussion of field and pr�S8ure cali·brations, see L. J. Sivian, 
Absolute Calibration of Condenser Transmitters, BeU System Tech. Jour., vol. 10, 
p. � January, 1931 . 

. 

2 See Stuart Ballantine, Note bn the Effect of Reflection by the Microphone in 
Sound Measurements, Proc. I.R.E., voI. .16, . p. 1639, Decembe:r, . 1928. 

3 H. C. Harrison and P. B. Flanders, · An Efficient Minif\.ture Condenser Micro-
phone System, Bell System Tech. Jour., vol. 1 1 , p. 451, July, 1932. 

. 

" Also . see The Calibration of Microphones, Elec. Eng., vol. 55, p. 241 , March, 
1936. 
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int-ensity of the free wave. 1  The Rayleigh disk consists of a very light 
silvered disk hung vertically on a fine suspensi9n and arranged with an 
optical system sO' that small rotations can be accurately measured by 
means of an optical lever. Sound waves in striking the disk tend to 
turn it perpendicular to the direction of travel of the wave by an amount 
proportional to the presstue gradient (or particle velocity) of the sound 
wave. 

Absolute pressure calibrations can be made by means of the thermo
phone, the Rayleigh disk, or an actuator. 2 The thermophone method 
produces calculable sound pressures in a small inclosed space in the 
front of the microphone by passing an alternating current superimposed 
upon a direct current through a strip of gold or platinum foil so thin -that 
the temperature ' varies at the frequency of the alternating current. 
In the Rayleigh-disk method the microphone is placed at the closed end 
of a resonap.ce tube, and th� Rayleigh disk is used to measure the velocity . 
at a pressur� !lode. " 

. 

In the actuator method a calculable force is applied to the diaphragm 
by electrostatic means. Such I;Det<thods are primarily applicable to th� 
condenser microphone, and can·· .. be carried out in a· number of ways. A 
typical arrangement consists in subjecting the microphone to sound 
waves and then preventing the diaphragm from vibrating by means of 
an equal and opposite force. This balancing force can be obtained by 
applying between the diaphragm and back plate a voltage of the same 
frequency as the sound and of adjustable magnitude and phase. The 
magnitude of the resulting electrostatic attraction at balance can be 
calculated from the dimensions involved, and equals the pressure of the 
sound wave upon the diaphragm. The condition 'of balance can be 
detected by making the capacity between diaph�agm and back plate a 
part of an oscillating circuit and by �djusting the balancing force until 
there is no frequency modulation. 

Loud-speaker Characteristics. 3-The frequenc'y-response characteristic 
of a loud-speaker is normally obtained by exciting the speaker under 

1 An excellent description of the details involved in such a calibration is given by 
. Harry F. Olsen and Stanford Goldman, The Calibration of Microphones, Electronics, 
vol. 3, p. 106, September, 1931.  

2 For a more detailed' discussion of pressure calibrations, see L . .  f .  Sivian, Absolute ' 
Calibration of Condenser Transmitters, Bell System Tech. Jour., voi. 10, p. 96, Jan
uary, 1931 .  

3 A summary of factor� involved in loud-speaker measurements is given by Frank 
Massa, Loud Speaker Measurements; Electronics, vol. 9, p. 18, July, 1936. Also see 
L. G. Bostwick, Acoustic Considerations involved in Steady State Loud-speaker 
Me�surements, Bell Syste� Tech. Jour., vol. 8, p. 13c, January, L929 ; I. Wolff a�d 
A. Ringel, LOud-speaker 'Testing Methods, Proc. 'I.R.E. ,  vol. 15, p. 363, May, 1927; 
I. Wolff� Sound Measurements and Loud-speaker Characteristics, Proc. I.R.E. , vol. 
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no.rmal co.nditio.ns and o.bserving the so.und with the aid o.f a calibrated . 
micro.pho.ne. In carrying o.ut such measurements it is desirable that as 
much as po.ssible o.f the so.und reaching the micro.pho.ne co.me directly . 
fro.m the speaker instead o.f indirectly as a result o.f a reflectio.n. Other-

' wise interference effects will modify the pressure pro.duced at the micro.
pho.ne in a relatively co.mplicated manner: Loud-speaker characteristics ' 
are acco.rdingly o.btained mo.st satisfacto.rily fro.m o.utdo.o.r measurements 
where the speaker can be mo.unted o.n � high stand o.r hung fro.m ro.pes 
in such a manner as to. be reqlo.te fro.m reflecting surfaces. Where 

. characteristics must be taken indo.o.rs, as is necessary in ro.utine testing, 
this is best do.ne in 'a ro.o.m lined with suffiCient so.und-abso.rbing material 
to. minimize the reflected waves. Even then, the reflectio.ns at lo.w 
frequencies, where the so.und-abso.rbing material is least ,effective, will 
be sufficient to. pro.duce pro.no.unced standing wave patterns that will .be 
very critical with respect to. frequency. The resulting irregularities ' 
in the , respo.nse curve can be ' ironed o.u t by ro.tatipg the micro.pho.ne to. 
get an indicatio.n pro.po.rtio.nal , to. the average so.und pressure o.ver a 
co.nsiderable area, altho.ugh the presence o.f reflectio.ns still incr�ases the 
apparent respo.nse o.bserved. This effect is mo.st pro.no.unced at lo.w 
frequencies, where so.und abso.rbents are l�ast effective, and results in 
indo.o.r mea�ure�ents al�ays indi�ating a grea'ter, lo.w-frequency o.utput 
than actually exists. ' . 

In the measurement o.f lo.ud-speaker characteristics the effect o.f 
reflectio.ns can be minimized , by placing the micro.pho.ne as clo.se as 
po.ssible to. the lo.ud-speaker in o.rder to. increase the r�tio. o.f direct to. 
indirect so.und intensities. There is a limit to. the extent that o.:p.e can 
go. in this directio.n, ho.wever, since with the micro.pho.ne very clo.se to. a 
lo.ud:-speaker the lo.w frequencies register stro.nger than they really are . 

. In testing the o.ver-all characteristics o.f radio. receivers it is necessary 
to. take into. acco.unt the aco.ustics o.f the space (co.mmo.nly the ho.me living 
ro.o.m) in which the receiveT repro.duces its so.und. Co.nsiderable attentio.n 
has been given , to. this pro.blem in co.nnectio.n with the develo.pment o.f 
high-fidelity receivers, and the facto.rs that must be co.nsidered ' are 
dicussed at length in the literatu;e; l ' 

The efficiency o.f a lo.ud-speaker can be determined by measuring the 
electrical input to. tpe vo.ice c<?il ' and o.bserving the to.tal so.und po.wer 

16, p. 1729, December, 1928; Benjamin Olney, Notes on Loud-speaker Response 
Measurements and Some Typical Response Curves, Proc. I.R.E., vol. 19, p. 1 1 13, 
July, 1931.  . . 

. 
1 Harold A. Wheeler and Vernon E. Whitman, Acoustic Testing of High Fidelity , I 

Receivers, Proc. I.R.E.,' vol. 23, p. 610, June, 1935 ; Stuart Ballantine, High Quality j 
Radio· Broad�ast Transmission , and Reception, Proc. I.R.E., v<fl.. 23, p. '618, June, l 1935. " I 

j 
j 
j 
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. produced. The total power can be determined by measuring the sound 
intensity in different directiops and then integrating the resulting energy 
over a spherical surface. This, however, requires un enormous amount of 
labor {f an accurate evaluation of efficiency is to be obtai�ed over the 

. entire frequency range An alternative ' iJroccdure for measuring total 
sound output consists in operating the lou d-speaker in a room having a 
high reverberation time. In su ch a roonl the sound pressure at every 
point tends to' be the same and has a value determined by sound power, 
reverberation time, an d the room volume. If precautions are taken to 
�!ause 11 uniform distribution by warbling the freq uency of the excit.ing . 

power or by using a large rotating paddle to reduce standing waves, rather 
accurate results can be obtained quite easily. 

A knowledge of" the motional impedance of a loud-speaker makes it 
possi ble to estimate the ::;oltnd output ut least approximately, as well as to 
obtain other uscful information concerning the details of speaker o1,1el'-

1,000 . . 

5,000 61100 

FIG. 471 .-Loud-spcakcr charaeteristic IlS recorded on nIl oscillogra ph film. 

ation. The motional imlJcdancc call be obtained by t aking the difference 
between the irnpcdance of the voice coil under normal ope1'[l.ting conditions 
and the impedance when the voice coil is prevented from vibrating . The 

resistance component of the resulting motional impedance accounts for 
the radiation resistance, eddy-current loss, and various forms of frictional 
loss in cone and spider. The latter losses can be separately eval uated 
by measuring the motional impedance of the same speaker when mounted 
in a bell j ar from which the air has bcen exhausted. The difference 
between the motional resistance in a vacuum and under normal operation 
is largely accounted for by the radiation resistance. Upon this assump
tion the fraction of the input electrical energy that is dissipated in the 
radiation-resistance part of the rnotional resistance can be readily 
calculated . This method, \vhile relatively simple, is not highly accurate 
with paper cones unless the resistance component of the motional imped

ance is reasonably large, be cause the diaphragm loading is not the same in 
a vacuum as in air, a.nd the cone losses \vill accordingly be different . 

The response ·of most loud-speakers contains so many irrcgula!-,ities 
. that a point-by-point calibration taken at regular frequency intervals 

" 
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is extreniely tedious. '  A more satisfactory method of testing a loud
speaker is t� drive it with a beat-frequency :oscillatQr, hunt for the peaks 
and valleys in the characteristic, and make observations at these points 
irrespective'  of the exact frequency intervals that result . Even with 
such a procedure the time required to obtain a complete calibration 
is very great. When a large number of characteristics are .to be obtained, 
it more satisfactory test procedure is to employ a photographic or curoe
tracing system of recording. A typical example consists of a two-element 

. oscillograph arranged so that one ele'ment records the output level of the 
microphone amplifier. The other is associated with the dial of the 
beat-frequency osciUator in such a way as to give indications at certain 
known frequencies by interconnecting the beat-frequency oscillator and 
oscillograph drum mechanically. It ' is possible in this way , to take a 
complete calibration in a fraction of a minJlt� . Ari example of such a 
calibration is shown in Fig. 471.  I 

' Problems 

1. Explain how it is that men and women are able to produce the same vowel 
sounds in spite of the dlffer.ences in pitch of male and female voices. 

-

2. Explain why it is found that musical instruments produoing low notes must 
develop much more 'power to be effective than when pitches of the order of 500 to 
1000 cycles are involved. 

3. Explain why subjective tones are much more pronounced when dealing with ' 
loud sounds than with weak sounds. 

4. Explain why high-pitched sounds mask low frequencies only slightly if at all. 
6. A particular pIece of music when listened to .in a theater is assumed to have a 

loudness level of 80 Gib �ccording to Fig. 448. If reproduced with a loudness level of 
50 db in the home by a radio, calculate and plot with the aid of Fig. 448 the relative 
response as a fu�ction of frequency which the compensated tone control must provide ' 
to make up for the difference in reproduction level. 

6. Explain why the optimum reverberation time for an auditorium is different 
when a speaker is addressing a la\'ge audi�nce with and without the help of a public
address system. 

7. In view of the situation illusttated in Fig. 448, explain why the reverberation 
time should be different for different frequencies. 

8. Explain why sounds such as 8, j, ch, v, 'and sh are reproduced very poorly, if at 
all, by the ordinary telephone, while the vowel sounds are always understandable. 

9. ' In, the transatlantic telephone it is found desirable deliberately to introduce 
frequency distortion by increasing the relative intensity of the voice frequencies 
above 1000 cycles before transmission, and then after reception to restore the original 
proporti�ns. What advantages can be expected from such an arrangement ? 

10. Why is it" that articulation tests , are never used in, testing broadcast stations, 
but are employed extensively in connection with radio extensions of the telephone 
system? 

11. Demonst,rate with the aid of Eqs. (253) to (258) that at frequencies high 
enough for the radiation resistance to be independent, of frequeney the ' total sound 

1 This particular technique for the rapid recording of loud-speaker characteristics 
was developed in 1930 by C. R. Skinner. graduate student at Stallford University, 
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power radiated for a given voice-coil current is greater the smaller the effective area 
of the diaphragm if it is assumed that the effective mass is proportional to the effective 
area. 

12. Qalculate the required size of bafHe as a function of the lowest frequency to be 
reproduced' over the range 50 to 250 cycles, and from the results discuss : (a) the 
necessity of in closing the back side of the loud-speaker or of using some form of acous
tic labyrinth or network if fre.quencies below 125 cyCles are to be satisfactorily 
reproduced by' a loud-speaker mounted in an ordinary radio-receiver cabinet, (b) the 
low-frequency response that can be expected of midget radio receivers. 

. 

13. Demonstrate with the aid of Eqs. (253) to (258) and. Fig. 454 that, at low 
frequencies where the cone diameter is appreciably less than a half wave length and 
piston action can be expected, the ·efficiency increases as the cone diameter is increased. 
Assume that the mass of the moving system and the length of the voice-coil wire 
(and hence the voice-coil resistance) are proportional to the area of the cone, and be 
sure to take into account the change .in Input ·power with change in · voice-coil 

. resistance. 
14. Derive Eq. (258) . ' 
16. In an B-in. cone speaker the coil and cone mass is 14 grams, the compliance 

of the suspension 5 X 10-7 cm per dyne, the length of wire ·in voice coil 1200 cm, and 
the air-gap flux density 8000 gausses. Assuming piston action, and assuming a voice 
coil current of one ampere, calculate and plot (a) force on voice coil, (b) total radiation 
resistance for both sides of cone, (c) mechanical impedance of vibrating system, (d) 
velocity of vibratiov. system, (e) total sound power radiated, and (f) motional imped
a;nce, as a function of frequency over the range 80 to 1000 cycles . . Neglect the r;nass 
effect of the fluid air, and also all losses jn the vibrating system except radiation • 
resistance. 

16. DeteJ;'mine the rate of taper, the mouth area, throat area, and length of a 
horn which will reproduce frequencies qown to 100 cycles and which will load a 
diaphragm having an effec tive area of 100 sq cm with an acoustic 1001d of 300 mechani-, cal ohms per square centimeter. . 

17. Explain why the mass of diaphragm and coil in a ho� speaker causes the 
response to fall off at very high frequencies but does not have much effect at low and 
moderately low frequencies. ' . 

18. What would be the effect upon the sound output of the horn in Fig. 460 if the 
sound-absorbing material were omitted from the box inclosing tbe back side of the 
cone? 

. 

19. When a loud�speaker system employing horns is called upon to develop a very 
large power output, explain why a dual speaker system (separate high- and low
frequency units) will eliminate substantially all trouble from non-linear action of the 
air in the throat of the horn. 

· 20. Explain wliy the quality of sound output developed by a telephone receiver 
will 'change when the receiver is removed from the ear. , 

21. In pressure-operated microphones such as the carbon and condenser types, the 
output voltage for a given sound pressure decreases r.s the resonant frequency to 
which the diaphragm is stretched is increased. Explain. -

22. In the velocity microphone; increasing ,the distan�e from front to back of the 
ribbon increases the sensitivity in direct proportion to the reduction in high-frequency 
limit. Explain tb� reason for this. ' 

23. Calculate Md plot as a function of frequency the relative response of a velocity 
microphone when the dista,nce from the microphone to sound source is 1 ,  2, and 5 ft. 
Cover the frequency range 50 to 500 cycles. 



APPENDIX A 

FORMULAS ' FOR CALCULATING INDUCTANCE, MUTUAL 
INDUCTANCE, AND CAPACITY 

, 157. Formulas for Calculating Inductance, Mutual Inductance, and 
Capacity. I-This section gives formulas for calculating inductance, mutua] 
inductance, and capacities for the cases commonly encountered in radio 
work. Most of these formulas involve small approximations but will . 
give results sufficiently accurate for all ordinary requirements. 

Inductance ,of Single-layer Solenoid.-The equation applying, in this 
case has already been discussed in Sec � 6 and is ' 

Inductance in microhenries = n2dF (262) 

where n is the number of turns, d is the diameter of the coil measured to 
the c,enter of the wire, and F is a constant determined by: the ratio of 
length to .diameter, and given in Fig. 7 . . This formula can also be used to 
obtain the inductance of multilayer coils provided that the radial depth, of 
the winding is small compared with the radius and length of the coil. In 
such cases the equivalent diameter is taken as the diameter measured to 
the center of the winding. Equation (262) can also be used to calculate , 
the inductance of polygonal COIls, when the' number of the sides of the 
polygon is fairly large, by assuming that the coil is equivalent to a helix 
whose mean radius is the mean of the radii of the circums�ribed and 
inscribed circles of the polygon. 

Inductance of Single-layer Rectangular Coil. 
, Inductance in microhenries = an2[G + H] 

where 
a = length of long side in inches 
n = number of turns , 
G = factor dete.rmined by at/a and b/a 

'and giveIl ' in Fig. 472' 

(263) 

. ' , diameter of wire ' 
H = factor determIned by number of turns and I th f il and . eng 0 co 

. given in Fig. 472. 
aI = length of short .side in inches 
b = axial length of coil in inches 

. 1 

1 Most of the formulas given here are taken from Bur. Standards eire. 74, Radio 
Instruments and Measurements. This book is the standard 'authority on the subject 
and contains formulas for making calculations, of any desired accuracy for almo!:"t 
every case that can be encountered in practice. 

. . 791 
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This formula finds its chief application in calcul.ating the inductance 
of loop antennas. 

Inductance of Multilayer Coils with Winding Having a Rectangular 
Cross Section. 

or 

I d · ' . h
·

' . 
l�3 I . n .  uctance In mICro ennes = D% 

Inductance in microhenries = an2J 
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FIG. 472 .-Factors for use in Eqs. (263) and (266) : 

(264) 

(265) 

'where l · is the length of wire in inches, D the distance between centers 
of adjacent wires, a the mean coil radius in inches, n the number of turns, 
and I and J factors given by Fig. 473. It will be observed that the . 
maximum inductance is obtained from a given. length of wire when the 
cross section of the winding is square and the side of the cross section is 
0.662 times the mean coil radius. 

. 
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• Inductance of a F:lat Spiral.-A flat spitai is a special �ase of a multi
lay�r CQil having a winding Qf rectangl�.lar crQSS sectiQn, and so can be 
handled by Eq. (265) . With a fixed width Qf CQil, the maximum induc
tance with a given length Qf wire is �btained when the radial depth of the 
coil is three-fQurths of the mean radiu�. 
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Inductance of Multilayer Rectangular Coils Havirig Windings of Rectan
gulat Cross Section. 

Inductance in micrQh.enries = an2G . (266) 

where a is the length in inch�s. Qf the IQnger side Qf the rectangle measured 
. between centers Qf the rectangular winding trQSS sectiQn, n is the number 
Qf turns, and G is given by Fig. 472, where a/al is taken as the ratio. 

. of short side to IQng side Qf · the rectangle and b / a is cQnsidered to. be · 
circumference of winding crQSS sectiQn 

2a 

Inductance of Toroidal Coils - with Single-layer Windings.-When, 
t.he tQrQid is a circular ring Qf circular cross sectiQn (dQughnut 'shape) 
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. 
Inductance in microhenries . o.0319n'R[ 1 - � 1 - (�) 'J • 

(267) 

where R is the distance in inches from the axis to center of cross section 
of winding, a is the radius of the turns of the winding, and n is the number 
of turns. 
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FIG. 474.-Factor for use in Eq. (271 ) .  FIG. 475.-Possible arrangements of 
coaxial solenoids. 

When the toroid is a ring of rectangular cross section 

Inductance. in Illicrohenries = 0�01 i7n2h loglO T2 . Tt (268) 

where n is the number of turns, h the axial length of the ring in inches , 
and rt and r2 the inner and outer radii of the ring. 

Inductance of Parallel-wire TTansrriissi�n Line . 
. Inductance in microhenries per foot = 0.281 IOglO � + '0.030 (269) 

where b i� the s�acing between centers and a the radius of �he wire . 
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Inductance of Cable with Sheath Serving as Return Conductor. 

Inductance in microh'enries per foot 
' 

0.140 loglo � + 0.015 (270) a 

where b is the radius of the inner' side of the sheath and a is the radius of 
. the central conductor. This formula neglects the smali contribution 

to the inductance made by the flux within the sheath metal. 
Mutual Inductance between Two Parallel Coaxial Circles .-Using the 

notation shown in Fig. 474, with the dimensions in inches 

Mutual inductance in microhenries = N V Aa (271) 
where N depends upon rd,rl and is given by Fig. 474. 

Mutual Inductance between Two Coaxial Circular Coils of Rectangular 
Cross Section.-, If the windings are of square, or approximately square 
cross section, ' then ' 

Mutual inductance in microhenries = nln2Mo (272) 
where nl and n2 are the number of turns in the two coils, and Mo is the 
mutual inductance as calculated by Eq. (271) for two coaxial circles which 

, are located at the cehters of the cross sections of the two coils. Equation 
(272) will hold with good accuracy even when the , cross sectIon departs 
widely from a square provided the coils are not close together. 

Mutual Inductance between Coaxial Solenoids.-There are three cases 
t'o distinguish, as illustrated in Fig. 475; 

Coaxial solenoids not concentric 

where 

, a2A 2ntn2 " c '  

M = 0.02505 2x X 2l [Klkl + K3k3 + K6k6J, (273) 

a = the smaller radius, measured from the axis of the coil to 
the center of the wire, in' inches ' 

A = the larger radius, measured in th� same way, in inches 
2l = length of the coil of smaller radius = number of turns 

times the pitch of winding, in inches 
2x = length of the coil of larger radius, measured in the stime 

way, in �nches 
nl and n2 = total number of turns on the ' two coils 

KI = .�(X2 .-:. Xl) , kl = 2l A 2 r2 rl 
, Xl = D - x rl = vi Xl2 + A 2 
X2 . = D + x r2 = V X22' + A 2 . , 
D = axial distance hetween centers of the coils in inches. 

, 
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K · 1(�1 ' X2 ) . ( "l2) 3 = - - - - ,  ks = a2l 3 - 4-2 rlO r'jJ5 a2 

'Ko = - A 2[��(3 _ 4X12) '-- X2 (3 _ 
#).] 

8 rI9 A 2 r29 A 2 

k6 = a4l(� - �� + .�) . 
. 2 a2 a4 

Concentric Solenoids (Figs. 475b and 475c) .-The formulas for these 
two cases are the same provided g is defined for each' case as shown in the 
figure, and the dimensions are in inches. 

Mutual inductance in microhenries = 0 .050.
1 a2nIn2[ 1 + -� 2�2(3 - 4::)]' 

. ,  , g g . , m� 
Capacity of Parallel-plate Condenser. 

Cap�city in micromicrofarads = 0 .. 2244K� (275) 

where . 
K = ' dielectric constant 
S = area of ·dielectric in square inches 
t = thickness of dielectric in inches. 

c"apacity of Two-wire Transmission Line. 

C . . . . f' d f . 3.680 apaClty In mIcromIcro ara s per oot = 1-· 
- (bl ) . OglO a (276) 

where b 
is the spacing between. wire centers and � is the radius of t�e 

WIre. 
Capacity of Round Wire in a Concentric .sheath. 

C . . . . f d f . 
7.354K . apaClty In mIcrOIDlcro ara s per oot = 1 (bl ) . ' OglO a (277) 

where K is the dielectric constant of the insulation (K = 1 for air) , b 
is the radius of the inner side of the s�eath, and a is the radius of the 
central conductor. 
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volume control in, 223 
volume expansion and contraction in, 
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directional characteristics of, desired at 

broadcast frequencies, 619 
at high frequencies, 627 

direCtional characteristics of grounded 
vertical, 658 

of isolated wire, 657, 661 
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goniometer arrangement with, 728 

Antennas, ground, 'effect of, on direc-
tional characteristics of, 680--685 
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'image, 650 
impedance matching of, to transmis

sion line, 701-704 
induction fields about, 652 
loop, 722-727 

direction finding with, 723-725 
er�ors in bearings of, 725-727 

"multiple tuned," 713 
parasitic, 694 
power relations in, 689-694 . 

from radiated field, 689-691 
from self and mutual impedances, 

.691--694. 
radiation from, laws of, 648-649 
radiation resistance of, 652 
receiving, 653--656, 713-719 
reciprocal relations in, 655 
reflectors for,' 695 
resistance of, 651 

. tower, 708-712 
transmitting, 706-71H 
wave, ' 678 
wa.velength of, natural, 707 
Zeppelin, 707 

· Aperture distortion, 74t) 
Arc, Poulsen, 7 
Articulation, 763 
Atmospherics (see Static) 
Austin-Cohen formula, 613 
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Automatic-volume control, 224, 557 
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· Baffles, 769 
• directional, 772 ' 

Baldwin telephone receiver,, 777 
Band-pass amplifiers, 216-219 
Band-pass filters, 88-92 
Band-switching arrangements, 568 
Barkhausen oscillators, 385-3�)1 
Bass compensation, :559 
Beacons, radio, 722-732 

· Beam tube, 143 
Bia�, grid, 468-471 
Blind-landing systems, 732 
Blocking of oscillators, 355 
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Broadcast antennas for transnntting, 
708-712 

Broadcast coverage; 615-623 
calcuhttion of, 621-623 ' 
effect of directivity and other factors 

on, 617- 621 
various service areas in, 616 

Broadsid� antenna arrays, 664-;665 

C 

C battery (see Bias, grid) 
Capacitance (see Capacity) 
Capacity, calculation of, 24, 796 

of coils, 33-34 
definition of, 24 
input, of tubes, .1 85, 231-238 
properties of, 24 

See also, Condensers; Dielectrics 
Carbon microphone, 778 
Carrier, controlled, transmitters, 536 
earrier wave, 11-12, 394 

suppressIon of, 415-417 
Cathode-ray tubes, for modulation tests, 

402 
for televie1on, 739 

Cathodes, heater, 107 
4um with, 465 

heating power for, 107 
operating temperature and life of, 109-

11 1  
oxide-coated, 106 
thoriated-tungsten, 105 
tungsten, 105 
virtual, in pentode tubes, 128 

in space-charge-grid tubes, 148 
See also Filament 

Characteristic impedance of transmission 
lines, 71 

Choke coils, for filters, 499 
for radio-frequencies, 43 

Class A, AB, B, and ,C amplifiers (see 
Amplifiers) 

Class B tubes, i47 
Code receivers (see Receivers, radio

telegraph) 
transmitters, 506-518 

Coefficient of coupling, 22-23 
Coil antenna (see Antenna, loop) 
Coil switching arrangements, 568 
Coils,' bank wound, 34 
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choke, filter, ,499 

COils, choke, radio-frequency, 43 
dielectric losses of, 34 
distributed capacity of, 33-34, 67 
efTect of shield or metal mass on, 77 
inductance of, 791-795 . 
with magn�tic cores, 47-49 
mUltilayer, 34 
Q of, 37-41 
for receivers, 41 
shielding of, 44-47 
for transmitters, 42 . 
of variable inductance, 44 

Colpitts oscillator, &49 
Condenser microphone, 779 

. Condensers, air dielectric, 29 
electrolytic, 3 1  
inductance of, 33 
IOSiles of, 25-28 
phase angle of, 26 
power factor of, 25 
resistance of, equivalent series and 

shunt, 26 . 

straight-line capacity, fr�quency, and 
wave-length types, 30 

types of, used in radio work, 28-32 
voltage rating of, 32-33 
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Contact potential, 1 14, 1 18, 129, 136 
effect of on am.plifiers, 183 

Co-planar-grid tubes, 150 
Conversion transconductance, 451 
Converters, pent agrid , 452 

for superheterodyne receivers, 449, 453 
Couple� circuits" coupled impedance 

with, 73 
"critical" coupling in; 79, 82 • 

methods of coupling in, 85-87 
with ' primary 'and secondary' circuits 
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theory of, 72-76· 
with tuned secondary and untuned 

. primary, 77-78 
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94 
with untuned secondary, 76 

Coupled impedance, 73 
Coupling, coefficient of, 22-23 

complex, tuned amplifiers with, 214-
216 
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types of, 23 
Critical frequency of jonosphere, 636 
Cross mo�ulation in amplifierS, 26:4-273 
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Cross-talk in receivers, 573 
Crystal microphone, 783 
Crystals, quartz, 374-385 

cuts for, . 379-383 
equivalent electrical circuit of, 376 
m'odes of vibration of, 379-382 . 
mounting for, 384 

Current, 'plate, of diodes, 113 
expressions for, 153-157 
of pentodes, 130 
of screen-grid tubes, 136 
of triodes, 1 19 

space, expressions lor, 153-157 
Cutoff, definition of, 121, 129 

tubes having remote, 144 

Decibels, 259-261 
Delay time, 261 

D 

A-Y transformation, 86 
Detectors, 424-461 . 

comparison of types of, 445 
converters for heterodyne, 449-453 
diode, 425-434 
electron-oscillator, 444 

. 

filters for, 429 
for frequency-modulated waves, 444 
function of, 10 

. .  

grid-leak power, 488 
grid-leak weak signal, 442 
heterodyne, 446-449 
linear, 424 

apparent selectivity obtained with, 
460 

' 

oscillating, 453-456 
threshhold howl in, 456 

pentagrid, 452 ' 
plate, 434-438, 450 
regenerative, 453-456 
with signal . of two .modulated waves, 

45!}-461 
square-law, 44Q-442 
superregenerative, 456 
types of, .424 
types of distortio.n in, 424 
Wunderlich, 439 

Diamond antennas, 67t-675 
Dielectrics, dielectric constant of com

mon, 25 
effect of frequency and temperature on, 

26 

Dielectrics, . power factor of common, 25 
used in radio condensers, zs....32 

See also Condensers ; Capacity 
Diode detectors (see Detectors, diode) 
Diodes, �node current of, 1 12-1 15 

definition of, 1 12 
hot-cathode gas, 158 

Direction finding, 722-732 
, Directivity steering, 591 
Distortion, in power amplifiers, calcula

tion of, 284-285, 289 
quality, in radio signals, 617, 628 · 
in sound reproduction, effect of, 761-

763 
Distributed capacity, circuits with (see 

Transmission lines) . 
. 

Distribution systems, for radio fre-
quencies, 705 

Diversity, types of, 588 
Diversity systems, 587-591 
fiual-grid tubes, 147 
Duplex-tubes, 147 
Dynamic characteristic of amplifiers, 276, 

283-287, 302 
Dynamic /loud-speakers (see Loud-

speakers) 
Dynamic I,Ilircophone, 781 
Dynamotor, 501 . , _  

Dynatron, 137 
Dynatron oscillators, 369 

E 

E layer, 600 
Ear, characteristics of, 756-759 
Echo signals, 629 
Eclipse, solar, effects of, on radio waves, 

640 
Electron oscillators, 385-391 
Electron-coupled oscillators, 360 
Electrons, 99-103 

emission velocity of, 1 11 
motion of, in electrosta�ic and magnetic 

fields, 100--103 
production of free, 100 
properties of; 99 
radiation of energy by moving, 102 
secondary emission of, 100 
thermionic emission of, 100, 103-104 

Emissiontthermionic, 100, 103-104 
Emitters, electron (see ' Cath,ode, Fila

ment) , . 
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End-fire antenna arrays-, 66�67 
Equalization of amplifier gain, 259 
" Extraordinary " ray, ,603 

F 

, F, Fl and F2 layers, 600 
Fading, receiving systems for nrinimiZing, 

587 
selective, 617, 628 . 

Feedback, acoustic, 577 
from common plate , impedance, 240- ' 

245 
in radio-telephone transmitt�rs, 529 

See also Regeneration ' . 
, . Feedback amplifiers, 248-256 

Feeder (see Transmission lines) 
Fidelity, of broadcast receivers, 548 
Field 'of radio wave, induction, 652 

radiated, 648 
Field calibration of microphones, 784 
Field streJ1gth of radio waves (see Radio 

. waves) , 

Filament, effect of voltage drop in, 1 15, 
120 , See also Cathode 

Filters, banq.-pass, 88-92 
" for detectors, 429 

for power rectifiers, 482-498 
for preventing regeneration, 243, 247 
series-inductance input, 482-491 
shunt-condenser input, 491-498 
with tapped chokes, 499 

Flicker ip television, 747 
Frequency control, automatic, in broad

cast receivers, 559 ' 
Frequency distortion in amplliiers, 170 , 
Frequency modulation, 417-422 

transmitters using, 533 
, Frequency multipliers, 338-341 

Frequency stability, of crystal oscillators, 
385 

of oscillators, 35&-364 
Frequency-mo�ulated ' signals, reception 

of, 586 

G 

Gain, of amplifier in decibels, 259 
of antenna array, 662 

. 

Gas, effec\ of, on tube characteristics, 
157-160 

Gas diodes, 158 
Gas trio des, 159 
1 1  Getter," 163 
Goniometer arrangements, 728 
Grid, action of, in triode, 1 15-119 

: effect of positive, 145-147 
Grid current, 145-147 
' Grid input admittance, 231-238, 25&-258 ' 
Grid modulation, 404-407 ' 
Grid-bias voltage, by bias 'resistors, 468 

regeneration with, 469 
methods of obtaining; 468-471 

Grid-leak detectors, 438, ' 442 
' Ground, effect of, oh antennas, 650, 680-

685, 694 
reflection coefficients of, 610 

Ground systems for tower antennas, 710 
Gound wave, Sommerfeld ,analysis of, 

593-599 

H 

Harmonic (see ·Distortion) 
Harmonic generators, '338-341 
Hartley oscillator, 349 
Hazeltine neutralizing <lircuit, 236 • 

Height, effective, of antennas, 652 
Heterody;ne detectors, 44&-449 

converters for, 449-453 
Hexode mixer tubes, 451 
High-fidelity broadcast receivers, 578 
Homing devices, 728-730 
Ho�ns, 77(}-773 
Hum, in amplifiers, 226 

with filament cathodes, 466 
with heater cathodes, 465 
in receivers, 574 

Iconoscope, 738 
Ighition noise, 575 

I 

Image dissector, Farnsworth, 735 
Image response in superheterodyne re

ceiver, 570 
suppression of, 572-573 

. I�pedance, m,otional, 766, 788 
Impedance-coupled amplifiers, ,207 
Impedance-matching systems, 701-704 
Induct�nce, to alternating current super-

imposed on a direct current, U�-20 
definition of, 14 
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Inductance, formulas for, 15, 17, 791-
795 

incremental, 18-20 
mutual, definition of, ,21 

formulas for, 795 
measureIllent of, 22 

properties of, 14 
. Inductance coils (see Coils) 
Induction fields, 652 , 
Input admittance of amplifiers, 231-238 

at ultra-high frequencies, 256-258 
Interlaced scanning, 747 
Intermediate frequency, 551 
Intermittent oscillations, 354 
Interrupted continuous waves, trans- ' , 

mitte� using, 534 
Inverted tube, 149 
Ionization by collisiQn, 100 
Ionosphere, ,characteristics of, 599-602 

critical frequency of, 636 
effect of, on polar}zation, 603 

on radio wave, 602-605 
effect of earth's magnetic field on, 602-

604 
. 

investigations of, 635-637 
loss�s in, 604, 611 
refraction of wave by, 605-610 
sky-wave path in, 605-610 " 
virtual height of, 636 

Ions, motion of, in electrostatic and 
magnetic fields, 100-103 

production of" free, 100-103 
properties of, 100 

K 

Kennelly-Heaviside layer (see Iono
sphere) 

Keying of radiotelegraph transmitters, 
516-518 

L 

Layers in ionosphere, 600 
Linear amplifiers, 342-345 
Linear detector, 424, 460 
Lines, resonant, for .oscillators, 361 

tran�mi'ssion (see Transmission lines) 
, Loop antennas, 722�727 ' 

direction finding with, 723-725 
Loudness, 758 

Loud-speakers, amplitude distortion in, 
774 

baffles for, 769,',772 
dynam,ic, 764-770 ' 

analysis of, 764-769 
. with, articulated voice coil, 769 

horns for, 770-773 
magnetic, 773 
measurements .on, 786-;789 
motional impedance of, 766, 788 

M 

Magnetic alloys, 21 
Magnetic · atorrris, effect of, on radi9 

waves, 638 
Magnetron oscillators, 374 

of electron type, 389-391 
Magnetron tubes, 151--152 
Masking, 758 
Master-oscillator pow«;lr-amplifier arrange

ments, 360 
Mercury-arc rectifiers, 478 
Mercury:-vapor rectifiers, hot cathode, 

474, 478 
Metal tubes, 161 
Micropho�es,. 778-785 

calibration of, 785 
carbon, 778 . 
condenser, '773 
cry'sta1, 783 
moving coil, 781 
pressure and field r,esponse of, 784 
ribbon or velocity, ' 782 , 

Microphonic noise, in radio' receivers, 577 
in tubes, 228 

, �ixer 'tubes, 449-453 
Modulated �mplifiers . (see Amplifiers, 

modulated) 
Modulated oscillators, 411 
Modulated wave, analysis 'of, 11-13, 394-

396 
Modulation, 393-422 

amplitude, 393-396 
comparison of methods of, 414 
degree of, ' 12, 393-394 
with dynamic shift, 537 
frequency and phase, 417-422 

reception of, 586 
function of, 8 ' 
grid, 404-407 

' 
• 

high efficiency system of, 543-545 
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Modulation, by non-linear impedance, 
412 

outphasing, 544 
plate, 397-404 
�ingle side-band system of, 415-\1 7 
suppressor-grid, 407-409 
transmitters using phase or frequency, 

533 •• 

van der Bijl, 409 
by variable impeqance, 413 

Modulators, balanced, 415 
Motional impedance, 766, 788 
" Motorhoating," 245 , Moving-coil microphone, 781 
MUltiple signals, 629 
Multiplier; electron, 737 
Multivibrator oscillator, 372-374 
Music, characteristics of, 754 
Mutual conductance, of screen-grid and 

p�ntode tubes, 142 ' 
, of triodes, 125-126 , Mutual impedances in antennas, 691-694 

Mutual inductance, definition of, 21 
, formulas for, 795 

measurement of, 22 

N 

Navigation, radio aids to, 722-732 
Negative resistance by means of tubes, 

152 
Neutrodyne, 236 
Noise, in amplifiers, 226-231 

characteristics of, 755 
ignition, 575 
interchannel, suppression of, 560 
microphonic, 228 

• in receivers, 575 ' 
shot effect, �30 
suppression of, by limiting, 576 
thermal agitation, 228-231 

o 

" Ordinary " ray, 603 
Oscillating, detectors, 454-456 
Oscillators, 349-391 

, with amplitude control, 370 
Barkhausen, 385-389 
blocking of, 355 
circuits for � 349-350 
crystal, 374-385 

Oscillators, crystal, frequency. stability 
of, 385 

design and adjustment of, 350-354 
dynatron, 369 
electron, 385-391 
, employing magnetron .tubes, 389-

391 , 
electron-coupled, 360 ' ' 
frequency and frequency stability of, 

, 356-364 
frequency-modulated, 418 
intetmittent operation of, 354 
magnetron, 374 
master, 360 ' 
modulated, 41 1-412 
with more than one"tube, 369 
multivibrator, 372-374 
negative resistance', 369 

, parasitic, 364-368 
relaxation, 372-374 
resistance-stabilized, 371 
with several resonant frequencies, 363 
synchronization of; 368 
tub� for; 356 
using resonant lines, 361 

Output transformers, 296-301 
Oxide-coated emitters, 1�6 

P 

, 

Parallel resonance, 59-67 
Parallel-res�nance effects in inductance 

coils, 67 " , 
Parasitic antennas, 694 
Parasitic oscillations, 364-368 
Pentagrid converter, 452 
Pentode tubes, 126-133 

coefficients of, 140-143 
Permeability, incremental, 18-20 
Phase angle of condensers, 26 
Phase distortion, �61 

in amplifiers, 171 
Phase modulation, 417-422 

transmitters using, 533 
Phase-reversing tube, 309 
Phasing systems for antennas, 704 
PhotoelectI'ic effect, 100 
Pi�zo-electric (see Crystals, quartz) 
Plate current, of diode, 1 12-1 15 

expressions for, 1 14, 1 18, 129, '1530157 
of pentode and beam tubesf 1�6-133, 

143 

I 
I ' 
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Plate current, of screen-grid tubes, 133-
140 

. of triodes, 1 15-121 
Plate detectors, 434-438, 450 
Plate resistance, dynamic, 124-125 

of pentode and screen-grid tubes, 141 
Polarization, effect of ionosphere on, 603 

elliptical, 604 
of radio wave, definition of, 3 

Polyphase rectifier circuits, 480 
. Poulsen arc, 7 

Power, anode, 417 
for tubes, 465-502 

Power amplifiers, 276-345 
. See also Amplifiers . 
Power factor of condensers, 25 
Power series, use of, in amplifier analysis, 

268-273 
. 

Power-emission chart, 108-109 
Power-law method of expressing tube 

characteri,.stics, 153-�55 
Power-series method of expressing tube 

characteristics, 155-157 
'Pressure calibration of microphone�, 784 
Propagation of radio waves (see Rad,io 

wai'es, propagation of) 
Pulse experiments, 635-637 
Push-pull amplifiers, 305-309 

Q, of circuit, 51 
of coils, 37-41 

. definition of, 37 

Q 

of tuned amplifier, 212 
Quality distortion, of received signals, 

617, 628 
Quartz crystals (see Crystals, quartz) 
Quieting systems in broadcast receivers, 

560 . 

R 

Radiatio:r;t, conditions necessary for, 5-6 
laws of, 648-649 
from transmission lines, 700 . 

Radiation resistance of acoustic radia
tors, 767 

of a:ntennas, 652, 691-694 
Radio compass, 722-730 
Radio range, 730-732 

Radio receivers, 548-591 
acoustic feedback in, 577 
antennas for, 713-719 
automobile, noise in, 576 . 
band switching in, 568 
�roadcast, 548-580 

a-c hum in, 574 
alignment' or tracking of, 561-565 
automatic frequency control in, 559 
bass-compensation in, 559 

. 

characteristics of} 548-550 
construction and design considera-

tions of, 565-5()8, 579 
cross.-talk in, 573 
high fidelity, 578 
quieting systems in, 560 
tone control in, 559 
tuning indicators in, 559 
typical, 551-557 
volume control in, 557-559 

for frequency-modulated signals, 586 
microphonic action in, 577 
noise level in, 575-577 
for single-side band reception, 585 
stage gains in, 580 
superheterodyne, in a,g� suppression in, 

572 
spurious reponses in, 570-573 

superregenerative, 586 
telegraph, 580-584 

single-signal, 582 
telephone, miscellaneous types, 584 

Radio waves, classification of, 3-4 
description of, 1 
fading of, 617, 628 
for ionospheric inves,tigation, 635-637 
polarization of (see Polarization) 
propagation �f, 593-M5 

of broadcast ·frequency, 615-623 
See also Broadcast coverage 

differences in east-west and north-
south, 626 

of high-frequency range, 623-630 
of low frequency, 612-615 
magnetic storms as influence on, 638 
reciprocal relations in, 644 
solar activity as faetor on, 637-640 
of ultra-high frequencies, 630-635 

Se'e also Ground wave; Ionosphere 
strength of, 2 

required for reception, 2 
wave front of, 2 
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Radio-frequency amplifiers (see AID:pli-
fiers) 

Range, radio, 730-732 
Rayleigh disk, 786 
Receivers, radio (see Radio receivers) 

. telephone, (see Tefephone receivers) 
Receiving systems, diversity, 587-591 

for minimizing fading, 587-591, 
Reciprocal relations in antennas, 655 
Reciprocity t�eorems, 644 
R�ctifiers, circuits for, 479-482 

copper-oxide; 479 
high-vacuum, 472-474 
hot-cathode mercury-vapor, 474-478 
mercury-arc, 478 
tubes for, 474, 478 

See also Detectors 
Reflection of radio waves by earth, 610 

by ionosphere, 610 
Reflection coefficients of earth, 610 
Reflectors for antennas, 695 
Refraction of radio wave, by earth,'s 

atmosphere, 633 
by lower atmosphere of earth, 695-610 

Regeneration, from bias resistor, 469-471 
filters for reducing, 243, 247 
in m'ultistage audio- and radio-fre-

quency aILplifiers, 238-248 
Regenerative detectors, 453 
Regenerative receivers, 581 
Relaxation oscillator, 372-374 

• Remote-cutoff tubes, 144 
Resistance, antenna, 651 

definition of alternating-current, 35 
negative, in screen..;grid tube, 137 
radiation, 652, 691-694 

See also Skin effect; Plate resistance 
Resistance-coupled amplifiers (see Ampli-

fiers, resistance-coupled) 
, 

Resonance (see Parallel resonance; Series 
resonance) 

Resonant lines, 71 
oscillators using, 361 

Reverberation, 760 
;Ribbon microphone, 782 
Rice neutralization, ' 236 
R�pple in television, 747 

S 

Saturation, voltage, 112 
Saw-tooth� w�ves, 740-742' 

Scanning, 734-739 
interlaced, 747 
saw-tooth waves for, 740-742· 

Screen grid, in pentodes and screen-grid 
tubes, 126-140 

Screen-grid robes, 133-140 
coefficients of, 140-143 

Secondary electron emission, '100 
in screen-grid tubes, 134-140 

Selectiv'e fading, 617, 628 
Selectivity of broadcast receiver, 548 

of linear detectors, 460 
' 

of tuned amplifiers, 220 
Self-bias, 468 
Self-rectifying circuits, 5�501 . 
Sensitivity of broadcast receiver, 548 
Series resonance, 51-59 
Service area' otbroadcast station, 617-623 
Shielding, effect of, on coil properties, 46 

electrostatic and magnetic, 44-47 
Shot effect, 230 

l 

Shunt feed of output transformer, 300 
Side balids, nature of, 12�13 

required for ,different types of com� ' 
munication, 395-396 

single, 415-417 
production of, 531 
reception of, 585 

Signal generator, 550 
Single-signal telegraph receivers, 582 
Single-wire feeder, 701 
Skin effect, 35-37 
Skip distance, 624 
Sky wave, 599 

attenuation of, ' 611  
path followed by, 605-610 

. reflection of, by earth, 610 
Sommerfeld analysis of ground wave 

propagation, 593-599 
Sound and sound equipment, 752-789 
Sounds, characteri!3tics of audible, 752-

756 
effect of distortion in reproduction of, 

761-763 
Space charge, 112 
Space current, expressions for, 153-157 

of diode, 114 
of pentode, 129, 145 
of screen-grid tubes, 136, 145 ' " 
of triode, 118, 145 

Space-charge-grid tubes, � 48 ' 
Spark gerrerator of darmped oscillations, 7 
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Speech, a�iculation of, 763 
characteristic's of, 752-754 

Square-law detectors, 440-442 
Static, 640-644 

minimization of, 643 
Stub lines, 703 
Subjective tones, 757 
Sun-spot cycle, relation of, to radio wave 

propagation, 637-640 
Superheterodyne, 447 

converter� for, 449-453 
spurious responses in, 570-573 

SuperregEmerative detectors, 456-459 
Suppressed carrier, 415 
Suppressor grid, in pentodes, 126-133 
Suppressor-grid modulation, 407 

. Synchronism of oscillators, automatic, 
368 

' 

'Synchroniza\ion in television, 742 
Synchronous operation of radiotelephone 

transmitters, 531 . 

T 

Telegraph receivers (see Receivers, radio, 
telegraph) , 

Telegraph 'transmitters, 506-518 
Telephone receiver, 775-778 . 

balanced-armature type, 777 
moving coil, 777 

Telephqne transmitters, . 518-528 , 
Television, 734-750' . 

aperture distortion in, 746 
flicker and ripple in, 747 
int�rlaced scanning in, 747 
relation of frequency band and picture 

detail in, 743-746 
saw-tooth waves for, 740-742 
scanning in, 734-739 
synchronization in, 742 
typical system of, 748 

Television receiver, 739 
Thermal agitation, 228-231 
The�ionic emission, 100, 103-104 
Thevenin's theorem, 95 
Thoriated-tungsten emitters, 105-

. Thyratrons, 159 
Tone control in broadqast receivers, 559 
Tower antenna� for broadcast trans-

mitters, 708-712 " 
rracki�g in broadcast receivei'll, 561-565 " 

Transconductance, conversion, 451 
See also Mutual conductance 

Transformer-coupled amplifiers (see 
AIIl:plifiers, transformer-coupled) 

Transformer-utilization factor, 490 
Transformers, a1:ldio-frequency, 188-202 

input, 209 
interstage, 188-202 
output, 296-301 '  

with shunt feed, 300 
universal-amplification curve of, 297 

power, utilization factor of, 490 
push-pull, 201 

Transit time, effect of, 256-258 
Transmission lines, current distribution 

in, 67-72 
for dlstributing radio frequency, 705 
matching of, to antenna, 701-704' 
radio frequency, 696-706 

attenuation of, 699 
characteristic impedance of, 698 
current distribution of, experimental 

. determination of, 705 
o!cillators using, 361 
radiation from, 700 
resistance of, 699 
resonant and non-resonant, 697 
types of, 696 ' 

wavelength of, 68 , 
TranslI\itters, 505-545 

antennas for, 70�713 
feedback in, 529 
keying of, 516-518 
monitoring of, 528 
with phase or frequency modulation, 

533 
suppression of harmonics in, 530 
telegraph, 506-518 . 

using interrupted continuous waves, 
534 

telephone (including broadcast) , 51S-:-
52� 

adjacent channel interference in, !il32 
controlled-carrier, 536 . 
with dynamic shift, 537 
high' efficiency, 535-545 
hum in, 529 
production of singl� side-band signals 

in, 531 
providing simultaneous . two-way 

conver�ation, 530 
secrecy systems in, 534 
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Transmitters, telephone, synchronous 
operation of, ' 531 

for ultra-high frequencies, 535 . 
Triodes, characteristic curves of, 1 19-i21 

. constants of, 121 
definition of, 1 15 
gas, 159 

Tube' . characteristics, effect of. gas on, ' 
157-160 

.power-Iaw method of expressing, 153-
155 

. power-series method of expressing, 
155-157 

tabMs of, 163 
Tubes, beam, 143 . 

behavior of, at ultra-high frequencies, 
256-258 

characteristics of, 163, 290-291, 294-
295, 474, 478 

characteristic curves of diode, 113 
, of pento'de, 130-132 

of screen-grid, 136-138, 146 
. of triode, 1 19-121, 146 

construction of, 16�164 -

converter, 449-453 
diode, 1 12-1 15 
dual grid (Class B), 147 
evacuation of, 162 
inverted, 149 
metal, 161 
"mixer," 449-453 
pentagrid converter, 452 
pentode, 126'-133 
for power amplifiers, 331-337 
rectifier, 474, 478 
screen-grid', 133-140 
space-charge grid, 148 
special connections for, 149 

' triode, 1 15-126 , . 

for ultra-high frequ�ncies, 150 
variable-mu, 144 . 

. 

water-cooled, 333 
Wunderlich (co -planar grid), 150 

Tuned amplifiers (see Amplifiers, tuned) 
Tuned-grid tuned-plate 'oscillator, 349 

, rungsten emitters, 10'5 . . 

Tuning indicator in broadca�t receivers, 
559 

" Turnover" in vacuum-tube voltmeters, 
444 

U 

Universal amnlification curve, of output 
transformers, 297 . ' 

of resistance-coupled amplifiers, 179-
181 

of transformer-coupled amplifiers, 194 
Universal resonance curve, 54-Q7 
Utilization factor of power transformer, 

490 

v 

V antennas, 675-676 
Vacuum tubes (see Tubes) 
Varia.ble-mu tubes, 144 

. Variometers, 44 
Velocity microphone, 782 

. Vibrator power-supply systems, 500 
Video-frequency, 169; 746 
Virtual cathode (see Cathode) 
Virtual height, determinations of ionb-

sphere, 636 ' 
Voltage, anode, 471 
Voltage saturation in diodes, 1 13 
Voltmeters, vacuum�tube, 443 

"turnover " in, 444 
Vol,ume control, 223-221'> 

automatic, 224, 557 
manual, 558 

Volume e;xpansion and contraction, 225: 
561 

W 

Water-c�oled tubes, 333 
Wave antenna, 678 
Wave ilont, of radio wave, 2, 649 
Wavelength of antenna, definition of, 1 . 

of transmission line, 68 
Wunderlich tubes, 150 

as detectors, 439 

i 

I 
j 


	PEARL, Inc. Cover Pg.
	Radio Engineering
	 Preface to the 2nd Edition
	 Preface to the 1st Edition
	Contents
	Ch. I - The Elements of a System of Radio Communication
	Ch. II - Circuit Constants
	Ch. III - Properties of Resonant Circuits
	Ch. IV - Fundamental Properties of Vacuum Tubes
	Ch. V - Vacuum Tube Amplifiers
	Ch. VI - Vacuum Tube Amplifiers (Continued)
	Ch. VII - Power Amplifiers
	Ch. VIII - Vacuum Tube Oscillators
	Ch. IX - Modulation
	Ch. X - Vacuum Tube Detectors
	Ch. XI - Sources of Power for Operating Vacuum Tubes
	Ch. XII - Radio Transmitters
	Ch. XIII _ Radio Receivers
	Ch. XIV - Propagation of Waves
	Ch. XV - Antennas
	Ch. XVI - Radio Aids to Navigation
	Ch. XVII - Television
	Ch. XVIII - Sound & Sound Equipment
	Appendix A - Formulas for Calculating Inductance, Mutual Inductance and Capacitance
	Name Index
	Subject Index



