UNTUNED POWER AMPLIFIERS

The potential amplifiers discussed in Chap, 4 are designed to increase
a potential signal from a low level to one which is adequate for operat—
ing some low-power circuit. Such amplifiers are generally operated in
elass A since the amplification is to be accomplished without distertion.

A power amplifier serves to supply an appreciable amount of power to
some power-absorbing circuit, although in general it must be accom-
plished under very low grid-driving-power demands. Power amplifiers
may be operated as class A, B, or C or at any point between these limits,
the choice of operating condltlons being determined by the ultimate
purpose of the amplifier, If the amplifier is to reproduce the audio
gpectrum without dlstortlon, then the amplifier must be operated in class
A if a single tube is used, If two tubes are used in & push-pull ciroult
. then the amplifier may also be operated in olass AB or elass B, If the
amplifier is to reproduce the input waveshape over. # very narrow rangs of
frequencies, tuned clasg B or tuned class C amplifiers may be usad Only'
a-f amplifiers will be congidered in this chapter.

10-1. Class A Triode Power Amplifiers. The basic schematic diagram
of a typical series-fed power amplifier and its equivalent circuit is given
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Fia, 10-1, The schematio and equivalent cirouits of a simple series-fed power ampiiﬂer:

in Fig, 10-1. It in obeerved that this cirouit i- idsntmea.l with t«hnt of Fi‘x
4-1 for the simple potential amplifier, .. ¢ . S

If it is assumed that the dynamic cum lz huanr over thc entire m'
of operation, then the plate eurrent is given by
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gince E, = E,, and the power supplied to the load is

P =R = Wk} 4 B, (10-2)

Ar, TF R/r)r,

A sketch showing the variation of the output power as a function of R;/r,
is given in Fig. 10-2. It can be seen that the power curve reacheg a maxi-
mum at the point at which Ry/r, = 1, although this maximum is quite

broad. Pisaslowly varying function

.y . . .

( Units of —= ) of R;in the neighborhood of the maxi-
1.0 } —— mum, and the power is at least 88 per

g'g 7 cent of its maximum value for values
Pl of Ry/r, ranging from 0.5t02.0. This
0.2 condition shows that the power loss is

OL Y ' 3 lesg than 2.25 db for all values of R

Ry /rp between 0.5r, and 2r,.

Fig. 10-2. Variation of power output Since the maximum power trans-

88 & function of resistance ratio Ki/fs. g0 (oours when  the load resistance

equals the internal plate resistance of the tube, it is necessary to use fubes
with low values of », in order to obtain reasonable amounts of power with
nominal values of plate supply potential. Since the g, of & tube cannot
be designed over very wide limits, then tubes with low r;, also possess low
values of p.  As a result, large grid excitation potentials are required for
appreciable amounts of power output.  Note from Eq. (10-2) for a given
value of F, that tubes which pos-
gess large values of
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possess high output-power output.
In fact, the powersensitivity which |
was defined by Eq. (3-4) becomes,
under the conditions of maximum
power transfer, simply pg./4.

To determine the power output directly from the static plate character-
istic of the tube, it is necessary only to draw the appropriate load line on
these characteristirs and read the significant information from the dia-
gram. 'tThus, by referring to Fig. 10-3, it follows that

F1a. 10-3. The output current and potential
waveforms in a triode power amplifier,
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The power output is

b=="="F

~ which may be written in the form

P — k(Emnx - Emin)([max - Imin)
-8

(10-4)
If distortion is net negligible, the harmonic components must he evalu-
ated according to Eqs. (2-32). The total power output is then

3 B

P =B+ B+ Bi+ - )

This may be written as

_ BY L (B , .. |B
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which becomes, by Eq."(2-33),

P=(+Di+Di+ - )P
or
P=0+ Dy (10-5)

where D is the total distortion. Notice, however, that if the total dis-
tortion is high, say 10 per cent, then P = 1.01P;. That is, a 10 per cent
distortion represents a power of only 1 per cent of the fundamental.
Thus, with little error, the output power is approximately that of the
fundamental-frequency component only.

10-2. Qutput Circuits, It is not always feasible, ncr it is generally
desirable, to connect the load directly in the plate lead, as shown in Fig.
10-I. Among the reasons for this are:
that the quiescent current through the
load resistor represents a considerable 7
waate of power, as it does not contri-
bute to the a-c component of power;and
that the quiescent current may cause a LN W - I
serious polarization of the output. For Eee
example, it is inadvisable to pass a Fro. 10-4. A parallel or shunt-fed
large d-¢ current through the voice coil P amplifier.
of a loud-speaker. For these reasons, the transformer-coupled load is
used extensively, although the parallel-feed system may be used.

The circuit of the parallel-feed system is illustrated in Fig. 10-4. 1t is
often called the impedance-capacitance coupled system. In this system
the plate supply is connected to the plate of the tube through a high
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inductance L, the load resistor heing eonnected across the output through
a blocking capacitor €,  The inductor L must be so chosen that ol 3> R,
and C must be so chosen that 1/wC <« R; over the operating range of
frequencies. :

The potential and current relations for the parallel-feed system are illus-

trated in Fig. 10-5. Observe that

Dymamic load fine the quiescent current through the

Ll iy Statc lpad bine tube is determined by 1i;, the re-

s Ry, sistunce of the inductor, although

<€|ﬁﬂ' 7  the ‘“dynamic” resistance into

which the tube is working is Ry

Since the static resistance of the

Fia. 10-5. The dynamic and statie Joad  choke or the transformer winding is

lines of n shunt-fed or transformer- .\ o)1y amall, the static load line is
coupled amplifier. )

almost vertical.

Suppose that the load resistance into which the tube works is small; for
example, the resistance of the voice coil of a dynamic loud-speaker usualiy
ranges from about 5 to 15 ochms. If such a low resistance load were used
in either the series- or the shunt-feed circuits, only a very small power
output would he possible, most of the power being lost within the tube
resistance. In this case, and in fact in any cdse in which the load resist-
ance does not properly match the tube resistance, the use of a transformer
as an impedance-matching device will permit optimum power transfer.
Such & system is illustrated in Fig. 10-6.

The impedance-transforming property of an ideal transformer follows
from the simple transformer rela-

: +
tions |
E, = %! E» + 3353
N, (10-6) Ef 3
. 2 -
and '2 = -—N-'—l Ig

. Fia. 10-6. A simple transformer-coupied
Where E; and Eg are the pnmary load in 8 power nmpliﬁét. .

snd secondary potentials, respec-
tively, and I} and I, are the primary and secondary currenta. The ratio

of the above yields
E) _ (N,)’ E,
L-\V/ 1
which may be written as

1
Ity = (%) = LB, (10-7)

since E,/1}, and E./I, represent the effective input and output impedances,
which are resistances. When the turns ratio N1/N,is greater than unity,

the transformer is called a step-down transformer; with the ratio N W/ Ny
less than unity, it is a step-up transformer. . ‘ :
- Bquation (10-7) is true for an ideal transformer. In general, however,
the eoupling is not perfect, the primary and secondary resistances are not
negligible, and the core losses cannot be neglected. By taking these fac-
tora into account, the input impedance is given by

!
%~ Rt Do (nr B+ 2 (108)
where R, and R, are the primary and secondary winding resistances, L}
and L; are the primary and secondary leakage inductances, and Z; is the
load impedance.

The same distinction between the static and dynamic load lines must
be made for transformer-coupled loads as for the shunt-feed cireuit, and,
a3 noted, Fig. 10-5 applies for both circuits. 'The frequency response of
the transformer is not flat for all frequencies. However, the effects are
less severe than for a transformer interstage toupling, since over the
audio range the transformer capacitances, tube eapacitances, and stray
capacitances appear across a relatively low plate-resistance tube or across
the low-output load resistance.

10-3. Maximum Undistorted Power. The foregoing analyses, which
are based on the linear equivalent plate circuit, are not completely valid
owing to the curvature of the dy-
namic characteristic, particularly
in the region of small plate cur- 7, +~——— £,
rents. In order to obtain the I
maximum possible power output
without making the instantaneons ’”’""0 S
plate current too small during the Izp o _,T.i};mfivmﬁm’
most negative part of the applied . .
signal, and without driving the ﬂﬁ.igfhf JSE:L'EI‘&."ZEZE‘%’SL‘L‘?:SS ?1?::-
gy;id positive at the positive peak mum undistorted power output from an
of the applied signal, it is neces. 2MPplifier.
sary to maintain a careful balance among the grid bias, load impedance
piate supply potential, and plate resistance, ’

To find the expression for the ontput power under these conditions, and
slso to determine the appropriate conditions in order to achieve, the
present results, refer to the graphical construction of F ig. 10-7. Since the
distortion that results at small plate currents arises from the curvature
of the static characteristics, this region is eliminated by setting /..., at an
sppropriate value. This specifies the crosshatched area of the diagram.
Thus the grid is allowed to swing from any point €, corresponding to the
potential B, (which would be E if an ideal shunt-fed or transformer-




coupled load were used) between gero grid bias and that bias which corre-
sponds to Iui,. It will be assumed that the distortion is negligible in

this region, The characteristica are essentially lihear in the operating

region, with a slope corresponding to r,.
To find the value of load resistance for which the power will be a maxi-
mum, refer to Fig. 10-7. It is noted that

E,=Ep+ 21, + En
But since
Em = RIIm
then it follows that
E,

ED + ZImrp + ImRI
ED + Im(]\)l + 21‘,,)

Solving this expression for T, there results

_Ez,-—En

In= 3550 (10-9)
The power to the load is then given by the expression
_ LR (B — Ep)  4Ri/2r,
P==5== 16r, (1 + Ri/2ry)? (10-10)

A sketch showing the variation of the output power as a function of R,/r,
is given in Fig. 10-8, This curve, like

2
(Um'bof@-%:-_gg) ) that of Fig. 10-2, reaches a maximum,
L0 r"/ —TT but in this case at the point at which
038 7 ===J R; = 2r,, although the variation is not
p 06 7 rapid in the region of the maximum.
o4 7/ The power remaing at least 88 per cent
0.2 of its maximum value for load resist-

0 0 1 2 3 4 5 ances Iy ranging from r, to 4»,.
Ri/rp Te find the appropriate bias for

Fio. !0—8._Variat-ion of output power  these conditjgng’ eombine Eq (10-.9)
88 a function of load K. with the fact that the current changes
from I, to I, when the signal potential F, is equal to E,. Thus

E
I, = " 10-11
RI + s ( )
The resuit, by equating Eq. (10-9) to (10-11), yields
3
E = I {Ey — Ep) (10-12

in which R; has been set erqual to 2r,. The value of Ep is obtained
directly from the curves.

The maximum undistorted power output becomes, from Eqs. (10-10)
and (10-12),
uE}

Pz = ——2%

Ory

Further, since E. = E,,., this hecomes

wE, 2
Pmax = —9_?':—‘ = '9" Mngg (10—13)
and the power sensitivity at optimum power output is
Pow e P 2
ower gensitivity = R R mhos {10-14)
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which is slightly less than that for the conditions of See. 10-1.

The results showing the power output and second-harmonic distortion as
afunction of ) of a type 6A3 triode are illustrated in Fig. 10-9.  Optimum
output is obtained at abont. 72, = 2,500

ohtns, which is approximately three - T l
times the plate resistanre 7, of the tube., 5 ’ e
Although the second-harmonie distor- ‘E ::-'_’3 % e
iion is not negligible at this point, 2 5 510 5'.2 2, N
per cent distortion is usually tolerable. :? § \Af‘e,._,

The ahove analysis is hased on the €5 &, NS
use of a plate-supply source of so-called £ ‘6"'; e
nominal value (ahout 300 volts). Ifit S0 0L I '"ls‘s ]

is assumed that a plate source of any Load rels,isl'or;ce,kil'ohms
potential is available, then with in- ¥Fia. 10-0. Power output and second-
vreases in the value of By, the nitimate harmonic distortion of a type 6A3
limitation will be imposed by the allow- ;E;?S:c :S a function of load re-
able plate dissipation. Under these ‘
eircumstances, it is found that the eircuit should be operated with a value
of By that greatly exceeds 2r, .1

10-4, Plate-circuit Efficiency. The foregoing discussion gives the
methods for caleulating the vutput power of a power amplifier. The a-c
power 50 obtained is eonverted from the d-c plate supply by the vacuum
tube. The ratin of these quantitios i calied the plate-circuit efficiency of
the amplifier. Thus '

a-c¢ power output to the load
My = oo PONEN DMEDULRO the 0AQ o 1009 (10-15)

d-c power input to the plate cireuit

Suppose that P, denotes the average power dissipated by the plate.
Then by the principle of the conservation of energy

]iﬁ‘bﬁ[h = [EI!‘] + E,,In + Pp



where R, is the static load resistance. By solving for P, there obtains

P" ol EnIQ - IER; el E'I,
But as
Ew = Ey, + IR,
then P, has the form :
P, = E,J, — E I, {10-16)

This equation expresses the amount of power that must be dissipated by
the plate and represents the kinetic energy of the electrons that is con-
verted into heat at the plate. Notice in particular that the heating of the
anode is reduced by the amount of the a-¢ power that the tube supplies
to the load. Hence, a tube is cooler when delivering power to a load
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F1c. 10-11). The plate characteristics of an ideal triode.

than when there is no such a-c¢ power transfer. This iz a very important
factor in the operation of high-power r-f transmitting tubes, since such
tubes are ordinarily operated close to the rated allowed plate dissipation.
H for any reason the output circuit becomes slightly detuned, with a
consequent decrease in output power, the plate power may become
dangerously high.
The plate-circuit efficiency may be written in several different forms.
From Eq. (10-15),
_E,I,
" = Bl
This may also be written ne

X 1009 (10-17)

- Py
" = P+ P, ¥ iR,

Clearly, a large value of n, means a small value of P, for a given output.
This means that a emaller tube with a smaller plato-supply source may
be used.

It is possible to obtain an approximate expression for the theoretical
value of 5, for the series-fed and the shuni-fed circuits. Consider that
an ideal tube is used in an amplifier circuit. The plate characteristics of
such a tube would have the form illustrated in Fig, 10-10. Suppose that
the grid does not swing beyond E. = 0 and may swing to give zero cun

X 160%, (10-18)

rent. Then, by the proper choice of E.,

Io = I...
and
w Eoly _ Enln _ ., E, _
" = Fwly - 2Egl. 50‘@; % (10-19) .

For the series-fed circuit, the point marked E.., = E, and from the
diagram,
Fose = By = 2E,, + 21,

Hence Eq. (10-19) becomes

__EBn 25
Wl + Tory) ~ 1 F IrgE %
from which, since
L = IR,
then

25
Np = TFr/R % (10-20)

The theoretical maximum plate-cireuit efficiency for the series-fed ampli-
fier is 25 per cent. For the conditions of maximum power output, when
By =r,, 9, = 12.5 per cent. Actually, owing to the limited range of
operation without distortion, », seldom exceeds 10 per cent in practice.
Evidently, the linear vacuum-tube amplifier is an inefficient device for
converting d-¢ into a-c power.

In the shunt-fed system a means has been devised for eliminating the
d-¢ power loss in the load. This results in an improved plate efficiency.
If the static resistance is assumed negligible, then

Ebb = Eb = Ern ","‘ 2[,.11",

and
B E
=50 77 = 5 m___
e Ew 0 E, + 21»-1"; %
This reduces to the form
= 90
o 1 + 2’.1,/[[)1 % (10"21)

The theoretical maximum plate-cireuit efficiency of the shunt-fed or
transformer-fed amplifier is 50 per cent.  Thus the elimination of the
#atic power loss in the load reflects itself as an improved plate efﬁcienby.
For the conditions of maximum output power, when Ry = 2r,, v, = 25 per
tent. However, since the static resistance is not negligible and since the
eurrent 1., eannot be taken as zero if distortion is to be avoided, the
sctual plate-circuit efficiency will be less than the 25 per cent figure.



10-5. Power Pentodes and Beam Power Tubes. The plate character-
istics of the power pentode are markedly different from those of & triode,
and the graphical analyses given above are not valid for pentodes. 8ince
the characteristics of the beam power tubes are similar to those of the
power pentode, the discussion to follow applies for both the power
pentode and the heam power tube.
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Fia. 10-11. Plate charactcristics of a 8F6 pentode.

Power pentodes differ from triodes principally in the character of the
dynamic curve with increasing load resistances. In the triode, the dis-
tortion decreases as the magnitude of the load resistance inereases, This
follows from the fact that the dynamic eurve becomes increasingly linear

as the load resistance becomes

8 . higher. In the power pentode, the

;.'.‘? e A2 dynamic characteristic is critieally

L A’fé + dependent on the load resistance,

i wg with excessive curvature at both

i the high and the low values of load

. x4 resistance. Moreover, the critical

/ load resistance to be used cannot

- —fm % = 30 be related analytically with the
e, bias plate resistance of the tube. This

Fra. 10-12. Dynamic characteristics o_f a resistance is always less than the
ﬁ:;iefor three values of plate load resist- plate resistance of the tube. It
) might appear therefore that the
output-power eapacity of the tube would be too low to make the tube fea«
sible. Actually, owing to the large ug» product, even with the appro-
priate I?; the power output is usually higher than with the tube connected
as a triode, and this with a smaller grid driving-potential amplitude,
To examine the matter in somewhat greater detail, refer to Fig. 10-11,

which gives the plate characteristics of a 6F¢ power pentode. It will be
supposed that the load is transformer-coupled to the tube and that the
plate potential is maintained at 300 volts. Three load lines are showa

2,500, 7,000, and 10,000 ohms. The '

corresponding dynamic curves are 5[_
given in Fig. 10-12. The following ¢
example will help clarify the pot?
situation : "
5

Example. Calculate the output 30 B3
power, the plate-circuit effieiency, and s @
the second, third, and fourth harmnnies fzo $ 2
for the 6F6 that supplies power to a £ é i
londspenker, the effective resistanee of
which iz ehanged to have values of 2.5 80 f
kilohms, 7 kilohms, and 10 kilnhme, A &
30-volt source iz available, and the ¢ ¢

tube is biased at —20 volts, O
‘Salution. The important data from
Figs. 10-11 and 10-12 are ineluded in-the

Load resistance

Fia. 10-13. Operating characteristies of
n 6F6 pentode as a funetion of load ros

{abulation.  Thegeneralcharacterof the  gigtance

results is given graphieally in Fig, 10-13,
Notice that optimum power transfer oecurs somewhat nhove 10 kilohms, which is
very small compared with the tiube resistance of 78,000 ohms.
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10-6. Push-Pull Amplifiers. The use of two tubes in parallel provides
the possibility of obtaining twice the output power of a single tube with
the same distortion. A push-pull amplifier cireuit is o much more
desirable connection for two tnbes, In this cirenit, the two tubes are



arranged as shown in Fig. 10-14. The excitation potentials to the grids of
the two tubes must be of equal magnitude, but of opposite phase. In the
. eireuit shown, a center-tapped transformer is used to provide these two
equal potentials that differ by 180 deg. A number of vacuum-tube
circuits are possible for achieving
these results, and several of these will
be examined below.

To examine certain of the features
of such an amplifier, suppose that the
input grid potential to one tube is of
the form

Fra. 10-14. The baric push-pull cirenit. ey = Enm cos wi

The plate current of this tube will be represented in general by the expres-
sion (see See. 2-8)

ts1 = By <+ B, cos wt + By cos 2wt + Bscos 3wt 4 -+ - (10-22)
The corresponding signal to the second tube ia
€2 = — I, cos wt = E,, cos (wt + x)
and the output plate current is

fs = By + By cos (wf + 7) + B cos 2(wt + ) + By cos 3(wt + 7)
+ [PI

which has the form
B2 = By — By cos ot -+ By cos 2wt — B cos 3wt + + « {10-23)

But, from Fig. 10-14, the currents are in opposite directions through the
output-transformer windings. The total output is then proportional to
the difference between the plate currents in the two tubes. This is

£ = k(is — ise) = 2k(B; cos wt + By cos 8wt + + » ) (10:-24)

This expression shows that the push-pull circuit balances out all even
harmonies in the output and leaves the third-harmonic term as the
principal source of distortion.

Another feature of importance in the push-pull system is evident
from the circuit of Fig. 10-14. It is observed that the steady components
of the plate currents flow in opposite directions in the windings, thus
opposing each other magnetically in the transformer core. This elimi-
nates any tendency toward core saturation and the resulting distortion
that might arise from the magnetization of the transformer core.

The effects of ripple potentials that may be contained in the power
supply due to inadequate filtering will be balanced out in the push-puli

cireuit, This is so hecause the currents that are produced by this ripple
potential are in opposition in the output transformer and hence will not
appear in the load. Of course, the effects of the ripple potential that
appear on the grids of the tubes will not be balanced out and will be
noticeable with the signal.

Another feature of this amplifier is that under self-biased conditions
there is no need for a hy-pass capacitor across the cathode resistor. This
follows from the fact that the potential which appears across the self-bias
resistor Ry is (451 + the) R DBut this is, from Eqs. (10-22) and (10-23),

(B + @) By = 2Ru(Is + By + Bscos 2wt + By cos 4wt + - - 2)

But for tubes operating in class A the harmonic amplitudes are very small
and are therefore not signisicant.

One of the particularly significant features of the push-puli amplifier
is that the output power possible with the two tubes for a given total
distortion is higher than twice that of the singie tube. This results
from the fact that with the automatic cancellation of even harmonics in
the output the tubes may be driven harder until the third harmonic terms
become significant.

Note also that, with the increased grid drive, the rectification com-
penent 2BoRs becomes significant and adds to the bias 21y Ry, if self-bias
isused. As a result, the effective bias increases, with consequent reduc-
tion of output power. 'This means that the output power of a push-pull
smplifier under otherwise similar conditions will be higher with fixed bias
than with self-bias. ‘

10-7. Equivalent Circuit of a Class A Push-Pull Amplifier, Suppose
that hoth tubes of the push-pull amplifier are identical and that u and rp
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Fio. 10-15, Equivalent cireuit of the class ~ Fio. 10-10. The simplificd equivalent cir-
A push-pull emplifier of Fig, 10-14. ° cuit of the class A push-pull amplifier.
are constant over the range of operation. The equivalent circuit of the
rystem then has the form givenin Fig. 10-15.  Observe that the connection
between the cathode terminals and the mid-point of the output trans-
former ddes not carry a fundamental-frequency component of current,
owing to the cancellation that oceurs.  This connection may be omitted
from the diagram without influencing the operation. The resgulting eir-



cuit then has the form given in Fig. 10-16. In this diagram

2N\’
The resultant current is given by
. 2uE, g
which may be written in the form
. T -
TR Ho-2n
The total power delivered to the Joad is then
' T e
= IRt = (__PEe Y R X
P = IRl =2 (r,, T Ri/?) 2 (10-28)

This expression may be interpreted to mean that the total output power
is twice the power of each tube considered to he working into the equiva-
lent load resistance R}/2.

A more significant expression results by writing Eq. (10-28) in the form

— o ? R’l
- (') & (10-29)
This may be interpreted to show that the elass A push-pull amplifier may
be represented by a single composite generator which has emf pE,, with
an internal resistance r,/2, and which works into & load resistance aqual
to R}/4. It is possible, in fact, to derive a set of static characteristics of
the composite tube from the tube plate characteristies and to obtain
significant operating information from this.

10-8. Composite Static-characteristic Curves. The composite static
characteristics of the push-pull amplifier may be obtained from the plate

Fia. 10-17. The potentials in the push-pull amplifier.

characteristics of the individual tube by a graphical construction.? It is
assumed that the output transformer is ideal, whence the potentials across
each half of the transformer are equal. The situation is illustrated in

Fig. 10-17. The load potential is given by

N,
= *ATi €p (10-30}
Also, in the ideal transformer, the total primary ampere-turns are equal
to the seecondary ampere-turns, from which

Ny — Nife = Ny (16-31)
Thus the load potentinl is
¢ o= W = Uy — dhe) % ” (10-32)
By combining Eqs, (10-30h and 110-32) there results

£ teg

, AN N .
& = (I — To) (\,') Reo (10-33) ‘

] . . i&! A'Er:c
which may be written in the form tyytyz) ;
II” /E(—‘t"-eﬂ
e = (i1 — 62) ' (10-39) -y

. I 1
Lﬂf%%”* eprale-ty- :J ' “

-ty Lyrep o

where R} is the plate-plate rosist-
ance.

The following relationships are Fcetty
evident from an inspection of the £,
diagram of Fig, 10-17:

ey = By — Cp
e = Ey 4+ g,
€y = Ert‘ +('g

€cp = Ecc — &,

(10-35)

It followe from these equations
that when the plate-cathode po-
tential ¢;; of tube T1 decreases
from the quiescent-point value £,
by an amount e, then the corre-
sponding potential ey, of tube T2
iereases beyond E, by a like g, 10-18. To construct the composite
amount. Also, when the grid- static eharacteristios of a push-pull ampli-
rathode potential e,, increnses fter from the plate characteristic.

beyond E.. by the signal potential e,, the corresponding value of e,
decreases helow E., by ¢,. These conditions are shown in Fig. 10-18 for
three different values of ¢,. In these diagrams point A corresponds to
conditions ey = E, — €y €1 = E. + e, the tube current being 1y,




Point B is that for e,» = Ey + e, .2 = E., —~ ¢,, and the tube current is
2. Point C has the ordinate #,, — #,s for the chosen value of €p.

The composite static characteristics are the family curves of 4;,-74» v8. e,
with grid signal potential as a parameter. Clearly, point C is one point
on the composite static curve for the signal potential e,, Other points

b __ V%

I
»»f’_;'i’e
.,

-

c’ 1] o
- Composite
static curve

Fia. 10-19. The composite static curve derived from the constructions of Fig. 10-18.
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on this characteristic are found by maintaining e, constant and by vary-
ing e,. The construction for two other values e, and e are given in
Fig. 10-18b and 10-18¢c. These locate two other points €’ and C” on the
composite static characteristic. The complete composite static is given
in Fig. 10-19.
Several significant features are evident from Fig. 10-19. The composite
static characteristic extends above and below the zero-current axis.
Also, the composite static curve is
much more linear than the plate

.2
‘b’ E +e, v
g = 2 v characteristica of the individual
7/ tube.
Q, oc 9 N
/ /\// An alternative method for ob-
& : , ~e, taining the composite static char-
(7

4/ o acteristics was described by Thomp-
4 son.?  According to this method,
the plate characteristies of the tube
are plotted in the usual way. The
curves are also plotted inaninverted
manner, with the potential scale
shifted so that the potentials E, of
both sets of curves are aligned with
each other. This construction is shown in Fig. 10-20. The inverted
curves represent the plate family of tube T2. The two methods are
essentially equivalent.

The foregoing discussion of the graphical construction is general and
applies to any type of tube under class A, AB, or B conditions of opera-
tion. Although the illustrations are for triodes, the curves for othet

Fra. 10-20. The Thompson method of
obtaining the composite static character-
istics of a push-puil amplifier.

tube types are obtained in the same way. In fact, owing to their shape,
the eomposite static characteristics for pentode-type tubes are more easily
obtained than the triode curves. The simplification results because the
current tys remains substantially constant for large variations in e. The
composite static characteristics for the 6F6 pentode are shown in Fig,
10-21.
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Fio. 10-21, Composite static characteristics of a 6F6 pentede push-puil emplifier,
10-9. Composite Dynamic Characteristic. The composite dynamic
cheracteristic of & push-pull amplifier is obtained from the composite
static characteristics in precisely the same way that the dynamic curve
is obtained from the plate characteristics of a single-tube amplifier. This
requires drawing the effective com- .
posite load line on the composite 1.6:}: p
static curves and noting the points &,
of intersection of the two, which i

8te points on the composite dynamic
turve. This construction alsn per-
£, t €p
+ A
|
', Composite
foad fine

Load line of fube 1

mits obtaining the load line into
which each tube is working and
hence also the dynamic characteris-
tic of the individual tubes. The
eonstruction is shown in Fig. 10-22.
Clearly, the intersection of the
push-pull load line with the com-
posite plate characteristics gives
points on the composite dynamic characteristic. That is, points A, B,
C, D are points on the composite dynamic curve. These points are
replotted in Fig. 10-23 to give the composite dynamic curve,

To find the dynamic characteristic of each tube, the procedure is
esentially the reverse of that of Sec. 10-8. In particular, consider the
point B in Fig. 10-22. This point is & representation of -ty corre-

F1e. 10-22. The load line of the rompogite
circuit, and the load line of one tube of
the push-pull amplifier.



sponding to the appropriately chosen value of ¢,. But the point 4,; lies
vertically above this point, by an amount 1y, and must lie on the plate
characteristic of the tube. This defines the point 4,. The other points
are obtained in a similar way, and the results are shown in Fig. 10-22.
These points are plotted also in Fig. 10-23. 'The points A4, Bs, Cs, Iy
for tube T2 are obtained by symmetry from the corresponding points of
tube 711,

It is interesting to note that the composite dynamic curve is practically
a straight line, although the individual tube dynamic curves are markedly
curved. Thus, for a sinuaoidal input, the total output current is closely
sinusoidal, although the current in each tube is not sinusoidal, in general.
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Fra. 10-23. The single-tube dyiamie charneteristics and the componite dynamic of the
push-pull amplifier, The waveshapes in each tube and in the output are algo shown,

If only the output current is desired, there is no requirement for the
individual tube dynamies. If the plate-eircuit efficiency is required, the
individual tube dynamics are required in order to calculate the value of
I, and the d-c component B3, that results from the partial rectifieation
due to the curvature of the dynamic. The total d-c power input to the
ampliﬁer is 2355(11, +‘ Bo)

10-10. Power Output and Distortion in Push-Pull Amplifiers. Owing
to the fact that the dynamic curve must be an odd function, by virtue of
the manner ¢f its construction, then for the composite circuit

Iy =0
Imﬂl = —Im'\g (10'36)
Ly = —Ty

Under these circumstances the five-point schedule of Eq. (2-30) reduces to
Bo = Bz == B.; = 0
Bl ;’é‘(lmax - 2[”)

I

The fundamental power output is given by the expression

Bl)'Rr .. Bik;
V2 8

By neglecting the harmonic components of power, the total power is
given by

Pl (1 0‘38)

PI = —— (10”’39)

vhere E,, and [, denote the peak values of the a-¢ output voltage and
cutrent, respectively. These values are obtained directly from the curves
of Fig. 10-22, since 1, = I, and E,, = £, — E,, whence

(By ~ Ea}lq

P= 2

(10-40)

To find the maximnm output power in the push-pull class A system
utilizing triodes, use is made of the fact that the load resistance should
equal the internal resistance of the equivalent or composite generator.
This follows from Eq. (10-29) for the elass A amplifier and requires that
Ri/4¢ = r,/2. This requires that the slope of the effective load line must
be equal to the reciprocal of the composite statie characteristic, which
has & value of r,/2.

Suppose that the tubes are operated in push-pull class B. Now, since
the tuhes are hiased to cutoff, then either one or the other of the two tithes
wil be supplying enrrent to the cirenit and ecach contributes power for
one-half of each cycle. Consequently, the equivalent generator will be
one with an internal resistance equal to r, of the tube. The maximum
power under these conditions will be obtained for R}/4 = r,. It is
reasonable to expect that the internal resistance of the equivalent source
of a push-pull class AB amplifier will lie between the value for the class
A circuit 7,/2 and that for a class B cireuit ,.  In all cases, however,
recourse should be had to the composite statie characterlstlcs and then
Ri/4 should be set equal to the reciprocal of the slope of these lines.

The situation for pentodes is different from that discussed above for
triodes and follows roughly the reasoning of Sec. 10-5. The optimum load
i that which yields the maximum power with low distortion. The opti-
mum load line is drawn through the point @’ so that it intersecis the peak
romposite grid-voltage curve in the neighhorhood of the knee of the
curve. 'This ia illustrated in Fig. 10-21 for the 6F6 tube.

10-11. Driver Stages for Push-Pull Amplifiers. The driver may be
contidered to comprase the cirenit that supplics the two potentials of equal
magnitude but in phase opposition to the grids of the push-pull power
amplifier. A variety m suitable circuits exist, the most direct of which



is illustrated in Fig. 10-24. 'This circuit consists of a simple amptifier
with a transformer in the output, the secondary of which is center-tapped.
The characteristics of this stage are determined by the grid driving-power
requirements of the power amplifier. If the push-pull circuit requires
substantially no driving power, then there are no serious requirements
imposed on the driver stage. If the driver stage is ealled upon to supply
power, and this would seldom exceed 15 per cent of the output of the
push-pull stage, although it is ordi-
}: narily less than this amount, the
+ *  driver stage must have a relatively
—dy
Fra. 10-24. A simple driver circuit for
a push-pull amplifier. .
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¥+ }t_, low internal resistance if no distor-

tion is to be introduced into the
grid circuit of the push-pull am-
plifier. It isadvisable in such cases
that a step-down transformer be
used to couple the driver stage to the push-pull input in order to reduce
the effective resistance in the grid circuit.

If the power requirements are low, then any one of a wide variety of
‘““paraphase” circuits may be used. A paraphase circuit is one which
provides two equal output potentials which are 180 deg apart in phase
from a single signal source.,

Single-tube Paraphase Amplifier. A single-tube amplifier in which the
load resistor is divided equally between the plate and cathode circuits
is the simplest form of paraphase amplifier. The circuit, redrawn for
convenience in Fig, 10-25, is discussed
at some length in S8ec. 54. The re-
sistors R; and R, have the same value,
whence the amplitude of the potential
~developed across each is the same,
since the same current flows through
esch. The polarity is opposite be-
cause the cathode output is taken from
the more positive end of R, and the
plate output is taken from the less positive end of R;. The analysis of
this circuit in Sec. 5-4 shows that the gain of the stage is less than unity
and is given by the expression

Fre. 10-25. A single-tube paraphase
amplifier.

- . FuR L u
(’4+2)R+rp 2

Two-tube Paraphase Amplifiers. 1In the two-tube paraphase ampiifier,
one tube is used as a conventional amplifier, and a second tube is used as
a phase-inverter amplifier. Figure 10-26 illustrates such a circuit. The
resistors R, and R, comprise a potential divider across the output of »

K, (10-41)

conventional amplifier, the ratio of the resistances being chosen so that
the output of Tl is equal to the output of 72 Also; the operating
conditions of the tubes are carefully chosen to allow the curvature of
the characteristic of T2 to compensate for the curvature of Ti. 'Thus
the output potentials relative to ground are both slightly distorted to
provide & comparatively undistorted po-

tential difference between the output ter-

'minals. - This method is (:Iiﬂicu]t to apply 7 (———E—R—-
in practice beeause the adjustments neces- —— !
sary to reduce distortion to a minimum
are critical,

A second form of two-tube paraphase
smplifier employs the differential potential rs
between the outputs of two tubes as the
input signal to the phase-inverter section.
This cireuit, which is also referred to as the
floating paraphase amplifier, js illustrated
in two versions in Fig. 10-27.

In the cireuit of Fig. 10-27a tube 71 is an amplifier to increase the ampli-
tude of the applied waveform. The cathode resistors Ry, if not by-passed,
will provide some degeneration, which will help to reduce distortion. The
output from T'1 is coupled through €, to R, and B3, both of which have
the same value as R;. The potential which appears across R; is applied
to the grid of T2. The outpnt of 7'2 is passed through €, and is applied
across Ry and Ry Thus half the output of both 7'1 and T2 appears
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1 3R,
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F1a. 10-26. A two-tube paraphase
amplifier.
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Fra. 10-27. Two forms of flnnting paraphase amplifiers.

across R Bince these notentials nre of opposite polarity, the resultant
potential across R, is the difference hetween these two. The output of
Tlislarger than the output of T2, and in order that this difference should
be kept as small as possible, pentodes are used, go as to take advantage
ol their high amplification.



The feature of the circuit of Fig. 10-27b is that the difference between
the output potentials is taken care of in the choice of the resistors B, and
R, so that the output potentials have the same amplitude. To do this
requires that the following condition be satisfied:

K""l_'.& _
E+i R (10-42)

where K is the gain of the stage.
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Fie. 10-28. A cathode-coupled paraphase amplifier,
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The cathode-coupled paraphase amplifier, which is closely related to
the eathode-coupled amplifier which was discussed in Sec. 4-10, is illus-
trated graphically in Fig. 10-28. This ecircuit is used extensively to pro-
vide push-pull deflection potentials for the plates of a eathode-ray tube,
and also as the driver of a push-pull amplifier.

An analysis of this amplifier circuit is readily effected in terms of the
Thévenin equivalent circuit as viewed from the eathode-ground terminals

#E ¢
e+l

Fin. 10-29. The equivalent circuit of Fig. 10-28 ag viewed from the eathode-ground
terminale,

The resulting equivalent circuit is given in Fig. 10-29. It follows directly
from this figure that the potential drop across R, is given by

rp+Rl
E = et R _ BAPED
* PuFi ro + Ry
Ry + 2t
) w41
From this ;
S tpt+ B
L= 1Y ReTD (10-43)

Notice from this expression that the current I, is always greater than I..
For example, for a typical triode with, say, r, = 10,000 ohms and z = 19,
and with R; = R, = 10,000 ohms, 1,/I, = 1.10. In general, if the
magnitude of 1, is not to exceed the magnitude of I, by more than, say,
10 per cent (this requires that —I,/I; < 1.1), then

rp+R¢
[T |

It should be observed that the more nearly I; and I, are to be the same,
the larger must R: be. In fact, the two currents are equal only if
Ry = o, an impractical condition. As a result, this cireuit can never
give exactly equal outputs, althongh by making R, large compared with
{rp + Ri)/(p + 1) aimost equal outputs are possible.

To determine the output potentials, it is noted from the diagram that
T,,._“f* Rl Tn + Ri

“ E A
PR LA Bl

Ey,z 10

= {}

from which
rE
rp + Hy
If it is assumed that I, = —1, approximately, aa discussed above, then

- . FE
2(r, + Ry

IL-I, =

11 = —I‘J

whence
uE

Eo: = —*Enr = 2—(—;” I Rl)

(10-44)



