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ULTRA LINEAR AMPLIFIERS 
First article of a series by F. LANGFORD-SMITH 

and A. R. CHESTERMAN 

This fir,st article gives a general introduction to 
the subject, with its history, some of its characteris
tics, and then an investigation into the effects of the 
tapping point on the power output and distortion. 
The effects of high resistive loads are also 
investigated .. 

1. Name 

The name has been the subject of much controversy. 
"Tapped Transformer" and "Triode Tetrode" opera
tion have been suggested in England, while "Partial 
Triode Operation" has been used in the Radiotron 
Designer's Handbook (Ref. 1). None of these 
seem to have taken on, so that we are left with the 
title "Ultra Linear", which will be used throughout 
this article in its abbreviated form, Ui. 

2. History 

A claim has been made that the circuit was 
originated jointly by R. Lackey and R. R. Chilton 
of the Australian Radio College and distributed to 
students in the form of notes in 1933. Unfortun
nately, the early records were destroyed by fire, and 
no written description has been seen by the authors. 
If any one of our readers can produce the relevant 
documents, we would be happy to publish the fact. 

The UL circuit (not, of course, under this name) 
was patented by the late A. D. Blumlein in 1937 
(Ref. 2). It did not receive much publicity until 
1951, when D. Hafler and H. I. Keroes (Ref. 3) 
published a fairly detailed description under their 
newly-coined appellation "Ultra Linear". Since 
then, it has attracted a good deal of attention and 
is now being widely used in place of pentode opera
tion in high fidelity and oth�r good quality ampli
fiers. Some of the many references are given at the 
end of this article. However, no satisfactory treatise 
on the subject has yet appeared with information 

sufficiently detailed to satisfy an amplifier designer. 
The present article IS the first of a series to meet 
this need. 

3. Description 

A typical circuit diagram is shown in Fig. 1. It 
differs from pentode operation by the screens being 
connected to tapping points T, T, on the trans
former primary. 'It is always advisable to fit screen 
suppressors R3 and R4 and usually also condensers 
Cl and C2 between the plates and the transformer 
end of the screen suppressors, to eliminate a form 
of instability. Typical values are 0.001 or 0.002 
/LF and 47 to 220 ohms. Grid stopper resistors 
( lOK) are also desirable. 

In this article, "pentode operation" is to be taken 
as including beam tetrode operation. 

UL operation is a step between pentode and 
triode operation. When the tapping points are 
moved down to the B+ terminal, the valves operate 
as pentodes. When the two tapping points are 
moved to the plate ends of the windings, the valves 
operate as triodes; when the tapping points are in 
between, the operation is intermediate between 
triode and pentode operation. Any desired tapping 
points may be used - those closest to the B+ end 
give characteristics closely resembling pentodes and 
then as the tapping points are moved towards the 
plate ends the characteristics become more and more 
like triodes, until the extreme case is reached where 
full triode operation is obtained. It is usual to 
refer to the tapping point as so many per cent. 
of the total impedance, and this practice will 
be followed in the present series of articles. 
However, sometimes a tapping point is referred to 
as a percentage of the total number of turns. One 
may be converted to the other by using the 
relationshi p. 

Percentage tU1'ns = 10 V percentage impedance (1) 
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For convenience, Table 1 has been calculated. 
Table 1 - Tapping Point (from B + end) 

Percentage impedance Percentage turns 
0% 07'0 (pentode) 
5% 22.4% 

10% 31.6% 
15% 38.70/0 
18.5% 437'0 
20% 44.7% 
25% 50% 
35% 59.2%, 
50% 70.70/0 
75% 86.6% 

10070 100% (triode) 
A complication with UL operation is that the 

screen voltage swings around the applied voltage. 
For example, with 250 volts applied, and a trans
former tap of 20% impedance, the alternating screen 
voltage will be 44.770 of the alternating plate volt
age (Table 1). If the plate load resistance is 5000 
ohms (single-ended) and the power Output is 5 watts, 
the r.m.s. plate voltage will be about 158 volts and 
the r.m.s. screen voltage will be about 70 volts. 

The two most important effects of UL operation 
are on power Output and total harmonic dis
tortion. The power Output with UL operation 
is always less than that with pentode operation and 
greater than that with triode operation, for constant 
applied voltages. As will be shown later, the 
maximum signal cathode current with UL is less 
than with pentode operation, and the cathode current 
efficiency is approximately the same, so that if the 
plate voltage is increased to give the same input 
power for both cases, then the Output power will 
be the same for both UL and pentode. 
4. Optimum bias and load resistance 

Up to now all experimenters seem to have 
assumed that the load resistance and bias for UL 
would be the same as for pentode operation. A 
graphical approach indicated that the optimum load 
resistance would be different, so tests were carried 
out on type KT66 as a typical example. 
5. Type KT66, 300 volt operation 

Many measurements were made on type KT66 
with 300 volt plate and screen supply, and those are 
summarised in Fig. 2. Curve' 1, marked "Max. 
power output", shows power output against per
centage tap, and each point is the condition of bias 
and load resistance giving maximum power Output 
irrespective of distortion. Curve 2 shows the power 
output when the bias and load resistance are selected 
for minimum total harmonic distortion. On both 
these curves the load resistance and grid bias for 
each point are marked on the curves. Curves 3 and 
4 give the THD for each of the two upper curves. 
It will be seen that the difference in power output 
between curves 1 and 2 is fairly small (less than 
0.5 db) and in most cases it is only necessary to 
consider the minimum distortion curve (2). The 
following conclusions can be derived for type KT66, 
for constant plate and screen voltages. 

( a) Lowest distortion occurs at about the 200/0 
tap. It is deleterious to go beyond this point, on 
account of the reduction in pow�r output and in-

Radiotronics 

Pig. 1. Circuit diagram of a typical UL amplifier. 

crease in distortion. At the 200/0 tap the power 
output is from 520/0 to 59% of the pentode maxi
mum power, and the THD from 0.4% to 0.650/0, 
depending on the bias and load resistance. 

(b) The optimum tapping point for highest 
fidelity is between 17% and 200/c, and it is not at all 
critical. 

(c) The optimum tapping point for public 
address work is probably 5%. This gives from 730/0 
to 780/0 of the pentode maximum power Output, 
depending on the bias and load resistance, and from 
0.5 % to 2 % THD. Of course, if the plate and 
screen voltages can be increased, it might be possible 
to use the 200/0 tap for P.A. with no loss of power 
Output. 

(d) Whether adjusted for minimum distortion or 
for maximum power, UL with 15% to 200/0 tapping 
points gives lower THD and higher power output 
than triode operation - see Fig. 2. 

(e) The optimum bias for maximum power out
put is greater for UL than for pentode operation. 
It increases from - 28 volts (pentode) to - 30 and 
- 34 volts (UL) and - 34 volts (triode) - see Fig. 
2. These values of maximum power Output are 
irrespective of distortion and would not be used in 
practice for pentode operation, since by allowing a 
slight reduction in power output there would be 
a considerable reduction in distortion. However, 
the condition for maximum power output can be 
used for UL operation, since the distortion is low. 

(f) The optimum bias for minimum THD de
creases from - 34V with pentode operation, to 
- 26V with all UL tappings and for triode 
operation. 

(g) The optimum load resistance for maximum 
power outp,ut is greater for UL than for either pen
tode or triode operation, increasing from 6K (pen
tode) to 6K, 7K, and 8K (UL), and back to 5 K 
and 6K (triode) - see Fig. 2. 
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Fig. 2. Effect of tapping point on power output 
tlnd total ha'rmonic distortion. Type KT66 with 
Eb = .E(,2 = 300 V. Optimum bias and load re-

sistance for each point. 

( h) The optimum load resistance for mInImum 
THD increases from 4.5K (pentode) to 5K for UL 
10% to 20�/o, up to 6K at 25 % tapping, and down 
to 5K for triode operation - see Fig. 2. 

The detailed test results on which the curves of 
Fig. 2 were based are shown in ,Fig. 3. The effect 
of load resistance on power output is quite small 
over the range shown, but its effect on distortion. 
is very marked. The effect of bias voltage is also 
more marked on distortion than on power output. 
Note that the minimum distortion point for pentode 
operation is quite critical, both on bias voltage and 
load resistance (although not shown in Fig. 3), 
whereas the 20% UL tapping gives almost constant 
distortion over the range of load resistances shown, 
for any bias voltage between - 26 and - 30 
volts. This is a very valuable feature. 

Note the surprising low distortion possible with 
pentode operation and a load of 4500 ohms-1.77'o 
THD at - 34 volt bias, but the operating point 
is ,rather critical. 

The readings for distortion are only relative owing 
to the difficulties in reading a THD meter at very 
low levels, and the distortion in the signal voltage 
applied to the grids (up to 0.2%). There is 
necessarily some cancellation and accentuation of 
harmonics due to harmonic phase relationships be
tween the input source and those produced in the 
amplifier. The Appendix gives the detailed con
ditions of testing. 

Radiotronics 
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6. Screen dissipation 
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The static screen dissipation will normally be 
slightly less than that for pentode operation, because 
of the increased bias. Since the screen makes some 
contribution to the total power output, the dynamic 
screen dissipation is not given by the screen input 
power. The maximum signal screen dissipation 
for identical operating conditions in each case, 
is highest for pentode' operation, lowest for 
triode and UL is intermediate between the two. 
For this reason pentodes may sometimes be used 
with UL operation under conditions when pentode 
operation would cause the screen dissipation rating 
to be exceeded. The screen power relationships may 
be expressed:-

Screen dissipation = screen input power-

power output (2 ) 

It is usually not convenient to measure the screen 
power output and, so long as the maximum signal 
screen input power is below the screen dissipation 
rating, the valve will be operating well within its 
ratings. 

Fig. 4 show's the screen current plotted against 
tapping point for 300 volts and - 30 volt bias. 
The lowest curve shows the zero signal current per 
valve, while the two upper curves show the maxi
mum signal screen current for 5K and 8K load 
resistances. It will be seen that the 5% tap reduces 
the screen current to 57% and 55% respectively 
of the pentode value. Fig. 4 applies to a pair of 
typical valves, but wide tolerances occur in the 
screen currents drawn by all beam tetrode valves. 
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7. Plate current 

Table 2 gives values of plate currents per valve, 
obtained by subtracting measured screen currents 
from cathode currents, at 300 volts and -28 volts 
bias. 

Table 2 

Plate Current 

Operation I Zero Signal I Maximum Signal 

Load 5K Load 8K 
Pentode 4 9.1 71.5 5 9.75 

10% 4 8.1 63 . 9  57 . 3  
20% 47.75 61.0 56.5 

Triode 44.5 50.9 48.7 

The differences between the zero signal plate cur
rents are due to the resistance in the output inductor. 

Table 2 shows that with UL operation the plate 
current rise with maximum signal is less than that 
with pentode operation for the s�me operating con
ditions, but the power output IS less, so that . no 
conclusion can be drawn .. Table 3 (below) gives 
similar data in respect of the cathode current. 

8. Linearity 

Linearity curves are given in Fig. 5, where 1; is 
for pentode operation, and B, C, �nd D vanous 
UL conditions. The THD at the gnds was reduced 
to 0.131"0 for Fig. 5 only. The linearity characteris
tics were measured using peak reading valve volt
meters for both grid and plate voltages, in order to 
get a true result*. The disadvant�ge. of this pro
cedure is that the power output indICated by the 
valve voltmeter is appreciably less than the actual 
power output when the THD exceed� about 1 %. 
As a consequence, i t  has not been practICable. to a?d 
the power output readings to the pentode llneanty 
curve. The approximate power output may be 
calculated by multiplying the power indicated on 
the curve by a factor of 1.1 for 5 % THD. 

The pentode curves for maximum power output 
are given in Fig. SA. Note the "shelf" in the 
distortion curve from about 15 to 19 watts output. 
The linearity curve deviates from the straight line 
about 2 watts power output, and the slope of the 
curve at maximum power output (input voltage 17.: 
volts) is only 34 % of that at low levels. ThiS 
reduces the effective feedback at maximum power 
outp� . . 

The UL 51"0 curve is given in Fig. 5 B. T?ls. IS 
practically linear up to 2.5 watts and the devIatl�n 
is distinctly less than for the pentode, although ItS 
shape is rather unusual. The THD curve reaches a 
maximum of 1 % between 9 and 13 watts, then 
comes down to about 0.8 % (minimum) at 18 watts 
before rising to 1.4% at zero grid.t Although this 
form of distortion characteristic is generally unde
sirable the THD at any level is much below 
that for pentode operation. In the distortion 

1'The zero grid line is where the peak input  voltage 
is equal to [he bias . 

.. An article on linearity characteristics will appear in a 
future issue. 

Radiotronics 

curves of Fig. 5 there is undoubtedly some 
effect from in-phase and out-of-phase relationships 
between the harmonics in the signal source and the 
UL stage, so that the e.xact sh.ape of the. distortion 
characteristic is uncertain, haVing a maximum pos
sible tolerance of ±0.26 in the reading of the total 
harmonic percentage at any point (i.e. twice the 
distortion in the source). 

The UL 100/0 curve is given in Fig. 5C and has 
the same general characteristic as for the 5 % curve, 
but better linearity. It is practically linear up to 
4 watts. The measured THD reaches a maximum 
of 0.77% between 8 and 14 watt�, 

,
taIling to 0.68% 

(minimum) at 17.5 watts and tlSlng to 1 % wh
.
en 

the peak grid voltage reach�s zero. In practice, ":'Ith 
a high impedance source, It would ?ot be . pOSSIble 
to drive the grid to zero voltage Without introduc-
ing distortion into the driver voltage. . 

The UL 20% curve is given in Fig. 5 D and IS 
practically linear within the limit of accuracy o� t�e 
measurement up to 15 watts. The voltage gain IS 
constant at 7.15 times right up to 15 watts. The 
measured THD shows a steady rise up to 0.6% at 
15 watts, being about one-tenth of that . for �entode 
operation. The whole performance IS qUIte re
markable. 
9. Efficiency 

The cathode current efficiency for pentode opera
tion

' 
was measured under the conditions giving maxi

mum power output. Three different conditi�ns f?r 
UL operation were also measured, and are gIven In 
Table 3. 

The pentode and the first yL condition .given 
above are the respective conditIons for maximum 
power output given in Fig. 2. Th� second �L 
condition is for the bias and load resIStance whICh 
give maximum power ou.tput with pentode operation; 
it is therefore not optimum for power output or 
efficiency with UL operation. The third UL con· 
clition is intermediate between the other two UL 
conditions; it also is not optimum for power output 
or efficiency with UL operation. . . . Table 3 shows that, by selecting the UL condition 
giving maximum power output, the efficiency �s 
49.8% compared with 51.2% for the pent?de. ,!,hIS 
is quite a remarkable performance, eSEeCla�ly sl?ce 
the pentode output includes about 11 7'0 dIsto�tI?n, 
with the large third harmonic component giVing 
an effective increase in the power output for a 
limited swing (Ref. 12). On the other hand the 
UL output had only about 1 % total harmonic distor
tion with a negligible effect on the power output. 

Under the conditions for maximum power output 
in both cases, the efficiency with the 10% tap was 
slightly higher than for th� 200/0 tap.. . 

Thus UL operation, uSing condltlons for maXI
mum power output, will . give nearly t�e same 
power output from .a speCIfied d.e. powe� Input as 
will pentode operatIon. It merely reqUIres some
what higher plate voltage and somewhat less plate 
current than for pentode operation. . . 

In addition, a specified valve, operating With 
constant d.e. input power, will give nearly the same 
power output with UL operation as it will with 
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pentode operation (each being operated under its 
own optimum conditions), and the total plate plus 
screen dissipation will be about the same. Hence, 
�ince the screen dissipation with UL is less than 

with pentode operation, the plate dissipation will 
be greater by the amount that the screen dissipation 
was reduced-in most cases this is only a very 
slight amount. 

Table 3 
Type KT66, Supply Voltage, 300 Volts 

Ik (mA) Power Power 
Condition no sig. max. sig. input output Efficiency 

Pentode 
UL 20% 

2 " 

< E 
I I 

IZ UJ 
c:: 
c:: 

5 \ \ 

GI 
z UJ UJ 
c:: 

0 

\ 
\ 

\ \ 
\ 

\ 
51<' . 

6K, - 28V 105 
(1) 8K, -34V 60 
( 2) 6K,-28V 108 
(3) 7K,-30V 88 

\8K 
" "-

• r-... 
...... ......... 

U 
Vl 5 - .. � . MALX. SIGNAL 

ZERO. SIGNAL 

00 10 20 30 40 
PENTODE 

Fig. 4. Effect of tapping point on maximum signal 
screen current for a single valve, for load 'I'esistances 
of 8000 and 5000 ohms, and Eb = EC2 = 300· V. 
Zero signal screen current is also given. 

10. Negative feedback 

The UL amplifier has internal negative voltage 
feedback which decreases the total harmonic distor
tion and reduces the output resistance and the gain, 
when compared with pentode operation. Each of 
these characteristics is intermediate between the 
values for triode and pentode operation., 

However, the feedback cannot be treated as pure 
feedback, because it reduces the maximum power 
output and requires additional bias and higher load 
resistance for optimum operation. 

The non-linearity known to exist in the screen 
characteristic is not the cause of these two pheno
menon, which are fundamental, although it must 
have some effect on non-linear distortion. A further 
point in support of our conclusion is that the dis
tortion with UL is not intermediate between pen
tode and triode, but is lower than either. 

Measured values of the voltage gain are 
given below for KT66, Ebb = EC2 = 300 V, 
ECI = -30 V and RI- = 6000 ohms. 

Operation Gain 
Pentode .. .... _ .... _ . . . .. 10.2 

5% tap ..... _ . . . . . . . . . . . 9.15 
10% tap .. .. . ...... . ..... 8.6 
209'0 tap . ... . ....... .. ... 7.7 

Radiotronics 

Ratio 
1 
0.9 
0.84 
0.75 

165 48 .8W 25W 51.2% 
99 29.6 14.8 49.8 

1 2 2  36.4 14 38.5 
116 34.5 14.2 41 

KT66 
E b': EC2= 300V 

Ecl=-30V 

- - -- -- - .51.<_ - -
BK 

50 
TAP 

60 70 80 90 10070 
TRIODE 

. These values appear to check reasonably well with 
the gain reduction ratio derived from Williamson 
and Walker (Ref. 5) on the assumption that this 
can be treated as pure voltage feedback_ 

1 
Ratio = ------- ...... . ......... (3) 

x p.. RI-
1+-. 

p..t rp+ RI, 

where ratio = 1 for pentode operation 
X = fraction of output voltage fed back 

to screen 
, 'percentage turns of tapping point 

-:- 100 
p.. = pentode mu 

p..t = triode mu ( screen connected to 
plate) 

rp = plate resistance of valve 
and RI, = load resistance for single valve 

= ! X load resistance plate-to-plate. 

11. Overload characteristics and distortion 

The overload characteristics as observed on an 
oscilloscope differ fundamentally from those of pen
todes, although they bear some resemblance to those 
of pentodes with a high degree of feedback. Pen
todes show slight flattening of the peak some dis· 
tance before reaching maximum power output, the 
minimum visible being about 3 or 49'0. UL amplifiers. 
without feedback show no visible deformation until 
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8 
a "fiat" appears at about 0.670, and as the drive is 
increased this extends In a straight line chopping 
off the whole top of the peak. 

This method is very much more sensitive as an 
indication of total harmonic distortion for UL than 
for pentode operation, 

12. Characteristics deferred for a later article 

(a) Input impedance (Miller Effect), see also 
Ref. 11. 

(b) Output resistance. This is intermediate be
tween pentode and triode operation. 

(c) Non-linear distortion. Tests ofIM distortion 
and measurement of individual harmonics to sup
plement total harmonic distortion as used 111 this 
article. 

( d) The effects of a loudspeaker load. This ma y 
be simulated by a dummy load having a high 
impedance and a choice between 450 and zero phase 
angle, in addition to the normal purely resistive load. 

( e) Effect of tolerances in the valve· characteris
tics, especially screen current, on the optimum tap
ping point and other perfonnance characteristics. 

(f) Graphical examination of the composite 
characteristics with load lines. 

13. General comments 

( a ) Compalison with pentode operation. 

The p�inci pal advantage of UL is that the distor
tion IS so very much lower that the total circuit 
feedback can be less, leading to a higher stability 
margin or in many cases making possible tbe use 
of a cheaper output transformer for the same 
stability margin. Another important advantage 15 
that the lInearity characteristic for the 20% tap 
is practically straight up to the grid current point, 
giving constant amplifier gain even without feed
back. In this respect it appears to be as good as 
triode operation, and results in the full amount of 
feedback being applied at all levels. Pentodes suffer 
from drooping linearity characteristics and.only have 
about one-third of the full amount of feedback at 
high levels where it is most wanted. 

When compared on the basis of power output 
on a constant supply voltage (e.g. Fig. 2) UL opera
tion shows a serious drop in maximum power output. 
This drop in power output occurs because, on the 
positive peak of the grid driving cycle, the screen 
voltage IS reduced below that which would occur 
with the pentode operation, so that the maximum 

Fig. 3. Power output and toted harmonic distoftion 
versus g1'id bias voltage, f01' selected values of load 

1·esistance. 
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OSC I LL ATO R 
1,000 C/S 

REGULATED .... + ............... oooo4 
VOLTAGE 

Fig. 6. Circuit used for deriving test 1'esults pub
lished in this article. Note that the 
0.001 j1-F condensers are in different positions to 

those shown in Fig. 1. 

signal plate current i s  reduced. However, the effi
ciency may be made to be almost the same as for 
pentode operation, and, circumstances and valve 
voltage ratings permitting, i f  the UL amplifier is sup
plied with the same power input as the pentode, 
by increasing the UL supply voltage, approximately 
the same power output will be given by both and 
the combined plate and screen dissipation will be 
roughly the same. 

UL operation not only reduces the distortion, but 
it makes the load resistance less critical over the 
limited range used in these tests. It

' 
is hoped to 

investigate this matter more fully at a later date. 
The screen dissipation is less with UL operation, 

so that conditions of operation are sometimes per
missible with UL which are not permissible with 
pentode operation. The only disadvantages of UL 
compared with pentode operation appear to be the 
slight loss in  voltage gain, the reduced power output 
( unless the supply voltage is increased) and . the 
slightly increased cost due to the tapped transformer 
and the stopper condensers (although the latt�r are 
sometimes used with pentodes). 
( b )  Comparison with triode operation. 

UL operation has higher power output, greater 
efficiency, less total harmonic distortion and requires 
less driving voltage. When overloaded, it suffers 
from a particularly flat form of flat top even without 
any external feedback. 

Operation on a loudspeaker load has not been 
covered by the present series of tests, but it is hoped 
to publish further results in the near future. However, 
a graphical check has been made on the only valve 
type for which UL characteristics were readily avail
able (type S881) , leading to the conclusion that 
high load resistance will cause high distortion. If 
this is substantiated in  later measurements, i t  leaves 
the triode output ' stage .still as the ideal when its 
performance on a loudspeaker load (and nOt a fixed 
resistive load) is considered. However, this must 
be at the expense of larger power supply, and 
larger input voltage. 

Radiotronics 

l oo n  

( c )  Operation. 

LOAD 
r--go,lI L t. RES .  

R L  
4'S K to 

l O O K  

The point for mml1DUm distortion is given, at 
least for type KT66, by a tapping point from 1 7 %  
t o  20% impedance, and the optimum grid bias and 
load resistance will both be greater than for pentode 
operation on the same supply voltage. Comments 
on increasing the screen voltage have been made 
in (a) above. 

When used as a public address amplifier with the 
S % tap, the loss in power output is only about 
2 0 % ,  and yet there is an outstanding reduction in 
non-linearity when compared with pentodes. 

14. Appendix 

14.1. Test conditions 
The test circuit used for these ' measurements is 

shown in Fig. 6 .  The oscillator harmonics were 
reduced by a filter, and the amplifier non-linear dis
tortion was reduced by the use of a large amount 
of feedback, so that the total harmonic distortion 
at each grid did not exceed 0.20/0 (0. 1 3 %  for the 
linearity curves). The in put transformer T 1 was 
made with a C core and an inductance of 100H, with 
a set-up ratio of 1 : 2 primary to whole of secon
dary. The leakage inductance was 1 6mH primary to 
whole of secondary, and . 36mH primary to half 
secondary. 

A tapped inductor 11 was used in preference to a 
transformer, tapped at S ,  1 0, I S , 20, 2S , 3 S , S O  
and 7 S %  o f  the impedance o n  each side. Its in
ductance plate-to-plate was 3 S0H at low level, 
SOOH at 240V S O  c/s, with leakage inductance from 
one half-winding to the other half 10mH. The 
d.e. resistance was 440 ohms total. 

The large number of taps and switching facilities 
gave a tendency towards instability, which was 
avoided by the use of grid, screen and plate stop_ · 
pers, and by capacitors of 0.001 j1-j1-F between plates 
and screens. 

The input voltage . was measured separately on 
each side of the secondary T1 , using a valve volt
meter, but the values were almost identical. An 
oscilloscope was connected in turn from each grid 
to earth and the side showing earliest signs of 
"flattening" was used as an indicator. The input 
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was decreased until there was no visible deforma
tion of a greatly enlarged waveform peak. 

The output voltage, which was used for deriving 
the power output was measured with an Avo Model 
8 rectifier type meter. This is the type of instru
ment commonly used in power output meters. This 
was checked for accuracy against a Western dynamo
meter type voltmeter. ' For pentode operation the 
error was between + 2% and +3.5 9'0 from 100 
to 240 volts, falling to zero from 270 to 300 volts. 
For UL operation the error was .about "+ 2 % from 
100 to 230 volts, zero at 250 volts, -1 % at  270 
,fOltS, and zero again at 300 volts. 

Before measuring distortion, the input and output 
voltmeters and the oscilloscope , were disconnected, 
since they had an appreciable effect on the distortion. 

The linearity tests were carried out with r.m.s. 
calibrated peak-reading valve voltmeters in both 
input and output circuits. 

The supply voltage for the present series of tests 
was approximately 304 volts, giving very close to 
300 volts between positive electrodes and cathodes. 
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570 (xii) PARTIAL TRIODE OPERATION OF PENTODES 13.3 

�xii) Partial trio de operation of pentodes C" ultra-linear" operation) 
When the screen and plate of a pentode are being operated at the same voltage, 

pentode operation is obtained when the screen is connected to the B + end of the 
output transformer primary, while triode operation is obtained when the screen is 
connected to the plate end of the primary. Any desired intermediate condition 
can be obtained by connecting the screen to a suitable tap on the primary. In such 
intermediate condition the valve operates as a pentode having negative feedback 
applied to the screen, with a section of the load impedance common to both electrodes, 
and minimum high level distortion with push-pull operation is usually obtained when 
the tapping point is about 43% of the total primary turns (Refs. C7, H5, H6). 
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FIG. 13.30 

Fig. 13.30. Power output and distortion of type 6L6 beam power amplifier plotted 
against load resistanceJfor E b = EC2 = 250 volts, Eel = -14 volts, peak signal 14 volts. 

SECTION 4: PARALLEL CLASS A AMPLIFIERS 
Any two Class A amplifier valves may be connected in parallel, with suitable pro

vision for their correct operation, to provide double the power output. It is assumed 
that these have identical characteristics (the normal manufacturing tolerances have 
only a very slight effect). The load resistance will be half that for one valve. The 
distortion will be the same as for one valve. The input voltage will be the same as 
for one valve. The total plate current will be twice that for one valve. The effective 
plate resistance will be half that for one valve. 

Parasitics are likely to occur, particularly with high-slope valves. Precautions 
to be taken include the following : 
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PATENT SPECD'ICATION 
- - I 

Application Date: June 5, 1937. No. 15620/37. 

Complete Specification Left: March 4. 1938. 

Complete Specificat{on Ar;c;epted: Dec;, S, 1938. 496.883 

PROVISION AL SPECIFICATION 

Improvements in or relatnng te Thermionic Valve Amplifying 
Circuits 

I, ALAN DOWER BLUMLEIN, of 37, The 
Ridings, Ealing, London, "V.5, a British 
subject, do hereby declare the nature of 
this invention to be as follows:-

Ii This invention relates to thermionic 
valve amplifying circuits, and is pa.rticu
larly concerned with power amplifying 
circuits. 

It is usual in such eircuits to employ 
10 as the last valve of the stage a pentode 

valve or a power tetrode. These valves 
are provided with screening grids which 
are usually maintained at a constant posi
tive potential with respect to the cathode. 

15 Valves of this. kind give a greater output 
for a given anode potential than triodes, 
but they suffer from the disadvantage that 
their characteristic impedance to the 
anode is very much greater than the ratio 

20 of the 'Steady D.C. voltage to the steady 
D.C. current. Consequently, in order to 
obtain a good power output the imped
ance of the load must be very much less 
than the characteristic impedance of the 

25 valve. Furthermore, particularly in the 
case of either a pentode or a power tetrode 
valve, which is coupled to its load through 
a transformer, it is known that if the load 
is removed then for relatively moderate 

80 variations in potential of the 'input grid, 
excessively high output voltages will be 
produced which may be sufficient to cause 
disruption of the valve or of the output 
transformer. 

85 It is the chief object of the present in
vention to provide an improved circuit in 
which the characteristic impedance of 
valves of the kind referred to can be more 
nearly matched to their optimum loads 

40 and in which the danger of an excessive 
increase of volta~'e on removal of the load 
may be substantlally avoided. 

According to the invention a thermionic 
valve amplifying circuit is provided em-

45 ploying a pentrode or tetrode valve in 
which the screening grid of the valve is 
so connected that the potential thereof 
varies in proportion to the A.C. potential 
variations of the anode or the valve. This 

50 result may be atlhievec1 by connecting the 
screening grjd to a tapping point on the 
primary winding of an output trans-

former, or alternatively, the screening 
grid may be connected to a source of 
potential through a resistance and con- 55 
nected through a decoupling condenser to 
a tapping point on the primary winding 
of the output transformer. Other alter
l'.ative connections for causing the poten
tial of the screening grid to vary in pro- 60 
portion to the potential of the anode may 
be employed. For example, the screening 
grid may be connected to a tapping point 
in a choke connecting the anode of the 
valve to the source of anode current. 65 

The effect of causing the screen to vary 
in potential proportional to the variations 
in anode potential is to cause the valve to 
function somewhat after the manner of a 
triode. It is known that in a triode the 70 
anode impedance is less than the ratio of 
the steady D.C. anode voltage to the 
steady D.C. anode current. Hence, by 
choosin~ a suitable tapping point ror the 
screening grid the t!haracteristic imped- 70 
ance of the anode and screen effectively 
combined can be given any dE'sired value 
between the impedance of a pentode or 
tetrode and the impedance of a triode. A 
suitable tapping point, in practice, may 80 
be found to be such that the voltage swing 
on the screen is between about a quarter 
and a half the voltage swing on the anode. 

For the purpose of describing the in
vention more in detail reference will be 85 
made to the accompanying diagrammatic 
drawings in which: 

Fig. 1 illustrates the application of the 
invention to a circuit embodying a pen-
tode valve, and 90 

Fig. 2 illustrates the application of the 
invention to a tetrode valve. 

As shown in Fig. 1, signals to be am
plified are applied between the control 
grid 3 and cathode 4 of a pentode valve 95 
thro'ugh a coupling condenser 5 and leak 
resistance 6, the cathode of the valve 
being biassed by a dropper resistance 7 
shunted by a by-pass condenser 8. The 
suppressor grid 9 is connetlted to the 100 
cathode in the usual manner. The anode 
10 is connected through the primary wind-
ing 11 of an output transformer to the 
positive terminal of a suitable source of 
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high tension current the secondary wind
ing 12 of the tra;nsformer being con
nected to a load not shown. The screen
ing grid 13 is connected as shown to a 

5 tapping point on the primary winding' 11 
so that the screening grid 13 varies in 
potential in proportion to the potential 
variations on the anode 10. As stated 
above, the tapping point may be arranged 

10 so that the voltage swing on the screen 
grid 13 is between about a quarter and a 
haH the voltage swing on the anode 10. 

The arrangement shown in Fig. 2 of 
the drawings illustrates the invention as 

15 applied to a tetrode valve and, in this 
case, signals to be amplified are applied 
betweell. the control grid 14 and cathode 15 
through an input transformer 16 the 
cathode 15 being biassed by a dropper 

20 resistance 17 shunted by a by-pass con
denser 18. The anode 19 is connected to 
the positive terminal of a source of anode 
current through the choke 20 and is con
nected through a; by-pass condenser 21 to 

25 the primary winding 22 of an output 
transformer the secondary winding 23 of 
which is connected to a load, not shown. 
In this example of the invention the 
screening grid 24 is connected through a 

30 resistance 25 to the source of high tension 
current and is also connected in the man
ner shown through a decoupling condenser 
~6 to a tapping point on the primary wind
mg 22 of the output transformer. If 

35 desired, in Fig. 2, instead of connecting 
the screen grid 24 to a tapping point on 

the primary winding 22, it may be con
nected to a suitable tapping point on the 
choke 20. ]orany other alternative con· 
nections are possible. 40 

The circuits described also llave the 
advantage that if tIle loads are remowd 
the output voltage obtained for relatiwly 
8mall potential variations of the control 
grids is not as great as with the arrange- 45 
ments usuall~' employed, since the screen
ing grid which is partially effective in 
controlling the cathode current will swing' 
in opposite phase to the grid and so pre
vent or reduce an excessiw output voltage. 50 

In some cases the decoupling condensers 
8 and 18 of Figs. 1 and 2 respectivel~- mn~
not be employed, in which cases negath-e 
feedback will occur tending to reduce the 
second harmonic output. The effed of 55 
such feedback will, however.. be to in
crease the impedance of the valves so that 
in cases where it is desired to reduce the 
second harmonic output it should be 
arranged that the potential variations of 60 
the screen should be greater compared 
with the cases in which the decoupling 
condensers are employed in order to main
tain the anode impedance at the required 
value. In each example described it will 65 
also be appreciated that the current which 
flows in the screening grid also contrilmtes 
to the useful output of the circuit. 

Dated this 4th da~- of June, 1937. 
F. 'V. CACKETT, 

Chartered Patent Agent. 

COMPLETE SPECIFICATION 

Improvements in or relating to Thermionic Valve Amplifying 
Circuits 

I, ALAN DOWER BLUMLEIN, of 37, rrhe 
70 Ridings, Ealing, London, W.5, a British 

Subject, do hereby declare the nature of 
this invention, and in what manner the 
same is to be performed, to be particularly 
described and ascertained in and by the 

75 following statement:- . 
This invention relates to thermionic 

valve amplifying circuits, and is p~rti~u
larly concerned with power amphfymg 
circuits. 

.80 It is usual in such circuits to employ 
as the last valve of the stage a pentode 
valve or a power tetrode. These 
valves are provided with screening elec
trodes or grids which are usual1y main-

8f1 tained at a constant. positive potential 
with respect to the cathode. Valves of 
this kind give a greater output for a given 
anode potential than triodes, but they 
suffer from the disadvantage that. their 

90 internal impedance is very IDl1Ch greater 

than the ratio of the steadv D.C. voltag'e 
to the steady D.C. current. L Consequentl,\-, 
~n order to obtain 0. good power output the 
Impedance of the load must he very much 
less than the internal impedar.ce of the 95 
valve. Furthermore, particularlY in the 
case of either a. pentode or a. power tetrode 
valve, which is coupled to its load through 
a transformer, it is known that if the load 
is removed then for relatively moderate 100 
variations in potential of the input grid, 
excessively high output voltag'es will he 
produced which may be sufficient to cause 
disruption of the valve or of the output 
transformer. 105 

It is the object' of the present invention 
to provide an improwd circuit in which 
the internal impedance of valves of the 
kind referred to can be more nearly 
matched to their optimum loads and in 110 
which the danger of an excessive increase 
of voltage on removal of the load may be 
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sUbstantially avoided. 
According to one feature of the inven

tion a thermionic valve amplifying tir
cuit is provided comprising a valve having 

I; at least a cathode, control electrode, an 
anode and ru screening electrode adapted 
to form an electrostatic screen between the 
control electrode and anode, and a rela
tively low impedance load connected to 

1() said valve, wherein instead of maintain
ing said screening electrode at the usual 
constant positive potential less than the 
anode potential which would cause said 
valve to have a high impedance, it is so 

15 connec.ted to the anode circuit of said: 
valve that in operation the potential of 
said screening electrode will vary in 
phase) but at a lower ~amplitude with. 
respect to the potential variations OT said 

20 anode so as to reduce the impedance of 
the valve· whereby it is more nearly 
matched to its low impedance load. 

According to another feature of the 
invention a thermionic valve amplifying 

25 circuit is provided comprising a valve 
having at least a cathode, control elec
trode, an anode and a screening electrode 
adapted to form an electrostatic screen 
between the control electrode and anode, 

80 and a relatively low impedance load con
nected to said valve, wherein instead of 
maintaining said screening electrode at 
the usual constant positive potential less 
than the anode potential which would 

35 ca"use said valve to have a high imped
ance, it is so connected with the output 
circuit of said valve that in operation the 
potential of said screening electrode will 
vary in phase) but at a lower amplitude 

40 with respect to the potential variations of 
said anode so as to reduce the impedance 
of the valve whereby it is more nearly 
matched to its low impedance load. The 
desired result may be achieved by con-

45 necting the screening electrode to a tap
ping point On the primary winding of an 
output transformer, or alternatively, the 
screening electrode may be connected to a 
source of potential through a resistance 

50 and connected through a by-pass con
denser to a tapping point on the primary 
winding of the output transformer. Other 
alternative connections for causing the 
potential of the screening electrode to vary 

55 in proportion to the potential of the anode 
may be employed. For example, the 
screening electrode may be connected to 
a tapping point in a choke connecting the 
anode of the valve to the source of anode 

60 current. 
The effect of Musing the screening elec

tf{)de to vary in potential proportional to 
the variations in anode potential is to 
cause the -valve .to .function somewhat 

65 after the manner of a triode. It is known 

that in a triode the anode impedance" is 
less than the ratio oJ tbie steady D.O. 
anode voltage to the steady D.O. anode 
current. Hence, by choosing a suitable 
tapping point for the screening electrode 70 
the internal impedance of the anode and 
screening electrode effectively combined 
can be given any desired value between 
the impedance of a pentode or a tetrode 
and the impedanCe of a triode. A"suitable 76 
tapping point, in practice, may be found 
to be such that the voltage swing on the 
screening electrode is between about a 
quarter and a half the voltage swing on 
ihe anode. 80 

In order that the invention may be 
clearly understood and readily carried 
into effect it will now be more fully 
described with reference to the drawings' 
accompanying the Provisional Specifica- Sf) 
tion in which:-

Fig. 1 illustrates the application of the 
invention to a circuit embodying a pen
tode valve, and 

Fig. 2 illustrates the application of the 90 
invention to a tetrode valve. 

As shown in Fig, 1, signals to be 
amplified are applied between the control 
g'rid 8 and cathode 4 of a pentode valve 
through a coupling condenser 5 and leak 95 
resistance 6, the cathode of the valve 
being biassed by a dropper resistance 7 
shunted by a decoupling condenser 8. 
':Phe suppressor grid. 9 is connected to the 
cathode in the usual ma.nner. The anode ] 00 
10 is connected through the primary 
"'-inding 11. of an output transformer to 
the positive terminal of a suitable source 
of high tension (jurrent the secondary 
winding 12 of the transformer being con- 105 
nected to a load not shown. rrhe SCl'een-
ing grid 18 is connected a'l shown to a 
tapping point on the primary winding 11 
so that the screening grid 13 varies in 
potential in direct propOl,tion to or in 110 
phase with rthe potential 'Variations on 
the anode 10. As stated !1bove, the tap
ping point may be arranged so that the 
voltage swin!!' on the screen grid 13 is 
between about a quarter and a haH the 115 
voltage swing on the anode 10. 

The arrangement shown in Fig. 2 of 
the drawings illustrates the invention as 
applied to a tetrode va.lve and, in this 
case, signals to be amplified are applied l~O 
between the control grid 14 and cathode . 
15 through an input transformer 16 the 
cathode 15 being biassed by a dropper 
resistance 17 shunted by a decoupling 
condenser 18. The anode 19 is connected 125 
to the positive terminal of a source or 
anode current through a choke 20 and is 
connected through a by-pass condenser 21 
to the primary winding 22. of an output 
transformer the secondary winding 23 of 180 
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which is connected to a load, not shown. 
In this example of the invention the 
screening grid 24 is connected through a 
resistance 25 to the source of high tension 

5 eurrent and is also connected in the man
ner shown through a by-pass condenser 26 
to a tapping point on the primary wind
ing 22 of the output transformer. H 
desired, in Fig. 2, instead of connecting 

10 the screen grid 24 to a tapping point on 
the primary winding 22, it maj: be con
nected to a suitable tapping point on the 
choke 20. Many other alternative con
nections are possible. 

15 The cir~uits described also have the 
advantage that if the loads are removed 
the output voltage obtained for relatively 
small potential variations of the control 

- grids is not as great as with the arrange-
20 ments usually employed, since the screen

ing grid which is partially effective in 
controlling the cathode current will swing 
in opposite phase to the grid and so pre
vent or reduee an excessive output voltage. 

25 In some cases the decoupling condensers 
8 and 18 of Figs. 1 and 2 respectively 
may not be employed, in which cases 
neg'ative feedback will occur tending to 
reduce the second harmonic output. The 

80 effect of such feedback will, 11Owever, be 
to increase the impedance of the valves 
so that in cases where it is desired to 
reduce the second harmonic output it 
should be arranged that the potential 

:15 variations of the screen should be greater 
compared with the cases in which t.he; 
decoupling condensers are employed in 
order to maintain the anode impedance at 
the required value. In each example 

40 described it will also be appreciated that 
the current which flows in the screening 
grid also contributes to the useful output 
of the circuit. 

With the arrangements described the 
45 internal impedance o-f the valves is reduced 

thus enabling the valves to be matched 
more nearly to their low impedance loaas 
such as are normally employed with power 
output valves. The effect of causing the 

50 screening electrode 13 (Fig. 1) or 24 (Fig. 
2) to vary in phase with the potential 
variations of the anodes of their respective 
valves sacrifices however some of the 
screening properties of the electrodes 13 

65 and 24 compared with the case where 
these electrodes are maintained at con
stant potentials. Sbreening action does 
however to some extent occur since the 
potential differences between the screen-

60 ing electrode and the control electrode are 
less than the potential differences between 
the anode and control electrode. By 
causing the potential of the screening 
electrode to vary as above described the 

65 impedance of the valve is reduced for the 

purpose above-mentioned and the iact 
that the screening properties of the screen
ing electrode are reduced is relatively im
material particularly in low frequency 
amplifiers. 70 

Having now particularly described and 
ascertained the nature of my said inven
tion, and in what manner the same is to 
be performed, I declare that what I claim 
is:- 75 

1. A thermionic valve amplifying cir
cuit. comprising a valve having at least a 
cathode,· control electrode, an anode and 
a screening electrode adapted to form an 
electrostatic screen between the control 80 
electrode and anode .. and a relatively low 
impedance load connected to said valve, 
wherein instead of maintaining said 
screening electrode at the usual constant 
positive potential less than the anode 85 
potential which would cause said valY£' to 
have a high impedance, it is so connected 
to the anode circuit of said valve that in 
operation the potential of said sl'reening 
eleetrode will vary in phase, but at a lower 90 
amplitude with respect to the potential 
variations of said anode so as to reduce the 
impedance of the valve whereby it is more 
nearly matched to its low impedance load. 

2. A thermionic valve amplifying cir- 95 
euit comprising a valve having at least a 
cathode, control electrode, an anode and 
a. screening electrode adapted to form an 
electrostatic screen between the control 
electrode and anode, and a relativel~' low 100 
impedance load connected to said valve, 
wherein instead of maintaining said 
screening electrode at the usual constant 
positive potential less than the anode 
potential which would cause said valve to 105 
have a high impedance, it is so connected 
with the output circuit of said valve that 
in operation the potential of said screen-
ing electrode will vary in phase, but at n 
lower amplitude with respect to the 110 
potential variations of said anode so as 
to reduce the impedance of the valve 
whereby it is more nearly matched to its 
low impedance load. . 

3. A thermionic valve amplifying cir- 115 
cuit according to claim 1 or 2, wherein 
the screening electrode is connected to a 
tapping point on an impedance connected 
between the anode of the valve and the 
source of anode current. 120 

~. A the.rmionic :alve amplifying eir
CUlt accordIng to clalm 1 or 2, wherein the 
screening electrode is connected through a 
resistance to a source of potential and 
through a b:r-pass condenser to a tapping 125 
point on an impedance, across which the 
voltage variations occurring at the anode 
of the valve are set up. 

5. A thermionic valve amplifying cir
cuit substantially as described herein with 130 
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reference to Figure 1 or 2 or the drawings 
accompanying the Provisional Speci£.ca~ 
tion. 

Dated this 3rd day of March, 1938. 
F. W. CACKETT, 

Chartered Patent Agent. 

TJeamingt{)n Spa: Printed for His Majesty's Stationery Office, by the Courier Press.-1939. 
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4 Claims. 

This invention relates to thermionic valve am
plifying circuits and is particularly concerned 
with power amplifYing circuits. 

It. is usual in such circUits to employ as the last 
5 valve of the stage a pento.de valve or a power 

tetrode. These valves are provided with Screen
ing grids which are usually maintained at a con
stant positive potential with respect to. the cath
ode. Valves of this kind give a greater output for 

10 a given anode potential than triodes, but they 
suffer from the disadvantage that their char
acteristic impedance to the anode is very much 
greater than the ratio. of the steady D. C. voltage 
to the steady D. C. current., 'Consequently, in 

\5: order to obtain a good power output the imped
ance of the load must be very much less than the 
characteristic ,impedance of the valve. Further
more, particularly in the case of either a pentode 
or a power tetrode valve, which is coupled to its 

20, load through a transformer,- it -is known that if 
the load is rem'oved, then for relatively moderate 
variations in potential of the input grid,exces
sively high output voltages will be produced which 
may be suflicient:to cause disruption of the valve 

25 or of the output transformer. 
It is the chief object of the'present invention 

to provide an improved circuit in which the char
acteristic impedance' of valves of, the 'kind re
ferred to can' he more nearly' matched to their 

~O, optimum· loads and in which the danger of an 
excessive increase of voltage on removal of the 
load may be substantially avoided. 

According to the invention a thermionic valve 
amplifying circuit is provided employing a pen-

:Ji) tode or tetrode valve in which the screening grid 
of the valve is so connected that the potential 
thereof varies in proportion to the A. C. potential 
variations of the anode of the valve. This re
sult may be achieved by connecting the screening 

.10 grid to a tapping point on the primary winding, 
of an output transformer, or alternatively, the 
screening grid may be connected to a source of 
potential through a resistance and connected 
through a by-pass condenser to a tapping point on 

'1:3 the primary winding of the output transformer. 
Other alternative connections for causing the po
tential of the screening grid to vary in proportion 
to the potential of the anode may be employed. 
For example, the screening grid may be connected 

:it! to a tapping point in a choke connecting the an
ode of the valve to the source of anode current. 

The effect of causing the screen to vary in po
tential proportional to the variations in anode 
potential is to cause the valve to function some-

5,) what after the manner of a triode. It is known 
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that in a triode the anode impedance is less tha·n 
the ratio of the steady D. C. anode voltage to the 
steady D. C.' anode current. Hence, by choosing 
a suitable tapping point for the screening grid 
the characteristic impedance of the anode and -5 
screen effectively combined can be given any de
sired value between the impedance of a pentode 
or tetrode and the impedance of a triode. A 
sUitable tapping POint, in practice, may be found 
to be such that the voltage swing on the screen lO 
is·between about a quarter-and a-half the voltage 
swing-on the anode. 

In order that the invention may be clearly un
derstood and readily carried into effect it will 
now be more fully described with reference to l5 
the accompanying drawing in which: 

Fig. 1 illustrates the application of the inyen
tion to a circUit embodying a pentode valve; and, 

Fig. 2 illustrates the application of the inven-
tion to a tetrode valve. 20 

As shown in Fig. 1, signals to be amplified are 
applied between the control grid 3 and cathode 4 
of a pentode valve through a coupling condenser 
5 and leak resistance 6, the cathode of the valve 
being biased by a dropper resistance 1 shunted by 25 
a decoupling condenser B. The suppressor grid 
9 is connected to the cathode in the usual manner. 
The anode (0 is connected through the primary 
winding II of an output transformer to the posi
tive terminal of a suitable source of high tension 30 
current the secondary winding 12 of the trans
·former being. connected to a load not shown. 
The screening grid 13 is connected as shown to a 
tapping point on the primary winding (t -so that 
the screening grid (3 varies in potential in pro- 35 
portion to the potential variations on the anode 
I D. As stated above, the tapping point may be 
arranged so that the voltage swing on the screen 
grid 13 is between about a quarter and a half the 
voltage swing on the anode 10. . 40 

The arrangement shown in Fig. 2 of the draw
ing illustrates the- invention as applied to a tet
rode valve and, in this case, signals to be ampli
fied are applied between the control grid 14 and 
cathode (5 through an input transformer 16 the 45 
cathode (5 being biased by a dropper resistance 
11 shunted by a decoupling condenser lB. ' The 
anode 19 is connected to the positive terminal of 
a source of anode current through a choke 20 and 
is connected through a by-pass condenser 21 to 50 
the primary winding 22 of an output transformer 
the secondary winding 23 of which is connected 
to a load, not shown. 

In this example of the invention the screening 
grid 24 is connected through a resistance 25 to 55 
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the source of high tension current and is also 
connected in the manner shown through a by
paBS condenser 26 to a tapping point on the pri
mary winding 22 of the output transformer. If 

5 desired, in Fig. 2, instead of connecting the screen 
grid 24 to a tapping point on the primary wind
ing 22, it may be connected to a suitable tap
ping point on the choke 20. Many other alterna
tive connections are possible. 

10 The circuits described also- have the advantage 
that if the loads are removed the output volt
age obtained for relatively small potential varia
tions of the control grids is not as great as with 
the arrangements usually employed, since the 

15 screening grid which is partially effective in con
trolling the cathode current will swing in oppo
site phase to the grid and so prevent or reduce 
an excessive output voltage. 

In some cases the decoupling condensers 8 and 
20 .It of Figs. 1 and 2 respectively may not be em

ployed, in which cases negative feedback will 
occur tending to reduce the second harmonic 
output. The effect of such feedback will, how
ever, be to increase the impedance of the valves 

25 so that in cases where it is desired to reduce the 
second harmonic output it should be arranged 
that the potential variations of the screen should 
be greater compared with the cases in whi-ch the 
decoupling condensers are employed in order to 

30 maintain the anode impedance at the required 
value. In each example described it will also be 
appreciated that the current which flows in the 
screening grid also contributes to the useful out
put of the circuit. 

35 r claim: 
1. In an amplifying circuit, a thermionic valve 

having an anode, a cathode, a grid electrode and 
a screening electrode, an input circuit for said 
valve connected between the cathode and grid 

40 electrode thereof, said input circuit including 
means for connecting to a source of signal volt
age, an output circuit for the valve including a 
load impedance across which is developed the 
output voltage, and means for connecting the 

4;3 screening electrode to an intermediate point of 
said load impedance device to thereby produce a 
voltage swing on the screening electrode which 
is an amplitude reduced image of the voltage 
swing produced on the anode due to signal energy 

[i0 impressed upon the input circuit, the point of 
connection of the screening electrode to the load 
impedance being so chosen that the voltage swing 
on the screen is of the order of Va the voltage 
swing on the anode. 

2. In an amplifying circuit, a thermionic valve 
having an anode, a cathode, a grid electrode and 
a. screening electrode, an input circuit for said 
valve connected between the cathode and grid 
electrode thereof, said input circuit including 5 
means for connecting to a source of signal volt
age, an output circuit for the valve including a 
load impedance across which is developed the 
output voltage, and means for connecting the 
screening electrode to an intermediate point of 10 
said load impedance device to thereby produce 
a voltage swing on the screening electrode whioh 
is an amplitude reduced image of the voltage 
SWing produced on the anode due to signal energy 
impressed upon the input circuit, the load im- 15 
pedance comprising a transformer having a pri
mary winding connected in the output circuit of 
the valve and a secondary winding adapted to 
he connected to a utilizing device, said screening 
electrode being connected to a point of said pri- 20 
mary winding. 

3. In an amplifying circmt a thermionic tUbe 
having an anode, a cathode, a grid electrode and 
an auxiliary electrode, an input circuit for said 
tube connected between the grid electrode and 25 
the cathode thereof and including means for con
nection to a source of signal voltage, a source of 
anode potential for said tube including a high 
tension terminal, a connection including a choke 
coil between the anode of the tube and said high 30 
tension terminal, an output circuit for said tube 
including a load impedance connected between 
the anode and cathode of the tube, means in
cluding an impedance device for connecting the 
auxiliary electrode to said high tension tenninal 35 
and a by-pass condenser co-nnected between said 
auxiliary electrode and an intermediate point 
of said load impedance whereby there is im
pressed upon the auXiliary electrode an ampli
tude reduced image of the voltage swing produced 40 
on the anode due to signal energy impressed upon 
the input circuit. 

4. An arrangement as described in the next 
preceding claim chal'acteIized by that the out
put impedance comprises a transformer having 45 
a primary winding connected in the output cir
cuit of the tube and a secondary winding pro
vided with means for connection to a utilizing 
device, said auxiliary electrode being connected 
through the by-pass condenser to an intermediate 50 
point of said primary winding. 

ALAN DOWER BLUMLEIN. 
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An Ultra-Linear Amplifier 
DAVID HAFLER'� and HERBERT I. KEROES* 

Presenting a new output-stage connection in an otherwise conventional 
amplifier which provides a degree of listenability which is well above average. 

I
T HAS BEEN CU.I MED that there is no 
more room for improvement of power 
output stages since other elements of 

a complete sound system-particularly 
the electro-mechanical ones-are far in
ferior., There is a prevalent belief that 
"one good amplifier is only marginally 
rlifferent from another." The proponents 
of this line of. thought imply that sig
nificant improvement in power amplifiers 
is extremely difficult to achieve, and 
with this idea the authors agree, but the 
authors disagree as to the need for fur
ther improvement. Obviously, the weaker 
links do need improvement, but this 
alone is no reason for abandoning the 
further development of stronger links 
in the chain of audio reproduction-the 
power amplifier and primarily the power 
output stage which is the prime gener
ator of distortion in the purely electronic 
part of the audio system. 

Present thinking is very parallel to 
the views of the 1935 era when it was 
felt that the principle need was for better 
program sources and that the trans
ducers and audio amplifiers had reached 
a stage of near perfection which could 
hardly be improved. Now, what audio- . 
phile would be satisfied with the repro
rluction standards of sixteen years ago 
when playing the new LP's or high 
grarle tape? By analogy, therefore, as 
well as for the never-ending search for 
a never-attainable perfection; we must 
continue to seek improvement in ev�ry 
link of the audio chain. 

The old standards for evaluating am
plifier quality have fallen into disrepute. 
It can be au'dibly demonstrated that a 
wide pass band and low harmonic con
tent do not necessarily mean that the am
plifier satisfies the critical listener. Newer 
criteria have been developed such as 
intermodulation distortion analysis and 
square wave testing, both of which sim
ulate dynamic conditions to some extent 
and take into consideration that music 
and speech are not. of a static nature. 
These new tests produce' higher cor
relation between experimental data and 
listener preference. Therefore, modern 
amplifiers sound better than the ones.of 
a few years ago as a general rule. How
ever, these tests do not always separate 
the wheat from the chaff. Ampli fiers 
which measure 'well do not necessarily 
sound well although an amplifier which 
shows up as ppor on measurements will 

. not sound well. Excellent measurements 
are a necessary but not a sufficient con
dition for qUillity of sound. This means 
that the listening test is the one of most 

• Acro Prod'lCts Company. 369 Shurs 
Lall�. Philadelphia ·28, Pa. 

importance-it is the· most stringent 
test of all. 

On the basis of listening tests (defi
nitely not on the basis of measurements) 
the audio school has been divided into 
two camps-triodes versus tetrodes. 
There has been shifting between the pop
ularity of the two, but there has always 
been a distinct cleavage. When the tri
ode-with out-feedback was judged su
perior to the tetrode-without-feedback, 
the tetrode school added feedback and 
reaffirmed the merits of this tube type. 
This was again superseded by the triode
with-feedback, but the beam tetrode still 
has its followers, presently in the cate
gory of a defensive minority among the 
audio elite. 

The very fact that each tube type has 
ardent supporters is evidence that each 
has definite points of merit. Possibly the 
devotees of each type listen for different 
qualities of reproduction, and this causes 
divergence of opinion. The triode fan 
usually emphasizes "smoothness" or 
"sweetness" of sound. The beam power 
advocates seek "crispness" or "clean 
sound." Each group obviously desires 
sound which simulates the original, but 
each' rejects the elusive and unmeasure
able distortions which characterize the 
tube type preferred. by the opposition 
camp. A new type of tube, none of which 
has been put on the market for, many 
years, might be the thing which could 
reconcile these diverse views of listeners 
who all look for the same thing but seek 
it in different ways. 

The requisites for such a new tube 
can be listed readily: 

1. Low internal impedance, such as is 
olTered by the triode. 

2. High power sensitivity of the tetrode 
so as to minimize drive problems. 

J. Lower harmonic' and intermodulatioll 
distortion than either triode or tetrode 
at both high and low levels of opera
tion. 

4. Sufficiently high efficiency to permit 
. adequate output without undue bulk or 
cost. 

Since no such tube is available, the 
only recourse is to seek a mode of op
eration of existing type tubes to approxi
mate the desired qualitie<; and then to 
see whether the theory is justified by 
listening tests. 

Llne"isin, the Output St3,e 
The physical difference between the 

triode and tetrode is, of course, 'the 
screen grid. This gives the tetrode its 
efficiency on t)le one. hand, but also in
creases the plate. resistance and con
tributes toward ' the "tetrode. sound" 
which is so violently disliked by triode 
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favorers, Therefore, the screen grid 
seems to be the element which gives the 
tetrode its advantages and its disadvan
tages compared to the triode. In fact, 
when the screen is connected to the 
plate, the resultant tube is a triode which 
is excellent in many respects though 
handicapped by limited power output 
and low permissible dissipation. Control 
of the screen is a logical step toward ex-

(8) 
Fir:. 1. Arr.1ngements for energizing the screen 

grid to improve tube line.arity. 

tracting the favorahle attributes of the 
tube and discarrling the unfavorable. 

Experimentally it was found that the 
goal of improved operation could be 
achieved through energizing the screen 
with d.c. through a special winding on 
the output transformer and combining 
the effects of both plate and screen cur
rent in the output transformer. This is 
Illustrated at . (A) in Fig. 1 with an 
alternative ann simpler method shown 
at (B). It has been found that the 
screens must be fed from a low�im
pedance source or the benefits' of this 
arrangement cannot be realized. This 
eliminates the' possibility of doing the 
same job with 'resistive bridge networks 
or voltage dividers. 

The screen, load impedance is some
what critical if optimum results are de
sired. As the ratio of screen load im� 
pedance varies from zero (tetrode op
eration) to unity (triode operation), 
important effects show up: 

1. The internal impedance takes a sharp 
drop and then levels o IT. 

2. Maximum undistorted output drops 
. slightly at first, then decreases rapidly. 
J. Intermodulation distortion at high 

level operation drops to a minimum 
and then soars upward. 

4. Low level IM decreases somewhat and 
then holds almost level. 

The situation is demonstrated graph
ically in Fig. 2 where it can be seen 
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Fig. 2. Comparison of Ultra-linear operation with triode and tetrode operation using 

a push- stage without feedback. 

that over a narrow band of operation 
where screen load impedance is about 
18.5 per cent oj plate load impedance, 
the new arrangeme nt provides the high 
power output of tetrodes with low in
ternal impedance such as is normally 
obtained from triodes, while distortion 
figures are equal or better than the ex
tremes of operatioo . We have achieved 
a new tube type without designing a 
new tube. This tube is neither triode 
nor tetrode, but its improved linearity 
over either of those types justifies the 
designation' "ultra linear." 

TIwI Complete Amplifier Circllit 
In app lying the ultra-linear output ar

rangement to complete amplifier circuits, 
it was found that the simple ver sion of 
(B), Fig. 1 could be used to advantage. 
By feeding d.c. to the screens through 
a properly placed tap on the primary of 
the output transformer, the operating 
conditions are preserved , and the close 
coupling ¥tween screen and plate is 
advantageous when feedback is carried 
around the )stage. The disadvantage of 
this simpler arrangemen t is that screen 
and plate must operate at the same d.c. 
potential . In the particular arrangement 
used the screen and plate are operated 
at the same potential (350 volts plate to 
cathode) without exceeding dissipation 
r�quirements, ei ther Guie�cent or at 
maximum output. This new output 
coupling arrangement reduces screen 
dissipation at high levels and is a safe 
mode of operation with .respect to tube 
life. 

from 10 to 100,000 cps with extremely 
low phase shift and no resonances within 
this band. 

The complete amplifier circuit is rela
tively simple, inexpensive, and efficient. 
With a 370-vo lt power transformer at 
130-l)1a peak requirement, power output· 
is almost as high as for a tetrode ampli
fier and twice that of a triode amplifier 
with cathode bias and the same power. 

Performance of th. Amplifier 
All stages of the amplifier have been 

adjusted for minimum intermodulation, 
and the IM curves based on sine�wave 
power output are shown in Fig. 4. These 
curves were run using trequencies of 40 
and 2,000; 40 and 7,000; 40 and 12,000; 
100 and 2,000; and 60 and, 7.000, all 
mixed four to one. The IM is almost 
identical under all conditions of test 
indicating that it is completely inoe?,end. 
ent, of frequency, at least up to 20 watts 
output. This factor possibly accounts for 
the superlative listening quality of the 
amplilier. 

Undistorted power, less than 2 per 
cent IM. is in .. excess of 20 watts. This 
power is delivered '1mdistorted within 
1 db over the range from 20 to 20,000 
cps. This power curve (Fig. 5) is not a 
response curve run at high power 1evel. 
Instead it represents clean power avail
able at these frequencies. This is par
ticularly important with today's program 
sources. The dynamic range :of some of 
the best LP's is reputed to De in excess 
of 100 db. It is necessary to· have pow�r 
to handle this range, .and this power is 
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A circuit arrangement has been de
signed to take fuil advantage of the 
ultra linear output stage. This circuit, 
Fig. 3, takes into account the necessity 
for complete stability under feedback 
conditions so as to eliminate tendencies 
toward transient instability under any 
type .of load, including the varying im
pedance of loudspeaker systems. 

Fig. 3. O¥er.1! sc:hematic: of the Ultra· Linear amplifier and i5soc:ialed power 5upply. 

This complete circuit offers li{learity 
of operation of a very high order. It is 
based around a special output trans
former, the Acrosound TO.300, which 
is 6600 ohms' primary. impedance and has 
taps at the optimum point indicated in 
Fig. 2. A special' seven-section sym
metrical winding arrangement placed on 
a substantial grain-oriented I"mination. 
of unique shape permits a ratio of pri- \ 

mar)' inductance to leakage reactance in 
excess of 15,000 to 1. The response of 
the transformer alone is within ;t 1 db 

supply. No adjustments are necessary 
for balance either of the phase inverter 

. or of the output-stage plate current, and 
there are no critical values of capacitors 
or resistors required. The amplifier is 
driven to 20 watts of output with an in
put of only 0.7 volt. 

Feedback is carried around the com
plete circuit in an external loop. There 
are 20 db of feedback in this loop as 
measured under load conditions (about 
30 db based on open circuit gain), and 
a safe m argin 15 maintained. A small 
capacitor across the feedback resistor in
creases the feedback in the region above 
100 kc to smooth the high-frequency .re
sponse. This capacitor is not required to 
keep the amplifier stable though it does 
add to the stability margin. 
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required over a wide frequen ty band. 
New standards of audio fidelity are 
rapidly mak ing obsolete the five or ten 
watt amplifier which cannot even deliver 
its rated power at frequency extremes. 

Another factor of considerable im
portance in evaluating ampl ifi er per
formance cannot be seen from the curves. 
This is overload characteristic. The 
amplifier has been given listening tests 
under overload conditions with a pad on 
the output so as not to deafen the partici
pants. Peaks which would require a 40-
watt amplifier are transmitted without 
irritation even though the output can be 
seen to clip on the 'scope. The overload 
recovery is rapid and h as no noticeable 
hangover, so a dipped peak has n(} ti.me 
to penetrate the ear. Some amplifiers 
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Fig. 5. Undistorted power vs. frequency 
Note the 1dB/div. amplitude scaling. 

Fig. 6. Frequency response, showing effects well above and below 
the audio range. Note the 1dB/div. amplitude scaling. 

break up on a peak, and for seconds 
thereafter the sound is distorted badly 
because of poor recovery. In the ultra
linear amplifier transient instability has 
been eliminated--changes in amplifier 
characteristics caused by overload do not 
make the circuit unstable; and. lherefore, 
recovery is almost instantaneous. Most 
feedhackamplifiers fail miserably under 
overload listening tests. 

Figure 6 shows the voltage gain ver� 
sus frequency. Obviously, most present 
day amplifiers are flat through the audio 
band. However, it is the band outside of 
the audible region which makes some of 
the difference between one amplifier 
and another. In this circuit it is evident 
that smooth Rat band pass extends more 
than two octaves on each side of the 
traditional 20 to 20,000 band. This enor
mous band width is necessary to elimi
nate phase shift over the customary 
region and to provide good transient 
response. 

The square wave performance of Fig. 
'I testifies to the transient response. Evi
dently, a circuit with response flat within 
2 db for a decade on each side of the 
audio band should show a presentable 
square wave at most frequencies. How
ever, the low phase shift, fast rise time, 
and insignificance of ringing in this 
circuit as indicated by the square waves 
shows that more than just the frequency 
response is excellent. In addition, square 
waves were checked on a speaker lORd 
with practically identical results, thus 
demonstrating that performance of the 
amplifier is unaffected by a load of vary
ing impedance. . 

Other' circuit configurations can be 
used with this ultra-linear output stage. 
However, they should have a phase char
acteristic permitting suhstantial feed
back. and they should have the lowest 
possible distortion for the early stages. 
The popular Williamson circuit has been 
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converted to this output arrangement 
with gratifying results. This conversion 
permits 30 watts of o utput plus the 
other benefits inherent in the increased 
linearity of the output stage. 

Listening 're*fs 
The m:1jority of listeners agree read

ily to the superiority of this circuit . 
None felt that other equipment was bet
ter although some could not recognize 
differences on the program sources used. 
However, during the course of the tests, 

certain recordings were found which 
demonstrated differences' vividly; and 
after this finding, even the less discrimi
nating listeners could identify the ultra 

n n n 
20 cP' 
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Fig. 7. Squue'w3ve performnce of the Ultra
linear amplifier. 

linear amplifier on "blind" tests and 
could recognize its superiority. 

Listeners agree tlmt the bass region is 
more articulate. better detincd.:and better 
damped than in other amplifiers.' This 
damping is not a function of internal im
pedance alone but also relates to stahility 
undt'r dynamic conditions. For example, , 
no low frequency cutoff is required in 
the preamplifier as no ill effects Rre 
audible due to momentary overloads 
from turntahle rumble, s w it chi n g 
thumps. anu similar disturbRnces. Cer
tain types of signals such as organ pedal 
tones combined with rumble wil! cause 
other amplifiers to break up even at 
levels as low as a few watts in the mid
freQuencies. 

60 la 7,000 
tOO .. i.ooc 
40 la 7,OOC 
40 .It.ooc 

DIt 
f}f/Z 
V:40a r 2.000 

�V 
Fig. 4. lntermodula
tion distortion. using 
sever�1 test frequen· 
des with , CO"st ,"t 

ratio of 4:1. 
� V 

t 

� 
o • 11 '2 III to 

. WATTS OUTPUT 
14 

AUDIO ENGINEERING • NOVEMBER, 1951 

:!. 

Another audible feature in the bass 
rang'e is that the ampli fier does not have 
mort! bass, but it has [mf/er bass. Other 
amplifiers, of good quality in terms of 
mca�urements, by comparison were gen
erating harmonics and intcrmodulation 
products. This was· also apparent on' 
scratchy "dirty" recordings which 
cleaned up on the ultra-linear amplifier 
while remaining mushy and irritating on 
others. 

In the treble region the consensus of 
opinion is that the ampli fier sounds 
"smoother." The scrtltch level of shellac 
records is less irritating while the high 
frequency sounds, particularly of a per
cussive type, cut through the scratch 
and seem far more prominent. This 
seems due to the fact that intermodula
tion between scratch and mugic is di
minished, and the two assume much 
more pleasant proportions. 

The authors believe that for sheer 
listening pleasure the ultra-linear ampli
fier represents the best that can be 
achieved at the present state of the art. 
Others who have had an opportunity to 
hear and try the circuit agree with this

j
' 

and these beliefs will not ue shaken unti 
something comes along which' sounds 
better, or at least sounds as good and can 
be built for lower <:;ost 
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PARTS LIST 
500 �u. 6 Y. eledro\ytic 
0.2 �f, 6OOv. paper 
100 Ill, 50 Y. electrolytk 
120 lA�f, mica 
20-20 "I. 450 v. electrolytic 
40-40 )1£. 450 v. ele<;trolytic 
0.47 mcg.· Yz - watt 
2(}() ohms. ¥4 watt 
WOO ohms, Yz watt 
0.1 meg. 1 watt; 5% 
0.56 mcg •. Yz watt 
560 ohms, Yz watt 
47.000 ohms, 2 watt, S% 
0.12 meg, 0 watt 
350 ohm�. 10 watt 
12.00J ohm!. Yz watt 
22.000 ohms, t watt 
22 •• 0 ohllls; 2 watt 
AcroTO-3ro outPut trans
former. Primary: 6600 
ohms plate to plate, 
taJlJll·d for screen: se<;· 
ondary : (G, 8. and " 
ohms. 
Power transformer: 370�-
370 v. at 130 maj 5 v. at 
2 2; 6.J v. at 3 2. 
Filtrr choke; 8,Hy at 130 
ma. 
651.7 
65N7 
6L6 
5V4 
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Ultra-Linear Operation of the 
Williamson Am p lifier 

DAVID HAFLER':: and HERBERT I. KEROES::: 

The Famous "Williamson" can be improved simply by replacing the output transformer and making a 
few minor changes in other components. The results are well worth the effort and expense. 

F 
RO:\I Tllr. TIME an article I appeared 
descrihing the principle of Ultra
Linear operation of power output 

tuhes, considerable interest has been 
evidenced in rhe application of this 
new circuit improvement to the famous 
WiIliamson amplifier. The William
son circuit ha$ hcen publicized in 
several arrangenlents including at least 
one commercial one, and the configur
atiou is undoubtedly the most popular 
high-quality audio circuit ever devel
oped. For Illany people there is little 
necessity to attempt to improve this 
basic amplifier circuit. Its listening 
quality is excellent; it is easy to COil
strtlct; and it provi(les top quality at 
a cost comparahle wirh units which 
cannot measure up to its capahili ties. 

The one category in which the \Vil
liamson amplifier is significantly de
.ficient is with regard to efficiency and 
power-output capabilities. Peak power 
output is less than 15 watts, and it 
takes a 450-voIt supply at approxi
mately 130 ma to achieve this power 
output. It this limitation can he over
come without deterioration of quality, 
a change in the original design is justi
fied. If simultaneonsly it is possible to 
improve the amplifier hoth in measure
able aspects and in listening quality, 
then a change is not only justifiable, it 
is mandatory. 

It is difficnlt to impr"ove on some
thing which is really good. There .re 
some audio enthusiasts who will scoff 
at lhe illea that the \Villiamson circuit. 
can be improved. However, it has heen 
fi,'e years since l\[ r. Williamson pub
lished his circuit; and in the course of 
five years, there is little which can 
maintain supremacy without change or 
renovation. \Vhen a basic circuit im
provement-the Ultra-Linear output 
stage arrangell1ellt-<ame along, it was 
natural to see how it could fit in with 
the basic Williamsoll circuit. 

The Ultra-Linear output stage is 110t 
a triode stage as is used with the 'ViI
liamson circuit-nor is it a tetrode or 
pentode srage. It combines the ad
vantages of both triolle and tetrode hy 
using an arrangement in which the 

* Aero Products Co., 369 S/lIIrs LOIII!, 
Philadelphia 28, PI!ll 110. 

1 Hailer and Keroes, "An ultra-linear 
amplifier," AUDIO ENGINEERING, November 
1951. 
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The �uthors' Ultr�· 
Line" �mplifier com
bined with the power 
supply on a single 

chassis. 

screen grids of tetrodes are energized 
from a tap on the primary of the out
put t ransiormer. This connection, on 
which patents are pending, modifies the 
operating characteristics of t.he tube. 
Proper location of the tap results ill 
optimum input-output linearity simul
taneously with ellicient operation, 
power capahilities approximatdy douhle 
those of a triode connection, alld low
impedance output such as is offered by 
triodes. In short, it �>crmits better per
fonuance than either triode or tetrode 
connection oi the tubes, and this is sub
stantiated in comparative listening 
tests an(1 distortion measurements. 

The unique merits of the Ultra-Linear 
stage are particularly applicahle to the 
Williamson circuit. The mating of the 
two seems to have been ine,·itable. The 
simple suhstitution of an 'output trans
former with primary taps for Ultra
J .inear operation and a few minor 
changes in circuitry, which will be 
discussed he low, combined the basic 
circuits into an amplifier which prac
tically cveryhody agrees is an improved 
version in all respects. Obviously, we 
must gain improvement if we substitute 
a more linear outpnt tuhe and use a 
transformer which exceeds the origin
ator's stipulations for performance. 

The original Ultra-Linear circuit 
utilizes a transformer, the Acrosound 

TO-300, which was designed for use 
with tubes of the 6L6 type. Its 6600 
ohms primary impedance therefore, is 
also correct for 51:\81 's and 807's in the 
Ultra-Linear hook-up. In alhlition, KT-
66's can be Ilsed without deterioration 
of quality as the slight mismatch is in 
a favorahle direction with respect to 
distortion characteristics. Thereiore, 
this transiormer can be used with the 
tube types normally used in \\'illiam
son ampl i fiers w i thou t compromise of 
characteristics. It is of interest to note 
that the change in impedance to 6600 
does not violate �[r. Williamson's de
sign considerations. The modi fied tube 
characteristics of the Ultra-Linear con
nection require this impedance if we 
wish to preserve operating conditions 
similar to those of the original amplifier. 
I n other words, the tuhes are st ill 
matched for minimum distortion rather 
than for maximum power output. The 
transiormer, therefore, can he placed in 
the circuit directly and the screens of 
the output tubes connected to t he ap
propriate taps as shown in Fig. 1. This 
eliminates the two lOO-ohm screen 
stopper resistors of the original circuit. 
The plate and screen leads of the trans
former are color coded to avoid phasing 
di fficttlt:ies. 

Several additional circuit changes 
have hecn found heneficial for optimum 

AUDIO ENGINEERING • JUNE, 1952 



-'1----0,. 

\10.'1---.0 • 
ICI-----'O 4 

",..+----:-911 =+---1- c 

acllO 
To-� 

'.TO�� __ ------�--------t------I�� 
__ TQG 'AlII 

11711 

__ to-tO � 
500 w" 

Fie. 1. Schematic of the Ultra-Lintar Williamson amplifier. The components in dotted circles life those which are changed from the origin,l circuit 
i" making the conversion of an ellisti�1 amplifiir to Ultra-Linear oper.ltion. 

performance. One of these is the 
change in value of the feedback resistor 
to 10,000 ohms in order to maintain 20 
db of feedback. In the Ultra-Linear 
stage the gain of the stage is greater 
than for a triode stage. In addition, the 
change in primary impedance changes 
the proportion of voltage fed back. 
Thus the feedback is increased unless 
the feedback resistor is changed to 
compensate. The readjustment of this 
resistor to the desired value then per
mits the added gain of the Ultra-Linear 
output stage to increase the amplifier 
sensitivity. It can now be driven with 
a little over 1 volt as compared to almost 
2 volts required for the original amp
lifier. 

The feedback is taken from the 16-
ohm tap regardless of the speaker con
nection. This tapped secondary arrange
ment is extremely convenient when 
shifting to speakers of different im
pedance as it does not require a change 
in the value of the feedback resistor. It 
is made possible -by special transformer 
design (on which patents are pending) 
which permits equivalent response on 

::f.'tt -: �'4I' 

all taps of a tapped - secondary winding. 
The amplifier, as converted, now 

surpasses the original with respect to 
response, distortion, and transient char
acteristics. In addition, it was con
sidered desirable to make certain other 
slight changes which primarily increase 
the stability under feedback conditions. 

The low-frequency time constants of 
the original circuit's interstage coupling 
networks were the same for both such 
networks. This is not particularly de
sirable in a feedback amplifier since a 
given frequency loss is accompanied by 
maximum phase shift. Separation of 
the time constants permits less phase 
shift for the_ same frequency loss. In-

creasing one pair of coupling capacitors 
from .05 Ilf to .25 Ilf gives a five-to-one 
ratio of time constants for the two 
pairs of networks and increases the 
low-frequency stability margin at nom
inal increase in cost. 

The insertion of a lO,OOO-ohm para
sitic suppressor- in the input grid and 
a 100-1111£ capacitor across the feedback 
resistor adds to the high-frequency 
stability margin and eliminates a slight
ringing in the vicinity of 200 kc. 

One last optional difference from Mr. 
Williamson's or iginal circuit lies in the 
use of a bypass capacitor across the 
cathodes of the output stage. This has 
been found beneficial in both the Ultra 

Fig. 3. Squue-w�ve 
performance �t 20 
cps lIeft) and at 50 

- -

kc (right!. - -

I 
I 

I 

Linear conversion and in the triode 
Williamson2 at high levels of operation 
as distortion at the overload point is 
diminished. 

/ 
Fig. 2. Curn of in
te""odul.tion distor
tion n. .Htctin 
sine-wave-power out-

There are no changes required in 
the remaining stages nor in the power 
supply. Most of the publicized versions / 
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� 
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: Kerocs, H. I. "Building the William
son amplifier.l" Radio and T elevisioK News, 
December l �SO. 
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oi the circuit utilize power transformers 
which iurnish �OO volts at 200 ma. 
Since the draio of the circuit does not 
exce�d 130 to I�O ma, the voltage oh
tained out of a capacitor input filter and 
5 V � recti fier is ahout �50 volts. This is 
the correct value for the circuit as cou
,·erted. Lower voltage will limit the 
power output capahil it ies. 

Performance 
Fig"re 2 shows iutennodulation dis

tortion versus power OIIlPIlt. I t can he 
seen that the power out)lut oi the cir
cuit is effectivelv dOllhle,1 over that oi 
the original circ'uit for a gi\'en distor
tion. At low levels, around I watt, the 
1:\1 hit� snch phenolllenal \"alues as 
.06 per cent. It is only 0.3 per cent at 
13 watts. This curve is hased on eClui v
alcnt sine wa ve power in order to make 
it comparahle with all the other pllh
lisht'd and advertised (lata on the Wil
liamson circuit.J The \'allles graphed 
in Fig. 2 can he divided by 1.47 for 
those wllo wish to have direct cOlllpara
hility with the lIIeter readings ohtained 
on the illlermodlllation test eqllipment. 

Fig"re 3 shows oscillograms of 
square-wave traces taken throllgh the 
COml)lete amplifier with repetition ratcs 
of 10 cps :11\(1 50 kc. Traces at mter
mediate irt'qllencies appro.1ch theoreti· 
cal periection. and t'\'en such a rigorolls 
test as the 50-kc wave shows up ex
trelllely well. The waveform has not 
"sined off," ami the extent of ringing- is 
It'ss than that exhihited hv the SO()()· 
cps wave of many good <jnality alllp· 
litiers. These square-wave tests were 
made at a comparatively low level 
which makes the fest even more rig
orolls. At low excitation levels, the in
ductance of an. Olltput transformer de
creases, the phase shift increases and 
the tOps of the square wave tilts. J\ high
level square wave will appear hetter 
than a low-level one at low i reqll('ncies. 
Similarly, high powers at high fre
quencies will clip any sllpersonic peaks 
in the response and improve the ap
pearance of the square wave. The use 
of a high level of power can make a 
relatively poor amplitier appear Ioetter 
on square wave tests. 

The frequency response of the con
verte(l amplifier is flat ± 1 dh from less 
than 5 CI)S to 200 kc. Its phase shiit 
reaches 3 deg. at 20 cps and at 10 kc, 
indicating symmetry of response with 
resl)t'ct to the audio hand. 

The aml,litier puts out 30 watts of 
power o,'er a range greater than the 
audio spectrum. IIo\\'ever, this type of 
power curve, as measllred hy response 
at high power levels, is not too meaning
ful. The important consideration is the 
amolint of Ill/distorted power available 
at variolls freq\lencies. The Ultra Linear 
Williamson arrangement Jluts out close 
to 25 watts at 20 cps and at 30 kc with
out clipping, attenuation, or other visual 
distortion of the waveform as viewed 

3 Sarser and Sprinkle, "Musician's 
amplifier," AUDIO E:'lGINEERl:>G, No\"clllhcr 
19 .. 9. 

on a 'scope. By observing the transfer 
characteristic, it is possible to detect hy 
eye harmonic distortion of less than 2 
per cent. The power curve of the amp
lifier thus de"iates frol1l tlat by less than 
1 dh over the range 20 cps to 30 kc. 

\s intimated above, the circuit has 
excellent listening qualities. This is a 
confirmation of the measurements. The 
additional power available shows up in 
cleaner and better articulated bass. The 
overall effect is of greater smoothness, 
more definition of detail in the soune!. 
and better transient response. Ultra� 
Linear circuits seem to have a wider 
transient bandwidth-all audible benefit 
which is not readily susceptible to 
lIIeasurement. The combined effect of 
the Williamson circuit configuration
a wide-band, low-distortion arrange
ment-plus an output stage of decreased 
distort ion and higher power capability, 
a stage which exceeds the original 
specification and operating parameters, 
lIIust be heard to bc appreciated. 

AUDIO ENGINEERING • JUNE, 1952 43 



Verso Filler Page♦ ♦

http://en.wikipedia.org/wiki/Verso


Amplifiers and Superlatives 
An Examination of American Claims for Improving Linearity and Efficiency 

By D. T. N. WILLIAMSON* and P. J. W ALKER§ 

Recent articles, particularly in the United States, have shown that some confusion of 
thought exists about the "goodness " of an amplifier for reproducing sound. This has 
been accompanied by a debasement of the terms used to describe the properties of an 
amplifier; words that have a precise meaning when standing alone become meaningless 
when qualified by superlatives. This article, which starts with a. discussion of what con
stitutes a good amplifier, attempts to clear up some misconceptions and generally to clarify 
the position. 

T
HE most commonly specified parameter of an 
amplifier is its harmonic distortion or inter
modulation content, and this has tended to be 

regarded as the primary standard of "goodness." In 
1944, one of the writers suggested I that a standard of 
0. 1 per cent total harmonic distortion at maximum 
output was a good level of performance to aim at. 
Such a low distortion content is readily achievable 
by modern design methods, and is, in fact, undetect
able by listening tests, however refined. This 
arbitrary figure was chosen, not because it was the 
maximum permissible, but because, being rather 
lower than was absolutely necessary, a good margin 
is left for any deterioration of the equipment when 
in service. 

The requirements for a good amplifier were listed 
in the article already mentioned, but are worth repeat
ing and extending. These are : -

( 1) Negligible non-linearity distortion up  to  the 
maximum rated output. (The term " non-linearity 
distortion " includes the production of undesired 
harmonic frequencies and the intermodulation of 
component frequencies of the sound wave. ) This 
requires that the dynamic output/input characteristic 
be linear within close limits up to the maximum ex
cursion of any waveform, with frequency components 
inside and outside the working range, which is likely 
to be fed to the amplifier. This should hold good 
under conditions of varying load impedance such as 
are likely to be encountered in practice. 

(2) Linear frequency response within the audible 
frequency spectrum of 10-20k c/s 

(3) Negligible phase shift within the audible range. 
Although the phase relationship between the com
ponent frequencies of a complex steady-state sound 
does not appear to affect the audible quality of the 
sound, the same is not true of sounds of a transient 
nature. 

(4) Good transient response. In addition to low 
phase and frequency distortion, other factors which 
are essential for the accurate reproduction of transient 
waveforms are the elimination of changes in effective 
gain due to current and voltage cut-off in any stages, 
the utmost care in the design of iron-cored com-
* Ferranti Research Laboratories. 
§ The Acoustical Manufacturing Company. 
I M.O. Valve Co., Ltd. Internal Report No. Q253, later published as 
"Design for a High-Quality Amplifier," by D. T. N. Williamson, 
Wirefess World, April-May, 1947: 
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ponents, and the reduction of the number of such 
components to a minimum. Changes in effective gain 
during " low-frequency" transients occur in amplifiers 
with output stages of the self-biased Class AB type, 
causing serious distortion which is not revealed by 
steady-state measurements. The transient causes the 
current in the output stage to rise, and this is followed, 
at a rate determined by the time-constant of the 
biasing network, by a rise in bias voltage which alters 
the effective gain of the amplifier. 

(5) Low output resistance. This requirement is 
concerned with the attainment of good frequency and 
transient response from the loudspeaker system by 
ensuring that it has adequate electrical damping. The 
cone movement of a moving-coil loudspeaker is re
stricted by air loading, suspension stiffness and 
resistance, and electromagnetic damping. The effi
ciency of a baffle-loaded speaker is rarely higher than 
5-10 per cent, and the air loading, which determines 
the radiation, is not high. Electromagnetic damping 
is therefore important in controlling the motion of 
the cone. This effect is proportional to the current 
which can be generated in the coil circuit, and is 
therefore proportional to the total resistance of the 
circuit. The output resistance of the amplifier there
fore should, in general, be much lower than the coil 
impedance. 

(6) Adequate power reserve. The realistic repro
duction of orchestral music in an average room 
requires peak power capabilities of the order of 15-20 
watts when the electro-acoustic transducer is a baffle
loaded moving-coil loudspeaker system of normal 
efficiency. The use of horn-loaded or other efficient 
loudspeakers may reduce the power requirement to 
the region of 10 watts. In an amplifier for the best 
possible quality it is, of course, assumed that output 
peaks required in practice will be comfortably below 
the maximum available. Even so, good design should 
ensure that the overload characteristic will not suffer 
temporary paralysis or " blocking " on momentary 
overload. 

(7) The level of hum and noise should be at least 
80dB below maximum output. 

This is a formidable specification, and by no means 
every amplifier styled as " high quality " will meet it. 
However, provided that these requirements are met 
in every respect and that extraneous components 
occurring within the audio range (produced either 
by components inside or outside that range) do not 
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e�ceed a small fraction of 1 per cent, any amplifier 
wIll so�nd as �ood as �my other amplifier and it be
�omes Impossible to "Improve " a power amplifier 
III the sense of producing better sound. 

Efficiency.- On the other hand it is of course 
�bsurd to say that. amplifiers cannot b'e improved' 
III a�y sense. Effic.lency, compactness, and reliability 
are l!11portant and It is with regard to these factors 
tha� Improvemef,1ts are possible and in many cases 
deSirable. The size and purpose of an amplifier will 
determine how much weight should be given to each 
of these factors. 

In small amplifiers with power outputs below 
�wenty watts, power efficiency is not usually of prime 
Importance, and other considerations such as ease 
of c0l!str�ction af,1d certainty o� results may easily 
outweigh It. . With large amplifiers, efficiency be
comes a very Important factor. Sometimes it is not 
pos�ible to produce a high output unless the effiency 
IS high, because of valve dissipation limits. 

Controlled and Uncontrolled Production.- The 
desi�er ' s aim is (or should be) to produce the best 
possible sound for those who will ultimately make use 
o� his efforts. If he designs for construction not under 
hiS control, .h� must, as far as possible, ensure that 
every a�pltfler made will meet his performance 
figures wI�ho.ut undue di�ficulty and with the employ
ment of Itmlted measunng equipment. In such a 
case, the av?idanc� of cir�u!try which is not straight
forward, or III which deViatIOns from specification in 
the values and construction of components is liable 
to produce poor results, is paramount. 

The designer who has control over the production 
of the complete equipment has a different set of pro
?l�ms: Re has much greater freedom of choice, and 
It IS hkely th�t. he wil1 arrive at different circuitry. 

The amplifier which was described in Wireless 
rr:or1d, April�May, 1947, is an example of the first 
kllld ?f clrcUltry. The success it has achieved since 
then, III the hands of people with widely varying de
grees .of skil!, is ind�cative that trouble-free perform
ance IS re<l:dIly o�talllable with only simple adjust
ments. This ampltfier was based upon a triode out
put stage with .a good �)Utput transformer, the per
formance of which was Improved by overall negative 
feedback. 

The only valid criticism which can be made about 
its performance is �n the score of efficiency. The out
put of about 15 W IS produced for an h.t. consumption 
of 56 W, an efficiency of only 27 per cent. By the 
use of tetrodes as output valves this could be raised 
to the order of 35-40 per cent, which means that, for 
!he same power consumption, the output could be 
Illcreased to 22 W, or, alternatively, that the power 
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---+H T consumption could be . . reduced by about 20 W. 
Whether this is worth 

doing or not is problem
atical. In the designer ' s 
opinion, the additional 
risk of trouble in un
skilled hands outweighs 
the advantage of higher 
maximum power out-

Fig. 1. Basic circuit used by 
Hafler and Keroes. 

I a 

0.75. 
0.5 
0.25 

_.-::�""-- o Oscillogram showing 
transition of Ia-Va 
curves from tetrode to 
triode form a s  the 
tapping point in Fig. 1 
is moved from B to A. 

put, as in the vast majority of cases even the present 
l�vel. of output cannot be fully utilized. The reduc
tIOn m power consumption and ht. voltage would not 
greatly affect the cost, although it would give a higher 
factor .of safety for the capacitors in the circuit. 
There IS, however, no evidence that this is at present 
madequate. 

Circuits with Distributed Loads. -Articles 2,3 have 
recently �ee.n published in the United States claiming 
the supenonty of a so-called " ultra-linear" output cir
cuit in which the output valves are used as tetrodes 
with. negative feedback applied non-linearly by con� 
nectmg the screens to a tap on the primary of the 
?utpu� tran.sformer. It is stated that the performance 
IS audibly Improved over that of triodes with similar 
degrees of negative feedback. 

The present writers do not believe this claim. The 
cir�uitry which forms the basis of these American 
?lalms for "ultra-linearity " and higher efficiency has 
m fact, been familiar in this country for several years' 
and t�e technique �as been further developed and' 
us.ed m a comm�rclally produced high-quality am
phfier. 4,5 It consists of the distribution of the load 
imped�nce between the electrodes of each output 
valve In order to obtain the optimum performance 
from that valve. 

In its sim�les� form, and as used by Rafler and 
Keroes, the ClrcUlt arrangement is as shown in Fig 1 
The circuit is normal, except that the screen of 'th� 
te!rode c�n .be tapped on the output transformer 
pn�ary wIndmg, . thus coupling it to the anode in any 
rattO, and rendenng a section of the load impedance 
c0!11mon t<? .both electrodes. If the tap is affixed at 
POlllt A, glVlllg. a co.upling factor of unity, the stage 
behaves as a tnode, ItS performance being determined 
by the dynamic characteristic of the screen and con
trol grid, and if the tap is shifted to point B the 
c�)Upling factor is zero, and the stage behaves' as a 
Simple tetrode. If now the screen is tapped at in
tervals b.etwc:en pO.int B and point A, there will be a 
progressive InclUSIOn of the load impedance in the 
screen circuit and a progressive change from tetrode 
characteristics at B, to triode characteristics at A 

It is c�nvenient. to consider the stage as being a 
tetr�de With negative feedback applied to the screen 
It differs from <l: tetrode . stage with feedback applied 
to the control gnd, first In that the screen introduces 
a non-linear element in the feedback loop, and 
secondly, because as the degree of feedback is in-

2 Hailer and Keroes: "An Ultra-linear Amplif ier  Audio Engineering 
November, 1951, pp. 15- 17. 

3 Hafler and Keroes " Ultra-linear Operation of tile Williamson Amplifier" 
Audio Engineering, June 1952, pp. 26-27. . 

4 First IlltroQuced III 1945; see advertisement of tile Acoustical Manufacturing 
Comp�,

ny in Wirless World, July 1945, P. 10. 
5 MOlf' ReView of Bntlsh Amplifiers," FM TV, October 1951 pp. 30-32. 
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creased, the permissible anode swing is decreased, due 
to anode current cut-off on the negative excursions of 
screen voltage, until finally the Ia-Va curves become 
those of a triode. A more complete account of the 
behaviour of the circuit is given in the Appendix. 

The curves of Fig. 2, which apply to a single valve, 
show the effect of changing the tapping point. The 
output at the point of overload, the relative gain and 
the output resistance decrease as the degree of feed
back is increased, the output resistance decreasing 
very rapidly because it is dependent, not on the gain 
reduction, but on the amplification factor, which 
undergoes a large change. 

The distortion at constant output, which is pre
dominantly second harmonic, rises slowly at first until 
the point of overload is reached. Since the maximum 
power output is progressively reducing, the distortion 
curves for maximum output or a percentage of maxi
mum output will show a progressive reduction from 
tetrode to triode operation. 

In view of the increase in distortion, as shown in 
Fig.2, it would appear that there is little to be gained 
by the use of this circuitry, since a simple tetrode, 
with feedback to the control grid, would give a similar 
reduction of output resistance, and this would be 
accompanied by a progressive reduction in distortion. 
This is indeed true in the case of a single valve. 

When push-pull connection is considered we obtain 
a different state of affairs, because of the cancellation 
of second harmonic components, and we arrive at the 
curves shown in Fig. 3. The general shape of the 
curves is maintained under varying loads. With up 
to 30 per cent of the winding common to screen and 
anode the reduction in distortion is greater than the 
reduction in gain. This " something for nothing " is 
small, however, and can be lost or even reversed if 
there are appreciable departures from precise balance 
at any frequency. 

It is, of course, not essential to have the screen 
tapped directly on the primary winding, and an 
auxiliary winding tightly coupled to the primary 
(ideally in the form of a bifilar winding) may be used. 
This has the advantage that the screen supply voltage 
may differ from that of the anode to give optimum 
operating conditions. 

The" Acoustical" Circuit.-A further development 
of this circuit (" super-ultra-I inear," perhaps?) used 
in the Acoustical " Q.D.A.D." amplifier and its pre
decessor, takes the common portion of the winding 
and inserts it in the cathode, giving the circuit of 
Fig. 4. As far as the anode and screen circuits are 
concerned, this arrangement is identical to that of 
Fig. 1 (neglecting winding resistance and leakage reac
tance). The only difference lies in the grid circuit, 
since that portion of the voltage appearing across the 
common winding is now applied in the grid circuit as 
overall negative feedback. It is, of course, feedback 
of the most desirable kind, since it is the most prac
tical method of applying voltage feedback over a single 
stage without either wastefully throwing away gain 
or increasing the load on the previous valve. 

Since the screen is now connected to a decoupled 
point, it follows that the designer is free to use dif
ferent voltages for screen and anode if required, with
out the necessity of additional windings, with their 
attendant disadvantages Further, the arrangement 
makes it possible to provide the optimum degree of 
smoohing for the anode and screen supplies. The 
grid resistor may be taken to the cathode end of the 
common winding if desired, with the result that the 

WIRELESS WORLD SEPTEMBER 1952 

input resistance is increased, thus facilitating the de
sign of the previous stage and reducing the value of 
the coupling capacitance necessary. 

The use of all the electrodes in this way gives addi
tional flexibility in design, so that the parameters of 
the output stage may be varied to suit the penultimate 
stage -a technique giving greater scope in arriving 
at a well-balanced ratio of stage distortions and hence 
an optimum final design. In .the outP.ut stage of the 
Acoustical "Q.D.A.D." amplIfier, usmg two KT66 

valves, the values are so chosen that an output of 12 
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watts is obtained from a 320-V supply with a grid-to
grid input of 72 volts peak, the input resistance being 
1 mehogm. The total harmonic distortion of the out
put stage alone is not more than 0.7 per cent, and the 
output resistance is approximately half the load resist
ance. 

By comparison with the same valves used as triodes 
to obtain-the same output, the following advantages 
are apparent: 

( 1) Distortion is less than half that of triode connec
tion, due to the cathode and screen feedback. 

(2) Efficiency is increased from 27 per cent to 36 
per cent, resulting in the h.t. voltage being lower by 
about 100 V, thus simplifying reliability problems both 
in the amplifier itself and throughout the range of 
pre-amplifiers, tuners, etc. , which may take their 
supply from it. 

(3) Less smoothing is necessary for equivalent hum
levels. 

Additional overall negative feedback can be applied 
to the complete amplifier and with the ratios used 
in the above example, 8 db less feedback is required 
for a given level of distortion than with triodes. This 
assists in maintaining a good margin of stability and 
reduces the effect of overloading due to the presence 
of frequencies in the input which are outside the 
effective feedback range. 

There remains the question of output resistance to 
be considered, about which there appears to be some 
confusion. This is probably due to the general use, 
as a measure of the efficacy of damping, of the load 
resistance/output resistance ratio, sometimes called 
the damping factor, the scale of which becomes vir
tually meaningless at high values. It appears to be 
common practice to aim at as high a value as possible, 
with presumably infinity (zero output resistance) as 
the ideal. An output resistance of zero is, of course, 
only an arbitrary figure, which has ultimately to be 
added to the speech coil resistance. 

Independently of the output-stage circuitry, zero
or any reasonable value positive or negative-can be 
obtained by a mixture of negative voltage and positive 
current feedback. It should be pointed out, however, 
that the optimum value is dependent upon the loud
speaker and particularly the intended performance of 
its enclosure, so that the doctrine " the more damping 
the better," is not always sound. 

Comparison of Output Circuits-To summarise, 
Table I gives a comparison of the relative merits and 
demerits of various output circuits. It will be seen 

of triodes and distributed-load tetrodes (especially the 
cathode-coupled variety), with the exception of effici
ency, in which respect the tetrode circuits are superior 
to the triode. 

In order to avoid misapprehension, it should be 
stated that a similar order of performance is obtain
able from a conventional tetrode circuit, by the appli
cation of the appropriate degree of negative feedback, 
preferably in the form of multiple loops to ease the 
stability problems. The advantage of the distributed
load circuits is that, as a considerable amount of nega
tive feedback is included in the output stage itself, 
the design of the remainder of the amplifier is simpli
fied and the problems of stability and restriction of 
scope in design usually associated with large amounts 
of overall negative feedback are avoided. 

Practical Difficulties.- So far we have only been 
considering the ideal case. In a practical transformer, 
however, the windings are not perfectly coupled, but 
are more loosely coupled by a complex network of 
leakage reactances formed by the distribution of leak
age inductance and self-capacitance throughout the 
windings. This departure from the ideal may mean 
that, at high frequencies, the circuit is not at all as it 
would appear on paper, and the effective sense of the 
coupling may even be reversed, producing oscillation. 
In a less severe case, peaks and troughs in the fre
quency response characteristic may occur, accom
panied by " ringing " and instability when the 
amplifier is excited by a transient. 

These defects are serious, and can only be avoided 
by designing the output transformer carefully and by 
maintaining close control over its production, as even 
with transformers of the same nominal specification, 
wide variations in performance at high frequencies 
may occur due to minor variations in the quality and 
thickness of insulants, and in the positioning of wind
mgs. 

The designer who has complete control over 
production can arrange that the materials and con
struction of the transformer do not depart from 
specification, and even if they should do so he has 
facilities to detect and correct the deviation at an early 
stage. He is therefore able to make use of circuitry 
of the type discussed, without the dangers which 
would attend its use in unskilled hands or where 
measurement facilities are absent. The advantages 
obtained have already been discussed. 

The constructor with limited facilities cannot be 
too strongly advised to keep to proven circuits which 

TABLE 1 

Parameter Triode- Tetrodes Tetrodes with Tetrodes with 
connected (ClassA1) load distributed load distributed 

tetrodes between anode amoung anode, 
(Class AI) and screen screen and cathode 

(optimum value) (Q.U.A.D. arrangement) 

Efficiency (per cent) 27 38 36 36 

Relative power output 1 1.4 1.35 1.35 

Relative distortion just below 
the onset of grid current 1 2 1.5 0.5 

Load resistance 2-4 0.05 -0.1 0.5 -1 2 Output resistance 
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keep to designs requIrIng the mInImum number of 
coupled circuits in the output transformer, since the 
possibility of pitfalls is greatest in this component and 
increases rapidly with the number of windings when 
all these must be closely coupled. 

It will be appreciated from the foregoing that there 
are a large number of solutions to the problem of 
designing a first-class amplifier, and no one of these 
solutions can be called the best solution. Each has 
its advantages and disadvantages, and the individual 
designer must choose that which most nearly meets 
his needs. The "goodness" of an amplifier is not 
shown by its circuit diagram. Circuits have no in
herent magic properties, but are merely the tools with 
which the designer seeks to achieve a certain result, 
and different designers-provided always that they 
have the same high standards in view-may achieve 
the same result by different means. 

APPENDIX 
Let 

Ea R 
E. 

J.L=p:=gm a,m=E 
g g 

• E" J.L 
.. E. =m 

X = fraction of output fcd to 
screen. 

E = output voltage in load 
RL, produced by grid 
voltage e. 

Neglecting the effect of screen 
current in the load, which is 
normally less than 10 per cent, 

Current in load due to e 

=e J.L 
Ra + RL 

Current in load due to xE = _ xE " 
meR. + RL) 

: . Voltage in load = E ={e R J.L R - xE (R J.L }RL a+ L m a + RL) 

:. e J.L:L = E ( 1 + X J.LRL) 
a mRa 

Gain 
= _E_ = __ R---=-a --'+_R=L'---_ 

e 1 + X.£ RL 

When X = 0, 
E 
e 

mRa + RL 
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Output resistance. 
RL 1 Let RI. � 00, then R + R � a I. 

Then gain (x = 0) = J.L 
J.L --- =J.L 

1 +x� 
Gain (x) 

m 

Output resistance (x = 0) = £.... 
gm 

Output resistance = J.L' = J.L 
gm gm(l + X �) 

"Q.U.A.D." case 

Gain is given by 
RL 

Gain with feedback = 
A 

1 + xA 

Gain 

A 

1 + x 

Output resistance 
with feedback 

Output resistance = 

J.L Ra + RL J.L RL 1 + x ID Ra -I- RL 

Output resistance 
without feedback 

1 + XJ.L 

1 +- x J.L 
l+x£ m 
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The White POWRTRON 
Amplifier 

STANLEY WHITE" 

. A discussion 'of one possible cause of power dis·tortion and a description of a circuit developed 
to eliminate it. The author also describes his method of dividing the frequency spectrum ahead 
of the powec· amplifier. This unit has been popular with listeners at recent demonstrifions. 

Fig. 1 Cleft). Top view of 10-
and 20-watt White amplifiers 
with filter network plugged 
into the IO-watt unit. Fig. 3 
provides for network to be 
plugged into the 20-watt low
frequency amplifier. 

M
OST AMPLIFIERS are developed an

, 

d 
tested using pure resistive load 
impedances across the secondary 

of the output transformer. Determination 
of inter modulation distortion, harmOnic 
distortion, and power performance are 
based upon results obtained using these 
resistive loads although it is well recog· 
nized that speakers do not present a 
constant load impedance over the entire 
frequency spectrum. However, for want 
of a better method, resistive loads have 
been retained as a standard procedure 
in' determining the performance and op· , 
erating characteristics ofimplifiers. 

Fig. 2 (right). Underside view of thE 
20-watt amplifier. Large mica ca paci· 

This paper proposes a basic change in' 
amplifier circuitry that is inevitabTe if 
amplifiers are to perform their basic 
function-that of presenting an electrical 

power waveform to a speaker in such 'a 
manner that the acoustical wave radiated 
from - the surface of the speaker is a 

tor at lower left is C,. • 

SHOATING PLUG FOR 
SINGLE CHA�£L USE 

L-________ � ____ �--------� 
.. .  MATCH£O PAIRS 

• White SOU/Id, Inc., 105 W. Madison 
Street, Chicago 2, Ill. 

.. 

• 

Fig. 3. Complete schematic of the 20-watt White amplifier arranged for plugging 'in the electronic filte� network. ID-watt model is identical 
except for output tubes, which are 6V6's, and the output transformer. 
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transformed replica of the voltage wave
form at the input to the audio amplifier. 
It will be shown that present audio am
plifiers create a power distortion of a' 
magnitude of 6 to 8 db, and this type of 
distortion is not discernible by present 
day testing procedures. 

Definition 1. Power distortion: A 
power waveform generated by an audio 
amplifier that deviates in any manner 
whatsoever from the form of the input 
voltage waveform is distorted with re
spect to power to the extent of the 
deviation. 

From this definition, it can be seen 
that any distortion measurement of an 
audio power amplifier is, in fact, a 
measurement of power distortion. That 
is, power distortion is' a generalized 
form covering inter modulation distor
tion, harmonic distortion, and so on. 
Any amplifier that changes its power 
output with changing load impedance 

· ·suffers from power distortion to the 
extent that the power output is altered. 
It· is recognized that the relationship 
between power, voltage, arid impedance 

· can be expressed by the formula 

E' p= Z (1) 

where P= power output, 
E = voltage, and 
Z= load impedance. 

In test procedures using resistive loads, 
it can be seen that if E remains constant, 
the power output will remain constant. 
However, with variable load impedances 
the power output will heir an inverse 
relationship to the impedance. 

From transducer theory, there are 
certain relationships between the elec
trical arid acoustical characteristics of 
any speaker, and such factors as the 
resistance of the suspension system, the. 
resistance of the air load, the reactance 
of the voice coil and cone, the reactance 
of the air. load, and the reactance of 
the suspension system must be cons id: 
ered as affecting the total impedance 
of the speaker, in addition to the pure 
electrical impedance of the voice coil 

· itself. 

Effect of Feedb.ck 
The majority of hi-fi amplifiers em

ploy some form of voltage feedback, but 
a study of equation (1) will show that 
if voltage remains constant there will be 
considerable power distortion, and it is 
agreed that voltage feedback tends to 
hold the voltage constant regardless of 
the load across the amplifier -tenninals. 
Thus any change in load impedance re
sults simultaneously in an inverse power 
change. If electrical impedance charac
teristics and acoustical output charac
teristics of a given speaker were related 
in such a manner that electrical imped
ance peaks occurred simultaneously with 
acoustic;al peaks, the decrease in power 
response at the point of maximum acous-
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tical output would be beneficial. How
ever, in real speakers this condition 
seldom Occurs. . 

The Po\vrtton circuit, Fig. 3, differs 
from conventional amplifiers in that it 
adds a small amount of negative current 
feedback to·a usual amount of negative 
voltage feedback, with the result that 
over a reasonable range of load varia
tions the power distortion is held to 
1 db, whereas without the Powrtron fea
ture the same amplifier shows a distor
tion of as much as 8 db. . 

Careful consideration of this will show 
that it is useless to attempt to control the 
behavior of a loudspeaker by means of 
a device that will sense impedance 
changes in the speaker, and this is ex
actly what is done with voltage feedback. 
Many other effects of voltage feedback 

are definitely beneficial, as is well known, 
but the effect on power distortion is to 
increase instead of decrease it. 

Negative power feedback results in 
much less power change over a range of 
output loads than the other methods of 
operation. Positive current feedback re
duces the internal impedance of power 
amplifiers to zero, but by so doing it 
increases power distortion. 

The Complete Circuit 
While the Powrtron circuit refers 

only to the addition of a single resistor 
in the output circuit and the connection 
back to a suitable point for the introduc
tion of feedback, there are some advan
tages to the complete' White amplifier 
and the method of introducing two sepa
rate kinds of feedback is simplified 
greatly. In Fig. 3 it will be noted that 
R" and C, constitute a u!jual form of 
negative voltage feedback. The negative 
current feedback is obtained from '&0 in 
the return leg of the secondary of: .the 
output transformer. The cross-cQupled 
phase inverter, together with the dircct
coupled driver stage make it possible to 
introduce the two different types of feed
back with considerable ease. Further
more, if a direct A'cB test is desired, it 
is only necessary to short out R,o. 

Since the circuit is somewhat unique, 
it may bear explanation. The input is 
fed into a level-adjusting potentiometer 
and thence to the grid' of V Ja through 
CJ and the grid resistor R,. (The use 
of the octal socket will be described 
later.) C, and R. may appear unneces
sary, but the slightest amount of d.c. 
on. the grid of VJO is sufficient'to unbal
ance the operation of the- entire sy�em 
so;.CJ• is a mica capacitor-.033.J.Lf or 
larger-which has been found to be com
plete1y free . from leakage. The cathode 
of VJO is, directly coupled to the grid of 
V'b and a ·tap·on the cathode resistor 
string of V'o' RI·provides for a balance 
of d.c. voltages throughout the first 
three tubes-the method of adjustment 
being to set Rs at a point where the 
voltage between the plates of V.O and 
V 3b is zero. The negative current feed
back i3 connected to the grid of V Jb
directly out of phase with the input 
sectjoJl--:-and • the. o�tput of . V J b • is fed 
into the phase-splitter in'a manner sim
ilar to that from V Jo' The direct coup-

ling between the phase splitter section 
and the driver is made possible by the 
use of a very large cathode resistor 
for V,. It will be noted that these ca
thodes are about 96 volts above ground, 
resulting in a potential of approximately 
90 volt:. on the plates of V,-this same 
voltage being applied to the grids of 
V6 which results in a bias of around 6 
volts. 

The output stage is the Ultra-Linear, 
which has been described heretofore,l 
In the 20-watt White amplifier, 5881'8 
are used; in a very similar design for 
10 watts output, 6V6's are used-this 
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Fig. .t. Anangement of parts on terminal 
board shown in Fig. 2. 

latter amplifier being used with the 20-
watt model to make the two-way am
plifier system to be described. 

The current feedback is developed 
across RIO' shown as 0.47 ohms .. In con
struction, it is suggested that this value 
be obtained by the use of 'a l-ohm'IO
watt adjustable resistor. Slight varia
tions in the power response character
istics may be had by changing the value 
of this resistor, with corresponding 
changes in the tonal quality of the 
output. 

FigHre 2 shows the underside of the 
White amplifier. Note that most of the 
components ahead of the output stage 
are located on the terminal board, which 
is laid out as in Fig. 4. The parts list 
indicates the wattages of the various 
resistors, as well as the types recom
mended. 

In construction, it is suggested that the 
amplifier be assembled with semi-per
manent connections between the driver 
stage and the output-tube grids; .and 
with the negative-voltage feedback cir
cuit-R.,-C�-disconnected. Then pass a 
signal through the amplifier and note 
whether the signal increases Or decreases 
when R,o is shorted. If the signal de
creases, the leads to the two output grids 
should be reversed, since the feedback 
voltage developed across R,o should re
duce the gain, and shorting the resistor 
eliminates the feedback. After the cor
rect polarity is determined, the voltag� 
feedback circuit Ru-C, may be con
nected. 

1 David Ha8er and Herbert I. Keroea. 
"The 'Ultra-Linear amplifier." AUDIO EN
GINEERING, Nov. 1951. 

AUDIO ENGINEERING • NOVEMBER, 1953 



The "goodness" of an amplifier is not shown by its circuit dia-

gram. Circuits have no inherent magic properties, but are 

merely the tools with which the designer seeks to achieve a cer

tain result, and diffe,.ent designers-provided always that they 

have the same high standards in view-may achieve the same re

sults by different means. 
-D. T. N. Williamson (1) 

Hi g h - Q u a lit y C ire u its 
By JOHN K. FRIEBORN 

Observations on Ultra-Linear, 

plus circuit features of three 

high-quality power amplifiers 

SEPTEMBER, 1953 
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Fig. I-Schematic of the Brociner model 
UL-I amplifier, an Ultra-Linear type. 

S
INCE Williamson published the 

first description of his· "High
Quality Audio Amplifier"2, in 
1947, other audio amplifier de

signers have had two apparent choices, 
"beating him or joining him." A popu
lar compromise is to adopt his general 
circuit arrangement, but to replace the 
class-A triode output stage with another 
type giving higher efficiency. The 
Ultra-Linear version of the Williamson 
amplifier is the solution which recently 
has received the largest amount of 
publicity in this country. Amplifiers 
made by two American manufacturers 
utilize a type of output stage which is 
less well-known, but which Williamson 
himself regards as a more substantial 
improvement than the Ultra-Linear. 
Still another American amplifier uses 
a type of output stage which apparent
ly can give results better than some 
of us expect of it . 

Ultra-Linear 
Where the original Williamson cir

cuit uses triode-connected beam tetrodes 
in this output stage, the Ultra-Linear 
version has the screens connected to 
taps on the output transformer pri
mary. A typical example of an Ultra
Linear Williamson is the Brociner 
model UL-1. (Fig.!.) One explanation 
of the low distortion of this output 
circuit is that, since connecting the 
screens to the plate terminals of the 
transformer primary (the triode con
nection) produces a plate characteristic 
which is nonlinear in one direction and 



connecting the screens to the E plus 
terminal of the transformer (the te
trode connection) produces a character
istic which is non linear in the other 
direction, screen connections to points 
sf'mewhere between the center and the 
ends of the primary will produce ap
proximate linearity'. (Sc� Fig. 2) 

Williamson points out' that the 
Ultra-Linear circuit is in effect a 
tetrode circuit with negative feedback 
from plates to screens and that the 
same improvement in linearity can be 
obtained with other circuits which give 
equivalent amounts of negative feed
back. In fact, he remarks that equally 
good results can be obtained with an 
OI'dinary beam-tetrode output circuit by 
using sufficient feedback around the 
entire amplifier. The disadvantage of 
that arrangement is that sufficient over
all feedback to enable a tetrode output 
circuit to better the performance of the 
original triode Williamson may be dif
ficult to obtain without instability. It 
can be done, as one of the amplifiers 
to be discussed in this article demon
strates. Inserting some feedback in the 
output stage makes it possible to re
duce the distortion any specified amount 
with less over-all feedback. 

Coupling from plates to screens is 
only one way in which feedback can be 
produced in the output stage. Feedback 
voltage . can be inserted between the 
grid and cathode and it would be more 
effective than feedback voltage inserted 
between the screen and cathode. Such 
an arrangement has been used in a 
British amplifier, the Acoustical', and 
in the two American amplifiers re
ferred to above, the Bell model 2200 
(Fig. 3) and the Bogen model DB20 
(Fig. 4) . It can be seen from the dia
:-rams that the voltage across the feed
back winding of the transformer ac
tually varies both the cathode-to-grid 
voltage and the cathode-to-screen volt
age (inverse feedback is applied to both 
the grids and the screens) . FigurcJ 
given by Williamson' indicate that this 
arrangement gives less distortion in the 
output stage alone than either the 
triode or the Ultra-Linear tetrode cir
cuit. Specifications published by the 
manufacturers of both the Bell and the 
Bogen amplifiers indicate a harmonic 
distortion of 0.3% for a._ output of 
20 watts. Vari-.tions of distortion in 
the Bogen model DB20 with power and 
with frequency are shown in the curves 
of Figs. 5 and 6, which were furnished 
by the manufacturer. 

Bell model 2200 
The Bell amplifier ha:.; a few notable 

variations on the conventioaal arrange
ment, aside from the output stage. The 
arrangement of two resistors and one 
capacitor in the cathode circuit of the 
first stage serves two purposes. First, 
the cathode resistor is partially by
passed, so that there is less feedback 
within this stage and greater over-all 
gain without feedback. For the same 
amount of over-all gain with feedback, 
the amount of feedback which can be 
used, . and the reduction in over-all 

distortion, is greater. Second, since 
the negative feedhack path is through 
the capacitor, less feedback results at 
low frequencies and the gain is in
creased to compensate for the low-fre
quency loss in the coupling capacitors. 

The phase inverter in this amplifier 
is not direct-coupled, as it is in most 
variations of the Williamson amplifier. 
No 1 % resistors are used in the push
pull stages, but other provisions are 
made to reduce the amount of unbal
ance. The push-pull voltage amplifier 
has an extrd retlistor, RI, common to 
the cathode circuits of both tubes. The 
usual cathode potentiometer for bal
ancing the output stage tubes is used. 

(The tube heater which is connected 
in the cathode circuit of the output 
stage belongs to the preamplifier. Each 
of the amplifiers described in this ar
ticle, except the Brociner, includes a 
four-stage preamplifier, equalizer, and 
tone-eontrol circuit, using two twin 
triodes. Only the main power amplifiers 
will be described in detail.) 

logen model DB20 
The Bogen amplifier has other un

usual features in addition to the output 
stage design. It is particularly notable 
for its many uses of feedback. In ad
dition to inverse current feedback in 
six of its eight stages, due to unby
passed cathode resistors, interstage 
negative feedback is used in the equal-

IN 

izer and in the tone-control circuit (not 
shcwn in Fig. 4). The power-amplifier 
section has not only the output-stage 
cathode feedback previously mentioned 
and over-all negative feedback, but also 
positive feedback between the cathodes 
of the last two stages. 

This ampli!ier has the conventional 
direct-coupled phase inverter (VI-b) . 
The plate voltage of VI-a and the grid 
voltage of VI-b are adjusted with RI 
so that the distortion in the VI-b stage 
will be a minimum. Few critical com
ponents or adjustments are used. The 
phase inverter load resistors, R2 and 
R3, are matched by selection of pairs 
from ordinary production tolerance 
types. Other resistors are unselected. 
Tl.e common cathode resistor in the 
push-pull voltage amplifier stage im
proves the balance in that stage. The 
use of multiple feedback loops in the 
amplifier makes it possible to obtain the 

Fig. 2-Triode, tetrode and ultra-lin
ear circuit plate characteristic curves. 

Fig. 3-The Bell model 2200 amplifier. Note that first stage is a.c. coupled. 

AF IN 

STAGES 

... ·ig. 4-The Bogen DB20 am plifier uses both positive and negative feedback. 
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Fig. 7 (abo\'e)-The Stromberg-Carlson 
AR-425 amplifier in the schematic has 
a sensitivity of 2 volts input for full 
rated output. Fig. 8 (left)-A graph 
of the harmonic distortion variation in 
the AR-425 amplifier at dill'erent fre
quencies as well as power output levels. 

srecified level of distortion without 
critical balancing of the output stage . 

Stromberg-Carlson model AR-425 

The power-amplifier section of Strom
berg-Carlson model AR-425 custom am
plifier is shown in Fig. 7. A direct
coupled phase bverter circuit is used, 
but the push-pull voltage-amplifier stage 
does not have a common cathode re
sistor and close-tolerance resistors are 
not used for balancing . A simple beam 
tetrode power stage is used in this 
amplifier, with no intrastage feedback, 
yet the harmonic distortion at 20 watts 
output is approximately the same as in 
the other amplifiers described in this 
article, according to curves furnished 
by the manufacturer (Fig. 8). Using 
frequencies of 60 cycles and 7 kilo
cycles in a " to 1 voltage ratio, this 
amplifier develops only 0.7% inter
modulation distortion at 15 watts out
put. Using 40 cycles and 7 kc, the inter
modulation distortion is 1.2% at 15 
WRttS. When making power runs to 
determine the percentage of inter
modulation distortion, the 15-watt com
plex waveform measured by the dis
tortion meter is equivalent to 23.5 
watts of sine-wave signal having the 
same peak value as the .resulting signal 
produced by intermodulation within the 
audio amplifier. 

The low distortion is accounted for 
partly by the large amount of over-all 
negative feedback used. To overcome 
the resulting tendency to oscillation at 
high frequencies, the gain of the first 
two stages at high frequencies is re
duced by two separate means.' 

The output of the first stage is 
shunted by a combination of two capaci
tors and one resistor, Cl, C2, and RI, so 
that the effective load impedance at 
high frequencies is reduced. Also, nega
tive feedback at high frequencies is 
provided between the plate of the sec
ond stage and the cathode of the first, 
through C3 and R2. 

All four of the amplifiers discussed 
in this article have damping factors of 
around 15, compared with 30 for clas
sical triode versions of the Williamson. 
That is, the various tetrode versions 
have an output impedance of about one
fifteenth the speaker voice-coil imped
ance, against one-thirtieth for the tri
ode circuit. Williamson points out' 
that the effective damping resistance 
is the sum of the amplifier output re
sistance and the speaker voice-coil re
sistance. The tetrode circuits therefore 
have total damping resistances, not 
twice as great as the triode circuit, but 
only about 3% greater. END 
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JUNIOR GOLDEN EAR AMPLIFIER 

H

IGH fidelity today is expensive. 
Good commercial amplifiers 
start at around $100 and run 
to $300. Even the cheapest WiI

liamson kit leaves no change out of a 
$50 bill, which is still Iikelv to strain 
the average music lover's pocket book 
and family relationships. In short, what 
this country needs is a good $25 high
'llIality amplifier. 

In my last article, "Extending Ampl
ifier Bandwidth" (in the September, 1953 
issue) I indicated that it it is possible to 
design an inexpensive amplifier whose 
performance only the most critical 
"golden ear" could quibble. This article 
presents the "Junior Golden Ear Ampli
fier" which can be reproduced at a total 
parts cost of around $25.00, and yet 
need take only a litte, if any, backtalk 
from $100.00 amplifiers. The circuit is 
not critical and is easily constructed by 
anyone any even modest construction 
experience. 

By JOSEPH MARSHALL 

Here is what we've till been wtlitillg Jor. A 

truly inexpensive high-fidelity amplifier. 

The frequency range is stretched. while tlte 

dollar is squeezed. Circuit is not cl-itical. 

The circuit 

Those who have read the article men
tioned above will recognize the circuit 
as that of a direct-coupled inverter and 
voltage driver, capacitance-coupled to 
a pair of self-bias output tubes, with 
two feedback loops. The first 12A Ui 
and the 12AX7 comprise a cross-coupled 
phase inverter which is direct-coupled 
to a neutl'alized 12A U7 driver stage. 
Presuming that the output capacitor on 
the tuner or preamp is .05-llf or larger, 
l'esponse of the inverter and drivel', 
without feedback, will he approximately 
2 to approximately 50,000 cycles. The 
input tube is a cathode follower and its 
input resistance is therefore several 
times the value of the grid resistor. So, 
any capacitor of .05-ld or larger will 
have a time-constant long enough to 
pass signals below 10 cycles. Since the 
12AX7 is driven by the very low im
pedance of the eathode follower it is 

not affected by the Miller effect below 
100 kc. The neutl'alization of the 12A U7 
driver minimizes the operation of the 
Miller effect in that stage, and the 
direct coupling produces no phase shift 
at any frequency below 50 kc. 

The 0.5-!!f capacitors which couple 
this section to the output tubes are the 
only source of internal phase shift in 
the amplifier, but much if not all of 
this phase shift is neutralized by the 
inner feedback loop from the plates of 
the output tubes to the cathodes of the 
driver stage. The 6V6 output tubes 
are operated in a modified form of the 
Ultra-Lineal' circuit by connecting the 
screens to the 4,OOO-ohm taps of the 
UTC S-15 output transformer, This 
method of operation is intermediate be
tween triode and tetrode and has several 
virtues. First, it improves the high
frequency response because this con
nection in effect neutralizes the plate
grid l'apacitanc(' of the output tubes, 

Top view of the "Junior Golden Ear 
Amplifier." Note the position of the trans
formers at mutual right angles, to prevent 
unwanted coupling power-to-output. 

An under-chassis view; note the 
use of oil-filled bathtub capaci
tors to ensure excellent low
frequency response. 
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which In triode operation would result 
in very serious attenuation above 10,000 
cyclell. Second, it more than doubles 
the 4 watts output which 6V611 de
liver all triodes. The optimum screen 
load for true Ultra-Linear operation is 
18.5% of the plate load. Special (and 
expensive) transformers are manufac
tured for this style of operation. How
ever, a ratio of 40%, as in this case, 
result!! in excellent performance and 
permits a standard medium quality out
put transformer to be used. The maxi
mum output of the amplifier is more 
than 8 watts. 

Two feedback loops are employed. 
The inner loop, from plates of RV6's 
to cathodes of the drivers, provides a 
feedback factor of 14 db. The time-con
stant of the feedback network is the 
same as the time-constan t of the coup
ling network from drivers to output 
tubes, but the phase shift in the feed
back loop is e xa ctly opposite to that 
in the coupling. So this feedback loop 
in eft'ect neutralizes the low-frequency 
phase shift of the capacitor coupling, 
and the amplifier-though not ent irely 
direct-coupled-is, for audio purposes, 
just about as respon!!ive at low fre
quencies as a direct-coupled amplifier. 
The inner feedback loop, being bal
anced, also helps maintain the excellent 
static balance of the amplifier over the 
full dynamic range. Since it al!!o in
cludes the two stages responsible for 
most of the distortion, the output tubes 
and drivers, it produces about a 5-1 re
duction in distortion. The over-all feed
back loop runs from the output trans
former secondary to the cathode of one 
of the input tubes. The feedback factor 
in this loop i!! more than 20 db. This 
not only further reduces the distortion 
but it is enough to flatten the response 
of the output transformer to a level 
acceptable for high fidelity. 

The respon�e of the amplifier from 
input to output transformer is virtually 
flat from 2 or :1 to over 100,000 cycles. 
The response of the output transformer 
is flat only from 50 to 10,000 cycles. 
However, the extreme bandwidth of the 
amplifier itself, plus the more than 20 
db of over-all feedback, extend the 
response on both sides of the slopes of 
the output transformer, producing an 
output curve which is essentially flat 
at levels of 2 watts or less, from 10 
to some 60,000 to 70,000 cycles. This is 
as good or better than that of most 
Williamson-type amplifiers using much 
better output transformers, but pos
sessing a very much narrower internal 
bandwidth because of Miller eft'ect and 
uncorrected low-frequency phase shift. 

Because the distortion-producing 
stages are subjected to a feedback fac
tor of 30 or more, the output distortion 
ill extremely low. At levels below 2 
watts, which represent the average 
power peak in home listening, the dis
tortion is measurable only on labora
tory equipment. At maximum output 
the harmonic distortion is under 1 '10 
while the intermodulation is about 1 %. 
This is so slight as to be of no practical 
consequence since an output level of 2 watts, 

given a reasonably efficient speaker system, 
will not often be exceeded in a small home or 
apartment listening. 

Although the photographs of the ex
perimental model show bantam-type 
tubes , it is better to use the miniature 
tubes specified in the wiring diagram. 
]{ you already have two 6SN7-GTs and 
a 6SL7-GT and want to use them, there 
will be only a slight dift'erence in high
frequency response, and that will prob
ably be noticeable only by measure
men t and not by ear. 

The amplifier is push-pull from be
ginning to en d and can be balanced 
both statically and dynamically. Thus 
maximum use is made of the distortion
canceling properties of push-pull am
plifiers. The series resistors, common 
to both side!! of the plate loads of the 
voltage-amplifier section, are balancing 
resistors and should not be le ft out. 
The 2,OOO-ohm balancin g control in the 
cathode circuit of the input stage an d 
the single-pole, double-throw switch pro
vide a means for over-all dynamic bal
ancing. They should preferably be 
mounted on the rear or top of the chas
sis where they will not be disturbed 
acc identally. 

There is nothing at all critical about 
the layout, and no special wiring meas
ure� have to be taken. If your chassis 
is already punched, arrange the tubes 
as conveniently as possible. Vector tur
ret �ockets could be used if the most 
('ompact amplifier is desired. A common 
ground wire should be run from the 
ground point of the input jack around 
the chassis and all ground leads should 
be soldered to it. The filament wires 
�hould be twisted together and the two 
sides of the filament loop kept about 
the same lenKth. The center·tap of the 
filament transformer is returned to the 
voltage divider at a point between 40 
anu 50 volts positive. By this means, 
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as well as the two feedback loops, the 
hum level is kept extremely low. In 
fact, it should be completely inaudible, 
with your ear at the speaker, unless a 

Klipsch-type horn is used, in which 
case you may be able to hear some hum 
with your ear right at the output of 
the horn. 

The neutralizing capacitors in thl' 
12A U7 driver are 1.5-J.1J.1f molded gim. 
micks of the type used for oscillator 
injecti!)n in wperheterodynes. They are 

available from most parts distributors, 
The NPO series of ceramic capacit""s 
can also be used. In an emergency th,· 
capacitors can be i mprovised by twi,t· 
ing together two 2-inch lengths of hook· 
up wire. Re sure to connect the t'Il" 
of one wire to the plate and the end 
of the other wire to the grid. The two 
open ends should he lightly taped to 

prevent an y possible accidental shorts 
to chassis. 

The 0.5-llf cou pling capacitors to thc 
6V6 grids must be of good quality with 
low leakaKe. Rathtub types are recom · 
mended. Do not substitute lower vahll'� 
or the low frequency response will SlIi· 
fer. The O.25-Id capacitors in the fet:d· 
back loop should also be of equally 
good quality. 

The plate, grid and cathode resistors 
in the opposite sides of the push-pu ll 
staKes shou ld be matched. This can be 
done effectively enough on an ohmmeter. 
Ordinary carbon resistors will do. Of 
any five of a given value, two ('an 

usually be found which match to 1 or 

2c/�. The exact value is not important. 
as long as they match. Thus the 220,(11111. 
ohm plate loads can be 200,000 or :!III .. 

000 ohms, so long as both are as nearl\' 
identical as possible. Be careful not t� 
overheat the resistors when solderin� 
them in place, for it might change their 
value. If you hold the wire leads in a 

pair of large pliers between the solder· 
in K point and the body of the resistor, 

)OOy 

Schematic diagram of the amplifier. 
'SI' enables overall dynamic balancing. 
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most of the heat will be df!lsfnated in 
the Dliers before rea�hinlr the re!!istor. 
If you have a Wheatstone bridlre, it 
would be an excellent idea also to 
match the couplinp." Rnd feedback capaci
tors, to preserve the best possible fre
quency balance. 

The output tubes are balanced 
t!ll·ough the 50-ohm potontiometer 
which is adj usted for· equal olate cur
T,'lltS. or for zero voltage difference as 
indicated on a high-resistance voltmeter 
connected from plate to plate. The bias 
voltage should be about 20 with a plate 
voltage of around 300. 

The cathodes of the 12AU7 driver 
should be about 10 volts more positive 
than the grids. This will be achieved 
with approximately a 2-1 ratio of plate 
load to cathode resistan�e. The direct
coupled front section is balanced. as 
in dicated later. at d.c. by the balancing 
pptentiometer in the input tube circuit. 
The switch is a great convenience in 
obtaining over-all balance, permitting 
easy rebalancing from time to time to 
compensate for tube aging or when 
changing tubes. It is not essential to 
the operation of the amplifier. 

When connecting the inner feedback 
loop, be sure that you do not cross it 
by connecting it to the opposite side 
instead of the same side. Proper con
nection is evidenced by reduced output. 
The diagram shows the over-all feed
back loop going to the lower side of 
the amplifier, but it should be applied 
to whichever side produces negative 
instead of positive feedback. Touching 
the end of the loop to each of both grids • .  

in turn, of the 12AX7 will determine 
the proper one. With the transformer 
specified, the feedback loop should re
sult in stable operation. If another 
transformer is SUbstituted, or if feed
back results in oscillation. the feedback 
r�,istor R2 should be increased in value 
until oscillation cannot be sustained. 

The power supply is conventional ex
cept for the connection of the filament 
center-tap to a positive point on the 
voltage divider. If your power trans
former does not provide a center-tapped 
filament winding. insert a potentiometer 
of 50 to 100 ohms across the winding, 
connect the slider to the positive voltage 
point, and adjust the potentiometer for 
minimum hum. A 90-ma power trans
f(JI'lller will more than suffice. Ultra
Lin"ar operation does not produce as 
gn'at current swings as does triode 
opl'ration. The plate current remains 
quite constant over almost the total 
dynamic range. The low current re
quirement of this amplifiel' makes prac
tical the use of a larger transformel' 
to supply both the amplifier and asso
ciated tuner. 

I believe that in the large majority 
of cases tone-control circuits are neither 
nen'ssary nor desirable. Therefore, a 
Cl' lItralab Compentrol in the amplifier 
input is specified. This gives boosts at 
both low and high frequencies at low 
volume levels and is very satisfying, 

except perhaps in rooms whose acoustics 
It low frequencies produce too boomy a 
lOund. The amplifier doe. not inelude 

:a phono preamp. Any of the standard 
circuits can be added. or a G-E preamp 
can be mounted on the chassis and con
nected to the same power supply. In 
that case, it would be well to add 
another switch at the input to permit 
switching in the different input sources 
-FM tuner. AM tuner . phono, etc . 

This amplifier apparently can be 
built without regard to wire lengths, 
parts layout, and so forth. Several 
versions of the amplifier have been 
put together quickly on breadboards, 
old chassis, etc., with no resulting trou
ble. If you are relatively new at con
structinlt' amplifiers, keep this in mind : 
Double-check each connection before you 
make it, and several times after it is 
made. to see that it is correct. Before 
inserting tubes and turning on power, 
make resistance measurements at the 
socket terminals with an ohmmeter to 
be sure that you have no shorts or 
opens. Make the connections firm, and 
solder carefully so that you do not have 
noise-producing joints. When you are 
sure the hookup is correct, make the 
following adjustments, in the order 
given : 

1. Insert the output tubes and adjust 
the cathode control so both tubes draw 
equal current, or so a high-resistance 
voltmeter connected from plate to plate 
indicates zero voltage. 

2. Insert the other tubes. Connect 
the voltmeter from plate to plate of 
the 12AU7 driver stage, and adjust RI 
for zero voltage. 

3. Turn switch SI so that the two 
It'rids of the first 12A U7 are tied to
gether ; feed any signal into the input 
and now adjust RI al1:ain for a null in 
the output from the amplifier. Because 
of feed-through via the over-all feed
back loop, a true null may not be ob
tainable; in that case, adjust the mini
mum output, using an a.c. meter if 
possible. 

This procedure will balance the en
tire amplifier from beginning to end. 
Periodically. the balance can be checked 
and retrimmed as in step 3. It should 
also be done any time one or more of 
the tubes are changed. 

The Junior Golden E ar amplifier is 
capable of very hilt'h quality reproduc
tion, and merits the use of the best 
speaker you can afford. Fortunately, 
several good combinations of speaker 
and baffle are todav available from $30 
to $50. One of the�e amplifiers and the 
Bal'uch-Lang speaker system provides 
a very compact pOI·table system with 
astonishing reproduction.· With good 
speakers, tuners and magnetic phono
graph pick-ups, the Junior Golden Ear 
will yield results which belie the low 
cost. and are very likely to shock owners 
of Williamson and commercial ampli
fiers costing many times more. Do not 
let the small output transformer mislead 
you. After all it is not the transformer 
curve which counts, but the overall 
response curve. 

While the output transformer in the 
Junior Golden Ear is much poorer than 
that of William80n amplifiers, the rest 
of the amplifier is excellent in flatness 
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of bandwidth and freedom from phase 
shift, with the result that the over-all 
performance is just about as good. 

Modifications 
The only thin2' which stands between 

the Junior Golden Ear and a place in 
the ranks of the realIy great audio 
amplifiers is the output transformer. 
If you have an additional $15 to spare. 

you can remove this imperfection by 
adding an Arro-Sound T-310 output 
transformer. This will give you true 
Ultra-Linear performance with an out
put in excess of 10 watts and an over
all bandwidth of 2 or 3 to nearly 200,-
000 cycles. The distortion characteris
tics should be superior to those of any 
other amplifier in its class. For a still 
more de luxe model, with higher output 
and, I believe, the finest performance 
the art permits, vou are referred to 
the New Golden Ear amplifier, senior 
version. as described in my articles in 
recent issues of A Ildio Ell gi"eerillg. The 
senior version uses the same input 
section but fixed bias output tubes with 
higher power output and still wider 
bandwidth and lower distortion. 

It may be that you have an amplifier 
with a fairly good---or even extra good 
---output transformer, and would like 
to improve it. The addition of the direct
coupled front section and the inner 
feedback loop will improve any ampli
fier, including higher priced commer
cial ones. If your present output trans
former does not provide intermediate 
primary taps, you can use tetrodes as 
triodes, but adding neutralization to 
eliminate the Miller effect. The simplest 
way to achieve neutralization is to add 
a pair of 4-30-!1!1f ceramic trimmers in 
the standard cross-neutralizing style. 
Before connecting the feedback loops. 
remove the filament voltage from the 
output tubes. feed a signal into the 
amplifier, and adjust the trimmers for 
a null in the output. 

Materials for Golden Ear Amplifier 
lesistors: 1-470, 2-1,200, 2-2,200. 2-22,000, 1-
33.000, 2-120,000, 4-220.000, 2-470,000. 2-:-1.2 
megohms, 'I> watt; 1-10,000 ohms, 20 watts , 2 odlust· 
oble taps; I� ohms, 1-2,000 ohms, polontio. 
meters; I-Centrolob Compontrol. 

Copoelto": (Ceramic) 2-1.5 I1l1f. ('aper or bath· 
tub) 2-.01. 2-25, 2-5 ,.f. 600 voln. (ElectrolytiC) 
1-20·20·20 ,.I, 450 volls. 

Tubes: 2.12AU7, 1-12AX7, 2-4V6, 1-5Y3·GT. 

Miseellan_us: I-Output tronsformor. type UTC.S. 
15; I-Po •• r transformer, UO Yolts c.t. at 90 ma., 
6.) volt at 4.5 amp.; I-Filter choko. IS h at 50 mo.; 
I-filter choko, 15 h ot 100 mo.; I-s.p.d.t. switch; 
wire, tub. sotkets. chauis. and hardwor •. 

The modification will extend the band
width of any amplifier. no matter how 
good or expensive it is, and because the 
two loops provide more feedback, will 
also reduce distortion. Finally, because 
of the wide bandwidth, the low phase 
shift, and the neutralization of positive 
feedback loops due to grid-plate capaci
tance, the circuit will also improve the 
transient response. despite the added 
feedback. I have found this circuit 
highly suitable for 6L6s, 1614s, 588h, 
KT66s, 807s, etc. The operating volt
ages would have to be adjusted to con
form with the tubes operating condi
tions. END 
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"ULTRA-LINEAR" OPERATION OF 6V6 TUBES 

Ftq, I. The Gromme. JOOBA power amplifier after con· 
'ur.lon to "Ultra·Llnear" operation, See diaqram of Fiq, 4, 

E
VER since the introduction of "Ul
tra-Linear" circuitry,' there has 
hccn a steadily growing interest in 

amplifie/'s utilizing this type of out
put stage coupling. The basic alTange
mcnt has become popular in ardent 
audiophile circles and has also found 
commercial and industrial applications 
where ('xtrem('ly low distortion is re
quired, 

Essentially, the "Ultra-Linear" ci/'
cuit is iIIustJ'ated in Fig, 2, The screens 
of beam power output tuhes are con
nected to taps on the p/'imary of the 
output t/'ansformer; or if it is desil'ed to 
ope/'ate the sc/'eens at a diffe/'ent a,c, 
potential than the plates, to a tel'tial'Y 
winding on the output tranSfOl'llll'I', 
Eithe/' alTangement requi/'es a t rans
former with the cor/'(�ct rat io of sc/'cen 
load to plate load if opt imum results 
are to he obtained, and a mismatch 
' .... iII lead to inefficiency andlor in
c/'eased distort ion, 

The "Ult/'a-Linear" atTangement 
has been mistakenlv refelTed to as a 
feedback circllit. This is not CO/Tect 
since negath'e feedback wOllld produce 
a redllct ion in gain which does not 
occur with the "Ultra-Lincar" circuit, 
It wOllld be jllst as incorrect to I'efer 
to a triode as a tetrodl' with feed hack 
as it is to analyze the "Ultl'a-Lineal'" 
dl'Cllit as a feed hack circuit. Instead 
it mllst he conside/'ed as a new and 
dilTl'l'pnt tYPl' of tube st rllct ure which 
is IWit hl'l' tl'iodl' nOl' tet rod(', 

Th(' circuit pl'ovidl's some of the ad
vant agl's of hot h t I'iodl's a/ll! tpt rodl's, 
and il U,'(,I'comes som(' of I he disadvan
tages of ('ach of t hes!' I ypes, J<'or ('xam
ph', it is more I.'fficient. amI pl'ovid('s 
mon' !)oW(,I' oul Pllt. than t r iod! 's, I I s 
capahililil's in this J'I'SPl'ct. paralld thl.' 
capahilit ics of tet n,cics, 1I0wl'\"l'r, it 
has low inlernal impl'danc(', almost as 
low as I riodes a nd a hou I onl'-t l'n t h 
that of I l'1rodes; I his IlI'ovicles good 
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10udspI'akel' damping, Lastly, and 
most important of all, it has a more 
/il/!'I/( input-output relat ionship at 
most powel' le\'l'ls than eit hel' t riodes 
or tl'troc\es which nwans that its dis
tort ion is lowe/' than other ml'I hods of 
opl'/'ation, This alone justi fies the IISI' 
of the circuit in those cases where low 
distortion is the glliding critl'l'ion, 

The "Ultra-LineHl'" circuit has 
achie\'ed populal'ity in delllxe ampli
fie/' alTangcments such as cOI1\"ersion 
of the Williamson cil'cuit." It has been 
widely IIsed with tuhes of the KTli6, 
H07, and 5R81 type for cil'cllils in Ihe 
20 to 30 watt PO\\"('/' hracket· fOl' cil'
cllils of Iruly outslanding cha ra d l'ris
tics sllitablc for' the most critical us
agc, Nalllrally, 200/' 30 watts is a lot 
of power for li\'ing 1'00/11 use- jllst. as 
200 hOI'sepowe/' is a lot of po\\"el' for 
a deluxe automobilc, Howe\'er, there 
are definite advantages to high pow
(,I'cd amplifiC'rs which arc op<'/'atl'd at a 
fraction of tlll'ir potential output just 
as tIlI're an' ddinitC' adnll1tagl's to 
high [1O\\"('/'l'd ears which an' I'un at a 

fmclion of tlwil' capahilitil's, 
New'l'thel('ss, not all of us \\"ant, or 

can alTOI'd, 200 hors<'IJOwcr ears; am! 
not all of us 1'1'1'1 till' IlI'cd for, or wish 
to spl'nd till' money fOl" alllplifil'l's of 
20 01' 1ll00'e \\"atls po\\'('r ra ting, :\lany 
alH!iophill's and music IO\'('I'S an' \'I'I'y 
happy with amplifil'l's in th(' 10 to I:> 
wa t t power hrackl't, '1'111' popu la ri I y of 
this /'Hngc is dl'monsll'at .. d hy 1111' sales 
success of thousands of \Villialllson
type amplifiel's as \\"l'1I as I ens of t hou
sands of lowel' cost ampl ili!'I's USinl-: 
6V6 tubes p/'Ovicling 10 to I:> watts of 
power output, Undouht('dly, 11)(' great
est number of amplilil'l's in honll' IISI' 
ul ilize t he type I\VI; t 11 hI' in on!' of 

s(,\'1'1'1I1 popular circuit alTilllg('IlWnts, 
all of which han' ( 'SSI'nt ially similar 
pl'rformancl' chal'acl prisl ics, 

The possi hilities of using the "UIII'a-

One 0/ the best designs In 

recent years covering an audio 

amplifi�r using 6V6 tubes. 

The author, in this case, has 

converted a G rommes unit to 

illustrate his design idea. 

Linear" illTangement with 6V6 tubes 
in medium-powel'ed amplifiers has 
heen im'estigat.ed carefully, It has 
heen found that the tube is well suited 
for this mode of ope/'ation since its 
dynamic input-output chm'acteristic 
can he lin('al'izec\ hy p1'Ope/' selection 
of a tappi"g point for screen connec
tion, 

The charactel'ist ics of the 6V6 are 
not. at all simila/' to the 6L6 family, 
and the connection an'angement which 
is opt imum fOl' 6V6's is quite differ
ent f/'Om that which can be used with 
the \;lI'ge tube types, As a tetrode, the 
6V6 pel'lllits 10 to 15 watts of output 
dl'p{'nding on plate supply \'oltage and 
hias, These /'atings arc based on the 
point whel'(, clipping of a sine wa\'e 
hecomes \'isible .. ·-which happens when 
the grids start to go positi\'e, and the 
dl'iving soul'ce cannot fUl'llish power 
to the tuhes, 

If the same tuhes arc tl'iode con
nected I hy st /'Upping the screcl1 to the 
plate), [1O\\'er output, using the same 
critl'l'ia, is n'ducl'd to 21" to 3�!! watts, 
Wlwl1 th<' "UIt/'a-Lineal'" connection is 
liSI'd, I he 1)0\\"1'1' ou I put d('pl'nds on 
thl' position of thl.' serc('n taps, If a 
!'iO',; tap is IIsed, pO\\"(, I , is reduced 
to ahoul olw-half of the' telrod<, capa
hility, If a gn'atl'r Ihan !'ill'.; lap is 
uSl'd, poWcr is l'l'ducl'd to\\"a I'd I hc 
lriodl' limitations, Ai a lapping lJOint 
of ahout 24';;, po\n'l' oulput is wilhin 
!)()',; of tIll' tl'1l"(xl(' condit ion, and dis
tort ion at all le\'els up to maximum 
is minimized, This point, thl'rcfore, has 
been selected as the opt imum operat
ing point fOl' "UItnl-Lincar" use, 

It would be llOssible to takc an cvel1 
low('r tapping point and obtain slight
ly 1ll01'(, POWC'I' OU I pu t t ha n the t et /'ode 
COIlll<'ct ion, hul Ih(' distort ion at low 
Icn'ls and the inter-nal impl'dance IlOth 
h<,gin to increase as thC' tap is bl'ought 
dos"r to I he zl.'ro pt'r-cl'nt po;nl \\"hich 
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FI". 3. Various feedback arran"ementa 
from yolce coli of the output to the cathode 
of aD early .ta.,e. See text for dlacuuloD. 

is coincident with conventional tetrode 
connection. 

Thus the "Ultra-Linear" operating 
point has been set at a compromise 
level in which the factors of maxi-

mum power output. distort:on at vari
ous levels. and internal impedance 
have all been weighed against each 
other. It must also be mentioned that 
listening tests at various tapping 
points with no feedback around the 
amplifier validate this selection of the 
tapping point. This was done without 
feedback on the assumption that the 
best amplifier without feedback would 
also be the best after the application 
of feedback. In these listening tests. 
the triodes fell behind because they 
could not handle the power (after all. 
3 watts is insufficient for musical 
peaks). the tetrodes were somewhat 
screechy and boomy (too much in
ternal impedance for satisfactory 
speaker damping). and the 24% point 
sounded natuml and smooth even 
without connection of the amplifier 
feedback loop. 

Use of the "Ultra-Linear" circuit in
volves utilization of an output trans
former with the correctly placed taps. 
A special transformer. the Acrosotmd 
TO-310. has been designed specifically 
for this application; and its parameters 
were selected so that it would not limit 
the ultimate capabilities inherent in 
the circuit. For example. its band
width has been set at ± 1 db from 10 
cps to 100 kc. so as to provide the low 
phase shift and good transient per
formance desired in the most critical 
applications. Similarly. its distortion 
characteristics complement those of 
the "Ultra-Linear" circuit and permit 
low distortion at both high and low 
levels from 20 cps to over 20 kc. 

FI". 4. The Gromme. lOOBA power amplifier conyerted to "Ultra·L1near" operation. 

R,-470.000 oh .... 'Il ... ,,,. 
Rr-ZOO oh .... 'Il ... ,,,. 
R •• R .. R.. R •• Rr-ZZO.OOO oh .... y� ... , ••• 

R.-lOOO 010 .... y� ... ,� •• 
R.-JOO 0',", 10 •. .,;, •• 0.",,1 ,.,_ 
R .... -J600 010 .... I ... , ••. 
Ru-loo oh .... 10 ..... ;, ... 0",,4,.,. 
C,-IOO ,./d .• " r •• IH. (o"d. 
C .. Cr-.I Il/d •• 400 r. <o"d. 
C,-IO ,,/d .. 400 r • • 1.,. ,o"d. 
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C,-.OOI Il/d. u,.mi< <ond. 

FOIIM£RI..Y 
SCREEN 
CONNECTION 

C.-40 Il/d .• '0 r. �/u. cond. 
C,.C.-401 JO ,,/d .• 4'0 P. �/ec. co"d. 
T,-O .. ,p .. , "." •• (II.,o.o .. "d TO·JlO) 
T r-Po .. �, " ..... J40·0·J40 p. @ J 20 m •• ; J 

r • • 2 .mp •• ; I.J p. c., . •  Z .... p •• 
1,-/", .. , i.et. 
V,-ISL7 , .. b. 
V •• V.--6V6 , .. b� 
V,-J YJ , .. b� 

Circuit Considerations 
There are many SVS circuits which 

have become popular. but by far the 
most commonly used is that in which 
a twin triode phase inverter is used 
to drive a pair of SVS's; and feedback 
is carried from the output winding of 
the output toransformer to the cathode 
of one of the triode sections. This 
basic configuration is simple. practical. 
economical. and adequate. The a.c. 
gdd-to-grid voltage requirements of 
the SVS output stage are not stringent. 
and the phase inverter supplies ample 
dl'i\,e without the need for an intcr
mcdiate push-pull stage such as is used 
in the WiIliamson-type circuit. Since 
thcl'e are only two stages. the prob
lems of utilizing feedback are simpli
fied (as there is less phase shift in 
the circuit). and the designer can use 
less elaborate circuitry and compo
nents while preserving a satisfactory 
mal'gin of stability. 

Generally the phase inverter tube is 
a high mu triode such as the SSL7 or 
12AX7 in order to obtain as much gain 
as possible within the two stages. Ac
tually. except for gain considerations. 
the spccific type of inverter is of com
pal'8tively little consequence-circuit 
performance is determined almost 
completely by the mode of operation 
of the output tubes with respect to 
bias. supply voltage. and impedance 
match; the quality of the output trans
former; and the proportion of feed
back. The voltage amplifier stage con
tributes relatively little. as compared 
to the contribution of the o utput stage. 
to the over-all quality of the amplifier. 

Conversion of these circuits to "Ul
tra-Lineal'" operation can be done by 
substituting an output transformer 
which has properly placed taps for 
connection to the SVS screens. Gen
('rally. this substitution will make an 
immediate decrease in distortion. 

If the original amplifier used a 
screen dropping resistance. this is re
moved for "Ultra-Linear" operation; 
and the screens are connected to the 
tapping points on the primary of the 
output transfo rmer. It- is important to 
observe polarity and to connect the 
screen to the same primary side of 
the transformer as that from which 
the plate is energized. Otherwise an 
oscillitory condition will be provoked. 
Similarly. polarity must be observed 
between upper and lower output tubes. 
or the feedback from the secondary 
side of the transformer may be in the 
incorrect phase and cause regenera
tion. 

When the screen resistor of the 
original circuit has been removed. the 
screen bypass condenser must also be 
disconnec·ted. This can be readily put 
to good use by paralleling it across 
one of the filter condensers of the 
power supply for extra filtering and 
lowered power supply impedance. 

The only other changes which need 
be made involve the feedback resistor 
and feedback compensating condenser 
which shunts this resistor (or in some 
circuits bypasses it to ground). The 
ratio of series resistor to shunt re-
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sistor in the feedback path detennines 
both the lotal gain in the circuit and 
the proportion of feedback. For exam
ple. with'a 6SL7 phase inverter and 
feedback from the 16-ohm tap of the 
Acrosound TO-310 transfonner. the 
power amplifier will have 17 db of 
feedback and require a maximum in· 
put signal of 3 volts to drive it to full 
output when the ratio of feedback to 
cathode resistance is 5 to 1. If the 
ratio is changed to 7.5 to 1. the am· 
plifier will be driven with a 2 volt in· 
put. but the feedback is cut down by 3 
to 4 decibels. Similarly. a 12AX7 has 
about 50% more·gain than a 6SL7. If 
this tube is used with a 7.5 to 1 ratio 
of resistance. the amplifier can be 
driven to full output with 2 ,'olts of 
signal while still maintaining 17 db 
of feedback. In the original construc
tion. it is recommended that the 
12AX7 be used so as to obtain this in
creased sensitivity. However. in con: 
verting an existing amplifier. the con· 
structor can leave the 6SL7 tube in the 
circuit and can adjust for the required 
sensitivity by varying the feedback re
sistor. If necessary. he can sacrifice 
a portion of the feedback in order 
to maintain sufficient gain for the pre
amplifier s�ages which are being used. 

In many commercial amplifiers, the 
power amplifier section must be suffi
ciently sensitive to be driven by 1 volt 
of input because of the relatively low 
gain of the earlier stages. If this is the 
case. it is necessary to diminish the 
feedback (by increasing the feedback 
resistor ). However. the most modern 
preamp designs are intended to supply 
about a two volt input such as is found 
on Williamson-type amplifiers. Any of 
these preamps will handle the converted 
6V6 amplifier and still permit 14 or 
more db of feedback. This is sufficient 
feedback to reduce distortion. hum. 
noise. and internal impedance to low 
values suitable for top quality applica
tions. Thus the more common front
end arrangements will serve with the 
"Ultra-Linear" 6V6 amplifier while 
preserving an adequate proportion of 
feedback. When the 12AX7 is used, the 
designer has an additional 3 or 4 db of 
latitude in his choice of gain 't:enltts 
proportion of feedback. . 

In some amplifiers which are of the 
public-address type rather than the 
high-fidelity type, inadequate feedback 
is used which is limited to 6 db or less. 
Conversion of these amplifiers with 
the increased feedback which results 
from a 5 to 1 resistor propol·tion will 
pl'oduce insufficient gain. In those 
cas('s, there must be either a sacrifice 
of feedback or the addition of more 
gain in the early stages. However. in 
these amplifiers the original quality is 
generally so poor that the substitutioll 
of the "Ultra-Linear" output arrange
ment will make a decided improve· 
ment in performance even if bnly 6 db 
of feedback is used. The relative im
provement in a low grade amplifier is 
even greater than is achieved by con
verting a fairly good amplifier which 
has a high proportion of feedback. 

When feedback in excess of 12 db 

J •••• 1954 

Fiq. 5. Bottom view of converted Grommes amplifier showlnq new output tranaformer. 

is used, there is some possibility that 
the amplifier response will peak in the 
ultrasonic region even though the re
sponse without feedback is fiat over a 
very wide range. This peaking can be 
eliminated with a consequent improve
ment in transient response, by adding 
a network to change the phase of the 
feedback voltage in the peaking 
region. One simple arrangement is to 
add a small condenser across the feed
back resistor. A suitable condenser 
value in the type of circuit under dis
cussion is one which makes the prod
uct of the feedback resistor in ohms 
and the condenser in microfarads 
equal to unity. Several typical circuits 
using a 5 to 1 resistor proportion are 
illustrated in Fig. 3. In these arrange
ments, the feedback connection is 
brought to the cathode or pair of cath
odes of the phase inverter stage. All 
of the arrangements have the same 
proportion of feedback and the iden
tical phase correction. 

Circ:uit Conversion 
These conversion considerations are 

exemplified in the conversion of the 
Gl'ommes l00BA amplifier, Fig. 1, the 
circuit of which is shown converted in 
Fig. 4. This amplifier is typical of 
many which come both with and with
out preamps in the $40 to $60 pl'ice 
bracket. Both former values and con
verted ones are indicated on the 
schematic. There are only three elec
tronic parts changes in addition to the 
new output transformer. 

Physically. it takes only two addi
tional holes for mounting the output 
transformer-the remaining holes line 
up without alteration. The trans
former fits rather snugly but inas
much as it contributes no heating, its 
proximity to other parts causes no 
difficulty. 

Any power supply ,vhich is satisfac
tory for the original circuit is also 
suitable for the "Ultra-Linear" con-

version since the "Ultra-Linear" cir
cuit is less critical as to supply regula
tion than the t('trode circuit. In the 
Grammes l00BA no filter choke is 
used, and the con\'erted circuit works 
just as well without one although a 
single 100 ohm resistor was added in 
converting in order to reduce the hum 
voltage. 

The converted amplifier has extraor
dinary specifications for its size and 
price. In fact its specs read amazing
ly like those of a com'entional triode 
Williamson amplifier. Frequency re
sponse is fiat ± .5 db from 20 cps to 
over lOO kc. at a 1 watt level. (By 
increasing the size of the cathode con
denser of the 6SL 7 the low end re
sponse can be made fiat to below 5 
cps.) At 10 watts, response is fiat ± 1 
db from 20 cps to over 60 kc., and 
clean waveform is preserved from 20 
cps to 30 kc. even at this high a level. 

The transient response as evaluated 
by square waves is shown in Fig. 6. 
Thel'e is a minimum of transient dis
tortion and phase shift at these two 
extremes of the audio band. 

Intermodulation distortion is ex
tremely low. It runs about .1 % at 1 
watt. rises to .4% at 8 watts, and to 
.5',k at 10 watts. It is still below 1 '10 
at 11 watts. These tests were made 
with 40 and 7000 cps mixed 4 to 1 and 
are based on equivalent sine-wave out
put. This is the conventional method 
of rating which is used for practically 
all commercial amplifier equipment. 

The quality of a low cost 6V6 am
plifier is normally not up to the top 
high-fidelity standards which have 
been set by the Williamson-type am
plifiers produced in recent years. How
ever, it is now possible, by using the 
..Ultra-Linea..

.. 
circuit arrangement 

and a top quality output tJ'ansformer, 
to convert these run-of-the-mill ampli
fiers into ones whose quality is com
pal'able with the best obtainable in the 

Flq. 6. Square-waye performance (A) at 20 cpa and (B) at 20 kc. See lext for detalla. 
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10 to 15 watt power range. For many 
people this power range is ample for 
all home requirements. 

Cal'eful listening tests have borne 
out the justification for the "Ultra
Linear" conversion. Partirularly in the 
low frequency range there is substan
tial improvement. The solidness and 
clarity of the heavy bass passages 
is a revelation when one contrasts old 
and new amplifiers. The silkiness and 
smoothness of the treble range also 
stand out in a side-by-side comparison. 
In short. the improvement in meas
ured characteristics is confirmed and 
substantiated by a corresponding im
provement in listenability. 
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Feedback from 
Output Transformer Primary 

W
ITH PARTICULAR REFERENCE to audio

frequellcy amplifiers transformer
coupled to the load, feedlJack sys

tems may be classified broadly as primary, 
secondary, or tertiary, according to the 
transformer winding at which the output 
signal is sampled. Of greatest general 
utility is the primary feedback plan; while 
technically not including the output trans
former within the ieedback loop, it pre
sents other advantages which are usually 
of greater importance in an equipment de
sign. 

r--------.-----oe. 

OuTPUT 

Fig. 1. 

Representative Connections 

The cathode follower shown In push
pull in Fig. I is the simplest form, of 
primary feedback. It is not basically dif
ferent in either performance or capability 
than other primary-feedback amplifiers, 
such as the unbalanced primary-feedback 
arrangement of Fig. 2, having the same 
effective gain reduction. Optimum load 
conditions and maximum power output are 
no different than with plate loading, and 
the same general rules apply regarding 
selection of the operating point. 

Though a cathode-follower outpuf-im
pNJance of SOO ohms or less is easily ob
tained, only small output voltage at low 
distortion could be produced across such 
a low load impedance. But \"ith normal 
loading, distortion contributed by a cathode
follower stage is usually negligibly small. 
The connection is adaptable to either single
ended or push-pull operation. 

Aside from general simplicity, a point 
favoring the cathode follower connection 
over primary feedback with plate-circuit 
load, is that relatively high plate-supply 
ripple is tolerable for a given output hum. 
Since the cathode impedance �s approxi-
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mately llGm, the portion of the ripple at 
the cathode is roughly only (IIG",)/rp = 
1IJA. of the plate-supply ripple. The factor is 
yet smaller when the cathode impedance is 
further reduced by additional feedback to 
an earl ier amplifier stage. With plate
circuit loading, a large feedback factor 
results in practically the entire plate-sup
ply ripple being applied across the output 
transformer primary. 

Ordinarily, however, additional plate
supply filtering, or hum-balancing means, 
can be provided more easily than other 
problems of high-powered cathode-follower 
output stages can lJe solved. One of these 
is the high heater-cathode voltages re
sulting unless separate heater windings are 
provided for each half of the output stage. 
To use high-efficiency output tubes, special 
provision must lJe maqe for application of 
screen voltage. The crowning inconvenience 
is that such an enormous input signal is 
:equired that the preceding stage may easily 
mtroduce more distortion than does the 
power amplifier. 

A useful compromise is that of placing 
only a portion of the load in the cathode 
circuit. Of several variations on this plan, 
one arrangement is shown in Fig. 3.1 With 
equal tUrns on the various primary sections, 
screen-to-cathode potential of each tube 
remains fixed, and pentode operation re
sults without further screen-voltage pro
vision. 

In application of primary feedback to 
push-pull output stages, either balanced 
or unbalanced feedback signals may be 
applied to suitable points in preceding 
stages. Preferred arrangements are planned 
as the subj ect of a future installment. 

1 McIntosh and Gow, "Description and 
analysis of a new SO-watt amplifier circuit," 
AUDIO ENGINEERING, December, 1949. 
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A Supplementary Method 

I�ecently revived is a circuit developed 
abroad by .A. D. Blumlein, patented in the 
U. S., �o. 2,218,902, Oct. 22. 1940, in 
which the amplifier screen grid is con
nected to a tap on the primary winding 
of the output transformer, for various ef
fects including improvement of amplifier 
linearity. The circuit principle, with ar
rangement for one form of. feedback, is 
shown in Fig. 4. Depending upon the tube 
type and electrode potentia Is, the pre
ferred tap position will be one-quarter to 
one-half the way from B plus to plate 
(taps on each side for push-puIl opera
tion). 

With the screen tap between true pentode 
and true triode connections, one would 
expect intermediate operating character-

Auxiliary 
Feedback 

• 

r--_>--o(/ B+ 

Fig. 3. 

istics. As the tap position is varied, transi
tion from pentode to triode is a smooth 
one, and no one tap location is best from 
all standpoints. For tulJe types 6L6 and 
807, tap placement about 40% of the way 
from B plus to plate has heen recommended 
as a good compromise. 

ReSUlting variation of screen potential 
with sign�l is degenerative; the "feed
back," however, is of calibrated rather than 
the more common closed-loop form. Thus 
the auxiliary influence upon output-trans
former primary current is proportional to 
instantaneous primary voltage, rather than 
proportional to any discrepancy between 
signal input and output waveforms. How
ever, through use of the screen tap, some 
interesting sets of tube characteristics are 
obtainable at low cost a.nd with negligible 
complication. 

. 

How Many Stages? 

In principle, feedback should be applied 
back to an early portion of the amplifier 
where additional amplitude at low distortion 
is readily obtainable. Three stages are gen
erally all that call be included readily in 
a highly degenerative loop, even with 
primary feedback, and still be stable with 
generalized load conditions. Also, for dis
tortion reduction commensurate with 'the 
factor by which the gain is reduced, the 
gain around the feedback loop must be 
constant, and phase shift must remain at 
180 deg., from the lowest fundamentai 
frequency to the highest harmonic of im
portance. 

In view of these requirements, and the 
desjraIJility of adequate st-olbility marglll 
with either resistive or reactive loads, one
or two-stage loops are the most popular, 
and enjoy the greatest commercial success. 
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Closed-loop 
Feedback 

Fig. 4. 

Even with primary feedback, if more 
than two or three stages are involved in 
producing the desired amplification, sepa
rate feedback loops would preferably be 
employed. An alternative and poweriul 
possibility is that of including a small 
broad-band loop within a larger narrower
band loop. An example of this approach 
is some form of cathode-follower output 
with auxiliary feedback to a preceding 
stage. 

Some Comparisons 

While the output signal may be sampled 
at either primary, secondary, or tertiary 
winding, primary feedback permits some 
techniques of both economic and opera
tional importance. The greatest single 
circuit distinction is that in secondary and 
tertiary fcedback arrangements, the in
volved reactive structure of the output 
transformer at high frequencies appears as 
a series element in the feedback loop, 
whereas with primary feedback the trans
former acts as a shunt element of less 
troublesome characteristics. 

In general, for given specifications of 
amplitude and phase margins of stability, 
more feedback can ue employed with pri
mary connection than with the other prin
cipal forms. Also, more feedback with 
high stability may be applied ovcr several 
preceding stages without resort to tricks 
troublesome in both manufacture and serv
iCe. And last but far from least, with 
primary feedback, equipment performance 
is less dependent upon the high-frequency 
characteristics of the output transformer 
which are not subject to certain design 
calculation, or readily expressible in speci
fication form. 
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Part] 

Undistored wideband response is a must for Hi-Fi. 

The author explains how to achdeve it. 

extending amplifier BANDWIDTH 

by Joseph Marshall 

I
T IS :-;OT very many years since we 

judged the quality of an audio am
plifier in terms of its behavior over 
the audible range of 20 to 20,000 

cycles, and considered that any ampli
fier fiat within those limits met the 
specifications for high-fidelity. But to
day we design audio amplifiers for fiat 
response between 10 cycles and 100,000 
cycles and even try to extend this an 
additional octave or more at each end. 
To many people this seems like gild
ing the lily, especially in view of the 
fact that very few program sources
whether broadcast or recorded-pro
vide much if any signal material below 
50 cycles or above 15,000 cycles. But 
there are excellent reasons for extend
ing the response of high-fidelity am
plifiers as much as two or three octaves 
above and below the audible range, and 
the fine performance of many modern 
amplifiers is due to the fact that they 
possess this extreme bandwidth. 

Nonlinearity 
First of all, distortion is always the 

product of some form of nonlinearity. 
Obviously, the way to eliminate or 
minimize distortion is to make the cir
cuit as a whole, as well as its individual 
elements, as linear as possible. There 
is a naive tendency to believe that non
linearity (and therefore distortion), is 
limited to vacuum tubes. Nothing could 
be further from the truth. Vacuum 
tubes are merely circuit elements, 
fully comparable and indeed reducible 
to combinations of resistance, capaci
tance, and inductance. The fact is that 
any circuit element which departs from 

linearity in any way can produce dis
tortion. 

Moreover, a vacuum tube does not 
operate by itself, but in combination 
and relation with its associated capaci
tances, resistances, inductances, and 
voltage sources; and behaves as a sort 
of organism composed of all these ele
ments or behaving as a unit. Similarly, 
a complete audio amplifier is simply a 

more complex organism, and its per
formance is based not only on the be
havior of the individual elements which 
comprise it, but also on its behavior as 
a unit. In other words, not only may the 
individual circuit elements in an am
plifier produce distortion, but the am
plifier itself as a unit also may pro
duce distortion in the non linear portion 
of its operating characteristics. 

If audio waveforms were composed 
only of frequencies strictly within the 
audible ranl1:e, it might be sufficient to 
demand linearity only over the audio 
range. But typical audio waveforms 
contain frequency components that lie 
below and above the audible range. 
These are beat notes. transients, har
monics, and subharmonics. Even if they 
did not have all these frequency com
ponents originally. they would acquire 
them in passing through the amplifier 
if any element in the circuit is non
linear. And although these frequency 
components are not audible in them
sel\'es, they can produce serious distor
tion uJithin the audible range by in
termodulation, by driving tubes into 
their non linear regions, or by trigger
ing resonant circuits into oscillation, 
which, in turn, can drive the amplifier 
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into nonlinear operation, not only in 
the nonaudible range but also in the 
audible range. 

Bandwidth requirements 
Because pure audio tones are sine 

waves, we tend to labor under the mis
conception that an audio amplifier deals 
with sine waves exclusively. Nothing 
could be further from the truth. Almost 
all musical tones have very complex 
waveforms and actually resemble 
square waves more than sine waves. 
Television has taught us that to re
produce square waves accurately we 
require at least ten times the bandwidth 
that we need to reproduce sine waves. 
Because the complex waveforms of 
musical sounds--composed as they are 
of fundamentals, harmonics, beat notes, 
and transients-resemble square waves 
more than sine waves, it is obvious 
that to reproduce them accurately we 
require a much greater bandwidth than 
would be necessar:r if we were in fact 
dealing with sine waves. 

Finally, there is one more compel
ling and highly practical reason for 
extending the bandwidth of amplifiers 
for two or three octaves above and be
low audibility. Although it may be 
theoretically possible to design per
fectly linear, distortion less amplifiers, 
in practice we always generate some 
distortion. We can minimize it by op
erating tubes far below their normal 
output ratings, by push-pull operation, 
by maintaining the best possible bal
ance; but in spite of these measures 
we normally have to face a residual dis
tortion of perhaps 2 percent. This is 
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still too great for acceptable reproduc
tion of the whole audible spectrum. 
Fortunately, we have a wonderful 
weapon for reducing this to an insig
nificant minimum: inver8e feedbacl ... 
By proper design we can obtain feed
back factors of anywhere from 10 to 
50, which means reducing distortion by 
a factor of 10 in the first case and 50 
in the second. Thus, our 2-percent resi
due could be reduced to % of one per
cent in the first case, and only �::'-, of 
one percent in the second case. Some
where within that range the distortion 
could be dismissed as of no practical 
consequence even to a "golden ear." 

Feedback problems 
Unfortunately, we can apply this 

much feedback only at the risk of in
troducing other types of distortion, 
namely: hangover, ringing, or outright 
oscillation. This is because inverse feed
back cancels distortion only over the 
frequency range in which the waveform 
fed back is 180 degrees out of phase 
with the input voltage. To maintain 
that relationship we must keep the 
phase shift of the amplifier constant 
not only over the entire audible range 
but far below and above it. If an am
plifier were absolutely fiat from d.c. to 
infinity there would be no limit to the 
amount of feedback we could employ. 
Actually, however, even the best am
plifier will have some phase shift at 
the low end and a resonant peak at 
some high frequecy. At very low fre
quencies the feedback may be suffi
ciently in-phlUe to produce regeneration 
- if Dot outright oscillation (motor
boatiDg). The high-frequency resonance 
peak will reverse the phase of the out
put signals at the resonant frequency, 
and shift those near it enough to start 
parasitic oscillations. To obtain the 
large amounts of feedback necessary to 
reduce residual distortion to an accept
able minimum without l1e-neratinl1 tran
mnt distortion, we must reduce the 
phase shift of the whole amplifier, not 
only throughout the audible range, but 
for several octaves above and below it. 

This is precisely the same thing as 
saying that we must extend the banc!
width of the amplifier at each end of 
the audible range. 

So much for the necessity. Now how 
do we extend the bandwidth of an 
audio amplifier? The place to start is 
at the weakest point-the output trans
former. The development of excellent 
phase inverters, and the use of big 
tetrodes as triodes, with low driving 
requirements, have eliminated the need 
for interstage and driver transformers 
in high-fidelity amplifiers. There have 
been attempts to dispense with the out
put transformer as well. At least one 
commercial amplifier couples the output 
tubes directly to a 500-ohm voice coil. 
There are several circuits also that have 
mUltiple output tubes either as parallel 
cathode followers or in bridge circuits 
for coupling directly to low-resistance 
voice coils, and eventually�specially 
with transistors-we shall probably 
eliminate output transformers alto
gether. At present, however, the ap
plication of these circuits is handi
capped either by their very poor effi
ciency or hy limitations in voice-coil 
design. For example, one amplifier that 
uses 8 or 16 large triodes in a cathode
follower output circuit requires an in
put of 1 kilowatt for an output of 11'88 
than 10 watt.. On the other hand, ex
cept in bridge-type output circuits, di
rect coupling to the loudspeaker re
quires that the voice coil carry at least 
part of the doc. plate current. This 
introduces serious difficulties in wire 
sizes, mass, and heat dissipation. 

So, for the moment at least, we are 
still dependent on output transformers. 
Fortunately, these have been improved 
tremendously in the past few years. 
Whereas previously even the best ones 
had fiat frequency response only with
in the audio range, there are trans
formers available today that are in
herently flat from 10 cycles to nearly 
100,000 cycles. 

The use of one of these transformers 
is a very long step on the way to that 
extended bandwidth. But it goes only 

part of the way {which is not final. 
because few designers have troubled 
to go the rest of the way). Some of 
these wideband transformers permit 
us to use as much as 30 db of feedback, 
and in most cases this is sufficient to 
reduce distortion to an inconsequen
tially low level. Nevertheless, even this 
has not completely satisfied the critical 
ear. Perfection is a hard taskmaster 
and the new output transformers do 
not, of themselves, satisfy the demands 
of the most critical. The horse and 
cart have been reversed, so to speak. 
Instead of the output transformer be
ing worse than the rest of the am
plifier, it is now rr,uch better. Fortu
nately, it is not too dimcult or too ex
pensive to make the rest of the amplifier 
as good as the output transformer and 
thus bring the entire reproducing sys
tem another step nearer perfection. 

ImprovinC) I.f. response 
The low-frequency response of an 

amplifier is limited principally by the 
series or coupling capacitances. To ex
tend the response downward we must 
reduce the series coupling reactances 
and increase the time-constants. One 
way to do this is to use larger coupling 
capacitors. Unfortunately, we cannot 
get very far with this method. While 
it improves the low-frequency response, 
the need for better high-frequency re
sponse as well calls for reducing the 
plate and grid loads; so, if we do both, 
we may actually end up with the same 
time-constant as when we started. 

A fruitful form of design logic is to 
start with the theoretically best means 
of achieving aD end, and work down to 
a less perfect, but more practical com
promise. Obviously, then, as far as low
frequency response is concerned, the 
best thing would be to eliminate the 
coupling capacitances altogether., A 
few years ago much work was done on 
direct-coupled amplifiers and this maga
zine published a great deal of material 
OD the subject. These old direct-coupled 
amplifiers produced the finest reproduc
tion of their day, but they were diffic41t 

12AU7 

Fig. l-Cross-coupled phase inverter lII'jth a direct-coupled 
voJta�e amplifier. The elimination of coupling capacitor&
except at the input-reduces phase shift at very low fre
quencies and makes it possible for UII to use more inverse 
feedback to extend the bandwidth of the amplifier. 
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FiX. 2-Fixed-bias output amplifier with a direct-coupled 
driver. Suitable methods for coupling this combination to 
the preamplifier unit ShOWD iD Fig. 1 are discussed in the 
text, both in thill installment and the next one. 
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to adjust, had poor stability, and re
quired high-voltage or multiple power 
supplies. 

Though the all-direct-coupled ampli
fier is a rarity today, most high-quality 
amplifiers now employ some direct
coupled stages. The Williamson uses 
direct coupling- between the voltage am
plifier and thE' phase inverter; and 
many others use direct coupling be
tween cathode-follower drivers and out
put tubes. Today , fortunately. many of 
the original difficulties can be eliminated 
or minimized. 

As one illustration, the cro88-C'ollpled 
phase inverter provides completely bal
anced inversion and a means of adjust
ing and maintaining balance over sev
eral direct-coupled stages, so that a 
two- or three-stage direct-coupled am
plifier is quite practical today. Fig. 1 
shows a three-stage inverter-voltage 
amplifier which might be used as the 
input section of a high-fidelity system. 
The first two tubes provide the phase 
inversion and have a gain of about 25. 
The total gain depends on the tube used 
in the third stage. A 12A U7 will give 
an output of around 125 volts plate-to
plate and a gain of about 300, while a 
12AX7 will give a slightly lower output 
voltage but will increase the over-all 
gain to between 750 and 900. The low
frequency response is flat right down 
to zero cycles-in other words, the am
plifier responds to d.c. Thus there is 
no phase shift whatever at the low end. 

But what happens now? We could 
direct-couple this amplifier to an output 
stage, but there are serious deterrents. 
First of all, the circuit calls for between 
300 and 400 volts at the plates of the 
third tube. Since modern power tubes 
require an effective plate voltage of 
about 400, such direct coupling would 
call for a 700- to BOO-volt power supply 
or two 40o.-volt supplies in series. More

. over, there is the problem of providing 
proper bias for the output tubes, since 
their grids would be some 250 volts 
above ground. These problems are not 
insuperable, but they call for a simpler 
solution. Fortunately, there is one. 

Reduc:inCJ phase shift 
Phase shift is cumulative. The over

all phase shift in an amplifier is the 
sum of the phase shifts of the individ
ual stages. Obviously, if we can reduce 
the number of phase-shift points in 
the amplifier, we can achieve a great 
improvement. By using the direct
coupled voltage amplifier of Fig. 1 we 
eliminate two phase-shift points, and 
minimize one other: The input stage is 
a cathode follower and its input imped
ance is many times higher than a con
vential amplifier. This allows us to use 
a very high value for Rn, and thus the 
phase shift with any reasonable input 
capacitor will be several times better 
than with the same capacitor in a con
ventional circuit. If we are forced to 
use a coupling capacitor at the output 
of this voltage amplifier as well, we 
will miss perfection but still will 
achieve a great improvement over the 
conventional design. 

Let us see what happens in the two 
possible cases-that is, coupling to out
put tubes with self-bias and to output 
tubes with fixed-bias. Cathode bias per
mits a grid resistor of around 500,000 
ohms maximum. An 0.5-uf coupling 
capacitor would therefore yield a time
constant of 0.25 second. and bring down 
the frequency at which phase shift is 
noticeable to .t cycles or less. In 
any case the phase-shift characteristic 
would be as least one octave and pos
sibly two octaves better than that of 
the best output transformer. As a 
matter of fact, ';':e can even improve on 
this, as we shall see later on. 

The solution with fixed bias is even 
more satisfactory. Unless we use a 
driver transformer-which is undesir
able for many reasons-the only really 
satisfactory way of coupling fixed-bias 
output tubes to an R-C-coupled ampli
fier is through a cathode-follower driver. 
But the driver itself can be direct
coupled to the output tubes as shown 
in Fig. 2. We now have two direct
coupled sections: the first one includes 
the cross-coupled phase inverter and 
the voltage amplifier, and the second 
takes in the driver and output tubes. 
Coupling these sections directly would 
present many serious problems. But 
fortunately it is not at all necessary. 
Remember that a cathode follower has 
an extremely high input resistance
some 10 times the grid resistor, or 5 
megohms in this instance. Therefore 
if we used 0.5-1J.f capacitors to couple 
the two sections together, the time
constant would be 2.5 seconds, yielding 
a frequency of 0.4 cycles at the phase
shift point. This is unnecessarily low. 
If we used O.l-llf coupling capacitors, 
the point of phase shift would be 2 
cycles. Even this is better than we need, 
and we would now have an amplifier 
which, though not direct-coupled all 
the way, would be just as good at audio 
frequencies as an all-direct-coupled am
plifier, and which requires only a single 
power supply, and also is much more 
stable. 

In any case, whether we use fixed- or 
self-bias in the output stage, we would 
have an amplifier with only a single 
internal coupling capacitance and a 
single point of internal phase shift. 
The amplifier would now have good 
enough low-frequency response for any 
output transformer and indeed be good 
enough to improve the performance of 
the best available transformers by allow
ing us to use more feedback. 

:\Ioreover, unlike the older types of 
direct-coupled amplifiers, these ampli
fiers-which we might call virtual di
rect-coupled-are easy to balance and 
keep in balance. The 2,OOO-ohm balanc
ing control (RI) in the cathode legs of 
the input stage not only will balance 
the direct-coupled front section for d.c., 
but also will balance the entire ampli
fier at audio frequencies. The d.c. bal
ance is checked by connecting a high
resistance voltmeter from plate to plate 
of the third stage and adjusting Rl 
for zero voltage. (We are assuming, of 
course, that the circuit has been bal-
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anced physically by the use of matched 
resistors and tubes throughout.) The 
output tubes can be balanced for d.c. 
with the 50--0hm potentiometer in the 
cathode return. 

Over-all dynamic balance is obtained 
in this way: Disconnect the grid of the 
lower triode in the input stage from 
ground and connect it to the grid of 
the upper triode (input grid). Feed a 
single-frequency signal into the ampli
fier and adjust Rl for zero or minimum 
output. (This may upset the d.c. bal
ance of the input section slightly, but 
this is inconsequential in an R-C cir
cuit.) The balance obtained by this 
method should hold over almost the 
full dynamic range of the amplifier. 

Part II of this series will cover 
methods for extending the high-fre
quency response of the amplifier. 
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Part 11 
Improving the the high-frequency response. 

The Miller effect, parasitic capacitances. 

extending amplifier BANDWIDTH 

by Joseph Marshall 

I
N THE first part of this series, we 

dealt with some of the difficulties in 
the way of extending the bandwidth 
of amplifiers and discussed in some 

detail the problem of extending the 
bandwidth downward. Having lengthily 
considered the low end, we now come 
to the question: What about the highs? 

We can take several measures to ex
tend the high-frequency response. It is 
limited principally by shunt capaci
tances and the Miller effect. We can 
start by using miniature tubes in volt
age-amplifier and phase.inverter sec
tions. Their capacitances between ele
ments are about half those of the larger 
tubes. Second, we can design these 
stages with very low plate loads. Al
though this results in lower gain and 
output, it also results in lower losses 
at high frequencies. Single-ended tubes 
will deliver enough gain for preampli
fier service with, plate loads of 50,000 
ohms and complementary grid leaks; 
push· pull tubes can use a higher load. 
We can improve the h.f. response still 
!urther by leaving out the cathode
bypass capacitor and thus producing 
current feedback. The reduction in gain 
is not significant at audio frequencies 
but the improvement in h.f. response 
definitely is. We can also use, especially 
with sHlgle-ended stages, cathode com-

"-

Fig.'1.-A method of h.f. compensation. 

pensation as in Fig. 1. This method of 
operation produces degeneration at 
lower frequencies but full amplification 
at the high frequencies. For best re
sults the value of the cathode-bypass 
capacitor should be adjusted with a 
square-wave generator and a scope. 
Values from .01-l.Lf downward can be 
tried until maximum flatness is ob
tained. This method can also be used 
with push-pull amplifiers (using ,epG
rate bia, ruilton) but the same result 
can be achieved much more simply by 
inverse feedback. 

The greatest villain in the picture as 
far as h.f. response in triodes is con
cerned is the feed-through provided 
by plate-grid capacitance and the Miller 
eltect. The effective capacitance is the 
product of the actual grid-plate cap
acitance times the amplification factor 
of the tube. Thus, if the tube has a 

gain of 12, and a grid-plate capacitance 
of 3 I.Ll.Lf, the effective capacitance be
comes 36 1.LJ.Lf. The reactance of this 
capacitance at frequencies higher than 
10 kc becomes low enough in relation to 
the grid resistance to result in consider
able attenuation of these frequencies. 

There is an extremely simple means 
of eliminating the Miller eltect which 
should be used more often in high
fidelity design. That means is neutral
ization. Single-ended stages are hard to 
neutralize at audio frequencies, but 
push-pull stages are so easily and 
cheaply neutralized that there is almost 
no excuse for not including this means 
of extending the h.f. response. 

Voltage amplifiers are cross-neutral
ized with fixed capacitors approximately 
equal in value to the grid-plate capaci
tance of the tubes. If miniature tubes 
are used, as they should be for reasons 
which wiU follow, fixed gimmicks of 
1.5 I.Ll.Lf serve for the 12AT7, 12AU7, 
12AX7, 12A Y7, 6C4, or 6AB4. They are 
simply wired in from the plate of one 
tube in a push-pull stage to the gTid of, 
the opposite tube in the same stage, as 
shown in Fig. 2. Fixed capacitors can 
be used for output tubes in a similar 
manner; or, for perfect neutralization, 
ceramic trimmers of the 4·30-l.Ll.Lf type 
can be wired in and adjusted for com
plete neutralization. To adjust, simply 

Fir. 2-Crosa·neutra}jzation circlliL 
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break the filament circuit to the output 
tubes, feed in a signal, and adjust the 
capacitors for null or minimum outpuL 

There is another way of neutralizing 
the grid-plate capacitance of tetrodes 
used as triodes in output stages. This 
is by employing the Ultra-Linear type 
of operation or a modified form of it. 
As indicated in Fig. 3, this form of 
operation connects the screens to taps 
on the output transformer. For most 
effective Ultra-Linear operation the 
screen taps should be about 18'7. of the 
impedance of the plate taps. Howe�r, 
ratios as low as 2 to 1, though not 
providing true Ultra·Linear operation, 
will minimize the Miller effect. The por
tion of the load between screen and 
plate isolates them so far as the tube 
capacitances are concerned and the 
tube behaves as a hybrid between a 

triode and a tetrode. The reduction in 
Miller eltect is very similar to that of 
neutralizing - the high-frequency re
sponse is Unproved. 

Optimum Ultra-Linlar operation re
quires a special transformer. Many out
put transformers, however, provide two 
sets of primary taps-10,OOO ohms and 
5,000 ohms, or 6,600 ohms and 3,3')() 
ohms, for example. Connecting the 
screens to the half-impedance taps will 
affect the power output and distortion 
characteristics very little, but will 
flatten the h.f. response. 

With neutralization, the remaining 
h.f. losses are a matter of shunting 
capacitances only. Once more the U3e 
of miniatures helps. especially wh<!n 
neutralization is used. Sellfraiizatioll, 
though eliminating the .It iller effect, 
doubles the output caflaC'itance of the 
tube. The output capac i ta nce of minia
ture tubes is half or less that of the 
standard tubes. So, even after neutral
ization, the miniatures have a better 
output-eapacitance characteristic than 
the larger tubes. 

Lowering the plate and gTid loads 
improves the h.f. response by improv
ing the ratio of load to shunt reactance. 
Direct coupling also helps, because 
circuit and stray capacitance is re
duced. Feeding a tube from a low·im
pedance source also minimizes Miller 
eltect. Thus the 12AX7 second section 
of the cross-coupled inverter described 
in Part I, last month, being fed by the 
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very low load of the cathodes' of the 
first -section, is affected by the Miller 
effect only beyond 100 kc. Similarly, 
in the case of the output tubes direct
coupled to the cathode-follower driver, 
the Miller effect becomes serious only 
beyond 50 kc, whereas in the self-bias 
circuit with a 500,OOO-ohm grid resistor, 
it becomes serious shortly after 10 kc. 
These are approximate frequencies . 

laverse feedback 
Use of miniature tubes, neutraliza

tion, and the other measures referred 
to, can extend the response of an am
plifier using the direct-c:oupled front 
section of Fig. 1 in the September in
stallment and either of the power am
plifiers described in this part, to 50 
kc or slightly beyond. But this is still 
about an octave less than the fiat re
sponse of the best output transformer. 
One further step can be taken to extend 
both the low- and the high-frequency 
response-and that, of ·course, is in
verse feedback. 

The conventional amplifier, as ex
emplified by the Williamson circuit for 
instance, uses a single feedback loop. 
Better results can be achieved by using 

Fie. �The Ultra-Linear approach. 

tlDO loo".. One would be an internal 
loop to fiatten the response of the am
plifter exclusive of the output trans
former, to maintain dynamic and fre
quency balance, and to cancel part of 
the distortion. The second would be an 
onr-oll loop for correcting the response 
of the output transformer, further re
ducing distortion, and wiping .out any 
bumps or slopes in the over-all response. 

In the virtual direct-c:oupled amplifier 
we have been developing here, the in
ternal loop can be very profitably car
ried from the plates of the output tubes 
to the cathodes of the voltage amplifier. 
Because the cathode resistors of the 
voltage amplifier are 120,000 ohms we 
can easily keep down the phase shift 
in the loop, and indeed we can correct 
the phase shift produced by the single 
coupling capacitor. For 10% feedback 
we can use a 1.2-megohm feedback re
aistor. If we now select a capacitor 
which gives UB the same time-c:onstant 
as the interstage coupling capacitor
resistor network, we achieve what 
amounts to neutralization of the inter
.tare coupling capacitance. This is 
true becauae the two capacitances pro
duce phue .hifta in opposite directions 
-the interstare capacitor reducin, 
,am. ud the feedback capacitor in
creaaiDc pin at .... ry low frequenciea. 
For uad neutralizatioD the feedback 

factor should equal the gain between 
the intentage capacitor and the output 
tube plates; and by a coincidence, 10c!c 
feedback to a pair of 12AU7s produces 
a feedback factor of 5 which is almost 
exactly the voltage gain of the big 
output triodes, or tetrodes used as tri
odes. Actually, it is not necessary to 
neutralize precisely, and even a consid
erable under- or over-neutralization will 
be satisfactory in practice. So in the 
case of the amplifier with self-bias we 
could use a 0.25-!-if feedback capacitor, 
yielding an approximate time-constant 
of 0.25 second, and in the case of the 
amplifier with fixed bias, a 0.5-llf ca
pacitor, yielding a time-constant of 
0.5 second ( Fig. 4). The phase shift 
in the feedback loops would begin at 
about the same point, but would go in 
the opposite direction from the shift 
caused by the interstage coupling ca
pacitance. The final result would be the 
extension of the low-frequency response 
to around 1 cycle in the fixed-bias am
plifier, and to 2 cycles in the self-biased 
amplifier. 

With a 12A U7 as the voltage ampli
fier. 10'7c feedback will provide 14 db 
of effective feedback. This is more than 
enough to extend the high-frequency 
response at least another octave and 
probably two octaves. This wiJI make 
the over-all response from input of the 
cross-c:oupled inverter to output-tube 
plates nearly fiat from 1 or 2 cycles to 
beyond 100,000 cycles. Moreover, since 
this feedback loop includes the two 
stages responsible for the largest part 
of the distortion-the output tubes and 
the voltage drivers-the 14 db feedback 
produces an improvement of 5 times in· 
distortion characteristics. Finally, if we 
match the resistors and capacitors in 
the feedback loop, we will achieve dy
namic and frequency balance. So long 
as we deliver equal signals to the grids 
of the 12AU7 voltage amplifier, which 
we can easily do with the balancing 
control in the crosa-c:oupled input, the 
loop will maintain that balance over 
the dynamic range oC the amplifier. 

Over-all feedback loop 
When we now add an output trans

former to the circuit we have just de
veloped we obtain a picture rather dif
ferent from the one we get when the 
same transformer is applied to the con
ventional circuit with its narrow band
width. First of all, it is obvious that 
with 10 little phase shift in the am
plifier proper, the amount of feedback 
we can introduce from the transformer 
secondary to the input is limited only 
by the characteristics of the output 
transformer itself. 

With the best transformers available 
today, the amount of feedback is ac
tually limited only by the loss in gain 
we can afford. We have applied as much 
as 40 db of feedback-in addition to 
the . 14 db of the inner loop-before 
instability resulted. Aetually we need 
less than 20 db in this loop to correct 
for phaae .hilta in th. output trana
former and decreaae the remainin, dl .. 
tortion to a neclicihle lnel. 
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The total feedback, as far as the out
put -and driver . s&.ages ·are ·concerned. 
would be 30 .db or more. This would 
reduce distortion by a ·factor of 30 or 
considerably below lo/c at maximum 
output. 14 db should be sufficient to 
take care of any remaining imperfec
tions in the response of the best grade 
of output transformers. 

Cheap output transformers 
An ordinary public address-type out

put transformer and about 20 db of 
over-all feedback in the over-all loop 
will produce results in this circuit which 
are about as good or better than those 

C3 

Freq Range 

lE 
B+ 

I 
,

Low I-I Middle 

I �e A· Phase shift thru .5�F coupling 

L,.../" 
-_. . 

caps C1 & C2· 

-.......... Curve B· Phase shift thru .25�F feedback � capsC3& C4· 

----- Curve C· Resultant overall response 

Fig. 4-Th� phase shift at 10 .... frequen
cies is neutralized in this circuit. 

obtained with high-priced transformers 
attached to conventional narrow-band 
amplifiers. After all, it doesn't much 
matter whether the phase shift takes 
place in the output transformer or in 
the rest of the amplUier. An amplifier 
with considerable phase shift in the 
output transformer but very little in 
the amplifier itself will have an over-all 
performance very nearly comparable to 
that of an amplifier with a wide-range 
transformer and a narrow-band. ampli
fier. There are other factors, such &11 

core saturation, to be sure; but for 
many purposes, particularly that of ob
taining acceptable high-fidelity repro
duction at the lowest cost, an amplifier 
employing the measures we have dis
cussed here with a public address-type 
transformer will be practically indis
tinguishable from the ,reat majority 
of today's high-grade high-fidelity am
plifiers employing high-priced trans
formers but possessing poor internal 
bandwidth. 

In a very early iuue accordingly, we 
hope to present a practical low-c:ost 
version of the Golden Ear amplifier, 
incorporating the various measures dia
cuaaed in this and previous articles and 
producin,-at a COtIt of $25 or lea
the reproduction which will compare 
very favorabl7 with that of $100 am
pli6en. mm 
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564 (iv) GRAPHICAL ANALYSIS 

where I X =, plate current at - 0.293 E Cl 

ly = plate current at - 1.707 E ti' 

13.3 

Eqns. (11) to (14) are exact provided that there is no harmonic higher than the third. 
The power output is that for fundamental frequency only, but the power output for 
10% harmonic distortion is only 1 % of the fundamental power output. 

The presence of third harmonic distortion has a flattening effect on both the posi
tive and negative peaks, thus increasing the power output for a limited value of I ma'" -
I min' For example, 10% third harmonic reduces the value of I mu by 10% while 
it increases the total power output by 1 %. If there were no distortion, and the value 
of I mU were maintained at 90%, the power output would be only 81 %. Thus the 
ratio of power output with and without 10% third harmonic distortion is 101/81 = 

1.25, on condition that I m a Ol; - I min is kept constant. In simple language, for the 
same plate current swing, 10% third harmonic distortion increases the total power 
output by 25%. This will be modified by the presence of fifth and higher harmonics 
[see iv(D) below; Sect. 7(iii)]. 

CB) Five equal-voltage ordinate method (Espley) 
For second, third and fourth harmonics only. 
The previous method requires characteristics for - 0.293 and - 1.707 E cl, which 

are often not directly available. The following method is usually more convenient 
and is exact provided that all harmonics above H4 are zero (see Fig. 13.23 for symbols). 

Po = (lo - 12'0 + 10'5 -� lI•6) 2R d18 (15) 
3(10 - 211'0 + 12'0) 

% 2nd harmonic x 100 (16) 
4(10 + 10'0 - 11'0 - 12'0) 

(10 - 210.5 + 211-5 - 12'0) 
% 3rd harmonic x 100 (17) 

2(10 + 10'0 - 11'a - 12'0) 
(10 - 410.5 + 611'0 - 411-5 + 12'0) 

% 4th harmonic = X 100 (18) 
4(10 + 10·� - 11'a - 12'0) 

(19) 

A third harmonic scale may be prepared for reading the third harmonic percentage 
(Ref. A14 pp. 71-72). 
(C) Seven equal-voltage ordinate method (Espley) 

This is exact for harmonics up to the sixth, provided that higher harmonics are 
zero. It is sometimes more convenient than the five ordinate method, when there are 
no - 0.5 and -- 1.5 E cl curves, even when the higher harmonics are of no interest. 

The symbols have the same significance as in Fig. 13.23 with the subscript indicat
ing the grid voltage. 
Po = (16710 + 25210'33 - 4510'67 + 4511'33 - 25211'67 - 16712'0)2 Rd819 200 (20) 
H2% =25(55910i-48610'33 -121510'67 +34011'0 -12151I-33 +48611•67 +55912•0)/ I (21) 
H3 % =250(4510 -3610'33 -6310'67 +631�'33 +3611'67 -4512'0)/ I (22) 
H4, % =450(1710 -4210'33+ 1510'67+2011'0+ 1511'33 -4211067+ 1712'0)/ I (23) 
Hs %=4050(10 - 410'33+510'67 -511'33 +411-67 -12'0)/ I (24) 
H6% =2025(/0-610'33+ 1510'67 -2011'0+ 1511-33 -611'67 +12'0)/ I (25) 
where 1= 16710+25210'33 -4510'67 +4511'33 -25211'67 ---16712'0' 
(D) Eleven selected ordinate method 

To use this method, it is first necessary to plot the loadline on the plate characteris
tics, and then to transfer it to a dynamic mutual characteristic (Fig. 13.24) from which 
the required values of plate current may be derived. 

Po - 1(0.510 - 0.512'0 + I hm3 - I hms) 2R L 
I hI 0-'= 0.510 - 0.512'0 + I hm3 - I hm6 = fundamental 
I h2 = tUo + 12'0 - 211'0) 
I h3 = 0.167(210'5 + 12'0 -- 10 - 211•5) 
ll1i = tUo + 211'0 + 12.0 - 210.3 - 211'7) 
1115 = 0.1(210'7 + 10 -+ 211'8 - 210'2 - 211'3 - 12) 

Percentage second harmonic = U h md I h mI) X 100 

(26) 
(27) 
(28) 
(29) 
(30) 
(31) 
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SQUARE 'WAVE TESTI NG 
by F. Langford-Smith and A. R. Chesterman 

1. A square wave generator. 

In selecting a circuir for development and test 
it was necessary to choose between squaring a sine 
wave and some form of multivibrator. Both methods 
are capable of giving good results, and the cathode
controlled multivibrator was selected for first trial 
as being comparatively simple and inexpensive, 
while capable of giving a very rapid rise time. 
The circuit first tried out (Fig. 1) is that described 
by G. W. Gray of the RCA Laboratories Division 
in Radiotronics, Vol. 17, No. 8 ( August, 1952), 
page 13 3. 

This article is well worth reading by those 
interested - the circuit gives square waves from 
50 c/ s to 1 Mc/ s. In our case the desired range . 
is from 50 c/s to 20 Kc/s. The rise time is stated 
to be 0.05 micro-second, which is completely in
visible on an oscilloscope, being one five�hundredth 
of the width of the flat top at 20 Kc/s. 

Some of our readers may q.uestion the omission 
of grid resistors in the multivibrator, and they are 
referred to the original article for a full description. 
The operation is fundamentally sound since the 
plate currents are limited. 

Certain minor changes were made in Gray's 
original circuit diagram (his Fig. 4 on page 13 5) :-

( 1) A pair of 6AQ5 pentodes were used in place 
of cathode resistors on the multivibrator valves to 
provide constant current, and so to eliminate the 
slight tilt in the negative half. This is the modifica
tion suggested by Gray (his Fig. 3), except that 
we used a separate cathode bias resistor for each 
pentode, one ,being variable. Any lack of symmetry 
between the positive and negative pulses can be 
adjusted by altering the .variable 5K Q cathode 
resistor. Also, when the multivibrator valve is 
changed, the variable cathode resistor may have to 
be adjusted. 

( 2) The 12AT7 cathode follower load resistances 
were changed from 200 to 2200 ohms, to inc,rease 
the output voltage. This increases the effects of 

capacitance on the high frequency performance, but 
at 20 Kc/s, on our A.W.A. Model A56031 oscil
loscope, the difference was hard to see. At fre
quencies greater than 20 Kc/s it would be necessary 
to use the 200 ohm resistors. 

( 3) Radiotron Type' 12AT7 was used as multi
vibrator in place of type 2C51 in the original 
circuit, for greater availability and essentially the 
same performance, thanks to the two 6AQ5 pentodes 
used as cathode load impedances. Thus the same 
valve type is used in the multivibrator and the 
cathode-follower Output. 

( 4) The capacitances of the frequency controlling 
capacitors are derived from Fig. 2 of Gray's article, 
but the graph is so small that it can only be read 
with an accuracy of about 20%. There is additional 
inaccuracy from the tolerances in the capacitors them
selves, so that quite a large total error may be 
expected. In our case the frequencies before cor
rection were:-

0.004 fJ·F 28.1 Kc/s. 
0. 005 fJ-F 11. 5 Kc/s. 

'0. 02 fJ-F 5.4 Kc/s. 
0.1 fJ-F 1140 c/s. 
1.1 fJ-F 57 c/s. 

These may all be lowered to the correct frequency 
by adding a shunt capacitance of suitable value. Of 
course, for most applications, a slight error in 
frequency is not very important .. 

Operation. 

The output voltage is about 18 volts peak-to-peak. 
The wave form at the higher frequencies was very 
good. 

The 50 c/s waveform showed a top tilt of 2.5%, 
and bottom tilt 1 0/0. In addition, there was a slight 
rounding at the far end of the flat top amounting 
to an additional 2.5 % of the peak-to-peak vol
tage. This performance is entirely satisfactory for 
measuring overshoot and recovery time in amplifiers. 
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The rise time is so rapid ( 0.05 tJ-see. ) that it is a 
more severe test than is normally used for testing 
amplifiers. The 5 0 cls top and bottom tilt s imply 
mean that with extremely high fidelity amplifiers 
it is necessary to make a comparison between the 
input and output waveform. 

All 12 AT7 valves do not work equally well as 
multivibrators in this circuit, and it is suggested 
that the two 12AT7 valves be interchanged and 
left in the position giving the better 50' cls wave
form. Finally, the output may be taken from either 
cathode of the push-pull cathode followers, and here 
again the better side may be selected., . ' 

The performance at the htgher frequencies is not 
much affected by interchanging valves. 

We plan to develop a more elaborate squa�e 
wave generator some time in the future for use In 
our own laboratory, but we honestly feel that for 
most applications this simple circuit is all that is 
necessary . 

2. Oscilloscope for use with a square �ave 
·generator. 

It is important to have an oscilloscope with a 
vertical amplifier with response up to at least 500 
Kc/s, and without any overshoot in itself. The 
great majority of conventional oscilloscopes in use 
in Australia do not give any indication when over
shoot commences,' and are useless for such measure
ments owing to their limited high frequency 
response. A 'push-pull vertical amplifier is �nuch 
preferable to a single-ended one, .but there IS. no 
necessity for it to be a d.e. amplIfier. There IS a 
relationship between the rise time and the ban? 
width of an amplifier, which may be expressed ' 111 
the form ( Ref. 1 ) : 

rB = 0.35 to 0.45 (1) 

( 0.35 when the overshoot is lass than 50/0) 
where l' = rise time in microseconds from 100/0 

to 900/0 of the step function response 
of a low-pass amplifier without over
shoot, 

and B = bandwidth 111 Mc/s for response 3: db 
down. 

For instance, in the case of an oscilloscope 3 db 
down at 0.5 Mc/s, with overshoot less than 5 0/0, 
the rise time is 

0.35 
l' = = 0.7 tJ-see. 

0.5 

An old type oscilloscope, 3 db down at 50 Kcls 
(= 0.05 Mc! s ) ,  with no overshoot, would have 

a rise time 

0.35 
l' = 7, tJ-secs. 

0.05 

Note that 7 microseconds IS equal to 28% of the 
flat top at 20 Kc/s. 

Radiotronics 

A rise time of 0.05 microsecond in fln oscilloscope 
with overshoot greater than 5 % requires a band
width of 

0.45 
= 9 Mc/s. 

0.05 
The oscilloscope used in our RadiotroniCs Labora

tory is the A.W.A. Model A56031, which is fitted 
with a vertical amplifier designed and factory
adjusted to give good square wave response. The 
push-pull amplifiers are neutralized to control the 
overshoot and gain at high frequencies. When 
neutralized correctly they give no overshoot on 

, square wa'ves. 
In order' to check an oscilloscope, connect the 

square wave generator, working at 20 Kc/s, directly 
to the oscilloscope, Llsing short leads. The generator 
should be allowed pknty of time to warm up and 
settle down to steady operating conditions. The 
effect of the volume control in the generator on 
the Output waveform is practically nil, so it may 
be set to any desired position. On the other hand 
the stepped attenuators in most oscilloscope vertical 
amplifiers have quite noticeable effect on the wave
form, and this effect should be minimized by setting 
it to the highest gain position ( i.e., no attenuation ) .  
, In all cases it is wise to check the variations 
in square wave response with different stepped 
attenuator settings. If the variation� are noticeable 
it is' advisable to seiect the attenuator position 
giving minimum overshoot - probably zero atte.n�la
tion in most cases - and to use the same pOSItIOn 
for all square wave tests wherever possible. 

3. Measurements with square waves. 
Square waves are usualJy treated as a special form 

of pulse ( Fig. 2 ) ,  which rises from a base line, 
the height of the pulse being the total peak-to-peak 
voltage ( AB ) . This differs from the conventional 
sine wave approach, and all voltage measurements 
are peak-to-peak. 

The most useful measurements to be made on 
feedback amplifiers are described below. These are 
normally carried out with a resistive load, or with 
both a resistive load' and a loudspeaker load, since the 
loudspeaker may have a noticeable effect at certain 
frequencies. If a resistive load alone is used, it 
should be shunted by the value of capacitance which 
will give the. maximum overshoot. This, value may 
be determined by some form of gecade capacitance 
box, going upwards in capacitance steps to the 
limit suggested in Table l. 

Table 1. 
Shunt capacitance to 

20,000 c/s. 
Impedance' ( ohms) 

2 .0 
3 .0 
4 .0 
6 .0 
8.0 

10 .0 
12.0 
15.0 

give 600 phase angle at 

( Ca paci tance ( tJ-F ) 
7 
5 
3 .5 
2 . 5 
2 
1 .5 
1 
1 
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Fig. 2. A square wave shown as a rectangular pulse 
rising from a base line. 

� C  
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Fig. 3. Square wave response of an amplifier showing 
overshoot and damped transient oscillation. 

-

An amplifier should be sufficiently stable to be 
used with any likely form of loudspeaker crossover 
network, most of which present highly reactive 
loads at certain frequencies. A case is known where 
a Williamson type amplifier was stable on a single 
loudspeaker, but unstable on a dual system. 

It is hoped to carry out tests in our laboratory 
with various amplifiers under all practicable loading 
conditions, and to cover the subject at some later 
date by another article in Radiotronics. 

3.1. Overshoot. 

The overshoot (BC in Fig. 3) is measured as 
the distance moved beyond the flat top, Ha. It 
is expressed as a percentage of AB, that is the 
peak-to-peak voltage. It may be measured at any 
desired frequency. The overshoot is theoretically 
constant at all applied square wave frequencies, with 
an amplifier flat from zero frequency to infinity. 
However, the overshoot peak occupies only a very 
small portion of the half-cycle at low frequencies, 
and is therefore difficult to observe. Our usual 
practice is to _ use a square wave frequency of 5 or 
10  Kc/ s, where the overshoot may readily be 
observed. Usually, in amplifiers with restricted fre-

Radiotronics 

Fig. 4. Rise time for a pulse or square wave. 

K B 

F 

Fig. 5. Square wave response of an amplifier showing 
top and bottom tilt. 

-

quency response the greatest value of overshoot 
occurs with a square wave frequency of 5 Kc/s, 
while with very wide range amplifiers the greatest 
overshoot may occur with a square wave frequency 
of lO Kc/s. The test frequency chosen should 
normally allow a reasonable amount of flat top 
to show. With care in design, it is possible to keep 
overshoot below 5 0/0. 

3.2. Transient recovery time. 

This is the time in microseconds for the damped 
oscillation following the overshoot peak to die 
down - see Fig. 3. In well-designed amplifiers the 
recovery time should be a small fraction of the 
flat top at 5 Kc/s. Arbitrarily, we m.ay take one 
quarter of the flat top at 5 Kc/s, equivalent to 25 
m}croseconds, as the maximum permissible recovery 
time. 

3.3. Rise time. 

This is usually measured as the time in micro
seconds for the wave to rise from 10% to 900/0 
of the peak-to-peak value - see Fig. 4. The relation
ship between rise time and bandwidth is given in 
eqn. ( 1). 
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3.4. Top tilt. 

This is a measure of the low frequency charac
teristics of the amplifier. It should be carried out 
at the lowest available frequency - here 50 c/s. It 
is expressed by the ratio of the "sag" (EP m 
Fig. 5 )  to the peak-ta-peak voltage, expressed as 
a percentage. 

The measured top tilt at 5 0  cls on the 4.5 watt 
single-ended amplifier described in Radiotronics 
( February, 195 5 ) , was 8.5 % of which 2.5 ro was 
due to the square wave generator and the balance 
of 6ro was due to the amplifier. This is considerably 
better performance than that of a: typical radio 
receiver, but is not so good as can be achieved 
in a push-pull h igh fidelity amplifier. 

Radiotronics 

3.5. Bottom tilt. 

If the tilt of the lower half-cycle differs from 
that of the upper, both values should be stated. 

References. 

1 .  G. E. Valley and H. Wallman, "Vacuwn Tube 
Amplifiers", M.LT. Radiation Series, McGraw
Hill Book Company. Section 2. 

Frequency 
( c/s) 

5 0 
1,000 
5,000 

10,000 
20,000 

Table 2. 
Length of flat top 

( micro-secs. ) 
10,000 

500 
100 

50 
25 
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"ULTRA LINEAR" AMPLIFIERS 
b'y F. Lcmgfo·rd-Smith cmd A. R. Chesterman. 

This article treats 6V6-GT operation and makes a comparison between UL operation and the divided 
plate and cathode loading method used in the QUAD II and other amplifiers . 

1. Type 6V6-GT UL operation. 
Fig. lA shows the power output versus. tapping 

point for plate and screen 285 volts, and bias � 19 
volts, for selected values of load resistance. Fig. 1B 
shows the total harmonic d istortion. 

Figs. 2 and 3 show the same inforrhation for 
bias values of -2 1 and -22.5 volts. From these 
it appears that the 5 9'0 tap is the best all-round 
compromise, giving minimum distortion for -21 
volts bias and 8000 ohms load resistance. 

Fig. 4 shows the power output and distortion 
against grid bias. These confirm the impression 

6V6GT A Eb = EC2 = 285V 
EC1 = -19V 
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given by the other figures, indicating a bias of 
-2 1 volts as optimum for power output and giving 
reasonably low distortio·n. 

The load resistance of 8000 ohms plate-to-plate 
was selected as optimum, giving an output of 10.4 
watts at 0.72% THD, even though an output of 
11.2 watts was obtainable with a load resistance of 
10,000 ohms. The 'reason for the choice is partly 
to make it less sensitive to increases in load resis
tance such as. always occurs with a loudspeaker load, 
and partly to make the transformer simpler and with 
fewer primary turns. 
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Fig. 2. 6V6-GT pttSh-pttll UL operatio1Z, Eb = Ec2 = 285 V, ECl = -21 V, peak g1'id voltage eqttals bias,. 
(A) Power Otttpttt verms tap,. (B) Total harmo1Zic distortio1Z verstts tap. 

If high power output had been unimportant, a 
tapping point of 15ro or 20% might have been 
selected to make the load resistance less critical for 
distortion. However, this d istortion is less than that 
with pentode operation. The whole question of 
distortion with high impedance loads, such as occur 
with loudspeakers, will be treated in full detail 
in a later article in this series, and comparisons made 
between UL, triode and pentode operation. 

The selected condition gives 71 % of the output 
obtainable with the same valves as pentodes under 
the same condition's except that the bias is the 

Radiotronics 

published value (-19 volts ) .  
The curves and other data are for operation in 

the conventional way with the peak signal vcltage 
equal to the bias ( "zero grid" ) .  Of course, in any 
practical amplifier, it is not possible to drive to 
zero grid without grid current and consequent dis
tortion, and the consequent reduction in effective 
power output applies to- all types of operation. The 
output resistance under these conditions without 
external feedback is 15,400 ohms plate-to-plate. With 
the 20ro tapping, this figure would become 9,600 
ohms. 
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C onditiom for fixed bias ( values are both valves) : 

Supply voltage ( plate to cathode ) . .. 285 volts 

Bias voltage .. .. . ... . . ... . .. .. . .. -21 volts 

Load resistance (P-P) ... .... . .. .. . 8000 ohms 

Cathode current: zero signal 

max. signal 

Power output 

Total harmonic distortion . . .... . .. . 

Total input power ( based on cathode 
current) , max. signal .... . ...... . 

Efficiency (based on cathode current) . 

58 mA 

85 mA 

9.8 watts 

0.8 % 

24.2 watts 

40.5 % 
(Compare this with the tetrode efficiency 46.5 ro) 
Conditions for cathode bias ( values are for both 
valves) : 

" With each cathode resistor adequately bypassed. Alter
natively a common cathode resistor of 220 ohms could 
be used. 
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Supply voltage .................. . . 

Cathode bias resistor ( each valve ) * . . 

Plate to cathode voltage ( max. s ignal) 

Grid bias ( max. signal ) . ......... . 
Load resistance (P-P) 
Cathode current: 'zero signal 

max. signal 

Plate current: zero signal 

max. signal 

Screen current: zero signal 

max . signal 

Power output 

Total harmonic distortion ... . .... . . 

Total input power (based on cathode 

72 
306 volts 

430 ohms 

285 volts 

20.2 volts 

8000 ohms 

83 mA 

94 mA 

75.4 mA 

82.8 mA 

7.6 mA 

11.2 mA 

9.6 watts 

0.98 % 

current), max. signal .. ...... . . .. . 26 .8 watts 

Cathode current efficiency . ... . . .... 36 % 
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Ftg. 3. 6V6-GT push-pull UL operation, Eb = EC2 = 285V, (Eel = -22.5 V, peak grid voltage equals 

bias; (A) Powet· output verstts tap; (B) Total harmonic disto'f'tion versus tap. 
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2. Comparison between UL and divided plate 

and cathode loading. 

Qiyided plate and cathode loading is used in the 
QUAD 11 and other amplifiers ( Ref. 1 and 2 ) . 
The transformer hart-primary is in two sectIons, part 
connected from cathode to earth and part from 

. plate to B + ,  while the screen is bypassed to earth. 
It is obvious that there will be an a.c. voltage 
between screens and cathodes in the same way as 
the UL amplifier - in fact, it can be kept to the 
same value if desired. Thus divided loading opera
tion has a performance in some ways similar to that. 
of the UL operation. The principal difference is 
that divided loading has additional negative voltage 
feedback in the cathode-grid circu it. 

. 

For equivalent results with divided loading the 
cathode winding should have the same proportion 
of the total impedance as for UL operation. For 
example, with type KT66 this impedance ratio 
should be about 20 % .  In effect, the transformers 
will d iffer only in that the wi�d ing for the former 
is broken at the tapping point. 

The choice between UL and divided loading will 
be influenced by the reduced gain with the latter. 
In most other respects the two methods are quite 
similar, and results for one apply very closely to the 
other. 

The measured impedance ratio in the QUAD II 
amplifier is 3 .5 % ,  which is considerably less than 
the optimum ( 20 % ) found in our tests of type 
KT66. It seems l ikely that the preceding stage 
gain is insufficient to permit optimum operation of 
the output stage, but this will be checked later by 
direct. measurement. 

It  is hoped to publish, at some future date, test 
results using a ·special output transformer permit
ting divided loads with a choice of several impedance 
ratios .  

t Radiotronics, May. 1 9 5 5 .  

Radiotronics 

3. Comments on UL operation. 

The UL amplifier is quite distinctive, neither 
a pentode nor a triode, bllf with its own 
marked characteristics. Its power output is definitely 
less than that of a pentode, as is clearly shown for 
type KT66 by Fig. 2 of Part 1 of this seriest. This 
effect has often been obscured by the choice of 
conditions to give optimum performance for UL 
operation and then, without any other change except 
the connection of the s'creens on the transformer, 
measuring the power output for pentode operation. 
As shown in the earlier article, this would not give 
optimum pentode operation, so that the comparison 
is not a fair one. This remark applies particularly 
to the curve published by Hafler and Keroes . 

Secondly, the · reduction in distOrtion with UL 
operation is much greater than the reduction in 
gain. Taking Figs. 5 A and B from Part 1 of this 
article, which are both for 5 000 ohm loads, the 
ratio of gains from pentode to UL 5 % operation 
is approximately 1 .48 times ( from the slopes of 
the tangents to the linearity characteristics ) .  On 
the other hand the ratio of total harmonic distortion 
varies from approximately 1 .4 times at low levels, 
to over 3 .3  times at 18 watts, for the same power 
output in both cases. The same. effect holds under 
all conditions which we have measured, for type 

. 6V6-GT as well as KT66.  

Thirdly, the optimum load resistance for Ui 
operation, in all cases so far tested by us, is greater 
than that for pentode operation. 

Fourthly, the shape of the plate characteristics of 
the valve is distinctly different from those of either 
triodes or pentodes. 

These points all ind icate that UL . operation is 
distinctly different from either triode or pentode 
operation, and should be regarded as a separate 
phenomenon. 

References. 

1 .  W. N. Williamson and P. J. Walker, "Amplifiers 
and Superlatives", W.W. 58 .9 ( Sept., 1 952 ) , 357. 

2 .  P. J. Walker ( letter ) ,  "Ultra- linear Operation", 
W.W. 60. 1 2  ( Dec., 1 954 ) ,  593 .  
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ULTRA LINEAR AMPLIFIERS 
, PART 3 

b), F. Langford-Smith and A. R. Chesterman 
This article gives the Output resistance and screen power Output. 

1. Output resistance 

Curves of measured output resistance for type 
KT66, plate-to-plate, with 300 volt supply are given 
in Fig. 1 for twO extreme values of bias (Curves A 
and C). Curve B is the calculated curve, using the 
method outlined below, using the same bias as for 
curve A. Curves A and B agree, within the instru
ment errors, for tappings of 12% or higher, thus 
indicating that the calculation is valid, 

The method used for measuring output resistance 
is given elsewhere in this issue. 

This measurement applies to the whole set-up, 
including the output transformer, plate and screen 
series resistors and 0.001 fLF condensers from plates 
to screens. In our particular case, since the multi
tapped inductor Ll (Ref. 1) did not have a second
ary winding, an A & R UL 20 watt Output trans
former was connected with its primary in parallel 
with LI, and some inaccuracy thereby introduced in 
readings for Ro above 10,000 ohms plate-to-plate. 
Since the 100 ohm plate stopper resistors are in
cluded in the measurement, the measured plate-to
plate resistance should be decreased by 200 ohms 
to give the valve output resistance. 

The output resistance may be calculated, using the 
expression based on that derived by Williamson and 
Walker (Ref. 2.): 

Ro= ----- (1) 
1 + XfL/ fLl 

where Ro = plate resistance (per valve) 
fL = pentode mu at working point 

rp = pentode 1'7l at working point 
x = percentage turns of tapping + 100 

and fLt = triode mu (screen connected to plate), 

Fig. 1. Output resistance plate-to-plate versus tapping 
for type KT66, push-pull operation, supply voltage 
300 V,. (A) Measu1'ed at --.:. 26 V, RL ' 5000 ohms,. 
(B) Calculated at -26 V,. (C) Measured at 

- 34 V, RL= 8000 ohms. 
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e 

The two valves · used for the measured curves had 
the following average characteristics at Bb = BC2 = 

300V, BCl = -26V: 
.' 

IL = 227; 1'" = 44,300; ILt = 7.7; IL/fLt = 29.5. 
The calculations are tabulated below: 

Impedance x Output resistance 
rado per valve . plate-plate 

0% 0 44,300 88,600 
5% 0.224 6,830 13,760 

10% 0.316 4,300 8,600 
15% 0.387 3,580 7,160 
20% 0.447 3,120 6,240 

100% 1.0 1,450* 2,900 

;, This checks well with the direct measurement (triode) 
1500 ohms. 

References 

1. Part 1 of this series, Radiotronics, May 1955, p. 60, 
Fig. 6. 

2. Williamson & Walker "Amplifiers and Superlatives", 
W.W. 58.9 (Sept., 1952), 357. 

2. Screen power output 

With UL operation the screen' contributes a 
percentage of the total power output. The screen 
power output may be determined for a single valve 
from the expression:-

P.O. (screen) = screen a.c.· voltage X screen 
a.c. current 

where all these values refer to those measured on 
a single valve. The screen a.c. voltage may either 
be measured directly or calculated from the plate 
a.c. voltage and the mrns ratio of the transformer. 
Before the screen a.c. current can be measured, it 
must be separated from the screen d.c. current by 
means of a choke-capacitor network. 

. The total power for a pair of push-pull valves is 
twice that for a single valve. The fact that the 
screen was delivering power and not receiving 
power was checked by noting that the screen a.c. 
voltage at the screen itself was greater than that 
on the supply side of a series resistor. 
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Measured results are shown 10 the curves of 
Fig. 2, for type KT66 under stated conditions. 
Curve A shows that the percentage of total power 
contributed by the screen varies from 2.3% at the 
5 % tap, steadily increasing to. 7.81'0 for triode 
operation. Curve B shows that the total power 
contributed by the fscreen under the selected con
ditions increased ·from less than 4% with a 5000 
ohm load to 5.85% with a 10,000 ohm load. 

The impedance (Rs ) into which a single screen 
works was calculated from the known screen power 
Output. 

Let I.� = screen a.c. current per plate 

and Bs = screen a.c. voltage per
' 
plate. 

Then FO. (screen) � BsI.� = 1/ R. •. 

Therefore Rs = B .• /Is. 

For example, with type KT66, 300 volts, 
RL = 5000 ohms plate-to-plate, 13 watts, 20% tap: 
Bs = 57 V per valve 

Measured Is = 4.5 mA per valve 

Screen power Output per valve = BsIs = 0.256 W 

Rs = Bs/Is = 12,700 ohms per valve. 

Also screen power output per valve = (Is) 2 Rs = 

0.256W, agreeing with the result obtained by the 
other method. 

Note that this calculated value of Rs, the im
pedance into which a single screen works, is con
siderably greater than the proportion of the load 
resistance RI, which is reflected through the trans
former to the tapping point. This result is to be 
expected from fundamental network analysis, in 
which twO generators feed a common load resistance 
in phase; each generator "sees" a higher load re
sistance than the actual load. For those who are 
interested, a simple analysis along these lines will 
appear in a fumre issue. 

B KT66 I-t--
I-- Eb=E ='300V I-l-
f-- C2 t--t--Ecl:- 26V 
f-- UL 20 % TAP t--I-

I--I--

-� >-
L--I-I--

o 10 20 30 40 50 60 70 80 90 100 SK 6K 7K BK 9K 10K 
PENT. Taps I Percentoge ImpedanCe!: TRI. Load Re!:sistance 

Rariiotronics 

Fig. 2. Percentage of output power supplied by the screen, for type KT66; 
(A) vet'sus tapping point; (B) verstts load resistance. 
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SOME EFFECTS OF NECATIVE FEEDBACK 

ON OUTPUT RESISTANCE 

by E. Watkinsol1 

1. Measuring amplifier output impedance 

What appears to be a simple method of measuring 
the output impedance of an amplifier, with or with
Out feedback, is shown in Fig. 1. A voltage E is 
developed across the output load through a resistor R 
which is much greater in resistance than the output 
impedance of the amplifier. By determining the 
current I flowing in R and the voltage E, the parallel 
impedance of the amplifier output impedance Ro 
and the load resistance RL can be obtained. Since 
the value of RL is known, or' can be determined by 
the same method, Ro can be simply calculated. 

Analysis of this circuit shows that 

E E E�AIA2/-t3 
J= - + -+ 

RL3 1'p3 

where RI + R2 » RL3 

and 

R2 
�= ---

R1 + R2 
A = stage gain 
gmlR2« 1. 

Since the amplifier output resistance 

E 
back Ro' = 

1 

Ro' 
E 

+ + 

1 

+ + 

with feed-

Thus Ro I is the resultant of three parallel resistances, 

RL3 + 1'1)3 
RL3, 1'1)3 and , and the effect of the 

�AIA2/-t3 

RL3 + 1''l13 
feedback is to add a resistance .--- in parallel 

with RL3 and 1'p3' 

The conventional solution of output impedance 
in the presence of feedback shows that the effect 

of feedback is to add a resistance of --- in 
BA1A2/-t3 

parallel with the output circuit. Especially in the 
case of triode output valves, for which RL3 and 1'p3 
may be of the same order, the difference between 
these twO solutions' may be significant. 

The reason for the difference is that in Fig. 1 
the voltage E is set up across RL3 and 1'p3 in parallel, 
whereas in the conventional analysis E is a voltage 
in series with RL3 and 1'p3 as in Fig. 2. Since only 
the latter con�ition _ simulates the effect of voltages 
developed in the voice coil of a speaker when 
"hanging on" at its resonant frequency, it is the 
correct method for determining amplifier output 
impedance. 

When the circuit of Fig. 2 is used for Output 
impedance determination, the source impedance of 
E must be much less than that of the series con
nection of RL3 and 1'p3, which may be difficult when 
measuring on the secondary side of the output 
transformer, but which can be readily arranged 
on the primary side. A suitable step-down trans
former may be used for measurements on the 
secondary side. 

R 

rv 

FI G. 1. All D. C. Sourcu Omitted 
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2. Output impedance of other amplifier stages 

Although the effect of negative feedback on the 
output impedance of the output stages of amplifiers 
is commonly discllssed, its effect on the apparent out
put impedance of other stages is never referred to. 

As shown above, it is necessary, in determining 
OlltPllt impedance, to use a reasonably close approxi
mation to actual operating conditions if a correct 
analysis is to be made. For example, the method of 
inserting a voltage in series with the load as shown 
in Fig. 2 is not applicable to stages other than the 
Output stage because in operation sllch serIes \101-
tages do not appear. 

However, changes in the impedance of R" are 
met with, for example, if a following stage is driven 

reduced the Olltput voltage of the second stage 

1J..2RD2 

to 

R,.2 
1 + �/lIA:!,Ll� ----

'l'p2 + R,.� 

,Ll2R'J2 
t Ei' /1) -----

1'1'2 + R,,'2 

R/,2 
1 + t �AjA:�/J..2 ---

'rp� + R/J2 

FIG.2. All D.e. Sourc($ Omitted 

into grid current or if R" has a reactive component. 
Thus a determination of the variation in output 
voltage with changes in the value of R" may be 
useful. 

In Fig. 1 let a resistor be connected in parallel 
with Rr•2 which halves its effective resistance. In 
the absence of feedback the additional resistor will 
reduce the voltage output of the second stage 

from 

to 

,Ll2 R/,2 
Ei. At -----

1'p2 + R,.2 

,Ll2 R,.2 

i.e., when 1'p2 » RL2 as for pentodes the output of 
the stage is approximately halved. 

Let the input voltage, to give the same output 
when feedback is applied to the amplifier, be Ei.', 
then with feedback the additional resistor will 

Radiotl'onics 

Thus, when a reasonable degree of feedback is used, 
the effect of the shunting resistor on the output of 
the driver stage is small, which is another way of 
saying that the output impedance of the driver 
stage is low. The overall feedback has therefore 
reduced the output impedance of the second stage. 

Similar results would be obtained by calculating 
the effect on any other stage. 

It is of interest to note that the . output impedance 
of stages other than the output stage is reduced by 
either negative voltage feedback or negative current 
feedback so long as this is taken from a stage 
subsequent to the stage under investigation. 

This determination of interstage output impedance 
is nevertheless merely a different method of examin
ing the effects of negative feedback upon, say, fre
quency response if Rr, is changing with frequency 
or distortion if R" is changing with amplitude. It 
has no fundamental significance with respect to the 
behaviour of negative feedback amplifiers. 

July, 1955. 
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ANALYSIS OF TWO GEN ERA TORS· FEEDING A LOAD 

by F. Langford-Smith 

In a previous article (Ref. 1) reference was made 
to some of the effects of two generators feeding a 
load, in that case the generators being the plate and 
screen of a pentode working with the "Ultra Linear" 
connection of the ·screen. 

The following treatment is quite general, treating 
the effects of two generators· feeding a resistive 
network. In Fig. 1 there are two constant voltage 
generators El and E2, each in series with a resistance 

(RI and R2 respectively), feeding a load resistance 
Ra. The case. treated here is when both generators 
.are supplying power in the positive direction; it 
does not cover the case where one generator IS 

being driven "backwards" by the other. 

Power generated by El El/1 

Power generated by E2 E2/2 

Total power generated El/1 + E2/2 

Power loss In RI I1Rl 

Power loss in R2 12R2 

Power dissipated in Ra Ea (I1 + 12) 

Power in Ra contributed by E2 

Let the power in Ra contributed by E2 be repre
sented in the alternative form 122 R, where R is the 
load resistance into which E2 works. 

Radiotronics 

Then 122R = Ea/2 
R Ea/12 

Ea 
R x 

finally R = Ra --- ........ ........ (1) 
12 

Eqn. (1) shows that the load into which E2 
works is not Ra, as might be expected, but a 

resistance greater than Ra. Taking a numerical case 
for illustration, El = 120 volts, E2 = 110 volts, 
RI = 250 ohms, R2 = 500 ohms, Ra = 1000 
ohms. It is shown in the Appendix that 1 1 =; 

80 mA, 12 = 20 mA and 11 + 12 = 100 mA. 

Applying equation (1), the load resistance into 
which E2 works' is given by 

R = 1000 (100/20) = 5000 ohms. 

Thus in this case, with E2 contributing one-fifth of 
the total current, the load resistance into which E2 
works is 5 times Ra. 

Appendix 

In. Fig. 1, let El = 120 volts, E2 = 110 volts, 
RI = 250 ohms, R2 = 500 ohms, Ra = 1000 ohms. 
El = I1Rl + (11 + h) Ra ...... ...... (2) 

E2 = 12R2 + (It + 12) Ra .. ........... ( 3 ) 

El - E2 120 - 110 10 volts = 

IIRl - hR2 
IlRl - 10 + 12R2 

11 (10/250) + 12 (500/250) 

11 0.04 + 212 

It + 12 = 0.04 + 31 2 ........... (4) 

Applying (4) in (3): 

110 500 h + (0.04 + 3h) 1000 

110 3500 h + 40 

70/3500 = 20 mA. 
0.04 + 2 X 20/1000 

It + 12 = 100 mA. 
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