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FREQUENCY OF THE THREE-PHASE R-C COUPLED
OSCILLATOR

PART I. Non-reactive anode load resistance.

By H. RAKSHIT axp M. (. MALLIK

BeNoAL ENGINEERING CoLLEGE, HOWRAH

(Recetved for publication, September 14, 1955)

ABSTRACT. When tho throo stagos of tho conventionel throo-phase B—C oscillator
are identical, tho oscillalions normally producod are of radio froquoney w=y3/RC where
B and C are tho tuning resistenco &nd capacitance. This simple formula holds when the
anode load resistenco is non-reactive and tho cathodo impedance is zoro. When these condi-
tions are not satisfiod tho expression for frequency bocomos much more complicatod.

The case of finito cathodo impedance of varied neaturo whon enodo load resistance is
non-roactivo i8 discussed in tho prosont papor. Rosuits of cxporimental obsorvations are
also given. It has beon found that a capacitative cathode impedance causes an incroaso
while an inductive cathodo circuit causos a docroase in froquency over tho /3/RC value.
A purely rosistivo cathode impoedancs does not affect tho frequen~y in any way.

INTRODUCTION

It was shown in a previous communication (Rakshit and Bhattacharyya,
1946) that the conventional circuit of the three-phase R-C' oscillator, with compo-
nents selected for producing audio frequency oscillations, invariahly generates
radio frequencies by virtue of the stray and inter-electrode capacities. Such &
three-phase oscillator can be made to gencrate audio frequency oscillations only
with certain modifications introduced in the simple circuit. When the three
stages are identical such as shown in figure 1, it has been shown that the oscillations
produced are of radio frequency given approximately by

w=4/3/RC we (1)

where R is the effective anode load resistance taking the effect of grid leak of the
next stage into account, and C is the sum of C; the external tuning condenser
and C, the total stray and interelectrode capacity across C;. In practice, the three
condensers C, of the three stages are replaced by a three-gang condenser between
the common ground line and the three anodes.

In deriving equation (1) the anode load resistance R was assumed to be purely
resistive and the a.c. impedance of the cathode-to-ground circuit was assumed
to be negligibly small. The present paper gives an account of the influence of
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cathode impedance on the frequency of the generated oscillations.

: : . The assump-
tion of non reactive load resistance is justified w

hen it is of the carbon or metallised
type. When small resistances are used for generating very high frequencies it has

Fig. 1

been found (Rakshit and Mallik, 1953) that the inductances associated with the
load resistances are responsible for increasing the effective load and gain and hence
for maintaining the oscillation. In fact the highest frequencies have heen obtained
with small wire-wound resistances as load.

CATHODE IMPEDANCE AND 1TSS EFFECT

The impedanco of the cathode circuit of an oscillator valve is composed of the
cathode lead inductance L, in series with the parallel combination of cathode
biasing resistance Ry, and the by-pass condenser (', For operation at sufficiently
high frequencies, if a suitable mica condenser is used for by-pass, the cathode
impedance may approximately be represented by figure 2(a). For vperation at
comparatively low frequencies when a paper condenser is used for by-pass the
cathode impedance would be roughly as in figure 2(b), because a paper condenser
is usually associated in series with its capacitance some inductance Ly which may
not be negligible. In general, therefore, the cathode circuit impedance may be
represented by a very small resistance r in series with a reactance X, as shown in
figure 2(c), or the parallel equivalent as in figure 2(d) where the admittance ¥
is the sum of conductance ¢, and susceptance B,. 1t may be noted in this con-
nection that this impedance will have appreciable magnitude at frequencies well
above or well below the self resonance frequency of the cathode circuit. Again,
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for the same working frequency the influence of the cathode impedance will increase
with decrease of anode load resistance.

R« R«
l_| L|
ALY A e {8
N
C, L-) Cz

(@) (b () (d)
Fig. 2
It can be shown (Sturley, 1949) that the effect of a cathode load Z, between
cathode and ground of a screen-grid or pentode amplifier is to cause a reduction
in the effective anode load Z,; in the form

21 = (g7, o (2)

where Z, is the actual anode load, Z, is the cathode-ground impedance and g,
is the mutual conductance of the amplifier valve. This expression for Z,,

holds good when the screen is decoupled to cathode. When, however, the screen
is decoupled to ground, a voltage is developed across Z, due to variations in screen
current and the effective anode load then becomes

Zﬂ D
2t = {Tg.Z, e (3)

where g; = g+, g, being the screen current-grid voltage slope conductance.
In the case of non-aligned-grid valves, g, is approximately 1.25g,,. Since Z,;
is dependent upon Z, it is obvious that the frequency of oscillations of the three-
phase oscillator will also be affected by the presence of Z,.

. In addition, the presence of Z; also affects the grid input admittance. It
has been shown [Sturley, 1949] that whereas normally the grid input admittance
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is @ O, the effect of Z; is to introduce across the input a parallel combination of
R, and O, given by

g — @t00i+(Byt By

v Bﬂk(Gkng°‘gbB;c)
. 4)
and (r _ CalOOt-gu)+BuBut-By)] |

T (Gt (Bt Byt

where C,; is grid-cathode capacitance
and Bﬂk = 00 1.

It will be seen that the effect of Zg on input resistance is appreciable only
when the working frequency is high and the effect on input capacitance is appre-
ciable when the tuning capacity is small. ' On the whole, the anode load resistances
for which the results have been reported (Table IV) are such that the high fre-
quencies are generated, and hence the effect of Z, is appreciable, only when the
tuning capacity is small.

The effect of cathode impedance on the frequency of oscillations, in so far as
change of anode load is concerned, is discussed below for a fow typical cases. The

effect due to change in input impedance will be considered in connection with
the results given in Table TV.

RFFECT OF CATHODE IMPEDANCE ON
OSCILLATOR FREQUENCY

When the anode load resistance is non-reactive,

Z, = R|(1+juwCR)

and Zojr =y it B o (B
(1 FjeCR 1 Fq2)  (1+jeCR)1+gr+iX)]
In any practical case, the resistive component (r) of the cathode impedance is negli-
gibly small compared with the reactive component (X) except near geries resonance
frequency of the cathode load. In general, we may re-write expression (5) in the
form
Zogr= 1y 1 R B L R (6)
W (Lgyr—oORgX)+I[CR1+0)+0eX]
The phase angle (6) of the load is obviously given by
tan § = ~WCBA+aN 10 X] e (7
1+g;r—wCRg X

and the stage gain (4) by

A = — '—‘"'*’—’ql“}’z—”""‘_““‘“‘“_ o (8)
= (I Fgr—oCRg XP+{=CRI+gin)+X¥T
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Oscillations are maintained when 41 and the frequency of the oscillations is

given by tan # = —4/ 3 [Rakshit and Bhattacharyya, 1946]). The frequency in
the present case is thus given by

oCR(1+gr)+g: X
[ Tgr—w0RpX = v 3 o (9)

When the reactive component (X) of the cathode impedance is negligibly
small, i.e. very near series resonance frequency of the cathode circuit, the
frequency is given by

oCR = 4/ 3 or w= 4/ 3/RC, as in equation (1).
It will be noted in this connection that when the anode load resistance is non-
reactive, the oscillation frequency is the same whether the cathode impedance is
zero or is a pure resistance.

When the working frequency is higher than the resonance frequency of the
cathode cirenit, the cathode impedance is inductive and we may put X = oL/,
L' being of course a function of the frequency . Equation (9) then becomes

0} (YR(I +qkr)+ngL .

I+4+gr—o?CRg L V3

giving o= IR0+ 0LV HIORA+04r) +4: L/ P+ 120Rg L (L4401
24/3R0g, L/

(10)

~[OR(+g,#)+9: L' +IOR( +g4r)+ g, L1 + SCBOL 1+ 047) ]
= - . ~ {CR(1+g;7)+g, LY
2v/3RCq, L’

when 12CRg,L'(14-g;) & {CR(1+4-g;r)-+-g,.L'}2. Hence, as a first approximation,
V3

R(' .‘h r
+5 1+4-9,r

o /3
In the limit, if gr € 1, 0 = ROl . (11)

w ==

It will be noted from equation (11) that the presence of inductance L’ in the cathode
circuit causes a reduction in the oscillator frequency, the deviation from the
A/3RC value being greater with increase in L', i.e. with increase in workingfre-
quency above the cathode resonance frequency.

When the working frequency is less than the cathode resonance frequency,
the cathode impedance becomes capacitative and we may put X = —1/uC.
Substituting this value of X in (9) , we get

o= _\/8[0'(1+gz¢')+9k301+[3{0’(1+W)+%RO}”+49LRC’C'(1+9k")]' e (12)
- 200°R(1+gy)
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~ V8OU+gn)+gRCT %
CC'R(14-g;7) " VBIC' (14957 +9,RC)

since In any practical case g, R(‘ & (”. As a first approximation theroforo

o= _\/_~ - \/3gk + [
CT+g;7) ﬁ("(lﬂ;r )+ R0

In the limit, if g» € 1, we have

x/‘ V/39;
0 ==
+ (u + - /3((11+qu('1) v (13)
Equations (12) and (13) show that when the cathode oircuit becomes capacitative,
the oscillator frequency is higher than that given by the simple formula o= v/3/RC
The deviation from the 4/3/R(' value ncreases with decrease in effective cathode
circuit capacity (' i.e., with decrease in operating frequency helow the cathode
resonance frequency.

Condition for maintenance of oscdlatum Equation (8) for A shows that for
all practical purposes since the terms involving g, arve negligibly small compared
with the other terms, the maintenance condition hecomes approximately

R
A= [1+ﬂ'3023=]’> we (1)

When cathode impedance is zero, @=4/3/R(' and the condition becomes
ImS2 .« (18)

When cathode impedance is inductive, 0<<4/3/RC according to equation
(11). This shows that for a fixed anode load resistance, when the cathode circuit
is inductive, oscillations can be maintained for a value of ¢,, less than that required
when the cathode impedance is zero. In other words, since cathode circuit is
inductive for higher operating frequencies obtained with smaller values of R, the
inductive cathode enables oscillations to be maintained with values of R lower
than that given by g,,R = 2. For a given R, therefore, the lower the tuning
capacity the higher is the generated frequency and hence higher is the gain, ie.,
the lower the tuning capacity the greater is the amplitude of the oscillation
maintained.

When, however, the cathode impedance is capacitative wCR > 4/3 according
to equation (13) and hence a value of g,,R greater than 2 is required for maintenance
of oscillations.

EXPERIMENTAL OBSERVATIONS

Determination of stray capacity across the external tuning condenser.
The total tuning capacity consists of (i) the external tuning condenser and
(i) tye stray including interelectrode capacity across it. This has been estimated
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hy plotting 1/f against external tuning condenser as was done originally by Rakshit
and Bhattacharyya (1946). -For this the anode load resistances are to be such
that the formula w=4/3/R( holds without any appreciable error.  This corres-
ponds to CR 3 g,L' in case of inductive cathode circuit and to CR & C'[g;
in case of capacitative cathode circuit. From measured values of L’ and (' as
described below and with the usual values of tuning condensers it is found that the

required conditions are satisfied when the anode load resistances are not less than
about 1000 ohms or so.

A number of carbon type resistances with nominal value of 1000 ohms were
therefore measured and three of equal magnitude were selected for use as anode
load resistances in the oscillator. The oscillator valves were also selected by actual
measurements with voltages same as those.to be applied in the oscillator. The

cathode by-pass condensers were also selected by measurements as described
in section 2 below.

With valves and components thus selected, the generated frequencies for dif-

ferent values of the external tuning capacity were measured as given in Table I.

TABLE I
Load Resistance R, = 1,071 ohms; R, = 33,000 ohms.

Dial reading Capacity of
of the each section of Observed '
variable the three.gang frequency Smers
eapacitor condenser in in Me/s.
beF
2465 494 0.520 1.923
2300 440 0.5728 1.746
2100 372 0.6605 1.514
1900 306 0.7742 1.292
1700 250 0.9206 1.086
1500 200 1.1063 0.9009
10 107 1.7688 0.567
R0y b 80 2.199 0.455
500 45 3.028 0.329
200 18 4.529 0.221
000 9.5 5.500 0.182

‘The plot of 1/f against external tuning capacity is ‘a straight line as shown in
figure'3. The intercept on the negative side of the capacity axis gives the total
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stray and interelec : it hinh 3 . . .
- Zo ) relectrode capacity (C,) which in this particular case is found to

= C, m/«/,f

Fig. 3

2. Measurements on the cathode circusl.

In order to ascertain the validity of the working formula in any particular
case it is necessary to estimate the constants (', L, and L, of the cathode circuit
as given in figure 2(b).

The capacity C, of the cathode by-pass condenser was estimated from measure-
ment with [ ke/s bridge at which the self inductance L, would not produce any
appreciable effect on the measured value of (',

The value of L, was determined by resonance method working at a frequency
much higher than the self resonance frequency of the cathode by-pass condensor,
The equivalent inductance of L, and (!, in scries at a frequency o is obviously

given by
1

Ly=1L,— w2,

When L, > 1/0¥C,, L,, is approximately equal to L,. From measurements
of L,, at 13, 20 and 23 Mc/s the average value of L, came out in a typical case to
be approximately 0.1xH. From such measurements on a number of by-pass
condensers, three were selected having almost identical values of L, and (',.

For measurement of L, the self resonant frequency of the cathode circuit
was first estimated in the following way. As explained earlier, when the working
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frequency is higher than the cathode resonance frequency, the observed frequency
should be less than the 4/3/RC value as given in equation (10). On the other
hand, when the working frequency is less than the cathode resonance frequency,
the observed frequency would be higher than the +/3/RC value as given in equa-
tion (12).

If therefore the difference between the observed frequency and that caleulated
from the 4/3/RC formula is plotted against observed frequency, we should get a
curve crossing the observed frequency axis at a point which gives the self reson-
ance frequency of the cathode circuit. To get the desired result it is obvious that
the anode load resistance of the oscillator should be so chogen asto be able to
generate frequencies both above and below the cathode resonance frequency.

In caloulating the frequency from the 4/3/RC' formula, the value of R was
naturally taken to be the parallel combination of actual anode load resistance and
grid leak of the next stage. Furthermore, the working conditions were so ad-
justed, especially by controlling g,, with the cathode bias resistance that the grids
of the oscillator valves were not driven positive.

The results for three different load resistances are given in Table II.

TABLE II
Actual Effective Tuning Observed Calculated Jo-F.
Load Load Capacitance Frequency Frequency
Resgistance Rosistance including in Me/s. given by in Ke/s,
in Ohms in Ohms strays
in pp F fo— W3
R, B c Jo SNY Y0
606 595.07 534 0.900 0.8675 32.5
480 0.993 0.9656 28
412 1.144 1.124 20
346 1.363 1.338 16
290 1.603 1.598 b
240 1.924 1.930 -7
120 3.78h 3.860 75
462 455.62 534 1,168 1.133 35
480 1.284 1.260 24
412 1.481 1.469 12
346 1.762 1.748 - 4
290 2.066 2.086 20
240 2.482 2,521 39
393 388.37 534 1.364 1.329 35
. 480 1.502 1.478 24
412 1.729 1.723 6
346 2,028 2.051 -23
290 2,387 2,447 60

240 2863 2.957 94

The plots of the difference between the observed and calculated frequencies against
the observed frequency for these three cases are given in figure 4. It will be
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noted that each of them cuts the observed frequency axis at approximately the

same point. The self resonance frequency of the cathode circuit may therefore
be taken as 1.75 Mc/s without appreciable error.

sol- N\ \
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Fig. 4

In order to estimate Ly it may be noted that the cathode cirenit. is approxi-
mately as depicted in figare 2(b) , the cathode hy-pass resistance B, being above

200 ohms. From the reactance values of the series combination of L, and €

P
2

as given in Table TIL it will be obvious that within the frequency range 1-16Me/s,
wly 1o, <& 200

TABLE 111

Froqueney "
n l\llt-,'ﬁ. wle: wl'y

| 2,492

2 0.304

3 0.844

1 1.733

6 3.249

b 1.636

10 5 971

12 7.279

14 8.573

16 9.858

As a first approximation, therofore, we can neglect the effect of Ry in finding the
reactance X of figure 2(c). The error involved in such approximation will com-
paratively be large in the case of the lowest and the highest frequencies. The

6



H44 Il. Ralkshit and M. C. Mallik '

following data will give an idea of the error in any particular case. At v—27 X 10°,
the scrics equivalent of L, and (', is a capacity of reactance 2.49 ohms, while
the reactance of the exact equivalent is 2.49 ohms—this corresponds to anode
Joad resistance 606 ohms with R, increased to 1000 ohms to avoid positive grid
drive. Again, at the higher frequency limit of w27 <16 X 108, the series equi-
valent is an inductance of reactance 9.85 ohms, while the reactance of the exact
equivalent is 9.82 ohms—this corresponds to anode load resistance 276 ohms with
R, = 210 ohms.  On an average, therefore, the error in neglecting the shunting
cffect of R, is extremely small.  Hence for all practical purposes the cathode
cireuit may be taken as composed of L, L, and (', all in series.  From the value
of ', and the cathode resonance frequency of 1.75 Mefs, Ly} L, comes out to be
0.162pH, giving the value of L, to be 0.062 pH. "This agrees closely with the value
of L, as calculated from the dimensions of the cathode lead of a broken valve of
the same type and make as the oscillator valves.

3. COMPARISON OF OBSERVED AND
CALCULATED FREQUENCIES

The observed frequencies under different operating conditions, the calculated
frequencies and the various factors involved in the caleulation are given in Table
IV. It will be noted that in order to ensure proper working conditions the cathode
bias had to be comparatively larger for higher load resistances and accordingly
g, also changed. Furthermore, for the same load resistance, the cathode bias
had to be slightly increased for the lowest tuning capacities since the gain and
henee amplitude of oseillations tend to increase with deerease in tuning capacity.

As pointed out earlier, the effect on frequency due to Z; causing change in
input impedance is expected to be appreciable only when the tuning capacity is
small.  For cach load resistance the frequencies for tuning capacities 49.5 and
120ppf have therefore been caleulated by taking this effeet into account.  The
change of input capacity due to Z; is maximum when load resistance and tuning
capacity are both small.  The reduction in input capacity when the load resis-
tance is 273.48 ohms, and tuning capacity 49.5upf is only 0.2uuf.  The change in
(', for all other cases is therefore negligible and hence the change in input condue-
tance alone has been taken into account.

It will be seen from Table 1V that the calculated frequencies are almost
cqual to the observed values.  In all the cases gr has been found to be <& |
and hence when the cathode circuit is capacitative the frequency has been caleu-
lated from equation (13). For the inductive cathode, equation (11) has been used
whenever (CR-|- g, L')? S 12('Ry, L/, otherwise equation (10) has been used. In
some cases the values according to both the equations have been shown to give
an idea of the error in using the simple formula (11).  The frequencies obtained
from equation (11) are greater than those from the complete formula (10) which
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are nearer to the observed frequencies. In general, the difference between the
values from (10) and (11) increases with inereasing frequency and hence for the
high frequencies it is essential to use the complete formula.

CONCLUSNSTON

The cffect of cathode impedance on the frequency of the three-phase R-(°
oscillator when the anode load resistances are purely resistive has been discussed
in the present paper. From a comparison of the observed frequencies and the
values given by the simple equation w=4/3/R(' (Table 1V) it will be noticed that
the cathode impedance considerably influences the frequency of the generated
oscillations when the working frequency is high. The question of reactive anode
load resistances will form the subject matter of a subsequent communication.
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