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A Single-Ended Push-Pull Audio Amplifier· 
ARNOLD PETERSONt, SENIOR MEMBER, IRE AND DONALD B. SIN CLAIR t, FELLOW, IRE 

This paper was procured, and is here presented , through the co-operation of the IRE Profes

sional Group on Audio-The Editor 

SummarJr-An amplifier circuit for push-pull operation of two 
output tubes that provides a direct output to a grounded load is de
scribed. This circuit avoids any necessity for close magnetic couplinc 
between halves of a split primary of an output transformer; it does 
not use any interstage coupling transformerj and its simplifies the 
application of feedbadl: from the output stage to preceding single
t:nded stages. Methods for using this circuit with triode and beam
power output tubes are given, and the ultimate possibility of elim
inating the output transformer for driving a loudspeaker is discussed. 

• Decimal classification: R363.222. Original manuscript received 
by the Institute, July 30, 1951. A cond<.:Jlst·d version of this paper 
was_presen ted at the 1951 IRE �ationa l Convention, New York. 
N. Y., 1.larch 22, 1951, and was published and distributed to its 
members by the IRE Professional Group on Audio. 

t General Radio Co., Cambrid;;c, ;\la"; 

INTRODUCTION 

A MONG THE VARIOUS GOALS set out for the 
� communications engineer, surely one of the most 

eagerly sought since the discovery of electronic 
amplification has been faithful reproduction, after the 
amplification process, of the input signal. Electronic de
vices are notoriously non linear, and nonlinearity has 
been the constant enemy of faithful reproduction. The 
t\\'O most potent weapons so far developed to combat 
nonlinearity in po\\'�r amplifiers have been push-pull 
operation and negative feedback.l Push-pull operation, 

I H. S. Black, "Stabilized f�dback amplifiers,· Bdl Sys. Tech. 
Jour., vol. 13, pp. 1-18; January, 1<J34. 
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by making the input-output relation symmetrical about 
the operating point, eliminates harmonics and combina
tion frequencies produced by even-order distortion. 
Feedbac1.< improves faithfulness of reproduction by 
feeding a portion of the output wave back to the in
put in such a manner as to reduce the-effects of nonlin
earity. 

A combination of the two systems has been found, 
generally, to produce an amplifier of the highest per
formance. Various difficulties, however, have plagued 
designers, and over the years continuous development 
has been carried on to overcome them. One of the most 
serious problems has been the tendency of even the best 
amplifiers to develop increasing distortion at the highest 
frequencies. This increase in distortion has been caused, 
in many cases, by phase shift which reduces the ef
fectiveness of the negative feedback. General improve
ments in frequency characteristic and in pha.se-shift 
compensation have been found effective in reducing 
trouble from this source to manageable proportions. 

Another serious source of trouble in high-efficiency 
amplifiers has been emphasized recently. This trouble 
arises from imperfections of the output transformer nec
essary to couple the high-impedance balanced output of 
a push-pull amplifier to a low-impedance single-ended 
load. The most important imperfection has been found 
to be insufficient coupling between the two halves of 
the primary in the plate circuit of the push-pull tubes. 
At the higher audio frequencies, leakage reactance aris
ing from lack of complete coupling between these wind
ings introduces distortion' that may be thought of as 
switching transients, particularly in c1ass-B operation.' 
In order to eliminate these transients, considerable ef
fort has gone into methods of improving the coupling 
coefficient between the primary halves. 

An ingenious solution has been worked out by Mc
Intosh and Gow.· They use a bifilarIy wound primary 
and a circuit that overcomes the problem of capacitance 
between windings by combined excitation of the pri
mary halves from cathode and plate feed. Through the 
use of this specialized transformer, one can obtain ex
tremely high coupling coefficients .and concomitant low 
distortion at high frequencies. 

Another solution, outlined in this paper, consists of 
entirely eliminating primary-to-primary leakage react
ance by using the same primary for both tubes, there
by obtaining the equivalent of unity coupling. Other 
advantages accrue from the circuit to be described, not 
the least of which is the fact that no special components 
are required, the output transformer becoming basically 
a device for impedance matching and requiring no spe
cial characteristics other than adequate frequency char
acteristic and power handling capacity. 

• A. Pen-Tung Sah, "Quasi transients in class-B audio-frequency 
push-pull amplifiers," PROC. I.R.E., vo!. 24, pp. 1522-1541; Novem
ber,1936. 

I F. H. McIntosh and G. J. Gow, "Description and analysis of 
a new SO-watt amplifier circuit," Audio En,., vol. 33, pp. 9-11; De
cember,I949. 

THE OUTPUT SYSTEM 

The basic plan of the output system is shown in Fig. 1, 

where two triode-amplifier stages arc shown. The lower 

one is a simple amplifier supplying a resistance load 
in the plate circuit, and the upper one is similar except 

INP� 

Fig. I-Circuit to illustrate principle of operation of the push-pull 
output system. The lJ:rids are driven out of phase, and the ac 
load currents add \fhtle the dc load currents subtract. 

that the load and the de plate supply have been inter
changed. It is important- to notice that this amplifier is 

• not a cathode follower, since the ac grid voltage is ap. 
plied between the grid and cathode. If the two tubes are 
identical in characteristics and the supply voltages and 
loads are the same, the dc plate currents in the two 
loads will be identical. Then, if the connections shown 
by the dotted lines are made, the two currents will can
cel because they are in opposite directions. When equal 
ac signals are applied to the two circuits, the ac com
ponents in the loads are equal. These two components 
would also cancel, when the connections are made, if 
the grid driving voltages were in phase. But, with op
positely phased voltages on the grids, the ac plate cur
rents add in the load so that the tubes are in series for 
the de plate supply and in parallel for ac signals.· How
ever, this first circuit has the serious disadvantage of 
requiring a driving transformer with its associated ex
pense and difficulties in maintaining proper balance at 
high frequencies. 

PHASE-INvERTER DRIvER 

In order to avoid a driving transformer, it is necessary 
to devise a phase-inverter stage that wil! supply the 
voltages in the correct phase and at the proper elec
trodes. One such phase inverter is shown in Fig. 2: 
This driver stage receives its plate-supply voltage from 
the midpoint of the t\vo series-connected output stages. 
It has equal resistors in the plate and the cathode. Then 
a change in its plate current, produced by a signal on 
the grid, will result in equal voltages being develop'� 
across these resistors. The voltage in the cathode cir
cuit is developed between the cathode and grid of the 
lower tube, and an equal and oppositely phased voltage 
is developed between the cathode and grid of the upper 

• In connection with this circuit, we should like to note that when 
this paper was in preparat ion , our attention was called to the work o( 
R. E. Rawlins, presented before the Los Angeles section o( the IRE on 
December 19, 1944. 
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tube. It is important to notice that this upper grid is 
not driven with respect to ground. If it were, the upper 
tube would act as a cathode follower, and the balance 
of the two tubes would be destroyed. 

INPUT 
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Fig. 2-Method of driving output stage by a/hase inverter. Each 
of the output tubes is driven from gri to cathode. 

This driver is shown direct-coupled to the ouput 
stages. This direct coupling is frequently desirable, even 
though it is not essential except for a dc amplifier. The 
dc voltage drop across the resistor in the driver plate 
develops a negative bias for the upper output tube. The 
voltage drop in the lower resistor is in the wrong direc
tion for supplying negative bias. In the circuit shown, 
the proper bias is obtained by the voltage drop in the 
cathode resistor of the lower output tube, which sup
plies a voltage equal to twice the bias required for a 
single tube. 

DRIVING VOICE COIL DIRECTLY 

The amplifier circuit shown here uses no transformers 
at the output or between stages for class-A or class
AB operation of push-pull triodes. By using some of the 
newer low-impedance tubes. the optimum output load 
resistance can be made quite low because the tubes 
drive the load in paralleL As an extreme example, the 
use of the two halves of a single type 6AS7-G would 
lead to an optimum load impedance of about 280 ohms. 
While this value is still far from the usual 8- Or 16-ohm 
impedance of a loudspeaker voice coil. voice coils can 
be built with appreciably higher impedances so that 
they can be driven directly without a matching trans
former. To a first approximation. the voice-coil imped
ance can be increased without affecting the loudspeaker 
efficiency. As a practical matter, the limit of increase is 
determined by the smallest aluminum or copper wire 
that can be handled in a production set up and the 
maximum allowable mass for the voice coil. 

For example, one particular standard 12-inch dynamic 
loudspeaker uses number 33 wire for its 3.2-ohm voice 
coil. One of these has been rewound for 100 ohms with 
number 40 wire, and its efficiency is within 1/2 db of the 
standard one. Another of these has been rewound for 
500 ohms with number 44 wire.' While this latter wire 
is too small in diameter to be readily handled in produc
tion, the number 40 wire is entirely reasonable. 

I We arc ind(·lJtd lo Dr. Harry F. O��':m of the RCA L:.l:Clra10r:rs, 
Princeton, New jersey, lor the information on this standard, 12-
inch loudspeaker and the higher impedance veraions. 

The loudspeaker cited does not have an unusually 
heavy voice coil, and therefore it Sf'ems reasonable that' 
the voice coils of moderate-size to large loudspeakers 
can be wound to the level required in order to dispense 
with a matching transformer. Furthermore. it is entirely 
possible that a suitable ring-armature drivel for small 
speakers can be developed. Then there should be no 
difficulty in winding this type for an impedance of al
most any desired level. 

In' order to determine to what extent one should go 
to eliminate coupling transformers, it is useful to re
view some of their characteristics. Audio power trans
formers are generally expensive, heavy, and bulky. They 
usually limit the low-frequency capabilities of an ampli
fier by increasing the distortion and reducing the output 
at low frequencies. Furthermore, because the output 
transformers are only moderately efficient, they absorb 
an appreciable fraction of the available power. These 
disadvantages are sufficiently important that consider
able effort toward �liminating coupling transformers is 
justified. 

CIRCUIT LIMITATIONS AND REQUIREMENTS 

Two characteristics of the circuit of Fig. 2 limit its 
range of operation. One is the inherent negative feed
back, and the other is the effect of capacitance from the 
plate of the driver stage to ground. Since the plate volt
age of the driver tube is taken from the Otltput, the out
put voltage is fed back to this stage. This feedback is 
negative, and it can be considered useful for reducing 
distortion. However, when it is desired to avoid the 
associated loss in gain, the feedback can be minimized 
by using a pentode driver. 

The impedance level at the plate of the driver stage 
is, in effect, multiplied by the gain of the output stage. 
That is, the frequency characteristic of the drive for the 
upper tube is determined by the RC combination of the 
total capacitance from the plate to ground and the 
plate resistor multiplied in i .. alue by one more than the 
gain of the output stage. For the audio·frequency range, 
the resulting drop in output can be kept very small. Bu�, 
if an attempt is made to use an amplifier of this type 
over the video range, this effect will be serious. 

The load is shown in Fig. 2 connected in a balanced 
fashion to the output stages to make it easier to see the 
principle of operation. Actually, it is usually more use
ful to have one end of the load grounded to the negative 
side of the plate supply and to feed the other end from 
the midpoint through a series blocking capacitor. 

\Vhen the output tubes are to be operated over the 
wide ranges required for full output in class-ABlopera
tion, these circuits must be designed, just as any other, 
to meet the requirements of that operation. For exam
ple, the circuit should be arranged to provide constant 
bias for the output tubes even with large plate-current 
swings. Another recluirement is that adequate driving 
yolta;:e Ilill�t bc �,\'ajiaLIe from the phase im·cr:er. �n 

• E. E. Mott and R. C. Miner MThe ring annature telephone re
ceiver: BeJJ S,s. Tech. Jour., vol. 30, pp. 110-140; january, 1951. 
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the simple connection of Fig. 2, the plate voltage for the 
driver is only one-half the total plate voltage, and the 
resulting output from the phase inverter is usually in
adequate for c1ass-ABl operation. By using a resistance
capac itance coupling for the driver and by taking 
advantage of the bias supply as added plate voltage 
for the driver, this output can be increased. A pentode 
driver stage is also a suitable alternative in some cases. 
When an output matching transformer is used, the 
available plate swing from the driver can also be in
creased by a connection of a form shown later in Fig. 3. 

PHASE-INVERTER OUTPUT 
DRivER STAGE 

r---------��--�------��--� .+ 

D� 
INPUT 

8-
c+ 

c-

Fig. 3-Method of supplying proper screen voltages for beam· power 
tubes. The dc screen currents flow through the two windings in 
the opposite sense so that there is no net dc flux from the screen 
currents. 

There additional current is supplied to the phase-in
verter stage by the resistor connected from the one 
transformer primary to the plate of the phase inverter. 

One objection that might be raised to the basic series 
circuit is that the required plate voltage for the output 
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Fig 4-Method of using the load matching transformer to put the . 
output tubes in parallel for the dc supply. 

stage is twice normal. The developmen t of the high
voltage selenium rectifier, with voltage-doubler circuits, 
has made this point less objectionable at the present 
time. Another factor is the development of the low
impedance or high-perveance tubes for television use. 

Their use in this circuit permits the production of rela
tively high powers with moderate total plate voltage . 

If a transformer is to be used in the output as a match
ing device, it is possible to set up the single-ended out
put circuit with normal plate voltage in several ways. 
One method is shown in Fig . 4.. Here the plate currents 
of the two tubes flow through the two halves of the 
primary winding, and the two halves are connected in 
parallel for signal currents by the by-pass capacitors. It 
is important to notice here that the driving voltages for 
the two output tubes are again developed between cath-

ode and grid in each case. The capacitor in the cathode
to-plate connection must be large enough to avoid a 
degenerative effect in the cathode circuit. 

AMPLIFIERS USING BEAM-POWER TUBES 

These amplifiers show triodes in the output stages. 
But many designers of audio amplifiers are interested in 
using beam-power tubes with their possibilities of high 
gain and high efficiency. It is obvious that the proper 
connections for the screen voltages can readily be made 
in the circuit of Fig. 4, but the connections for the basic 
series circuit are not so simple. 

The main problem in using these beam tubes is in 
the method of supplying the proper voltage for the 
screen of the upper tube. The dc voltage of the screen is 
normally near that of the plate, and the screen should 
be at cathode potential for the signal voltage. If the 
screen of the upper tube is supplied through a dropping 
resistor from the plate supply, then the by-pass to the 
cathode puts the dropping resistor in parallel with the 
load, and some signal power is lost. In some cases this 
loss in power can be made small. In other applications, 
the voltage for the upper screen can be fed through the 
load so that no signal power is lost. 

Since loudspeakers with high-impedance voice. coils 
are not available at present, an output transformer is 
still needed for driving a speaker. How this transformer 
can be used for supplying the screen voltages is shown 
in Fig. 3. The primary is in two sections. One section is 
connected from the plate supply to the upper screen, 
which is by-passed to its cathode at the midpoint where 
the plate and cathode of the two output tubes are cOn
nected together. The other section is connected from 
the screen of the lower tube, \vhich is by-passed to 
ground, to the midpoint. The dc screen currents flow 
through the windings in the opposite sense, so that 
there is no net dc flux from the screen currents in the 
windings. 

By following the transformer connections, it can be 
seen that the two sections of the primary are connected 
in parallel, for signal voltages, by the by-pass capacitors. 
Because of this parallel connection, the two halves of a 
standard push-pull transformer can be used to obtain 
the required impedance level for this single-ended cir
cuit. Furthermore, . because these windings are con
nected in parallel by capacitors, the circuit does not 
depend on close magnetic coupling between the two 
sections of the primary. This point is important, since in 
class-AB operation the usual push-pull connection does 
have serious switching transients unless the coupling 
between the two halves of the primary is very good. 
In order to verify this point experi:nentally, the circuit 
shown was set up, using a type 6AK6 pentode to drive 
a pair of type 6L6 beam-power tubes. The operation 
was with fixed bias as shown, class AB1, and with no 
feedback. An output of 50 watts was obtained with a 
plate efficiency of 59 per cent. The output waveform was 
independent of the magnetic coupling between the 
halves of the primary . To illustrate this independence, 
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Fig. 5 shows a photograph of some pertinent waveforms. 
For this case, two separate chokes were used in place of 
the transformer so that the magnetic coupling was es
sentially zero. The operating frequency shown here is 20 
kc, and the power level is 50 watts. The upper trace is 
the output voltage and the lower trace is the cathode 
current in the lower tube. It is clear that current is 
flowing in each tube for only slightly longer than Qne
half cycle, and there is no sign of a switching transient. 
Thus the general behavior of the circuit is verified. 

This output of 50 watts was obtained within the plate 
dissipation ratings of the Type 6L6 of 38 watts for two 
tubes. But the screen ratings were exceeded to obtain 
this output with class-AB! operation. Howev�r, this 
output can be obtained within the ICAS ratings of the 
type 1614, the transmitting version of the. type 6L6. 
Using two type 1614's with two cascaded stages of 
type 6AK6's in this circuit and with negative feedback, 
we have obtained at 1 kc less than 0.1 per cent har
monic distortion for all output levels up to 50 watts. To 
obtain this low level of distortion, careful adjustment of 
operating conditions and feedback of 25 to 30 db are 
necessary, and the method of obtaining stable operation 
with this feedback will now be discussed. 

A r. 
; , 
I 

J J V 

I 

V 

Fig. S-Upper trace is the wave form of the output voltage for the 
circuit of Fig. 4, and the lower trace is the cathode current in the 
lower tube. Both traces were obtained at a 50'watt power level 
and at 20 kc. 

USE OF NEGATIVE FEEDBACK 

One method for applying negative feedback to an 
amplifier of this type is shown in Fig. 6. Since the out
put is single ended, the feedback can be made directly 
(rom the midpoint of the output stage to a preceding 
single-ended stage. In the three-stage amplifier shown ,  

the fe< ;back is applied to the cathode of the first stage. 
Because of the direct coupling of the phase-inverter 

driver, there is little danger of low-frequency motor
boating with feedback. Furthermore, since the feedback 
does not have to be taken from the secondary of the 
output transformer, there is less danger than usual of 

WIlT 

FIItST 
STAG[ 

"HAS[ -IIW£"T£A 
DRIV[R 

OUTPUT 
STaG( I. 

1-

Fig. 6-Circuit to illustrate one method of applying feedback. The 
feedback is taken from the junction of the two output tubes to 
the cathode of the first stage. 

high-frequency oscjllations. Or, expressed differently, 
greater amounts of negative feedback can be used, when 
applied as shown, with stable operation, than can be 
used with feedback from the secondary of the usual 
output transformer. . 

The usual feedback from the secondary tends to cor
rect for the drop in response at the high-frequency end 
by the feedback system. This feedback forces the out
put system to operate at higher levels than normal at 
high frequencies to produce the uniform output desired. 
Unless the transformer is very good, with feedback from 
the secondary, the result may be high distortion at high 
frequencies. This distortion is usually exhibited as inter
modulation of high-frequency signals, and serious dis
tortion of this type is more easily avoided with feedback 
from the primary as shown here. 

The feedback shown in this circuit puts the secondary 
of the transformer outside the feedback loop. Then cor
rective networks can be used, if necessary, at the 
secondary without introducing seriolls phase shift in 
the feedback loop. 

CONCLUSION 

The circuits shown here should be useful in many ap
plications. The series circuit using the phase-inverter 
driver has the advantage of requiring no coupling trans
formers for obtaining push-pull operation. The circuits 
have other advantages, principally for amplifiers that 
must ha've very low distortion. In addition, the develop
ments described should serve to show possible new lines 
of approach for improving audio reproduction. These 
further developments might include high-impedance 
loudspeakers, loudspeakers of different fundamental de
sign, low-impedance twin output tubes with 117-volt 
heaters, and the elimination or simplification of output 
transformers. 
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