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PUSH-PULL A.F. AMPLIFIERS 
Load ClIrres for Classes A; Band C Conditions 

By K. R. Sturley, Ph.D., 1\1.I.E.E. 
(Hurl 0/ Enlinurinl Traininl Dtparlmtnl. Brilish Broadcastin, Corooration.) 

SUMMARY -Problems of the position of the composite load line and the construction of the vatve 
load curves for classes A. B and C audio-frequency push-pull amplifiers are discl�sed and it is shown that 
B. J. Thompsoll's original work on d�ss R amplifiers with matched valvcs can be extended to cover all 
classes of push-pull amplification under matched or unmatched conditions. D€-ductions regarding com
posite and valve-load curves as a result of voltage and current measurements are confirmed by 
photographs of valve-load curves obtained on the screen of a cathode-ray tube. 

Introduction 

I
� an experiment requiring the symmetrical 

pulse-shaped \vaveform of Fig. I, the author 
used a push-pull audio-frequency amplifier 

operated under Class C conditions, and during 
this work the question of representing graphically 
the operation of the valves was raised. In the 
subsequent investigation some interesting facts 
wpre discovered about class C push-pull operation 
and also about the asymmetrical operation of 
push-pull stages, such as occurs if one valve is 
operating in class C and the other in class B. 
Thompson 1 has already 
shown how class B sym
metrical push-pull opera
tion can be represented 
graphically. This he did 
by inverting the I a Va 
characteristic of one 
valve and by reversing 
the direction of its Va 
axis. The voltage points 
corresponding to the 
h.t. voltage, Va<b', were 
registered together and 
composite 1Va character-

Fig. I (above). D�sired 
pltlse u:at'eform. 

TONE 
SOURCE 
',coo cl' 

point V = Va<b), I = 101 - 102 where 101 and 
102 were the quiescent anode currents of Viand 
V 2' The composite load resistance was taken 
to be the equivalent load resistance between one 
anode ?nd the centre tap of the output transfor
mer pnmary. 

Thompson's article does not indicate how 
asymmetrical operation of push-pull valves in 
any combination of class A, B or C conditions can 
be represented on the I a Va curves of the valves. 
Furthermore, the possible relationship between 
the operating direct currents of each valve and 

Fig. 2 (right). C irCLlit 
diagram 0/ test appara

tus. 
VAlVE 

VOLTMETER 

istics were obtained by adding the appropriate 
I Cl V Cl curves. Thus if the comlnon bias voltage 
was - A, cur\'es of V� = - A ± x for valve 
I were added to those of Vg = - A =F x for 
valve 2. A load line was drawn across the 
composite characteristics to pass through the 
�lS accepted by the Editor, �oyember 1948 
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the steady anode voltagts is not discussed, neither 
is it clear whether the operating direct anode 
current values are more, or less, important than 
the quiescent (zero signal) d.c. values. 

The investigation to find an answer to these 
questions was conveniently divided into three 
parts as follows: 
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I. Equal input signals were applied to both 
yal\'es. OnC' valve \\'as biased to class C, and the 
bias of the other was varied from complete cut-off 
through class C to B. . 

2. Equal input signals \\'ere applied to both 
valves. One valve operated in class A and the 
other was yaried from the class C to the class A 
condition. 

3. The input voltage to one \'a]ve operating 
in class A \\'as fixed and the input voltage to the 
other, set for class B, was varied. 

re!".t Apparatu� and Procedure 
A circuit diagram showing valup.s of components 

for the test apparatus lS shown in Fig. 2. The 
slide-back diode voltnleter was used to measure 
the maximum and nlinimllm yoltages on yalves 
V) and V 2. After preliminary tests it was only 
necessary to measure voltages 011 one valye, 
since it ,,·as found that 
coupling between both 
halves of transformer 
primary \\'as very 
r.�arly unity. 

1 a Va characteristics � 1'2 
were obtained for both � 
valves and those for � 0·8 Y 2 were inverted and 
reversed as suggested 
by Thompson. The 
cOJnpositp load line 

o 

90 

� � .... .--� -I 

100 

,/ """" 

� .... � V 
� V 

-

bias) + 1.65 (peak input signal ). This is to be 
expected since only one valve is conducting at a 
time. It also confirms that the operating, and 
not quiescent, direct anode currents determine 
the location of the load line. Curves XX' and 
Y Y' are the loci of the direct anode currents, 

Fig . 3 shows that the operation of each valve 
is identical to that of a vah'e having a d,c. load 
resistance R/4 and a variable h.t. voltage equal 
to the intercept of the load line ,,"ith the Va 
axis. If the a\'erage yoltage component 
(1 at'1 R/4) of the pulse on V 1 is subtracted from 
that (1 a t'2 R/4 ) of the pulse on V 2' and the 
resultant voltage added to the load line intercept 
voltage (the equivalent h.t.), l' otb' is obtained. 
This, therefore, indicates the relationship between 
the operating direct anode currents and the 
steady anode voltage, in this instance the h.t. 
voltage, VoCl,). 

110 
I I Vg, = - 2 '�5 

�V 

v., 

.r I -2'5� 

120 no 
V � 

V,Ol � ,.... V ./ � � ./ V 
� � �-5 ' 6 -� � � 

i-""'" � � � V.(b) � / 
'" � � --� � 

-3·5 X 1'..,)", � �� X ----;;..;-y--� "-l'.."- -� -- f\...� '" � yr -,.!.. " "-"'- 0 
-.,..-,.... "-r\,." ---

(iR = 9975 Q) ,,'as 
drawn across these 
characteristics through 

Vgze-4 
�� -�·5 

---- � � ..--'-4'5 0'4 
a po int Va = Va(b)' 
J = 1 an -1 Ot'2' where 
1 a 11 and 10 t'2 ,,·ere the 

Fig. 3. Load li11CS for 
TC$i); 1·Qtbl=1I5\·, 
l' p01 = - 4 \", Jl ,,02 = 
- 5 .6 to - 3.75 V, 

E'l = £'2 = 1.65 V 
peal:. 

� 

140 I�O 

operating (not quiescent values, which were 
zero) direct currents of each valve. The maximum 
and minimum anode voltages read by the diode 
were used as the terminating points of the load 
lines. 
Test 1. Boil; Val'i'es £1t Class C. 

The results of this test are sho\\"TI in Fig . 3. 
The locus of the extremities of the load lines set 
by the minimum and maximum anode volt ages 
all lie on their correct grid bias lines; e.g., the 
locus of the maximum 101 ends of the lines falls 
on the curve for V gl = - 2·35V = - 4 (fixed 
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120 110 100 

Test 2. r a/t·c V) in Class A and V 2 t'ar ... ving from 
Class C to A. 
Fig. 4 shows the result of dra\\-ing the load 

lines across the 10 Va curves in the manner 
outlined in Test 1. The VI extremities of the 
load lines start on the F g 1 = - 1.35 volts curve 
when V 2 is in class C but depart from this curve 
as V 2 approaches the class A condition. The 
departure is due to V 2 becoming conductive, for 
example, the lowest load line has a peak anode 
current value of 3.3 mA at its extremity \\·here 
l'0) = 112. Since the instantaneous grid bias 
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of V 2 for this condition is ( - "3.12 - 1.65) 
- 4.77 V, it has an anode current of 0.35 mA 
which when added to the 3.3 mA of the composite 
line gives the current on the Vg} = - 1.35 V 
curve at Va1 = 112 V. 

Vcl 
5'00 /la 120 130 140 ISO 160 170 180 

U VgI--I·3S.., V -

�,. 
I -

!- ,,� -2 V A. ,,"� � 

.. 

./ v <\ � � � � 
� � � � Vcr(b) 

• I 

V 1,\(," � � t �" 3 � 
,,/ , x"" � :$"� "" " 

� � � � -6 ..::.� 

line on to the appropriate valve bias 
curves. Since the valves are asymmetrical a 
composite curve "is formed by adding valve VI 
curves for V gOI ± x to those of V 2 for V 1102 =f x. 
The result of doing this is sho\\J1 in Fig. 5 for 

four selected values of V"02 and it is inter
esting to note that harmonic distortion in 
one valve due to I bottom bending' can be 
reduced by using another valve operating 
in class C in push-pull relationship to the 
first. 

190 

I 
... / v '\ ,� � � � � V -4'05';::; 

-,..,.",. 

The curve::; for valve VI in Fig. 5 show 
that when both valves are operating over 
the complete cycle and producing almost 
equal positive and negative anode voltage 
swings the valve load curves pass through 
the quiescent anode current point at 
Va = Va<b)' \Vhen one valve is cut off 
during part of the cycle, the load curve 
of the fully conducting valve passes 
through an anode-current point greater 
than the quiescent value. This suggests 
that the load curve of \T 1 changes its 

y' ---� � � � & ---� 
- � o 

�-------5 _ 
----- -..----� � � �4'74 ,.,..---
� ......... :....,....-'" � ��4'3 � �..-r.; � � 

\1 .".�4 /'/ / -;7 � ��8 
\ / �5 "", " ) ><:�3'7V 

- 5'5 /� Y �44 "'" ,iI"" 
�5 / ./ ,/' 

/ -2 

,,/ -3�;'t-
V 

)/ V 
�z --1'5 
• • I 

180 170 160 150 140 00 120 110 

Vcaz 
Fig. 4 (abo\'e). Load lines JOY Test 2; Va(b) 

= 142.5 V, V 110} = - 3 V, V 302 = - 6 
to -3.12 V, E'l = Es2 = 1.65 V peak. 
Locus of 1nl - XX'; locus of la1'2 - YY'. 

./ 

o 

� -
I 

/, ;7 2 
..,., /' 

, 

4 

100 5 

� position as well as length when the signal 
$ inputs of VIand V 2 are varied and V 2 is 
� partially c0nducting, but pivots through 

the quiescent point, when both valves 
conduct continuously. This ,vas confirmcc 
by varying the equal input signals to 
valves VIand V 2; the change in opera
ting-current difference ,vas negligible when 
both valves were fully conducting. 

Vcl 
120 130 140 ISO 160 170 ISO 190 

v.: 1=-1'35 9 .� / 
.A :v- Vgoz =-6 .",. 

Fig. 5 (right). Load curves JOY valves VI 
and V 2 for Test 2,' Va(b) = 142.5 V, 
Vl1ol=-3V, VI102=-610=3·12V, 

E'l = E,2 = 1.65 V peak. 

4 � '" f'�'7 v: -4'74 ./ J' -1'98 

The two valves may be considered as 
though each were providing a pulse of cur
rent on either side of the point at \vhich 
the composite load line crosses the Va axis, 
and the conclusions regarding operating 
direct anode currents, average voltage 
components of each pulse and the steady 
anode voltage, Va(b)' are as set out in 
the first test. In actual fact the valve 
load curves themselves are not coincident 
with the composite load curves, and the 
former ma y be found by following the 
procedure established by Thompson; 
viz, by first constructing the composite 
1Va curves and projecting vertically from 
the intercepts between them and the load 
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Test 3. Valve VI £n Class A and Valvc V 2 £n 
Class B 7J:Jith Input Signal Jl ariatioll. 
The results, indicated in Fig. 6, show that the 

locus of the V 1 extremities of the load lines fol1ow 
the V C71 = - 1.4 V ( - 3 + 1.6) curve only when 
the peak input signal to V 2 txceeds about 1.25 
volts. For peak signal values less than this, 
valve V 2 is conducting and if its anode current 

v.. 
�IOO 110 I�O 130 140 150 160 170 f80 

I I 

It was noted in all the above tests that if a 
direct anode current reading of valve V I was 
taken \vith V 2 removed and vice versa the 
difference bltween these current values ,,'as 
practically the same as the current difference "ith 
the valves operating together, and measurements 
on each valve alone could be used to determine 
the .position of the composite load line. 

190 

Test 4. Confinnatory Check using a C .R. 
Oscilloscope. 

EI2 ,/ VgI - - "4 
�- I I LOCUS or I I 

To check the method of obtaining the 
valve load curves, the circuit of Fig. 2 
was slightly modified to permit the valve 
load curves to be delineated on a 
cathode-ray tube screen. The two milliam
meters (mA) in Fig. 2 ,,'ere replaced by 
100-11 resistors and the capacitors Cl 
were removed. The input to the pU5h
pull d.c. amplifier supplying the y-plates 
of the c.r. tube ,,'as derived from the loo-ll 
resistor in the cathode of VI or V 2; the 

� < V -2 ->--- LOAD LINE EXTREMITIES-
./, I 

�3 
e 

V '\ � � � 
, � � � I � -3 

,/ "-� � ......... V 
" X 

--

V X� � V � - 4 --�V.(b ) 
./ � � ./ "" -4·6 

-� � '\ � 
� """". -� � � o 

�--
� ....- � ---� 

-4-5 � "",,- � � " 
\ .., ,........-4 .......... � V 
5·5 /' V-3·S l/ � 

'/ �3 
V' '/-2·5 

� � � "",. 
� � 0..-

,� �·3 
� r;:y;- .--

.-- :"""". I�� � 
�"""""y� 1·7 ", 

� ", 
� /' �{·12� 

/ ./ ,/ 
V ./ 

/V ,,( 2 
�V 

lI" �2=-1·5 

"""". � 

.....-� 

""",.. � 

� ". 

l/ 
f'" 

o input to the x-amplifier ,,'as connected to 
the anode of VI or V 2 through a ' back
balancing' battery neutralizing VaQ,)· _ 

Photographs of the c.r. tube traces 
for the three test conditions are sho\\J1 2 l' in Figs. 8(a) and (b), 9 and Io(a) and (b). 

'-' The load curves of V 2 v.'ere inverted and 
1 � reversed before printing on the same 

sheet as those for "1' and, in order to 

4 avoid confusion, a space is left between the 

I 180 170 100 150 140 130 120 110 100 5 
Fig. 6. Load lines for Test 3; IT oUll = 142.5 V, 

V gOI = - 3 V, V g02 = - 4 Y, E.1 = 1.6 V 
pe.7k, E.2 = 0 to 2.125 V peak. Vaz 

at the particular value of Va1(min) is added to 
that of the composite line, the resultant current 
point lies on the V gl = - 1.4 V curve. Composite 
11'0 curves may be obtained by adding curves 
of V'2 = - 3 ± x to curves of l' g2 = - 4 =+ 
x EszlES} where ES1 and ES2 are the peak input 
signals to VIand V 2. The valve load curves may 
then be derived as in Test 2 and the result for four 
selected ES2 values is shown in Fig. 7. At ES2 = 0, 
the anode currents registered by the F'2 = - 4 V 
curve at the particular values of Va1 (min) must 
be added to the appropriate currents of the 
conlposite load line in order to obtain tht luau 
curve for valye v\. The result is a steeper curye 
and this is to be expected because the slop� rEsist
ance of V 2 is acting in parallel \vith R/4. The 
load curve for V � is the V,2 = - 4 V cur\'e. 
As E $2 is increased the direct anode current of 
V 2 falls to a minilllUlTl at E s2 = 0.5 and then 
ilicreases; at the same time the slope of the 
V 2load curve changes. 

\\·IRE!..ESS E=--GI!'IiEER, OCTOBER 1949 

x-axes "'hich \\7ere otherwise correctly registered. 
These axes were traced by short-circuiting the 
input to the y-amplifier. Scale divisions across 
the traces are due to a scale engraved on the 
face of the c.r. tube. 

It is clear from Fig. 8(a) that the valve-load 
curves are straight lines corresponding to the 
resistance load and are parts of the same com
posite load line. In Fig. 8(b) load lines for VI 
only are sho,,'n; the gain of the y-amplifier was 
increased in order to show the decrease in peak 
anode current as the extremities of the load 
lines fulluw LIlt ru = - 2.35-V bias curye. 

Fig. 9 is the equivalent of Fig. 5. The change 
in shape of the V 1 load curve from the straight 
line "'hen V 2 is inoperative and the upwards 
travel of the 1 a1 (min) extremity of the load curve 
along the V u1 = - 4.65-V curve are clearly 
illustrated. The 101 emax) extremities of the VI 
load curves show a more marked fall than those 
of Fig. 8(b) because their locus is a much lower 
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V $11 bias curve ( - 1.35 inste ad of - 2·35 Y). 
The similarity behveen Fig. ro(a) and Fig. 7 

is marked and the reversal of the slope of the \' 2 
load cur\'e as E s2 is increased is very ne tic(-2.ble. 

s 

4 

.. 

Z 

ICO 110 

./ 
�V � 

v.:. 
120 130 140 150 , �o , - ) , 8J 

� 
r'�-, " "'I, " '. 

/ 

� 
�� -� 
� " 

Vg. =-1·4 ! 
E.1 -0 I 
V O·} .... '" I � 

� � �2 '12 5 .......... 
� 

� 
.Vcz(b; 

./ � Vg. -- 3 
r, .... 

""', � V 

conditions. This means that the current differ
(once of the valves operating singly can be used 
to locate the position of the composite load line. 

(3) In any type of push-pull circuit the valve� 
may be considered as though each pro
vides a pulse of current and voltage on 

19iJ either side of the point Va (read on the 

� V � I V : 
� 

� 
VgI--4'6 

�� 

Val axis) at which the composite load 
line cuts the Va axis. The average 
voltage of t:ach pulse is the product of 
the operating direct anode current :lnd 
the composite load resistance; if for 
,'alves V 1 and V 2 these are Vat11 and 
Vav2, then they and Va' are related to 
the h.t, voltage Va(b) by the following 
expression : 

... ,J, ....... 'X. � 1'- ..... 
I--' � I � >-� 

o� I �E.z-o-� ........ -r-... """"" ......... "' .. ..... , E-z-a � 
'r-. "",,2"25 

I 
180 170 160 ISO 140 130 12 0 l:J 

V.Z 
Fig. 7. Load curves for valves V 1 and V 2 for Test 3 ; 

'"!JIb) = 142.5 V, V"OI = - 3 V, V,,02 = - -l V, 
E'l = 1.6 V peak, E'2 = 0 to 2 . I 25 V peak. 

The effect on the load curve of V 1 if V 2 is 
remo'-ed when E s2 is zero is illustrated in Fig. 
Io(b). The bottom load line of lower slope is the 
line due to the resistance R/4 
alone and tl:e top one sho\\'s 
the additional load thrown in 
to Y1 by V 2' 

These photographs confirm 
the method of obtaining the 
valve load lines. 
Conclusions 

The important conclusions 
to be drawn from this investi
gation are'-

(r) The lccation of the com
posite load line at Va = Va<b> 
IS determined by the difference 
between the operating currents 
and not the quiescent currents 
of the push-pull valves. 

(2) The difference bet\veen the operat:ng 
currents for either valve working alone under 
given conditions is very nearly equal to the 
difference between the operating currents of the 
valves working in push-pull under the same 

V'a + Vav2 - Va"'1 = Va(b) 
o (4) Thompson's method of obtaining 

I Va characteristics and, from these, of 
,-.. determining the performance of matched 
<: ..!,. push-pull valves is proved to be correct 

z � and capable of extension to unmatched 
valves and to valves having unequal input 
and/or bias voltages. The t:omposite:-

100 3 curves are formed by adding bias curves of 

Vgl = Vg01 ± x (valve VI) to 

V'2 = V,02 =F iS2 x (valve V 2) 
sI . 

where V gO! and . V 002 are the bias yoltages and ESI and ES2 the peak signal voltages applied to V 1 
and V 2 respectively. 

(5) \Yhen the push-pull valves are matched er 

\ 
. 

I (b)i 

'\ . ��� / 

Fig. 8. (a) Valve luad curves 
f t)" T est I; V Q \ b) = II 5 Y, 

Vu01 = - 4 Y, E'l = Es2 
= 1.65 V peak, V902 = 
- 5.6, - 4·8, - -l.-l, - 4 V 
(reading frolll right to left) 
(b); load CllYl'eS of valve I 

for Test I, Y aJJi plification 
increased. 

nearly matched, the valve load curves pass 
through the quiescent anode current point at 
Va = II' (l(b) and change of inpt:t signal to both 
vah-es causes the load curves to change in length 
only. The difference between the operating 
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Fig. 9 (left). Valve load curves fo,- Test 2, Verb) = 
142.5 V, l' gOl = - 3 V, Ell = E'2 = 1.65 V 
peak, V,,02 = - 6, - 4.2, - 3 V (,'cading f,'o111 

"ight to left at toP). 

currents is almost independent of input signal 
variation and is equal to the quiescent difierf'nce. 

If the yahTes are not matched both composite 
and valye load curves tend to change position 

\\'lRE!..ESS E=--G1!'1iEER, OCTOBER 1949 

(t) 

Fig. 10. (a) Fa/ve load cw'ves 

for Test 3, V o(b) = 142.5 Y, 
V g01 = - 3 V, V g02 = - 4 V, 
Ell = 1.6 V peak, E'2 = 0, I, 
2.125 V peak (reading f,'om f'ight to left at toP). (b) load 
curve fOY valvf. V I' E.2 = 0 V; 
lower slope line V 2 f'emoved higher slope line V 2 operative: 

as ,,'ell as length "Then the input signals to both 
valves are varied together. 
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