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The Cathamplifier’

C. A. PARRY{

Summary—This paper discusses an amplifier circuit with high
input impedance which permits push-pull operation from an unbal-
anced source.

A voltage, proportional to the total circulating current of the push-
pull system, is obtained from a transformer connected in the cathode
circuits of the output valves. Over-all performance similar to usual
push-pull operation may be obtained.

The possibility of a single- or two-mode oscillator is also dis-
cussed.

Because of the simplicity, and general application of this circuit,
some of the more useful formulas are developed in detail.

I. Basic THEORY

N Fig. 1, T is an ideal choke, with an exact center
1[ tap, and the whole power due to I; I, is considered

to be developed in the load resister R. In such a case
the voltages developed across each half of the winding
are equal irrespective of the ratio I/ 1.

L
Fig. 1—Basic circuit.

Let R;=effective resistance offered current I
R, =effective resistance offered current I.

1,/I,=Y7.
We have
e?/R = el,/2 — el,/2
2¢/R =1, —1I, (1)
Ii/R, = I,/R, = ¢/2 (2)
I./T: = Ry/Ry =Y. 3)

Substituting in (1),

4/R = 1/R; — 1/Ry, 4)

whence
Ry = R(Y — 1)/4Y (5)-
Ry = R(Y — 1)/4. (6)

II. CircultT APPLICATION AND Basic CONDITIONS
FOR BALANCE

Fig. 2 shows how the basic circuit is applied to an
amplifier in order to obtain push-pull operation. The
voltage developed across winding N is applied to the

* Decimal classification: R363.222. Reprinted from the Proceed-
ings of the Institution of Radio Engineers, Australia, vol. 11, pp. 199-
204, August, 1950, by the courtesy of the Institution of Radio Engi-
neers, Australia.

t Lister Research Co., 333 George St., Sydney, Australia.

grid of valve 2 in the correct phase, the resister R being
varied to obtain ac plate-current balance.

Fig. 2—Basic circuit applied to two valves. An unbalanced voltage
E causes push-pull operation by virtue of the transformer 7.

Let
N3/(N1+Ng)=T=e2/e (7)

G1 = mutual conductance of valve 1

G, = mutual conductance of valve 2.

Also assume negligible distortion and that 7T is an
ideal transformer. In Fig. 2

I, = V.G,
- @
and
ViG1/VaGe = Y. (9)
From (2),
Vi-G1- Ry = VyGaR, = ¢/2. (10)
For equilibrium conditions
Vo=¢er+ e — ¢/2, (11)
where
e1= (I1 — I.)-Ro (12)

and using (2)

e-Ro(l 1)
o1 = ===
2 R R,

From (5) and (6), with due regard to the sign of I,

2e-Ro<Y - 1) (13)
“TTR \rt1/)
From (7), (11), and (13),

Ve T /2+28R0<Y—1)

2T e R\v +1/)
Simplifying and using (10)

IRV — 1)) ViGs
2GR\ T — 1/2 = = 14
“( 2t 2e o) ve -1 ¢ )
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If the system is balanced (true push-pull), ¥=1 and
(14) reduces to

1+ G:R/2
_ 1+ GR2Z (15)
G; R-

which is the required information.
I1I. DEGREE OF UNBALANCE FOR CHANGES IN
BaLANCE CONDITIONS

Once T is evaluated, the dependence of YV on circuit
variables may be obtained. Extracting ¥ from (14) and
substituting for R, from (5), we can write

_1—=Gy-(T — 1/2 — 2R/R)R'/2
"~ GY(T —1/2 + 2R,/R)R'/2

where G;’, R’ are the values of Gs, R other than those
used to evaluate T[see (15)]. Thus for convenience we
can put G2'R’/G:R=K#1.
Using this relation and substituting (15) in (16),
1 K-Gz-R<1 + G- R/2
2 Gs-R

(16)

-1/2 — ZRO/R’)

KG:R (1 + G2R/2 )
—1/2 4 2R/R’
2 G2 R /24 2R/
Simplifying,
. 2(1 — K)
Y =1+ (17)

K(ZRoGzR n 1)
RI

Thus R, helps to reduce unbalance. Generally for the
simpler circuits 2RyG2=1; and if R is nearly equal to
R’, (17) becomes approximately '

Y = 1/K. (18)

Equation (17) shows that unbalance is independent of
valve 1, a most important consideration. In practice,
since R can be small, it can be made quite stable so that
unbalance becomes almost entirely due to changes in
Go.

When the signal voltages applied to the grids of the
valves are large compared to the bias, changes in mutual
conductance occur. Hence, in such cases, changes in
balance occur with changes in signal level, even though
G1=G; at all levels. Equation (17) shows to what extent
this may be minimized by R,.

IV. ErFEcT oF UNBALANCE ON PowER OUTPUT

Power output is affected by lack of balance between
the two plate currents. The factors to be considered are
1. I sin wt#*1; sin (wt+).
2. Y #1, the input signal being varied, if necessary, to
obtain maximum undistorted power.
3. Change in sensitivity when Y31, due to the volt-
age e, (see Fig. 2).
Of these, condition 1 is generally negligible if the de-
parture of the currents from opposite phase is less than
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10 degrees. Condition 2 is much more important. This
applies for circuits (Fig. 2) in which R is so small that
¢/2&LV, and €2=0 (Ro by-passed). Condition 3 is the
more general case and, of course, must be estimated in
conjunction with the effect of condition 2. Conditions
2 and 3 are best considered separately.

A. Case for Condition 2
In Fig. 3, Y1, ¢/2 is negligible, e, is zero, and E= V.

heta

Fig. 3—Complete basic circuit; Ry, is the plate load. Power
supply circuits are omitted for clarity.

The power in the load R. may be estimated in the
manner used for Fig. 1. Thus let
Wi =power developed in Ry when I,=1,
Ws=power developed in Ry when I;#=1,
R =effective resistance offered I

Rs,=effective resistance offered I,.
Then

Wi = (I1)* Ry + (I2)*Rys as in equation (1)
= (I))* Ry since I, = I,
W2 = (11)2'RL1 + (12)2RL2

1
Wy = (I;)’-Rm(l + ?) from equation (3);

and using (5) (allowing for the sign of I3),

W, < 27 )2

we \Y +1/
Setting a limit of 0.5-decibel loss for the unbalanced con-
dition, the value of Y is found to be 1.13. Using this in
(18), the change in G:R is 11 per cent. As indicated
previously, the change may be wholly due to Gz so
that this figure is quite reasonable to maintain. If ad-
justment of balance is made near maximum output for

a particular frequency, (19) shows the power loss result-
ing from changes in balance at any other frequency.

(19)

B. Case for Condition 3
Referring to Fig. 3,

E = V1+e/2+ (Il—'Ig)'Ro

1
= Vl{l +G1'R1 +G1(1 b ?>Ro}

by substitution from (3), (8), and (10).
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Eliminating R; by means of (5) (allowing for the sign
of Iz),

. E
V= - (20)
o RN (P
o4y vy /)
Let V)’ =grid-cathode voltage for the particular case
when Y=1. Then from (20),

E
VY =, 21)
Y 14GiR2 (

so that using the same nomenclature as before

W1 = (IR, = (GiV/)*R,. (22)
From (19)
1+ T\
W, = (11)2-RL< 27 > ;
and since in this case I; is produced by V7 of (20),
W, = (G;V1)2~RL(1 + Y>2. (23)
2Y .
Substituting (20) and (21) in (22) and (23),
W, 4Y + G [R(Y + 1) + 4(Y — 1)R0]1 2
W { (1+ V)2 +GR) foo

For Y=1.1, 2R,G=1, GiR=0.4 (a reasonable figure
in practice), Wi/ W;=1.04 so that the loss is about 0.2
db.

For both cases (A) and (B) above, it was assumed
that ¥ was >1. If this is so, the limit to undistorted out-
put is the drive on valve 1. If we consider that maximum
output is obtained when Y=1 and that E is constant,
then for ¥ >1, V; will not be exceeded and distortion
due to overdrive will not result. For Y<1, I, must in-
crease if E is constant. If I, increases, V, must also in-
crease and overdrive of valve 2 results. At the same
time the voltage e; causes the voltage V: to increase
(20) so that overdrive results on valve 1, also. Thus if
E is constant, severe distortion will result for Y <1. This
means that if balance is adjusted at maximum output
distortion will occur as R is increased beyond the value
required for balance. .

From (2) we might expect the power to increase for
Y < 1. But if the power is considered to have a maxi-
mum value W; when Y =1, then distortion results for
Y <1 and E must decrease so that V, becomes the limit-
ing value. Thus the over-all power decreases. It is suffi-
cient for the purpose of this discussion, therefore, that
we assume V' >1.

V. INHERENT CIRCUIT STABILITY AT OR NEAR
BALANCE

There are two possible modes of oscillation:
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A. First Mode

Refer to Fig. 3. If I, is very small, the phasing of T
is such that it would appear oscillation could occur due
to feedback in valve 2. If E=0, oscillation just com-
mences when

es = Vst e/2+ (12 - II)RO»

where I, > I because valve 2 initiates the condition. As-
sume this condition arises by varying R to some new
value R’. Then R is the value of resistance required for
balance and R’ is value at which oscillation just com-

mences. From (7), (8), (10), and (25)

Te = Vz + Vz'Gz'Rz + Vz'Gg‘Ro(l —_ Y)
Thus

(25)

2TGoR; = 1 4+ G3Ry + G2-Ro(1 — V).
Using (15) and (6) (allowing for the sign of I5),
14 GoR/2\ R'(Y + 1)
< R ) 2

R'(V + 1
1+cz{ ( zt_)+R°(1_Y)}' (26)

Now the current I in this case is produced by the
voltages ¢/2 and e;. Hence,

Il = G1(31 - 6/2)
=G1[Ga- V(1 = V)-Ry — G2 Vy- Ry
from (10), (3), and (12).
In this case R; is a component of R’, and we can elim-
inate R, by means of (6).
I,

GoVe

_ _ _Ra+ 1)
—-Gl{(l V)R, ] f

G1(4Ry, — R))
T4 GR + R
Substituting for Y in (26), we have
2(1 + G2R/2)(R'(1 + 2G1- Ry)
R
+ Go[R'(1 + 2G.Ro) + Ro(4 + 2GiR)];
and when G;=G,, this simplifies to
2R

(27)

=4 4 G1(4Ry + R’)

R — 28

1 —Gyi-R/2 (28)

= R(2T — 1)/(T — 1) by using (15). (29)

Perfect stability results when GiR=2(T=1). The

value of R, does not affect the stability. Note that it is
impossible for oscillation to occur at or near balance.
For if R=R/’, (29) gives —G1R =2, which is impossible.
If GiR is negligibly small, then R’=2R, which is well
removed from R. If valve 1 is removed, ¥=0; and from
(26),

R’ = 2R(1 + G- Ro). (30)
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Again, in the limiting case when R,=0, R’ =2R, which
is a satisfactory value.
B. Second Mode

Fig. 4 shows diagrammatically the equivalent circuit
at a high frequency. The grid circuit will consist of the

Valve 2 Valve 2
Ls Rs RT?
— T — WA~
R N—————
=Cs Rn
: ¥

1T

(@) (b)

Fig. 4—The equivalent of circuit (a) at high frequencies is shown in
(b). Cs is stray capacity, Ls leakage inductance, and Rs secondary
resistance.

network comprising leakage inductance Ls, self-capac-
ity Cs, and effective secondary resistance Rs.

R, = (Rs + TR),

where Rs is the secondary resistance. The impedance of
this circuit near resonance is Ls/Cs-Rn so that if Rx is
sufficiently small and Ls large a high impedance may
result. Feedback from other parts of the circuit, prin-
cipally the anodes, can, therefore, produce oscillation.
Since Ls/Cs-Rn will be a maximum when R=0, oscil-
lation may occur if R is too small. Generally, R is suffi-
ciently large to eliminate this problem. As an alterna-
tive, the balance adjustment may be accomplished by
means of a variable resistance across the secondary of
T instead of across the primary.

The control R may, therefore, be used to control oscil-
lation in either mode since for mode A. the value must
be large while for B. it must be small; thus oscillation
can be made to occur on either side of the balance ad-
justment. R may also be used as a control for a highly
selective amplifier circuit.

VI. Loss oF SENSITIVITY AT BALANCE DUE TO
DEGENERATION

Referring to Fig. 2, it is seen that a loss of sensitivity
occurs due to ¢/2. From (21)

E= Vl’(l + Gl-R/2)
so that the sensitivity is reduced by the factor
(1 4+ Gi-R/2).

By substitution from (15), the loss factor may also be
expressed as

T/(T—1/2). (31)

VII. BALANCE FOR NoOISES ORIGINATING IN THE
PowER SuppPLY

Fig. 5 is the circuit for examination of this aspect of
operation. Let ’
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R, =plate resistance valve 1
R,z =plate resistance valve 2
E.=noise voltage in high-voltage supply.
We have
Vi=—(¢/2+ &)
Vo=Te— (¢/2+ ¢)
Iy = E./Rp1 — Gi(e/2 + &) (32)
Io = Eo/Rys — Go(e/2 + &) + TeG.. (33)
From (2) and (6)
Te = 1/2-[TI,R(Y — 1)].
If Riy=R,: and G1=G,,
I, — I, = — 1/2- [TL;RGy(Y — 1)]
from (32) and (33). Hence,
V—1=1/2-[TR1 — V) — G] (34)

for which Y=1.

We would expect balance to be independent of the
adjustment of R. Balance does depend, however, on the
operating characteristics of the valves so that some
further control (such as bias or slope) may be provided
to adjust this. A simple test of this adjustment is pos-
sible with the circuit. For at balance Te=0, and no volt-
age is developed across the secondary of T'; thus it is
sufficient to observe the grid voltage of valve 2.

Valve |

Valve 2

Fig. 5—Equivalent circuit for the examination of noise voltage
E, originating in the high-tension power supply.

VIII. DISTORTION

The ac plate currents of the valves may be expressed
by the usual series,

I, = aV;+ bV,? + Vi +
Iz = - a,V2 + b’V22 - C’st + .

(35)
(36)
The total circulating current is the difference between
these currents. Usually it is assumed that the coefficients
of the two valves are equal (a=a’, b="3’, and so on),
and this will be accepted in the following analysis:

From (35) and (36) the current for any particular
coefficient may be expressed in the form

I,; = WV," nth component for valve 1

I3 = W(—V3)" nth component for valve 2.
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The total circulating current for any particular coeffi-
cient will depend on the feedback voltages e, e,, and Te

(Fig. 6), occurring for that particular component.

Valve 2

‘ vy 4
! [ A l2
R T
T3 I
Fig. 6-—Basic circuit used for discussion on distortion.
Thus
I,= WV — (e/2 + e,)a
I, =W(—Vay)r+ (—=1)"(—e/2 + e, + Te)a

since coefficients beyond a for the feedback voltages are
negligible. Even components cancel out as with normal
push-pull; and for the odd components we have

Ini— I = WW» — (=Va)* — ea + Tea, (37)
where # is an odd number. From (1)
e = (In — I2)R/2. (38)
Substituting in (37) and using (15), we obtain
2r —1)
I — Lo = W{Vi" — (=V3)"} — (9

Since the distortion in the assumed case is entirely due
to odd components, the total distortion is reduced by
the factor T'/(2T —1). Thus distortion reduction is half
the gain reduction (31).

I1X. CHOICE OF BALANCE RESISTOR AND SIGNAL LEVEL
FOR ADJUSTMENT OF AC PLATE CURRENTS

A. Balance Resistor

The ultimate value for R is a compromise. The re-
quirements are perhaps best examined by expressing
GiR in terms of T in the various equations. For maxi-
mum possible stability (29) T'=1; the loss factor (31) is
then 2, and the distortion reduction factor (39) is 1. If
minimum ac plate resistance is required, then R must
be small, which requires 7">1. Again if R is too small,
there is a greater tendency for oscillation in mode 2
unless other precautions are taken. It would appear that
the ultimate choice is for a value of T very close to 1.

B. Signal Level

From (18), Y (1/K); from (16), K = Gs’'/Gs. Since
G, = E, it follows that Y« E (Fig. 2). Thus to obtain
maximum power [(24) Y=1], balance adjustments
should be made at the maximum value of E. However,
even harmonics are only cancelled if V=7V, (37). If
a#a’, then when Y=1, V5 V,. If a bias or slope ad-
justment is also provided, it would appear desirable to
adjust at maximum output so that e =a’. This results
in maximum output and minimum distortion. How-
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ever, it is sometimes desirable to adjust this extra bal-
ance when E=0 so that a=a’ at low signal level, and
minimum noise from the high-tension supply at zero
signal is obtained. If this is so, then at the maximum
value of E it is unlikely that ¢ =a’. The balance adjust-
ment R would then be made to obtain minimum distor-
tion at maximum possible output. Since this would oc-
cur when Vi=7V, if aa’, Y1, and the maximum
possible output would be slightly less than obtained
with V=1,

X. CoONCLUSION

The circuit under discussion has interesting possibili-
ties. Push-pull operation is possible, yet the input im-
pedance of the circuit is high. Thus the output stages
may be preceded by a high-gain voltage amplifier, per-
mitting an extremely compact amplifier unit. This also
simplifies the problem of applying inverse feedback over
the whole amplifier. The adjustment required for push-
pull operation is quite simple and the stability of bal-
ance, as well as the inherent circuit stability, is quite
good. Cancellation of noise voltages from the power
supply is unaffected by the balance adjustment. Slight
improvement of distortion may be obtained without ex-.
cessive loss of sensitivity. It can. be expected that
changes in balance will occur with signal level, but
this should not be any great disadvantage. The circuit
_permits an easy observation on the adjustment of the
operating characteristic when this is provided.

Fig. 7—An interesting modification.

Two modes of oscillation which are independently ad-
justable are possible. This indicates that the circuit
could be used as a highly selective amplifier incorporat-
ing a variable selectivity control. Fig. 7 is an interesting

4 .
X h
|
3
%
\
2 .
& Fain Redi
' N ———
Gl %%\
——
o l E 3 4 5

Rateo T

Fig. 8—Showing the relation between the various formulas,
and the transformation-ratio T.
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modification of the basic circuit discussed above; it
does not require a center tapped transformer.

Fig. 8 shows the values of various factors in the fore-
going formulas, plotted against the transformation
ratio 7. (See preceding page.)
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XI.

The author is indebted to Ferguson Transformers
Pty. Ltd. for the use of their laboratory in investigating
this circuit; also to Mr. R. Edwards, who assisted in
the initial draft paper.
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Recent Developments in High-Power
Klystron Amplifiers®

V. LEARNEDY, SENIOR MEMBER, IRE AND C. VERONDAY, SENIOR MEMBER, IRE

Summary—The present status of klystron power amplifiers is re-
viewed by discussing the three types of electron-beam focusing used.
The maximum power output, efficiency, gain, bandwidth, tempera-
ture compensation, and tuning means of present-day klystrons are
briefly discussed. Examples of several typical tubes are given.

I. INTRODUCTION

\HE INCREASING development effort devoted
Tto high-power klystrons, as contrasted to milli-

watt local-oscillator types, has brought about a
rather rapid improvement in the characteristics of
transmitter-type klystrons. There has been an increase
in power output and efficiency, large power gain has
proven to be very useful, and tuning and temperature
compensation characteristics have developed to a satis-
factory point. The development of tubes for pulsed ap-
plications has opened up this particular field to high-
stability frequency control. The increasing use of the
radio spectrum is making good frequency control im-
portant for both continuous-wave and pulsed operation.

II. TuBg CHARACTERISTICS
1. Types of Focusing

First, the capabilities and characteristics of present-
day transmitter-type klystrons will be discussed by di-
viding them into three groups corresponding to the type
of electron-beam focusing used. Tubes both with and
without grids at the interaction gaps will be discussed.

An electrostatic-type electron gun has been used to
form the electron beam of virtually all present day
klystrons, but the high-density beams utilized have been
maintained over a long path in three different ways,
namely: ion focusing, space-charge focusing, and mag-
netic focusing.

In the first case, positive ions formed from the re-
sidual gas molecules neutralize the space charge of the
electrons in the beam, and thus allow the beam to con-
tinue without space-charge spread. Ion focusing is, of

* Decimal classification: R355.912.3. Original manuscript re-
ceived by the Institute, April 30, 1951; revised manuscript received,
November 2, 1951

t Sperry Gyroscope Company, Great Neck, L. I., N. Y.

necessity, limited to cw tubes since no ions would be
present at the beginning of a pulse to focus the beam.
Ion focusing adapts itself most readily to klystrons
having grids at the interaction gaps since it is limited
to larger diameter beams which are best coupled to the
rf voltage by a grid structure.

In the case of space-charge focusing, the electron
beam is allowed to follow a trajectory determined by the
initial convergent angle of the electron gun and by the
mutual space-charge repulsion forces of the electrons.
The beam comes down to a minimum, and then spreads
out so that it does not have a uniform diameter over its
length. This type of beam fits best into a pulsed tube
having gridded interaction gaps.

The third type of beam maintenance is by means of
an axial magnetic field as described by Wang.! After

the beam is formed by an electron gun, it may be fo-

cused for any distance desired by application of the
correct value of uniform magnetic field. This type of
beam focusing is useful for both cw or pulsed tubes
which do not have grids at the gaps.

TUNING

DIAPHRAGMS ELECTRON BEAM

ELECTRON GUN

10N ELECTRON
TRAP R-F MONITOR R-F. COLLECTOR

INPUT PROBE

OUTPUT

Fig. 1(a)—Example of ion-focused beam in a three-cavity amplifier
with gridded gaps. The tube is the SAS-28 with 250-watts output
at 2,600 mc and 30 db gain.

Fig. 1 shows examples of these various beam-focusing
types. Fig. 1(a) shows the cross section of a three-
cavity, ion-focused, gridded, cw tube with 250-watts

1C.C. Wang, “Electron beams in axially symmetric electric and
magnetic fields,” Proc. I.R.E., vol. 38, pp. 135-148; February, 1950.



