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Class-A Push-Pull Amplifier Theory’

HERBERT L. KRAUSS,{ MEMBER, IR.E.

Summary—Two tubes operating in push-pull, class-A, ,will pro-
duce more than twice the power output of a single tube using the
same operating voltages, and with optimum load values in each case.
This is demonstrated analytically by means of an equivalent circuit.
The change in load impedance seen by one tube due to the effect of
coupling to the other tube is considered and used to explain the re-
sults obtained. Experimental data are presented to verify the theory.

INTRODUCTION

INCE THE first paper on the operation of push-
S pull amplifiers by B. J. Thompson,! relatively little

has been added to our knowledge of the circuit
operation. In explaining the increased power output
available (with a given percentage distortion) from
push-pull amplifiers as compared to single-tube ampli-
fiers, the statement is usually made that because of the
elimination of even-order harmonics by the push-pull
connection the tubes may be driven harder to obtain
a greater output per tube without exceeding the pre-
scribed maximum distortion. However, the case of
single and push-pull tubes operating with the same
plate voltage, grid bias, and grid signal has not been
considered. Under this condition, the push-pull connec-
tion will deliver more than twice the output power ob-
tainable from a single tube, using load resistances to
give maximum power output in each case,

Symbols

The circuit diagram is shown in Fig. 1, and the sym-
bols are defined in the accompanying list. Subscripts
1 and 2 are used to differentiate between corresponding
quantities for the two tubes as indicated in Fig. 1.
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Fig. 1—Push-pull amplifier circuit.

Ny=number of turns on output-transformer sec-
ondary winding

N,=number of turns on one-half the primary wind-
ing

E, =plate-supply voltage

* Decimal classification: R363.222, Original manuscript received
by theZ!,nstgltute, January 8, 1947; revised manuscript received, Feb-
ruary 194

1' Yale University, New Haven, Conn.

I] Thompson, “Graghxcal determination of performance of
push-pu 1audio amplifiers,” Proc. I.R.E., vol. 21, pp. 591-601 ; April,

E.. =grid-bias voltage
e, =total instantaneous plate voltage
e.=total instantaneous grid voltage
¢, =instantaneous varying component of grid volt-
age
E, =effective value of the varying component of grid
voltage
I'so =quiescent plate current of one tube
i, =instantaneous varying component of plate cur-
rent
1y = Iy +1, =total instantaneous plate current
ta=1n—1f=net instantaneous magnetizing com-
ponent of current in the transformer primary
iz =instantaneous load current
r» =instantaneous dynamic plate resistance
rso =dynamic plate resistance of either tube at the
quiescent operating point
ra=dynamic plate resistance of the composite tube
R.=load resistance on the transformer secondary

N,
Ryp= E Rp=

[Nl ]’R reflected load resistance due to Ry

plate-to-plate reflected load re-

sistance due to Ry,

N across one-half the transformer

primary,

THEORY OF PusH-PuLL OPERATION

The usual assumptions are made that the tubes and
related circuit elements are identical, and that the load
is coupled to the tubes through an ideal transformer
having no resistance or leakage reactance. Signal volt-
age applied to the grids is assumed to be sinusoidal, and
to be limited to values giving class-A; operation
(V2E,SE..).

From an examination of Fig. 1 it is apparent that for
the quiescent operating condition (no signal applied) the
grid voltages, plate voltages, and plate currents of the
two tubes will be identical. Thus,

€1 = ez = E (1)
e = €2 = Eyy 2)
iv1 = ip2 = Iy of one tube. 3)

When a signal voltage is applied to the input, the
center-tapped transformer connections cause the instan-
taneous changes in grid and plate voltages to be equal
and opposite for the two tubes.

Aty = — Aoy (4)
Acyy = — Aey, ()
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Since the currents 4, and %2 flow in opposite direc-
tions in the transformer primary, the net flux-producing
current is

1a = ts1 — sy, (6)
which is related to the load current (iL) by

WOLLVIY) 0
ir=—_»1
L N, d,
where 14 is assumed flowing in N, turns (one-half the pri-
mary winding).
But if Aeq is positive,

ip1 = Ipo + Adpy, and iy = Tyo — Aipe. (8

Substitution in (6) gives
ta = Aip + Atpo, 9)

in which the varying components of %, and 752 add as far
as 14 (or 4.) is concerned. This suggests an equivalent
circuit for the varying quantities in which the two tubes
may be considered as generators in parallel supplying
the common load resistance. Let the instantaneous val-
ues of the varying components of current be i, and 7,

and let
AT! 2
o]
N,

be the reflected load resistance seen across N, turns of
the primary.

The equivalent circuit is shown in Fig. 2, with the
current and voltage directions established by the fore-
going discussion. The plate resistances of the two tubes
are called r,, and 7,3, respectively, since they are not nec-
essarily equal except at the quiescent operating point.
The values of u for the two tubes are assumed equal and
constant throughout the operating cycle.? This equiv-
alent circuit holds for the nonlinear as well as the linear
region of tube operation, as long as the nonlinearity can
be expressed by variations in r, and rps only.
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Fig. 2—Equivalent circuit for the push-pull
amplifier.

Now consider the composite plate characteristics,
load line, and individual-tube operating line (4-A4')3
shown for triode-connected 6L6’s in Fig. 3, with the
operating voltages chosen the same as those which

* M.1.T. Staff, “Applied Electronics,” John Wiley and Sons, New
York, N. Y., 1943, p. 182.
3 See pp. 440446 of footnote reference 2.
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would give good class-A, operation with a single tube,
and with the load line (representing R.’) chosen to give
maximum power output (R."=r,). The individual-tube
operating line (4-4') is not straight, so it represents a

Fig. 3—Composite characteristics for a push-pull amplifier using two
6L6 tubes, triode-connected, with Eu=255 volts, Ey=—22.5
volts, Ry'=r¢=940 ohms.

varying load resistance presented to the tube. However,
for the optimum load chosen, the slope of 4-4' is ap-
proximately equal to the negative of the slope of the in-
dividual-tube plate characteristics at each of their inter-
sections; so the dynamic plate resistance of the tube
sees an equal load resistance throughout the cycle.
Thus, the conditions for maximum power transfer are
satisfied at each instantaneous point in the operating
cycle; whereas this is not true in large-signal operation
of single-tube amplifiers where the load and tube imped-
ances can be matched at only one point in the cycle.
Thus, each tube in the push-pull amplifier should be
able to deliver more power to the load than it could in
single-tube operation, because of the continuous imped-
ance-match.

The equivalent circuit of Fig. 2 will now be solved to
verify the preceding discussion. All quantities except
the reflected load resistance R’ and u are instantaneous
values, including the varying plate resistances 7, and
7p2. Let the load resistance seen by tube 1 be 74 =imped-
ance of the circuit to the right of line ¢-b in Fig. 2. This
impedance cannot be expressed merely as the parallel
combination of 7,2 and R’ ,because of the action of the
two equivalent generators in the circuit; i.e., 7q includes

¢W. L. Everitt, “Communication Engineering,® McGraw-Hill

Book Co., New York, N. Y., 1937, pp. 49-52.
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the effect of the generated voltage, ue,, in series with
rp2, and this voltage must always be equal to the voltage
peg in series with 7, to satisfy the conditions for push-
pull operation. Therefore, to find the load impedance
seen by tube 1, solve for i, and use the relation

Tap = f.fl - 7o (10)
in
" The circuit equations for Fig. 2 are
ta=tip + ip (11)
peg — uEy, = ip1fp1 — Tpafpe (12)
ueg = taRL + iparpe. (13)
These combine to give
0 = iprp1 — ipafpe (14)
pe, = iRy + ip2(RL + 1p0). (15)
.Solving for i, gives
p M€l p1
S R F R 4o
Then
B+ Rt[l + ﬁ"-]. (17
ip1 7p2
From (10),
rab = R/ [1 + 21—] (18)
7p2

To show that rg=rp at all times, a relationship be-
tween 7y, 7ps, and 74 (dynamic plate resistance of the
composite tube) must be found. Let the dynamic plate
resistance of the composite tube be expressed as

Aey
rd = L

(19)

ia
But, as has been shown previously, at any point on the
composite tube lines

ia = Aip + A (20)
Aeyp
Aiy = — (21)
7p1
— Aey Aey
Aiyy = - (22)8
7p2 7p2
Aey 7917 p2
i 1 = pi7p (23)
Aepy Aep 7p1 -+ Tpe
7 p1 7p2

¥ The negative sign in the second expression is necessary in order
to make it agree with the definition of A in equation (8).
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This equation states that, with R,’ =r,, the plate resist-
ance of the composite tube at any instantaneous operat-
ing point is equal to the parallel combination of the plate
resistances of the individual tubes (thus further validat-
ing the use of the equivalent circuit of Fig. 2).

Since the composite-tube plate characteristics are
very nearly straight, parallel lines for class-A, operation
(see Fig. 3), ra is almost constant throughout the cycle
even though 7, and r,, are varying. This approximation
to a constant value would become progressively poorer
for class-AB or -B operation. However, for purposes of
this analysis r, will be considered constant, and the
equivalent load resistance R’ will be given the value

7 p0
RL,=fd=—

(29
since the plate resistances of the two tubes are assumed
equal at the quiescent operating point. Thus, the im-
pedances of load and composite tube will be equal at
all times, giving maximum-power-transfer conditions
throughout the cycle. Considering the load impedance
seen by the individual tube, (23) and (24) may be sub-
stituted in (18) to give

(29)

indicating that each tube operates into a load resistance
equal to its plate resistance at every point in the cycle.
Thus, each tube is also delivering maximum power at all
times.

Tadb = Tp1,

EXPERIMENTAL RESULTS

In order to check the theory, the fundamental-fre-
quency power output of two triode-connected 616 tubes
was determined both graphically and experimentally for
both parallel and push-pull connections. The operating
voltages were the same in all cases, and load values giv-
ing maximum power output were used. The calculated
and measured values agreed perfectly within the limits
of experimental error, giving 3.6 watts for parallel and
4.1 watts for push-pull operation. The parallel operation
produced 14 per cent second-harmonic distortion, com-
pared to less than 2 per cent third harmonic (negligible
second harmonic) with the push-pull connection. The 11
per cent increase in power noted above would be even
greater if the distortion in the output of the parallel
connection had been held to a tolerable value. Thus, the
theory is clearly verified.
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