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Analyses of Drivers for Single .. Ended 
Push .. Pull Stage * 

HIROSHI AMEMIY At 

Push-pull stages require two opposite-phast: driving voltages of 
the same amplitude. In conventional push-pull amplifiers, this is not 
a problem. In single-ended push-pull amplifiers, however, this re
quirement limits the types of usable drivers because of the appar
ently unbalanced structure of the push-pull stage. Four possible 
drivers, namely, the split-load phase inverter driver, the cathode
coupled phase inverter driver, the extended cathode-coupled phase 

inverter driver, and the Coulter driver, are analyzed with stress on 
the balance of the driving voltages. 

A FEW YEARS ago, the application of a single� ended push-pull circuit to audio amplifiers was 
suggested by Peterson and Sinclair.1 Fig. 1 shows 

the basic circuit uf the single-ended push-pull connec
tion, where the two output tubes are terminated in the 
common load impedance Z. Although the plate supply 

Fig. I-The basic circuit of the single-ended push-pull amplifiers. 

voltage is twice the normal value with this circuit ar
rangement, the output transformer may be eliminated 
entirely. When a high plate supply voltage is not feasi
ble, the connection of Fig. 2 may be useri, employing an 
output transformer with separate primary windings. 

In conventional push-pull circuits, two output tubes 
are coupled through the. output transformer, and the 

Fig. 2--"', single-ended push-pull a m pl i fier with a driving transformer. 

leakage inductance between the two primary windings 
causes serious switching transients at high frequencies in 

• Original manuscript received by the I RE,l\lay 6,1955. Revised 
manuscript received June 3, 1955. 

t Electrical Engineering Department, LTniversity of Tokyo, 
Bunkyo-Ku, Tokyo, Japan. 1 A. Peterson and D. B. Sinclair, "A single-ended push-pull 
audio amplifier," PROC. IRE, vol. -to, pp. 7- 1 1; January, 1952. 

class -AB and -B amplifiers. On the other hand, in the 
single-ended push-pull circuit the output tubes work 
into the same load, and switching transients are elimi
nated completely. 

Except for the output connection, the single-ended 
push-pull circuit is identical with the conventional push
pull circuit, thus enjoying the advantages of the push
pull connection. The driving voltages for the output 
tubes must be of the same magnitude and of oppo�ite 
phase. This condition is easily satisfied by using a 
driving transformer, as shown in Figs. 1 and 2. The 
driving transformer should, however, be avoided be
cause of its cost and poor characteristics at extreme fre
quencies. Usually the negative side of the plate voltage 
supply is grounded; in other words, the cathode of the 
lower output tube V02 is at the ground potential and 
that of the upper tube VOI is at the output voltage. This 
unbalance complicates the problem of driving. The re
quirements for the driving voltages are: 

1. Driving voltages between the grid and the cathode 
of the output tubes are equal in magnitude and 
opposite in phase. 

2. The above condition is not affected by the varia-
tion of the load impedance Z of the output stage. 

The first condition is an obvious one. I n single-ended 
push-pull amplifiers the output voltage across Z exerts 
influence on the driver stage unless a driving transformer 
is used, and this is why the second condition is impor
tant. The impedance of the load, for instance, a loud
speaker, varies considerably with frequency, and if bal
ance of the driving voltages is destroyed by load imped
ance variation, amplifier isn't a push-pull amplifier. 

In order to supply balanced driving voltages to the 
unbalanced push-pull stage, satisfactory drivers have 
unbalanced construction. In the analyses presented here 
the effects of stray and inter-electrode capacities are 
neglected and the linearity of circuit elements is as
sumed. It is also assumed that the output impedance of 
the amplifier, which is the impedance of the plate re
sistances of the output tubes and the load impedance Z 
connected in parallel, is very low. This is justified, since 
power tubes are generally used for output tubes. 

SPLIT-LOAD PHASE I:-'VERTER DRIVER 
The split-load phase inverter driver has two equal 

load resistors, one in the plate and the other in the cath
ode. Figs. 3-6 are single-ended push-pull amplifiers, 
with the split-load phase inverter driver. These are 
equivalent signal-voltage circuits in which all the 
direct-current components have been omitted. VOl and 
Vu are the output tubes, and VI is the driver. It is to 
be noted that one of the load resistors of VI is returned 
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Fig. 3- The equivalent signal-voltage circuit of a single-ended 
push-pull amplifier with split-load phase inverter dri\'er (type A). 

Fig. 4-The equivalent signal-voltage circuit of a single-ended 
push-pull amplifier with split-load phase inverter drh:er (type 
B). 

to the midpoi�t of the series-connected output tubes. 

As the output voltage, Eout is proportional to the driving 

voltage, it may be put that 

Eo�'- = Ao(Ec, + EC2), 

where 

!J.oZ 
Ao = ----

Rpo + 2Z 

Here, !J.o is the amplification factor and Rpo the plate 

resistance of the output tubes Fo, and F02• 
Fig. 3 (type A) is the circuit introduced by Peterson 

and Sinclair,1.2 and a simple analysis gives 

!J.IElNRL 
Ec, = EC2 = - ----------

(2.40 +!J.I + 2)RL + Rp! 
(1) 

where !J.I is the amplification factor, RpI the plate re
sistance, and RL the load resistor of VI. 

A similar analysis on the circuit of Fig. 4 (type B) 
leads to 

!J.IEJ.\'RL 
Eo, = E02 = (2) 

12(!J.' + 1).40 +!J.I + 2 l RL + RpI 

In Figs. 3 and 4, the load resistor of 1'1 from which the 

driving voltage for VOI is obtained is returned to the 
ca thode of VOl. I n Figs. 5 and 6, on the other hand, this 

load resistor is returned to ground, and the load re-

I Chai Yeh, "Analysis of a single-ended push-pull audio ampli
fier," PROC. IRE, vol. 41, pp. 743-747; June, 1953. 

Fig. 5-The equivalent signal.voltage circuit of a single-ended 
push-pull amplifier with spilt-load pha:-e inverter dri\'er (type 
C). 

Fig. 6-The equivalent signal-voltage circuit of a single-ended 
push-pull amplifier with split-load phase inverter driver (type 
D). 

sistor for driving V02 is connected to the cathode of VOl' 
An analysis of the circuit of Fig. 5 (type C) gives8 

!J.IE,.�.RL 
ECI = EC2 = - , (3) 

(2A 0+1--11 +2)RL + (2Ao+ l)RPl. 

and a similar analysis of the circuit of Fig. 6 (type D) 
gives 

!J.lEINRL 
EC1=E02= -r 

{2(!J.l+ I)Ao+(!J.l+2) I RL +(2Ao+ 1)RpI 

It is interesting to note that (3) and (4) reduce to (1) 
and (2), respectively, if RPl is  substituted for 
(2A o+ 1)Rpl. The gains of these four drivers are all less 
than unity. 

CATHODE-COUPLED PHASE INVERTER DRIVER4 

The equivalent signal-voltage circuits of single
ended push-pull amplifiers with the cathode-coupled 
phase inverter driver are shown in Figs. 7-10. Here 

again, one of the plate load resistors of the driver stage 

is returned to the midpoint of the series-connected out
put stages. 

It can be seen from Fig. 7 (type A) that 

!J.lEll d RL2 + Rp2 + (!J.2 + I)RK I RLI 
ECl = - , 

A.4 
I Julius Futterman, "An output-t ransformerless power ampli

fier, n Jour. AES, vol. 2, pp. 252-256; October, 1954. 
• Pate!!t pending (Japan). 
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i 
EIN RIC I 

Fig. 7-The equ i \·alcnt signal-\·oltage circuit of a single-ended 
push-pull amplilicr with a cathode-coli pled phase inverter driver (type A). 

and 

where 

I'-IE[.'>(1'-2 + l)R"Ru 

�.·l 

�,l = {(Ao + l)RL. 1  + Rpl + (1'-1 + l)R" I 
. {RL2 + Rp2 + (1'-2 + 1)R" l 
- { - A OR'_2 + (1'-1 + OR" 1(1'-2 + l)RK. 

Ao is the gain of the output stage, as defined previously. 
Thus, 

EGI {RL2 + Rp2 + (/-12 + ORK I RLI 

EG2 (/-12 + l)R"RL2 
(S) 

Perfect balance is attained by arranging the plate load 

resistors of the drivers so that the relation 

RL2 Ru + Rn + (/-12 + l)R" 

is satisfied. If the product of 1'-2RK is large, a satis
-
factory 

balance is obtained using the same value for both RLl 
and Ru. It should be noted that the balance is not af-

t 
fected by the presence of the output voltage, as seen 
from the fact that (5) does not include Ao. However, 
.1A is a function of Ao and the gain of the driver stage 

is influenced by the variation of the load impedance Z. 
For the circuit of Fig. 8 (type B), 

and 

Thus, 

1'-1E!.v { - A ORLl + (/-12 + 1)R" 1 RL2 
EGl = , 

!::..8 

RIC 

f 
EIN 
I 

Fig. 8-The equivalent sig nal-voltage circuit of a single-ended 
push-pull amplifier with a cathode-coupled phase inverter driver 
(type B). 

where 

�8 = {RLl + Rpl + (/-11 + l)RKI 
. {(Ao + I)RL2 + Rp2 + (/-12 + I)RK I 

- (1'-1 + l)RK{ - AoRLl + (/-12 + I)RKl· 

Then, 

EGl { - AoRl.l + (1'-2 + I)R" 1 Ru 

E02 { (Ao + I)RL2 + Rp2 + (1'-2 + I)RK 1 RLl 
(6) 

An analysis of the circuit of Fig. 9 (Type C) leads to 

and 

1'-1El.V 
E02=- ----

(2Ab+l)�c 

. [-Ao {( 2A
A

oo:\) RL2+Rp2+(1'-2+ I)R,,} RLl 

+ (.40+ 1) {( 2A�� 1 ) RI, I+ (1'-2+ I)R,,} RL2} 
where 

�c = {RI.l + Rp1 + (/-11 + l)RK j 

. 
{(�

to + 1 
)RL2 + Rp2 + (/-12 + 1)RK} 

_Ao + 1 

- (1'-1 + I)R" {( ...10 ) RLl + (1'-2 + I)RK} . 
2Ao + 1 

(7 

-Ao {(
Ao + 1 ) RL2 + Rp2 + (1'-2 + 1)R,,} RLl + (Ao + 1) {( 

Ao 
) RLl + (1'-2 + 1)RK} RL2 

2...10+1 2Ao+1 
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Fig 9-The equivalent signal-voltage circuit of a single-endrd 
push-pull amplifier with a cathode-coupled phase inverter driver 
(type C). 

Similarly, the circuit of Fig. 10 (type D) is analyzed 
10 give 

IlIEIN 
ECI = [-Ao! RL2 + RP2 + (1l2 + 1)R .... I RLl 

(2Ao + 1)IlD 

+ (Ao + 1)(1l2 + 1)R .... RL2] 

and 

IlIEIN 
EC2= [(Ao+ 1) 1 RL2+Rp2+(1l2+ I)RK I RLl 

(2Ao+ 1)IlD 

-A 0(1l2+ I)R .... RL2], 

where 

IlD = {( 
An + 1

) RLl + RPI + (Ill + I)RK} 
2..10 + 1 

. 1 R L2 + RP2 + (1l2 + 1) RK I 

Thus, 

{( Ao 
) RL2 + (Ill + I)RK} (1l2 + I)RK. 

2Ao + 1 

Fig. 10-The equivalent signal-voltage circuit of a �ingle-ended 
push-pllll ampli fier with a cathode-coupled phase inverter driver 
(type D). 

and 

respectively, where 

RL = RL! = RL2. 

Now, it is evident that the conditions for a satisfactory 
balance are given by: 

Type 

A 

B 
C 
D 

Condition 
(1l2 + 1)R .... » RL + Rp2 

(1l2 + I)RK» (2Ao + I)RL + Rp2 

(1l2 + I)R .... » RL + (2Ao + 1)Rp2 

(1l2 + 1)RK» (2Ao + I)(RL + Rp2). 

EXTENDED CATHODE-COUPLED PHASE 

INVERTER DRIVER$ 

Figs. 1 1  and 12, p. 166, are equivalent signal-voltage 
circuits of the single-ended push-pull amplifiers with the 
extended cathode-coupled phase inverter driver. The 

ECI -A 01 RL2 + Rp2 + (1l2 + 1)R .... I RI I + (A 0 + 1)(1l2 + I)RKRL.2 
(8) 

EC2 (A 0+ 1) {RL2+Rp2+ U-t2+ 1)RK I RLI-AoU-t2+ 1)RJ[RL%. 

In the circuits of Figs. 8- 10, the balance of the driving 
voItages is affected by Eout• However, it is still possible 
to redu<;e this effect to a negligible degree by making the 
product 1l2RK large. 

It is not easy to make direct comparison among Eqs. 
(5)-(8). If the two plate load resistor RLI and RL2 of the 
driver stage are made equal, these four equations reduce 
to 

ECI RL + Rp2 + (1l2 + 1)RK 

EC2 (/J2 + I)RK 
> 1, (5') 

ECI -A oRL + (/J2 + I)R .... 
-= < 1, (6') 
E02 (Ao + I)RL + RP2 + (1l2 + I)RK 

driver differs from the cathode-coupled phase inverter 
driver in that the grid of V2 is not grounded, but rather 
connected to the plate of V3, the grid voltage of which is 
supplied from the common cathode resistor RK• Because 
of the phase reversal from the grid to the plate of Va, 
the grid voltage of V2 is in the correct phasf for improv
ing the balance of the driving voltages ECI and EC2. 

In the circuit of Fig. 1 1  (type A) 

IlIEJ.dRL2 + Rp2 + I 1l2(A + 1) + 1\ RK ]RLl 
ECI = -----------------�----------�-----1l.4E 

i Hiroshi Amemiya, "Extended cathode-coupled phase inverter 
and its application to single-ended push·pull amplifiers , " scheduled 
for publication Jour. AES, April, 1955. 
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f 
EIH 
I Z 

Rpo 

Fig. 11·-The equi\'alent signal-voltage circuit of a single-ended 
p ush-p ul l ampl ifier with an extended cathode-coupled phase 
inverter driver (type A). 

and 

EG2 = 

�.4E 
where 

�AE = l(Ao + l)RLI + Rp! + (/oll + I)RK J 
. [RL2 + Rp2 + {/ol2(A + 1) + llRKJ 

- { - AoRL2 + (/oll + I)RK I ( /ol2(A + 1) + IJRK 

and A is the gain of V3• 

EGI [RL2 + Rp2 + 1/ol2(A + 1) + 11 RK JRLI 

EG2 {/ol2(A + I) + I)RKRL2 
(9) 

The balance is not affected by the output voltage Eo,.Io 
as in the case with the type-A cathode-coupled phase 
inverter driver. 

The balance is perfect when 

RLI {/ol2 (A + 1) + 11 RK 

RL2 RL2 + Rp2 + {/ol2(A + 1) + 1) RK 

It is easily seen that even when RK is small, if the prod
uct /ol2A is large, a very good balance is obtained using 
the same v�lue for both Rh and RL2. 

Similar analysis of the circuit of Fig. 12 (type B) gives 

/olIEIN [-AoRLI + {/ol2(A + 1) + 1\RKJRL2 
EGI = ----------------------------------

�BE 
and 

/olIEIN [ (A 0+ I)RL2+ Rp2+ {/ol2(A + 1) + I) RK ]RLI 

�B8 
where 

�B8 = f RLI + RpI + (/oll + I)RK) 

. [ (Ao + I)RL2 + Rp2 + l/ol2 (A + 1) + I)RKJ 

'.- (#£1+ I)RK[ - AoRL1+ {/ol2(A + 1) + I)RK]. 

Then 

Eal [ -AoRLI+{#£2(A+l)+I)RKJRL2 

E02 [(Ao+ I)RL2+Rp,+ I /ol2(A + I) + I) RK JRL I 
( 10) 

Z 

r Rpo 
E IN fAo 
I 

Fig. 12-The equivalent signal-voltage circuit of a single-ended p us h
pull amplifier with an extended cathode-coupled phase inverter 
driver (type 8). 

In this case the balance is affected to a certain exten t 
by Eout. It is possible, however, to obtain a good balance 
using the same value for RLI and RL2 if #£2ARK is large. 

It is obvious that (9) and ( 10) reduce to (5) and (6) 
respectively, if A is put to zero. A careful comparison of 
the corresponding equations shows that the extended 
cathode-coupled phase inverter is equivalent to the 
cathode-coupled phase inverter, provided that the 
amplification factor of V2 is multiplied by a factor of 
(A + I), where A is the gain of V3• 

Although not presented here, type-C and type-D con
nections are possible, corresponding to the type-C and 
type-D cathode-coupled phase inverter drivers. The 
ratios of the driving voltages EOI and E02 with these 
driver connections may be obtained by substituting 
(A +1)#£2 for /ol2 in (7) and (8). 

COULTER DRIVER' 
As described before, the difficulty in driving single

ended push-pull stage lies in the fact that the output 
tubes VOI and V02 are not balanced, so far as the signal
voltage levels of the electrodes measured from the 
ground are concerned. If driving voltages which are 
balanced with respect to the ground are applied to the 
output stage, the upper tube VOI works somewhat like 
a cathode follower and the push-pull condition is not 
satisfied. In the Coulter driver, a phase inverter is com
bined with either a degenerative or a regenerative cir
cuit which compensates this unbalance. Figs. 13 and 14, 
p. 167, are equivalent signal-voltage circuits of the sin
gle-ended push-pull amplifiers with the Coulter driver. 

In Fig. 13, the input voltage for the upper tube VOI 
is also applied to the grid of VI in order to get a phase
reversed driving voltage for the lower tube V02• At the 

same time, the output voltage is fed back to the cathode 

of VI in a degenerative fashion. Here, K% and Ko are 

the voltage dividing ratios at the input and the output, 

respectively. Usually the load Z is not tapped and the 
feedback voltage is taken from the arm of a potentiome
ter connected across Z. I t is assumed throughou t this 

• W. H. Coulter, "Amplifier circuit having series-connected 
tubes," l'. S. Pat. 2,659,775. 
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Fig. 13-The equivalent signal-voltage circuit of a single-ended 
push-pllll amplifier with the Coulter driver (degenerative type). 

paper that the output impedance of the output stage is 
very low. Then, Thevenin's theorem shows that the 
resistance of the potentiometer may be included in the 
cathode resistor RK with the feedback voltage directly 
taken from the tap on the load impedance Z. 

Solving the circuit for balanced driving voltage, the 
following equation is obtained: 

Rd�lKr(2Ao + 1) - 2(�1 + I)KoAol 

= RL + Rp! + (�l + I)RK' 

where 

At first sight it might seem that there are an infinite 
number of combinations of Kt and Ko that give bal
anced driving voltage. However, it should be recalled 
here that the balance should not be affected by the 
variation of the load impedance. Differentiation of the 
equation with respect to Aogives 

• 

Rd 2J'IKr - 2(�1 + I)Kol = 0, 

or 

"'I 
Ko = --- Kr. 

�l + 1 

Then the satisfactory combination of the dividing ratios 
is given by 

Fig. 14-The equi\'alent signal-voltage circuit of a single-ended 
push-pull amplifier with the Coulter driver (regenerative type). 

The circuit of Fig. 14 employs positive feedback, and 
may be analyzed in a similar manner. The balancing 
condition is given by 

{"'lKr + 2(�1 + I)K�401 RL 
= (2Ao + 1) {RL + Rp1 + (�l + I)RKI. 

Differentiation of the equation with respect to Ao leads 
to 

Thus, the required combination of the dividing ratios is 

RL + Rpl + (�I + I)RK ) 
Ko = and 

(�l + I)RL 
(12) 

RL + Rpl + (PI + I)RK 
Kr =--------

Under this condition, #sIRI 

EGI = EG2 = - ErN. 
As might be expected from inspection of the circuit 

connections, (11) and (12) are identical. In the circuit 
of Fig. 14, misadjustment of positive feedback might 
cause instability. When Ko is made such that 

..... RL + Rpl + (�I + 1)RK Rpo + (�o + 2)Z 
Ko E, • , 

(�l + I)RL J'oZ 

the amplifier becomes unstable. 

CO�CLUSION 

Drivers for a single-ended push-pull stage have been 
analyzed with stress on the balance of the driving volt

(11) ages. Actually, other factors, such as gain, distortion, 
and frequency characteristics must be considered in the 
selection of a suitable driver for a particular case. 

Under this condition The author has no intention of insisting that the driv
ers presented in the paper are the only possible drivers 
for the single-ended push-pull connection. Rather, he is 
eagerly looking forward to the advent of new and better 
drivers for this push-pull circuit. 
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