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PREFACE

nraegent

The Class ¢ R-F amplifier has come to be very important in our 1

day system of commmnications. This importance has caused it to be the

subject of much research. It is the purpose of this paper to delvs fuwrth:
J f

inte the problem of design simplification. Specifically, an

Tt is hoped that this information

for the optimum grid tank I-C ratio.

may be of value in expediting Class C amplifier design.
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INTRODUCTION

The development of the Class C radio frequency amplifier has made radio
commmications not only scientifically possible, but economically feasible.
Plate efficiencies of 85% are theoretically obtainable, and this is of special
value in R-F amplifiers where the output may run into hundreds of kilowatts.

Literature on the design of the Class C R-~F amplifier is to he found in
abundance in any technical library. The Wagenerl and the Constant Current
methods have proved valuable aids in determining circuit parameters, primarily
those in the plate circuit, with accuracy and speed. Thomas® has sebt forth a
method for determining the driving power required for a tube under certain
specified conditions; but there still remains one gap in the fence of knowle
edge that has been built around the Class C amplifier., Very little explo-
ration has been done on the input side of the question, although design of the
plate circuit has been narrowed down to a few simple formulasz.

Class C design is complicated by the fact that the d-c power input varies
with the outputb, and it is possible to get maximum efficlency by adjusting the
d-c potentials and the load resistance. Many variables are involved; grid
bias, grid driving power, plate L/C ratio and plate supply voltage, to name
but a few. The accepted method of sclution is mainly graphical or cut-and-
try, since the plate current is non-sinusodal and no simple set of equations
can be evolved. The aforementioned design methods are only approximate, as
they assume that the plate current pulse is a portion of a gine wave. The

alternating plate veoltage computed by these methods must be obtained by

1 Austin V. Eastman, Fundamentals of Vacuum Tubes, pp. 372-378

2 H. P. Thomas, Determination of Grid Driving Power in Radio Frequency
Amplifiers, Proc, I.R.E., 21. p. 113L, August, 1933
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choosing sultable values .of L, C, and R in the plate tank circuit. Eastman
has arrived at the following set of equations3 which give optimum tank valuss:
(1) Xp, = E5 /PQ
where Q = WoL / Ry, and,
(2) w,C =1/ WL

It was thought that perhaps there exists a similiar relation in the grid
tank eircuit. From personal experience it is known that simply changing the
L/C ratio in the grid tank cireuit would cause the amount of driving power
delivered to the grid by the driving source to vary. It was assumed thalt some
ratio of grid tank L=C would come closest to matching the input impedance of
the driven stage to the preceding stage. Preliminary investigation indicated
some validity to this assumption, but many other variables were discovered
that further directly affected the matching.
. It was originally the intent of the author to thoroughly investigate the
gouplipg of the driver plate tank to the following grid tank circuit by means
of a transmission line inductively fed at both ends (link coupling), and %o
propose a method by which optimum parameters could be chosen throughout the
entire system. Preliminary research has shown the problem to be béyond the
scope of any one paper, and it was decided that investigation should be’
concentrated on but one of the many phases of the problem.

It may be said that the grid circuit is only a continuation of the pre-
ceding stages plate circuit, or a form of load. If this is true, it bui

remains to set up the grid circuit so that the load it presents to the pre-

3 Bastman, op. ¢it., p.383.
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ceding stage can be analyzed., In the Class A amplifier this is aulte simple,
as negligible grid current flows, and the eguivalent load consists of possi-
ble a linear resistor-condensor combination. However, Class C operation
dictates a bias of several times the cutoff value for the tubs, and a driving
voltage that will swing the grid positive for a small part of each cycle.
When the grid is positive, grid current {lows, and power 1s consumed in the
bias gsource and in the grid-to-cathode section of the tube. Thus the lcad
equivalent consists of a rectifier and two power consuming devices. As has
been mentioned, this load is further complicated by virtue of the reflection
due to the plate circuit. As the output of the stage is incrsased, the grid
driving power must be increased, and more grid current flows; the output of
the one stage has a direct effect upon the loading of the preceding stage.

In Equation (1), RL is the equivalent series resistance in the tank

clrcuit representing both power output and cecil losses. For a perfect

b

natch,
the coupling circuit and the grid tank circuit must reflect this value of Ry
into the plate tank circuit. We can consider the resistance of the coil to be
so small compared to the actual reflected load that wé may reglect it com-
pletely and so simplify the analysis. The plate tank circuit cennot be de-
signed until the value of RL is known, and thus it would seem leogical thati

the high power stage be designed before its driver. This practice slso

determines the power that the driver must furnish to the high power st

T@, arnd
the driver can then be designed to furnish the required power.

Link coupling is commonly used between two R-F stages, as 1t is bhoth ef-
ficient and practical. As it is a form of transmission line, losses due to
radlation may be held to a minimum. Either coaxial cable or a balanced line

may be used. If the stages are only a few inches apart, perhaps capascitive

or inductive coupling can be used to advantages, but this method fails te be



efficient as the distance between stages increases and as the frequency
increases.

Some means of matching the link to the tank circuits is necessary if link
coupling is to be used. The usual practice is to transformer couple the link
by means of a few turns of wire around the "cold" end of the tank coil, This
practice leads to a serious mismatch between the stages unless care is taken to
make the link coils of the right impedance and to provide the right amcunt of
coupling between the link coil and the tank. A mismatch means inefficiency
of power transfer, and this often leads to building a driver stage of pro-
portions much greater than are actually necessary to provide the required
driving power.

The link can be tuned to resonance by means of a series or parallel
condensor in the link circuit. This not only creates a better match, but when
equivalent resistive loading in the grid tank circuit is obtained, only re-
sistance will be reflected back into the driver plate tank. Several tests
were made using this idea, and the results were very much better than was
expected. A standing wave ratio of 1.1/1 was recorded, and the power from the
driver required to satisfy the grid circuit was greatly reduced. If the load
delivered by the high power stage were changed, thus requiring more or less
grid driving power, the grid L-C ratio assumed a new value for optimum con-
ditions, and consequently a new value of impedance was reflected back into
the link circuit, and the link tuning capacitor had to be tuned again to bring
the circuit back into resonance. The tuning procedure was time consuming and
a standing wave meter in the link circuit was necessary to determine when
optimum conditions were reached. There was no clue as to a possible way
of determining the optimum L/C ratio in the grid tank circuit except that the

power into the grid is an important factor.



The factor "Q" cannot be ignored in designating an optimum L/C ratio in
the grid circuit, but when § is used in a formula it must be thoroughly de-
fined. The value of Q can be taken to be the Q of the induétance alone, the
effective Q of the equivalent circuit, or it may be defined in its strictest
sense as being proportional to the energy stored ber cycle divided by the
energy disapated per cycleho The actual value of Q carmot be placed in the
circuit as readily as can more tangible properties like resistance and re-
actance, but rather, the circuit must be designed with a definite value of @
in mind. Studies of optimum values of Q have been made., The Q for the plate
circuit should be in the neighborhood of 12 to 15. Mention is made by K.L.
KlippelS that some of the more experienced design engineers have concluded
that an effective Q of 20 is the best for the grid circuit. He goes further
to say that the L/C ratio in the grid circuit should be found by means of
Bguation 1, but no mathematical proof of this 1s offered.

A certain amount of consideration must be given to the fact that, al-
though the power input to the grid circuit is in an a-c form, so to speak, the
power disapated in the tube and in the bias source is due to a flow of recti-
fied current. This fact leaves much to be desired in defining the effective
@ of the grid circult as a whole.

With the preceding discussion in mind, investigation of the coupling
problem.was hegun. The entire circuit, from driver plate-tank to the grid-

to-cathode impedance of the driven tube, was taken into consideration. The

} M.I.T. Staff, Applied Electronics, p.579

5 K.L. Klippel, CQ Magazine, May, 1950, Vol. 6, No. 5, pp. Ji-il.




mathematical results were not conclusively verifiled by the actual testsz, but
the test results do show that the right path of investigation was being

followed.



THE THEORY OF LINK COUPLING

Link coupling serves, as its name implies, to magnetically link to-
cether two stages, in this case, two Class C R-F amplifiers. In so doing,; the
grid load of the driven stage is reflected back into the link, and from the
link into the plate tank circuit of the driving stage. Should the tank circuit
parameters then be changed, the stage is no longer operating into the load for
which it was designed.

During the course of Class C amplifier design, a value of alternating
plate voltage will be obtained. Proper design of the plate tank circuit will

6

assure that this voltage is secured. Eastman™ has arrived at the following

equations for the tank parameterss
(1) waﬁEg/PoQ
where Q = woL / Ry, and:
(2) wol = 1/w,C
RLis the equivalent total series resistance in the tank circuit representing
both power output and coil losses. Let us see what effect the link coupling
to the following circuit will have on the plate circuit.
CASE I.

An equivalent of the basic link coupling circuit is shown in Fig., 2. The
grid circuit of the tube may be represented by a hypothetical resistance; Ii,
equal approximately to the effective value of the a-c grid voltage divided

by the d-c grid current.T Further simplification reduces the circuit to that

6 Eastman, op. cit., p. 383
7 Thomas, op. cit.; p. 1134



of Fig. 3 by letting XLM XL;Q and assuming the resistance of the coils to
be negligible.
The erid circuit of Fig. 2 was converted from the parallel form to an
b o
equivalent series ecircuit hefore being transformed into Fig., 3, as shown in
Fige 2bo The series circuit is easier to analyze, and in the rest of this
paper we shall consider the grid circuilt in the egquivalent series form., R will
2 8
then take on the equivalent value, R, equal to w Lg /R .

Fig. 3 shows that there 1s an Impedance, Zy, reflected back into the

plate tank circuits 2 [iﬁg - JW(LZ +/_\3)j
(3) 7, = ke ’
: Xy B2+ whllp+Ls)

and Zy, may be broken dowm 1nto real and 1ma"lnary components as follows:e

(1) = Xm 2{@2 + wi(l, #»L;)

(2) X% = M w(z +L32;// + w (Lz+/;)z

The L-C ratio in the plate tank eircult is lowered by’virtue of the ca-

pacitive reactance appearing in series with the plate inductance. The re-
sistive component transferred to the plate circult represents the cutput load,
Ry o

It can be seen that any change In coupling at either the plate or the
grid tank will chenge the plate L-C ratic, and also alter the value of the
alternating plate voltage developed across the totel plate tank circuit. The
efficiency of the stage will drop off due to the plate load no longer matching

the ftube impedance. For instance, I1if XM:L were 1ncreased, chand Ly, wowld

increase. The effective inductance in the plate circuit become smaller, and

8 Ryder, John D., Networks, Lines and Fields, pp. 106~107




Ep would diminishe
CASE TI.

The reactances L, and L in the link circuit can be made negligible by
adding proper capacitance to the circuit, or in other words, by resonating the
link circuit at the operating frequency. Equation (L) then hecomes:

(6) XAR, = X:fz R,
and Equation (5) becomes zeroc.

The coupling can now be changed without altering the plate tank L-C
ratio. Resistance alone is reflected back into the plate circuite The velue
of Ep is still subject to change, but now it is due only to one variasble, Ry
and the plate tank impedance is equal to (wL)2 / R, when the tank is tuned to
resonance.

CASE TIT,

‘Until now, no consideration has been made of the circuit that joins the
two link coils. Let us specify this connection to be in the form of a trans
mission line with a characteristic impedance, Zo° A maximum transfer of power
occurs when this line is terminated in its characteristic impedance. The
following equations express the link terminations when the grid and plate
circuit components are reflected into the link circuit, assuming that Xg| =
X1, and Xch = ths :

(7) £,z X"x‘ +Jw L3

fle
at the grid tank end, and:

2
(5) Z= Xt +iol,
P Ka
at the plate tank ends Ry is the equivalent series resistence in the plate

tank eircuit. If the line is to be matched in impedance, Z7 and Z; st he

equal to the characteristic impedance of the line.



Equating the real and imaginary parts of Equations (7) and (8):

2 2
(9) .&&:._)_(c& & wl, = wls
Thus the link coils should be of the same inductance. If we can consider-—ﬂk

EE Re
and T to be small compared to wLp and wL3, and then wLo = wL3 = Zge
c

This is in accord with the network theorem which states that if the magnitude
but not the angle of the load impedance may be varied, a maximum power trans-
fer will occur when the absolute value of the load impedance is equal to the
absolute value of the impedance of the supply network.

When the transmission line is terminated in such an impedance; reflection
of capacitance into the tank circuits results. The L-C ratios and the Qs are
lowered, and the tanks must be detuned from their own natural resonance points
in order to bring about circuit resonance. The mutual impedances between the
link and the tank coils must be carefully adjusted so that Zl and 22 in
Equations (7) and (8) will be equal to ZO. Then the tank circuits must be ad-
justed to compensate for the capacitance reflected back into them.

CASE IV

A tuned circuit may be used to terminate the transmission line at each
end in place of the link coils. If the plate and grid circuits and the link
tuned circuits are tuned to dynamic resonance, Equation (6) shows that the
value of RL appearing in the plate circuit is dependent only upon the mutual
impedances between the grid and plate circuits and their respective link tuned
circuits and Rc. It would thus appear that loading of the stage can be accom-
plished by varying the coupling of the link to the plate and grid circuits.

It must be remembered, however, that the link circuit is still acting like a
transmission line, and Z, must be matched at each end. The imaginary parts of
Equations (7) and (8) now become zero, and it can be seen that there is only

one value of coupling at each end which will produce a specific 2, at each end
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of the transmigssion line. Loading cannot be varied if maximum transter of
energy is to be maintained.

The characteristic impedance of a non~resonant transmission line is &
complex quantity, having both a real and an imaginary part. UNeither of the two
previously discussed cases will completely satisfy Zo° If the link is kept to
a reasonably short length, (several wave lengths or more), the resistive and
conductive components will have very little effect compared to the inductance
and the capacitance, and Z, will be very nearly resistive. Thus the con
dition of a tuned circuit at each end of the link will permit an alnost
perfect match, providing the mutual impedances of the link to the grid and
plate tank circuits, and the value of R, are adjusted to meke the link

terminations equal to Z,.
CASE V

There remainsg the possibility of using the transmission line itself as a
part of the tuned circuit; and thereby ridding ourselves of the troubls of
matching Zo' A piece of transmission line less than a quarter wave length
long may be considered to be essentially capacitivey, as the inductive com-
ponent is very small compared to the capacitive.component. A series capacibor
may be added to the link circuit and tuned so that the link will resonate at
the operating frequency. Fig. L shows the resultant link circuit, whers Gj is
the capacitance of the line. The necessary series capacitance may be calew

lated from the expression:

c L
* )(“2 Xes o (1
Again we can see from Equation (6) that the value of Ry, is dependent only uper
the mutual impedances and R, Desired loading can now be accomplished by

varying one or more of these parameters.

A relation can be found between the grid-cathode impedance Ry and th:



inductance L), of the grid tank circuit. The grid circuit is assumed to be
tuned to rescnance, and the rect of the circuit 15 assumed to be adjusted so
that only resistance is transferred to the plate tank circuit. The follecw-
ing equations 1llustrate the methcd of relating 1) and R,.

03, ij and the rcsistance transferred from the grid circuit to the link,

Ry, are coubined into Z, (Fig. 5)s

(1) Z,= (‘“_'FE.JL)‘-. l:“-’ca"' Jﬂ'(wLa 5'61)1

R—a + (WL:;
Then Zt, the total impedance of the link circuit is equal to:
(12) g g

The real part of Eguation (12) is:

3 (/8 ' :
(13) 2= 7 - " [RE“Golo g, ) |(wCs)

If the link circuit is tuned to rescnance. only the real part of Equation

(12) will be transferred to the plate circuit, and this transferred resistance
-]

18 R]- °

(...L,.) ‘ E
,

Substituting for Xy and R, and combining constante:

) BR= Wi L3 L S+RE (wls = A

Recls

. 2
where B= _wl_:f(!z!_:%tq s A= (wf_3 w&‘f(fa)a 9 D= aﬂkj’ﬂ;

This equation mey be arranged in the forms

(16) 2 B S
(16) AR: -BR.R.L, +DL%
from wiich expressions for R, and Lh ray b2 obtained.

(17) P . BlLaRyZ VE*RE1% -4ADL%
c ZA

(18) + \/B'RZR2 - 2

(1

J
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Equations (17) and (18) will have a certain value when the transfer of
power is at a maximum. This value is found by setting up an equation for the
power output of the stage with RL as one term, The derivative with respect to
R can then be taken and set equal to zero, and the resulting equation is a

solution of Equation (17) for maximum power transfer.

(19) 2, _ _E2(ARZ+DI%)
R = wi"x':_'f“' - wi[Z B Ly |

(20) di = 25 ARE —-DJ)% -
dRe T ow / BL‘I ( /e ) =
so ARZ = DLg

The derivative with respect to L#can be treated the same way, and again
Equation (21) is found as the solution. This can readily be seen by examining
Equations (17) and (18). All other circuit parameters remaining constant,

R, is directly proportional to Lh'

The equivalent series circuit of Fig. 2 may be expressed in terms of the

original circuit:

- I
Re= R w!C¥
and if wzcth; X3

(22) R.::'G%L'i

Substituting into Equation (21):

(23) Ly=
and by the same method:

(2h) R = BRiwil



Equations (23) and (2L)) may be added to give:

(25) wly = R- P

WYA
The power used in the grid circuit can be found by
(26) Es
] ~—
n = R

if all coil losses are neglected. Substituting Eguation (26) in Equation (25):

E‘ VD~
) ol = 5

This is the form of equation which we have been seeking. It might prove rather
difficult to show that %%%;is equal to Qo, and, indeed, we are not sure that this
is the case. All we have shown in Equation (27) is that the grid inductance is a
funetion of the effective grid voltage, the power input te the grid circuit and
some constant.

The investigation so far has centered around the grid circuit load re-
flected back into the plate circuit. Equation (27) was obtained by going from
grid circuit values to their equivalents in the plate circuit, After some
manipulations, the result was transferred back to grid values. Thisg is a
lengthy and round-about method. Let us now look at the situation entirely from
the grid circuit standpoint.

The plate and link circuits may be reflected into the grid circuit as a
resistance, Ry, in Fig. 6,' We shall assume, of course, that the plate and
link circuits are so tuned that only resistancé is reflected into the grid cireunit.
TWhen the portion of the circuit to the left of a~b in Fig. 6 is tuned so as to

. . . N N . o] s
be purely resistive, its impedance is very nearly equal to szh / Rpe Maximum

) 22
power will be transferred to R if: R = “—l=3
The ¢ of the tank circuit is: iglsi-

Therefores

(28) R =wlyQ,



The power input to the grid circuit is:

2
(29) = —%’-—
Substituting Equation (29) in Equation (28):
(30) L1 __[=:!i__
A =
@z Ty

The above demonstration gives us the equation for the value of the grid
tank circuit inductance under specific conditions. It is thought, however,
that the circuit used in this proof is too elementary. In the actual case
of substituting a vacuum tube for the resistance R of Fig. 6 several differ-
ences occur. The tube is a noh-linear element, power is consumed in the bias
source?Aand, perhaps most important, the circuit is no longer strictly an a-c
circuit. The d-c current resulting from rectification in the tube grid-tom
cathode'path will flow through the tank coil, and may have some effect on the
Qrof the circuit. Another important thought to keep in mind is the definition
of Q. Are we justified in believing that it is the Q of the tank circuit alone
that We wish to keep constant? Perhaps the @ of the entire circuit should be
considered. In this case, Eqdation (30) would take on an entirely different
form.

DESCRIPTION OF APPARTUS
~ The circuit in Fig. 1 was constructed for use in studying the functions
of the grid tank circuit of a Class C R-F amplifier, and also to investigate
Fhe“behavior of the link coupling circuit connecting it to the preceding
stage.

The oscillator is a modified Pierce circuit with sufficient output
to\peeo'the'maximum demands of the 2E26 grid circuit. A frequency of 3.2k
megecycles‘was”used in all the experiments. The 2E26 was operated at rated
voltages on the plate and the control grid, but the screen grid was fed from

the voltage divider RL_in order that the power output of the stage could be
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_controlled. The plate tank circuit L and C were variable, and the Q@ of the
- ¢oil was on the order of 250.

‘ The link circuit consisted of a length of 50 ohm coaxial cable approxi-
mately three feet long. It was terminated at each end with a loop of .2 few
turns of wire which were located at the low voltage ends of the tank coils.
}Iﬁserted in the cable was a standing wave meter, calibrated also to read the
pewer flowing through the eable.

"e ‘The grid circuit of the 812 final stage was designed for flexibility.
The tank circuit L and C were variable over a wide range. Provision for either
self bias or a bias pack was made. D-c grid current and voltage were metered,
as was the a-c grid voltage.

| The 812 plate circuit was made to operate through a link coupling into
a 73 ohm non-inductive load to disapaie the power generated during the ex-
periments. Good neutralization was accomplished by using the grid-plate
vcapacitance of enother_812 tube as Qg in Fig. 1,

‘The variable inductors and capacitors were calibrated closely on a

:Boopton Radio Corpe. Q Meter, Type 160A. 'R-F voltage measurements were made
6n“a_Hewlett-Paekard Meter, Model L10A, using the high impedance probe. All
ofher'meters and instruments used were of the best available grade.
Some of the experimentation was carried out using a hon—inductive re-
~ sistor in place of the grid circuit of the 812 tube. Preliminary investi-
gation showed that variable coupling was necessary between the tank coils and
‘the link coils. The link loops were constructed to fit inside the tank coils,
' and the loops'were tapped so their inductance could be varied over a wide
' range.
| The Q Metef was used ae é'constant current generator for a few of the
' ﬁests. Very accurate measurements were possible; and by proper in-

terpretation, certain circuit parameters could be set up that were here-
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tofore not measureable. These included RL, the resistance reflected from
the grid circuit to the plate circuit.
EXPERIMENTS AND DATA

The first attempt to solve for the optimum L-C ratio in the grid circuit
was experimental rather than mathematical. It was felt that a better under-
standing of the problem would‘be had if data from actual tests could be
correlated apd analyzed. Accordingly, the heretofore described driver stage
and output stage were constructed. They were connected by a link of 50 ohm
transmission line terminated in a link coil at each end. Provision was made
to meter the standing wave ratio (SWR) and the power transfer in the link.
iée l@nk cqupling'coils, and the cbupling between them and the tank coils,
were selected at random. The grid current in the driven stage was kept
constant by varying the screen grid véltage in the driver stage. The grid
L-C ratio was varied, and values of Ig, Cp, Lo, Eg, Py, and P, were taken
for each value of Io / Co. (For a‘description of the above notations see
the appendix)}. The driver plate vgltage was held constant for all the ex-
periments, ) 7 .

Three conditions were set up and analyzed:

1. No plate voltage applied to the driven stages.

2. Plate voltage applied tq the driven stage, but no power taken from it.

3. Full rated load on the driven stage. This load was a non—reactive
dummy resistor, coupled to the output so that rated plate current was drawn
by thedriven stage.

Self-bias was used, the bias resistor being placed between the grid tank
circult and ground. The resistor was fully by-passed so as to place the
bottom of the grid tank circuit at ground potential,

- In all cases the power input to the driver stage remained essentially

constant as the grid tank L-C ratio wag varied. The grid voltage on the
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driven stage varied only a little and with no definite trend. Below is a
compilation of the data taken for the three conditions:

Condition 1l.

L/Cxloh P; Py Pt
12.8 9.5 5.5 5.0
1003 9.6 502 hoh

7.6 902 5 hos Ll.oh
5.6 8.5 Lol Loy
349 8.6 L2 Lol
206 7.8 3.h v hoh
1-7 7.8 303 h.h
0.9 7.0 2.6 Ly
0.48 7.5 28 L7
Condition 2.

1./cx104 P; Py Py
12,8 - - -
10.5 12,0 Tel h.9

7.8 " 949 5.0 Lie9
5.5 9.0 Lol L6
338 8.2 305 ho?
206 8.3 3-5 ’hb8
1.06 7.2 Zoh ho8
0097 608 205 h03
0.48 7.6 2.5 9%
Condition 3.

L/CXth P; P.. Py

12,8 15.0 6.8 8e2
907 1300 5‘2 7-8
7.5 12.h L6 7.8
Sal 12.h h.6 7.8
3.6 103 3.0 Te3
2.3 10.1 2.5 7.6

Table 1.
Pi, Pp and Py are expressed in watts.

_The reflected power decreased with a decreasing L-C ratio, showing that
the changing I-C ratio was tendiﬁg to create a better match between ﬁhe plate
tank and the grid tank. The total power delivered to the grid circuit re-
méined‘fairly constant for each condition.

The results of this experiment indicate that, even though the power
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input to the grid circuit was not affected by the varying L-C ratio, there
should theoretically be a greater efficiency as the L-C ratio is decreased.

It is thought that at a standing wave ratio of 1/1 the power input to the

grid would make a definite decrease. This was not proven in the above experi-
ment, however.

The next step was to insert a series capacitor in the link circuit. The
driver tank circuit, the driven stage grid circuit, and link circuit were
carefully adjusted to produce a minimum SWR indication. The following data
was taken: ,

SWR = 1.2/1  Pi = Py = L watts I, = 0.035 amp. ' Eg = 89 volts

Lo = 6.66 x 10-6 henry
It is to be noted that the power required by the grid circuit is now only four
watts under full load conditions for the stage, whereas Condition 3 of the
data taken without the series capacitor in the 1link circuit shows the power
consumed to be in the neighborhood of 7.8 watts. The efficiency of the
coupling circuit is now much greater than before the addition of the series
gapacifor in the link circuit. The link was examined, and it was found that
the series capacitor in the link circuit had tuned the circuit to resonance.

The minimum SWR was obtained by varying the plate and grid.tank circuits
as well as thevlink circuit. There,wasxa definite setting of the L-C ratio
in both the plate and grid circuits that produced a minimum SWR._ This is
to be expected of the plate circuit in view of Equations (1) and (2). It
also shows that the;e_must be a like relation in the grid circuit.

The power input to the grid circuit was calculated as a matter of

8

interest. The equation used was set forth by Thomas~ except for the factor.

8 Thomas, op. cit., p. 113k
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(0.9). This factor is said by Eastman’ to give more exact results when used
to correct the original equatione.
) P = 09VE E,L

The calculated and actual measured powers are very nearly in agreement.
This calculation was made several times, and the results compared to the
actual measured powers. In all cases theresults were nearly equal. It may
be saild that Equation (A) is reliable when a quick check on the power input to
the grid circuit is needed.

Fquation (30) was used to calculate the value of the Q of the grid
circuit. The value of Q calculated in this wmenner was 1L.6. Thisscemed a
reasonable value in view of the statement on page (vii) that the optimum grid
circuit @ should be in the neighborhood of 20. Cther values of Q calculated
in the same manner from data taken when the power input and the grid bias of
the driven stage were varied. Q ranged from 12 to 38. These results would
indicate that an equation of the following form would predict the optimum L-C

ratio for the grid circuit: £;2
(3) whe = 5~

A plot of relative L-C ratio vs. SWR was made using first the untuned link
and then the resonant link. Two‘values of coupling were used for each con-
dition, one very loosc, and the other mederately tight. The tuned-link
curves were smooth, and they indicated clearly an optimum value of L/C. The
points on the untuned-link curves were scattered, and only a random curve
could be drawn.  No well defined optimum L-C ratio was shown., The SWR for

the tuned link was much smaller on the whole than that for the untuned link,

Thus it can be seen that tuning the link is advantageous in that the SWR can

9 Eastman, op. cit., ps 377
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e brought to a minimum, and theresulting efficiency will decrease the amount
of power the driver stage must supply to provide a specific excitation at the

grid of the driven stage.
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Fige. A. Relative grid tank I-C ratio vs. SWR.

The use of the ﬁreviously constructed equipment, while good for rough
checking upon the effects of varying the grid tank L-C ratio, proved too
cumbersome to use in obtaining exact‘measurements. It was decided to use an
impedance bridge to measure exact values of the plate tank circuit. The
driving point impedance could then be measured. Seversl bridges were tried,
but all proved too insensitive or too complicated to set up. Finally, the
tiodel 1604 § Meter was chosen to act both as a signal source and as an  indi-
wator of the magnitude of the resistance that was reflected as the grid and
1ink eircuits were resonated. The circult of the Q ¥eter is shown in Fig. 7.

It is essentially a constant current device, the exciting voltage being
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develdped across the 0.0l ohm resistor Rye The resistor is so small
compared to the other resistances introduced into the circuit that it may'be
neglected in most calculations, The coil, Ll’ was external to the Q.
Meter circuit. The Q Meter condensor, Cl’ was tuned until the circuit

was resonated as evidenced by a maximum reading upon the Q scale of the.
meter. The Q of the coil was then noted, making sure that there were no out-
Side_ggents influencing the reading. This value of Q gives the ratioc of
inductange to resistance for the coil alone. If by some means a resistance
is reflected into the Q Meter circuit, the coil will act as if its ratio of
inductance to resistance were decreased.. Another way of stating this is to
sgy“tpat the Q of the circuit is decréased. The new value :of Q can be read

from the @ scale. The feflected resistance can then be calculated by:

Eg = (Q/"qiii)’et

R and Ql are the original values for the coil alone and Q2 is the new value

of Q. Any reactance reflected into the Q Meter ecircuit will be indicated by
a changé in the setting of Cl necessg}y.tq resonate the circuit.

A circuit in the form bf Fig. 8 was used to load the Q Meter, simu-
"lating the grid tank circult and the grid-cathode load. The coupling was
'varied until maximum power transfer occured. This was indicated by a maximum

voltage across RZ' The following data was taken:
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E, E, - Ro Q Eo/E,
T1.62 2.56 55.2 135 0.632
1.33 2.08 L 133 0.639
1.00 1.50 " 123 0,667
1.02 1.80 58,0 135 0.567
1.35 2.03 "o 132 0.665
1.60 2.60 " 131 0.616
0450 2.6l 2.8 140 0.189
0,40 2.17 " 138 0.18L
030 1.71 " 134 04175
0.60 1.7h 10.6 138 0.3L45
0.78 2,20 "o 12 0.354
0,96 2.75 " 142 0.3L9

| Table 2.

R is given in ohms X 1000, and E, and Eg are in voltse.
The fact that Q remained essentially constant for each value of Ro em~

ployed is noteworthy. This can be explained in the following manner:
Q - Q_éL

where B3 is the resistance of the circuit of };‘ig. 8 reflected into the Q
Meter circuit of Fig. 7. The Q Meter circuit may be converted into a constant
voltage circuit and R may then be considered to be the generator impedance.
Rp in Fig. 8 may be changed to its equivalent series form, Rl;. The last two
circuits are shown in Fig. 9, where R3 is the result of the reflection of R},
into the Q ¥eter circuite Then: /\//*5 = /?,Ey =R_3R4

and thus: E, =]l23

under the conditions of maximum power transfer. Ri is a constant, hence Rj
must be a constant also. The value of Iy does not change, so Q must be a
constant. The data shows that the above considerations may be taken for
granted in making fﬁture measurements, as long as care is exercised in setting
the vafl.ue of coupling so that 17 and Lo are critically coupled. A maximum |

transfer of power then occurs.
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The constant value of Eg / EC for a specific value of R2 can be explained:
2 2
E =67, = s = ‘éié‘
[+ G /\/: 3 g Rt".
The proportionality constant G accounts for any losses in the circuits. As R3,

X , E and G are constant, the value of Eé / B, should remain a constant for

c? ¢
each value of_Rz.

An effort was made to use the Q Meter to demonstrate the existence of an
optimum L-C ratio in the grid tank circuit. The circuit of Fig. 8 was
altered so as to make Lp variable. The circuit was tuned to resonance at
different L-C ratiqs, resonance being indicated as before by a minimum

reading on the Q@ scale of the Q Meter. The coupling was then varied until

critical coupling was indicated by a maximum reading of Eg. Values of E

g’
Ec’ Q and L/C were notede.

Eg Ec Q Relative L/C
1.0L 3.0 148 97
1.20 3.0 145 96
1.55 2,9 143 oL
1.50 3.0 146 80
1.60 3.0 148 65
1.62 2.8 145 62
1.66 2.9 17 59
Table 3.

Eg and Ec are in volts,
The above table shows that Q and E, remain fairly constant while the L-~C
ratio changes. This indicates an essentially constant input to the circuit.

The power input, Eé / Ro, increases as L/C decreases. Thus the ratio of L

to C has a direct effect upon the efficiency of power transfer.
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CONCLUSIONS

The investigation of the grid circuit of a Class C R-F amplifier and the
coupling from it to the preceding plate tank ecircuit as covered by this papér
is by no means complete. We may draw several conclusions from the data, but
there 1s a need for much further work on the problem before a complete general
analysis can be given

The mathematical analysis in this paper totally disregards the tube grid-
cgthode impedance as it might be encountered in actual practice. Instead, an
equivalent resistance has been substituted for simplification of the problems.
Most authors agree that the grid-cathode path of the tube mayvbe represented
by such a resistance, and Equation (A) of the Experiments and Data section of
this paper would éeem to indicate that this is a good assumption. Several
questions may be asked at this point if we are corducting a rigorous investi-
gation. Will the.substitution of an equivalent resistance for the grid-cathode
impedance suffice if the output of the tube is varying? Will this substitution
hold for all values'of blas, as the varying bias may change the shape of the
gric cﬁrrent wave form? The grid current is not sinusoidal, so will an
analysis on the basis éf a sinusodial current be exact enough to be used in
practice? Finally, we must not neglect the fact that the load on the grid
tank cir&uit is composed of the tube grid-cathode impedance plus the impedance
of the‘bias source. Rectification occurs in the tube, so we will have to
consider a’qircuit that has both a-c and d-c currents flowing in it.

~ The mathematical theory presented hereiﬁ'points to a definite relation

between the grid tank inductance and the load applied to the grid tank
circuit. An equatioﬁ involving bothithe grid tank inductance and the load
impedance was derived for a circuit similiar to Fig. 2a, except that the link

¢circuit was assumed to be tuned to resonance in the derivation. The two



parameters in question were found to have a direct relation .o each other.
An analysis of the plate tank and grid tank circuits was made using for a
coupling only the mutual impedance of the tank coils. Again it was found that
the grid tank inductaﬁce was directly proportionsl to the load presented to
the tank ciréuito The mathematical theory was put to test in the laboratory
by conducting several appropriate experiments. |

The actual conduction of the experimental part of tbis problem was
hindered both by lack of time and by inexperience on the part of the auvthor,
However, some light was shed on the techniques and eguipment necessary to
produce accurate ahd adequate data. Let us sum up the results of the experi-
‘ mentation before going into the limitations of the equipment.
The flrst important discovery was that the link circuit should be tuned
| to resonance for a maximum transfer of power. With the link untuned, the data
taken at the grid tank was too unrelisble to be of value. However, using the
tuned 1ink“data was taken that showed a definite optimum I-C ratio for the
grid tank circuit under specifie conditions. Fig. A shows the difference
between the tuned end untuned link, and also demonstrates the exlstence of the
optimum I~-C ratio. A way of determining the optimum L-C ratio from some casy-
. to-make messurements was the next problem.

vIt wag stated in the introduction that an equation of the form of Equation
(l) was pgséibly whalt we were looking for to define the optimum I-C ratio. The
mathematical theory gives evidence of this in Equation (30). Accordingly,
Equation (B) was set up and actuzl experimental values were the field as the
pptimum Q of the grid tank cireuit, indicated that perhaps Bquation (B) could
be used to give an estimation of the optimum grid tenk I-C ratio.

Table 3 shows that the efficiency of power transfer from the plate tank

--%0 the grid ténk is a function of the L-C ratio in the grid tank. There is
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' no indication of the relation of L/C to the power transferred, however.

The problem in constructing the equipment was mechanical rather than
electrical. Time and facilities did not permit the design of more appropriate
devices for conducting the experiments. An ideal version of the circuit of
Fig. 1 would incorporate electrostésc shielding between the link coils and the
tank circuits. This is necessary if we are to limit the coupling strictly to
the magnetic properties of the coils. The tank and link coils should be made
variable, and the coupling should be adjustable over a wide range. Provision
should be made, if possible, to measure the circulating a-c currents in both
the ' grid and plate tanks. These values would aid in calculating the power
output of the driver stage and the power input to the driven stage.

A11 the variable components in the equipment should be directly calibrated.
This will greatly facilitate the compilation of data and will lessen the
chance of error in later computations.

The Model 160A Q Meter proved to be the most versatile of the instru-
ments used in the experiments. Seversl bridges were tried in an attempt to
measure the driving point impedance at the terminals of the plate tank
circuit. Their main trouble was a lack of range. Long and involved calcu~
lations were necessary in order to determine a reading cutside the range of
the instrument. The @ Meter solved the problem nicely by providing in one
instrument both a signal source of variable amplitude and an indicating device
that gave values of resctance and resistance reflected back into plate tank
circuit from the grid circuit. Simple calculations wére involved in de-~
termining the actual value from a reading on the instrument. The sensitivity
was very great in contrast to the sluggish action of the bridges previously
tried.

The power output of the Q@ Meter is on the order of microwatts. It is

this limitation that prevents its use as a driver stzge. If it were possible
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to use it to drive a tube through suitable coupling networks, investigation
of the coupling problem would be vasbly simplified,

Measurements are; always complicated by the introdﬁction of R=F into the
;:Vir_'c‘wul‘:‘itvo Experiments should be carried out on a large sheet of copper that is
well grounded. All the instruments and equipment should be connected to the
copper sheet as a reference point. The body of the operator has a great effect
on the readings obtained. For this reason, care must be taken to read the
instrument with the body in the same position at all times.

The load used on the grid circuit to compile Table 3 was L0k ohms. This
is much above the equivalent resistance usuaily found in % tube grid-cathode
circult, .Lower values of resistance were tried as a load, but the readings of
the Q Meter were not then consistent. It is thought that perhaps the Q leter
was being overloaded. It is primarily an instrument for measuring rectance,
and is not intended to furnish much power in so doing.

- To sum up, an optimum L-C ratio exists in the grid tank circuit for a
specific_éet qf grid conditions. The expression for L in this case may be of
the form of Equation (B), but it has not been proven that this is a general
equation that will fit all circumstances. The experimentation also indicates
that the grid tank inductance is directly proportional to the squivalent
resistance of the tube grid-cathode path, but again there is not enough evidence
to call Equation (B) a general equation.

MIt is hard to correlate the experimental data with Equation (B) as Q can~
nbt be directly measured. An equation; or set of equations, that will express
an optimum value of grid tank inductance in terms of quantities that can be
readily measured is»needed. If this can be found, and if the experimental
data will fit the equation, for all conditions, then the equation may be of

invaluable aid in the design of Class C R-F amplifiers&
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APPENDIX I

EXPLANATION CF SYMBOLS
Ry, - The resistance reflected into the plate tank circuit which represents
the power output.

Eg— The effective value of the alternating crid voltage of the driven stage.

Ep - The effective value of the alternating plate voltage of the driver stage.
P, - The power output of the driver stage.

Psn - The power input to the grid circuit of the driven stage.

w_. - The resonant frequency of a circuit.

o]

&
[
1

The @ of the driver stage tank circuit.

The @ of the driven stage's grid tank circuit,

&
n
{

=
[}

The equivalent series resistance in the grid circuit of the driven stage.

j=s]
|

The equivalent series resistance in the plate tank circuit.

j=s]
i

The reflected resistance appearing in the grid circuit due to the plate

circuit impedance.

PU '
i

The incident power in the link circuit that is traveling towards the grid

circuit of the driven stage.

v
'

The power that is reflected from the grid circuit back to the plate

circuit of the driver stage.

e
1

The sum of P; and P, (P, is considered negative) which gives the actual -

power consumed in the grid circuit.
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