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A STUDY OF 
A CAVITY-STABILIZED OSCILLATOR 

WITH TWO FEEDBACK CIRCUITS 

Jack Vernon Franck 

Radiation Laboratory 
University of California 

Berkeley, California 

September 28, 1955 

ABSTRACT 

The pre -exciter oscillator used on the Berkeley 32 -Mev proton 

linear accelerator is studied analytically and experimentally. The 

oscillator operates on 202.55 megacycles, using a single power tetrode, 

and is equivalent to a two -stage amplifier with two feedback circuits. 

Feedback circuit number one is a broadly tuned circuit around the first 

stage. Feedback circuit number two is a sharply tuned circuit around 

both stages. Feedback circuit No. 2 includes the cavity resonator. The 

object is a reduction in the number of high-frequency power tubes re

quired in a conventional system. The frequency bandwidth over which 

the oscillator will "pulP' to the resonator frequency is calculated and is 

found to be in good agreement with the measured value. Graphical 

calculators have been devised and used to reduce the computation to a 

minimum. The analysis of a self-oscillating system with two feedback 

circuits is believed to be new. 
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I. INTRODUCTION .. 

A Cavity:_Stabilized Oscillator 

This paper is a study of a cavity-stabilized oscillator with two 

feedback circuits. The oscillator studied is used to supply the radio

* frequency pre -excitation to the high -Q cavity of tJ:e Berkeley 32 -Mev 

proton linear accelerator. 
3 

Because this particular oscillator is used to supply pre -excitation 

to the "Linac" cavity it has been defined as the "pre -exciter oscillator," 

and will be so designated throughout this paper. 

Purpose of the Pre-Exciter Oscillator 

The pre -exciter oscillator as used on the Linac fulfills several 

requirementso It drives the radiofrequency load cavity through the 

multipactor region, 3 it selects the correct mode of oscillation, and it 

supplies the low level of radiofrequency voltage necessary.to start the 

main power oscillators oscillating. 

Requirements of the Pre -Exciter Oscillator 

The pre -exciter oscillator should be frequency-stable and should 

deliver at least several percent of the normal output of the main power 

oscillators. 

Design Specifications for the Pre -Exciter Oscillator 

The pre -exciter oscillator under study was designed to conform 

to the following specifications: 

Power output = 110 kilowatts, 

Pulse length = 100 microseconds, 

Repetition rate = 30 c'ycle s per second, 

Frequency = 202.55 megacycles per second, 

Q (load) = 72,000 

Plate voltage = 10JOOO volts de 

In addition, during the "on" time of the main power oscillators 

the pre -exciter plate -circuit radiofrequency voltage is approximately 

million electron volts 
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five times the voltage existing during the pre -excitation period. This 

is shown by the following relations. (For definition of symbols see 

table:;; p. 74 ): 

p = 
9 

v2 
ps 

2 R
ps 

v 
ps 

V (final level) 
ps 

V (pre -exeo level) 
ps 

P. R ~ 
() ps 

The power output of the power oscillators is approximately 2400 

kilowatts 3 at a pulse length of 600 microseconds and a repetition rate 

of 15 pulses per second. 

The pre-excite·r plate circuit has to be able to withstand this 

high voltage if no "transmit -receive" switch is to be used. From 

Appendix B, page 56 , this voltage is approximately 

5 V (pre -exc. level} = 5 x 4120 
ps 

= 20,600 volts (crest). 

Description of Pre -Exciter Oscillator 

This pre -exciter oscillator is unique 1n that it has two feedback 

circuits. That is, it is a self-contained oscillator (cathode-grid

screen circuit) to which has been added a second feedback circuit. The 

line drawing, Fig. 1, shows the two feedback circuits" 

In the particular pre -exciter under study, the complete function 

1s filled by a single tetrode tube ( 4 W20 ,OOOA) operating as a self -oscil

lator (cathode -grid-screen circuit) electron-coupled to the plate output 

circuit. A tetrode tube was selected for this particular installation 

since electrically and mechanically this results in the most economical 

and compact unit. In oth,er applications separate tubes for each ampli

fier stage might be desirable. The resonant load is the cavity resonator 

of the Berkeley proton linear accelerator. The complete pre -exciter 

and its internal parts are shown photographically in Figs. 2 and 3. The 

U -shaped transmission line protruding from the pre -:exciter oscillator 
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ZN-1396 

Fig. 2. Pre -exciter oscillator. 
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Fig. 3. Pre -exciter internal parts. 
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is used solely for neutralizing the plate to grid capacity. 

Method of Operation 
., ~-.-

In actual operation, the pre -exciter oscillator is turned on about 

100 microseconds prior to turning on the main power oscillators. Dur

ing this time the pre -exciter builds the rf cavity voltage up to the 100-

kilowatt level. 

When the pre-exciter is first turned on there is no energy in the 

rf cavity. However, the cathode -grid-screen circuit starts oscillating 

vigorously in a relatively few cycles. This seli -oscillating portion of 

the circuit is represented in the line drawing, Fig. 1,. by amplifier No. 

1 and feedback circuit No. l. Since the tube is neutralized (see Fig. 4) 

the oscillating grid circuit is unaffected by voltage in the plate output 

circuit. Feedback circuit No. 2 is very loosely coupled to the grid 

circuit and therefore affects the level of oscillation very little. The 

self -oscillating cathode -grid -screen circuit delivers a fully modulated 

space current to the output plate circuit. This is independent of whether 

or not the oscillating frequency is the same as the natural resonant fre

quency of the plate load circuit. If the grid circuit is oscillating near 

the natural resonant frequency of the load, some voltage, however 

,small, will be developed as a result of the flow of plate current. Feed

back eir;cuit ·N:o>.:2. c·ouples <Lportion of this load voltage back to the 

oscillating circuit. This feedback acts on the grid circuit as a frequency

correcting voltage in such a manner that the frequencyof oscillation 

tends to be "pulled"·toward the natural resonant frequency of the cavity

resonator load circuit. The amount of pulling and the manner in :which 

this pulling occurs is the subject of study of this paper. 
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Fig. 4. Schematic diagram of pre -exciter oscillator. 
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II. ANALYSIS OF PRE-EXCITER OSCILLATOR 

The following analysis uses equivalent lumped constants to repre 

sent the circuitry of the pre -exciter osCillator. The self-oscillating 

grid circuit and the feedback circuit are each represented by a simple 

generator with the appropriate internal impedance. Thevenin 1 s 

theorem 
7 

is the basis of this representation. 

The equivalent circuit of the oscillator is defined by the geometry 

of the experimental equipment. The geometry is, in turn, defined by 

the conditions necessary for proper operation of the tube. A typical 

set of operating conditions for the tube is evaluated in Appendix B. The 

schematic diagram of the oscillator is showh in Fig. 4. A schematic 

diagram using lumped constants is shown in Fig. 5. The equivalent 

lumped-constant circuit is given in Fig. 6. 

Some of the equivalent circuit voltage,s and impedap.ces will be 

expressed in terms of the tube currents and plate -load impedance. The 

dependence of the plate -load impedance on frequency has been deter·· 

mined in Appendix D. 

The network representing the feed back circuit is considered first. 

The voltage V fb fed back to the grid circuit can be expressed 

ln terms of the plate current and plate -load impedance of the tube: 

V =I Z ps ps ps 
( 1) 

Transmission line No. 1 is constructed ,of two quarter -wave 

sections of different impedance and is connected to the plate line at a 

voltage h V , where h <.1.0. The voltage on loop No. 1 is then 
ps 

(2) 

Since the magnetic flux density is a constant along the side of a 

cylindrical resonator excited in the electric 010 mode, the voltages 

across all loops along the side are proportional to their areas: 

r; • 
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MU-10208 

Fig. 5. Schematic diagram of pre -exciter oscillator using lumped 
constants. 
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( 3) 
I, 

It is now convenient to define a coupling coefficient, c, which is· 

determined by the adjustment of the network containing: transmission 

line No. 2: 

Writing Eq. (4) in terms of'Eqs. (3), (2), and (1) gives 

vfb ( 5) 

The internal impedance Zfb of feedback circuit No. 2 can now be 

evaluated. A power eq~ality may be used to determine Zfb in terms 
' ' ' - ' 

of Z At the natural resonant frequency of the load, the power gener-
ps 

ated by the tube is equal to the power delivered to the resonator. via 

loop No. 1: 

v2 
p = 

ps 
0 

2R 
ps 

= 

2 
v£ 1 

2 z ~ 1 (fo) 

( 6) 

• 7 
From Eq. (6), by using the universal resonance curves, we obtain 

(see Appendix D.) 

.Zn =[vvp£sl ·J· 

Using Eq. ( 2), we' have 

~Zo 11 zn = 
2 01 

2 

z ps 

hl 
2 

J 
z 

ps 

(7) 

( 8) 
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Since the voltage of loop No. 2 is the same as if the power were 

being put into the tank through loop No. 2, the relations between the 

voltages and the impedances can be again determined as in Eqs. (6) 

and (7): 

2 = v, -2 

Using Eqs. (3) and (8), we get 

(9) 

( 1 0) 

and from the coupling system schematic diagram (Fig. 7) it is evident 

that the feedback impedance has the form 

( 11) 

The reactance 2 F is adjusted in magnitude; by making trans
"nX." 

mission line No. 2 slightly longer or shorter than Similarly, 

2 3 is a reactance the magnitude of which is determined by adjusting 

the quarter -wave line (associated with loop No. 2) to be slightly longer 

or shorter than 11 X." . 2
2 

is the equivalent shunt resistance of feed

back transmissioT:line No. 2. 

This network has been interpreted from the experimental equip

ment. Once these impedances have been determined, 2fb is found by 

solving the parallel-series network: 

~t2 2J 
[Z1 zz a 

+ 21 
2 

+ z2 
(12) = fb 

~12 21 Z2 J + 23 + 
21 + 2z 

The voltage V fb (Eq. 5) and the impedance 2fb (Eq. 12) are 

the open-circuit voltage and internal impedance respectively of a 

simple generator which by Th~venin's theorem can be used to represent 
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Figs. 6 and 7. Equivalent circuit of pre-exciter oscillator. 
Schematic diagram of feedback coupling system. 
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the feedback circuit. The voltage V' Cl.n<l the resistance r' repre-
sg sg 

sent the cathode -grid ~screen circuit in the constant-voltage form of 

equivalent circuit for a vacuum tube. These are shown in Fig. 6. 

The shunt resistance R 1 and the capacity C 1 of the equivalent 
s 

grid circuit are referred to the point at which the feedback line is 

coupled. The voltage a~ this point is V 
02 

(see Fig. 22). 

The value of R~ can be determined by solving for the dissipated 

power in the relations used to calculate the Qt of the grid circuit. 

Using the relation for Qt' ·which includes the grid drive power, gives 

for W d (Appendix A) 

= 
2 

v 02 

2R 1 

s 

Expressing this in terms of a shunt resistance, we get 

32 'IT 

2 A.r 
s 

Es\6] = 563 ohms ( 13) 

The value of C 1 may be determined from the Qt (Appendix A) 

and the value determined for R 1 (Eq. ( 13) ): 
s 

wW 
s = 

Solving for C 1
, we obtain 

w 

2 
c~ V 02 

2 R 1 

s 

49.2 

= w C 1 R' s 

c~ = 
wR 1 

s 

= 6 
2'1T202.55xl0 x563 

1 6 -12 C = 8.5 x 10 farads. ( 14) 

The value of r' (see Fig. 6) is determined from the operating 
sg 

point for the tube (Appendix B) by transforming· r to the feedback 
sc 

point (V 
02

): 
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e 2540 r sm 36,6 oh'ms,' - = = sc 
I 70.1 
sg 

[V05JlV02J r' 
' . 

= r ( 15) 
sg sc 

v S I v 05 r 

The grid-to-screen voltage, V sg = V 05 , is the sum of the grid

cathode and screen-cathode voltage·s, since the screen voltage is 180° 

ciut of phase with the grid voltage: 

V sg = V05 = V g + V sc 

From the tube operating point, 

V = 460 volts, 
sc 

V g = Eg + egm = 1800 volts, 

therefore, 

V sg = V 05 = 460 + 1800 :: 2260 volts, 

V sg = V 05 = 
v v 

sc s~ 

460 + 1800 

460 

2260 = ·--·-· = 
. 460 

Fr~m Appendix A, V 05 = 0.667 V 02 , so 

( 16) 

( 1 7) 

4,92 . ( 18) 

r' 
sg = r sc [:05] 

2 
~ 02]

2 
sc t 05 

= 36.6 X 4.97
2 

X 
1 

0.667
2 

= 1975 ohms. ( 19) 

Since this circuit i.s self-oscillating, the fundamental frequency 

component of screen cur.rent ~s in phase with the grid-screen voltage . 

. When it is normalized to voltage V 02 this means that 

V 1 = I' (R 1 + r 1 
) 

sg sg s sg-
(20) 

' ~ 

r.J 
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The equivalent generator ·current I' .can be expressed in terms 
sg 

of the space current in the tube by normalizing to the tube voltage. 

These voltage ratios were calculated in evaluating r' (Eqs. (16), (17), 
sc 

(18), (19) ): 

I' = I sg sg 
scI o5 I [v~Gv • 

v osJ v o2J. 

= 0.135 I sg 

This gives for the equivalent generator voltage 

V' = 0.135 I (478 + 1975), 
sg sg 

V' = 331 I sg sg 

( 21) 

(2 2) 

The equivalent generator voltage can be expressed in terms of I ps 
Using the following ratio qbtained from the calculation of tube operation, 

Appendix B, we get 

I 
sg ---- 70.1 amperes = 1.275; ((:3) 

I 55.0 amperes ps 

the equivalent generator voltage is 

V' = 331 X 1.275 I 
sg ps 

V' = 422 I sg ps 
( 24) 



Table I 

Feedback voltage as a function of the frequency of oscillation 
' 

~fo z z£2 z£2 yfb vfb ps 
(cps) (ohms) (ohms) (C?hms) (volts) (volts) 

-

0 91.7/ 00 117./ 00 117. +jO.O 104.(-30.0° )>s (+90.1-j52.0)~e 

+470 87.11-18.5° 111. I -18. 5° 105. -j35.4 98.7I-48.5°I. ( +65.4- j7 3. 9)1 

87.11+18.5° 111.1+18.5° 
ps . . ps 

-470 105. +j35.4 98.71-11.5° I ( +96. 8 -.j 19. 7)I 

82.51-26.5° 1os. I -26.5° 
ps . ps 

+705 94.4-j47.1 93.51-56.5° I (+51.6:..j77.9)I 

82:51 +26.5° 1 o 5. 1 +2 6. 5o 
. . ps . . ps 

-705 9404tj47.1 93.51-3.5° i ( +93.3-j5. 7) I 

64.81-45.0° 82.91-45.0° 
. . . ps ·. ps 

'fl41.0. 58 .. 6-j58.6 73.51-75.0° I (+19.0-"j7l.O}I 

64;81 +45.0° 82.91 +45.0° 
. . ps . . ps 

-1410 58~6tj58.6 73.51+15.0° I (+71.0+j19.0)I 

41.0/-63.5° 52,51-63.5° 
. o ps ps 

+2820 23.4-j46.9 46.51-93.5 I (- 2.8-j46.4)I 

41.01 +63. 5° s z . s I +6 3. 5o 
ps ps 

~ · .. -2820 23.4tj46.9 46.51+33.5° I ( +38.8tj25. 7)1 

22.21-76.0° 28.41-76.0° 
. . ps .ps 

. +5640' 69.0-j27.4 I o o . (- 6.9-j24.2)I 25.2 -106. 0 I · 

22.21 +76.0° 28.41 +76.0° . 
ps . . ps 

-5640 69.0tj27.4 25.2/ +46.0° I . (+17.5+j18.1)Ips 

1 L4/-83.0° 14.61-83.0° 
ps 

+11280· l.8-j14.5 12. 9/ -113. 0 ° I (- 5.0-jll.9)I ps ,, . : -·ps 
-11280 11.41 +83.0° 14.61 +83.0° l.8tj1~.5 12.91 +53.0° I (+ 7.8tj10.3)I 

5.71-86.5° I . o 
ps . ps 

+22560 7.3 -86.5 0.4-j 7.3 6. 51 -116. 5°! (- 2.9.:.j 5. 8)1 

5. 7/ +86.5° 7.31+86.5°. 
. . ps . ps 

-22560 0.4+j 7.3 6.51 +56. 5°! (+ 3:6tj 5.4)1 

2.81-88.2.
0 

3.61-88.2° 
ps .ps 

+45120. 0.1-j 3.6 3. 2 I -118. 2 °1 (- 1. 5 -_j 2. 8)! 

2.81 +88.2° 3. 6 I +8 8. 2 9 
ps ps 

-45120 0.1tj:3 .. 6 3.21 +58.2°! (+ 1. 7+j 2. 7)1 
ps ps 
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All parts of the equivalent circuit (Fig. 6) have now been evaluated 

for Case I. The values ar~ shown on the equivalent circuit diagram, 

Fig. 8. The frequency-dependent values are tabulated in Table I. 

The superposition theorem 
7 

can be used here to solve for the' net

work currents i 
1

, i
2

, and i
3

, from which the effect of the feedback net

work can be determined. This would have to be subjected to the restric-

tion that i 1 = Iv must be in phase with V' , since this part of the cir-
sg _ sg 

cuit is a self -oscillator. It is to be noted, however, that the impedance 

of the equivalent cathode -grid-screen circuit is at most a few percent of 

the combined feedback and coupling impedances (Zfb + Zc). In this case 

I~g' to a good approximation, flows entirely through R~. 

The feedback current i
3

, which by design is very small compared 

to I' , will in general have an inphase and a quadrature component with ps 
respect to I' The quadrature component, as stated before, must flow 

ps 
only through the reactances of the equivalent cathode -grid-screen, 

resonant circuit. The inphase component of i
3 

must divide between 

R' and r 1 as a consequence of the use of the superposition theorem, 
s sg 

subject to the approximation that i
1 

=I' flows only through R'. 
. sg . s 

The current i
3 

can be evaluated as a function of frequency as 

follows: 

-Vf·b+V' . . rs 
13 = ------

zfb + zc 

[ 
R' J s V' 

+ . R' + r' sg s sg ( 2 5) = 

All values needed are constant or have previously been evaluated. 

V fb has been calculated as a function of frequency and is tabulated in 

Table I for Case I. We have, there.£ ore, 

-vfb. + 9 3. 6 r ps 

2500 + j 4000 

= [-v fb + 9 3. 6 Ips] ~. 12 - j L so] 1 o -4 
. (26) 

The current i
3 

is tabulated as a function of frequency in Table II. 

The equivalent shunt capacity C'', representing the quadrature component 

of the current i
3

, is also listed. This is obtained from the following 



-23-

Ztb+ Zc = 25oo + j 4ooo 

· •. \Ztb= 2500 + j 41-3-.3-o ____ i ...... ~--r~i-1 ---.., 
~ Zc=-J330~--~--~ 

104. J-3o•tps 

I 
rsg=·I975S\ 

V~g = 331. lsg 

= 422. Ips 

MU-10210 

Fig. 8. Case I: equivalent circuit. 

I.' 



Table li 

Case I. Frequency shift as a function of the freque·ncy of os;dllation 

'~~~ T3 . (s:~f) (~;if} (~J) (cps (amp) 
.. . 0 ( +97 .4 + j52.2) 10·..:-c--4 I +0.044 0 .·. 0 ps 

+ 470 (+164. +j32.3) 10-4 I +0.0 28 -0.016 +23.6 . ps 

- 470 ( +39.0 + j28.0) 10-4 I 
ps +0.023 -0.020 +30.0 

+ 705 (+187. + j12.0) 10-4 I +0.0 10 -0.033 +49.3 ps . 
- 705 (+10.6 +j 5. 9) 10-4 I +0.004 -0.039 +58.0. ps 

'+1410 ( +212. - '54.4) 10-4 I J ps -0.046 -0.090 +133. 

-1410 (- 8.9 - j61.9) 10-4 I 
ps -0.052 -0.096 +142. 

+2820 ( +191. - j122.) 10-4 I -0.102 ps -0. 145 +215. 

-2820 (.+ 3.8 -j127.) 10-4 I 
ps -0.109 -0.152 +225. 

+5640 (+157. - j 154.) 10-4 I 
ps -0. 12 8 -0.171 +254. 

-5640 ( +53.1 - '157.) 10-4 I J ps -0. 132 -0.176 +260. 

+11280 (+132. - j164.) 10-4 I 
ps -0.137 -0.181 +268. 

-11280 (+77.8 - j165.) 10-4 I -0. 139 -0.183 +270. ps 

+22560 ( +119. - j 16 7. ) 10-4 I 
ps -0.141 -0.184 +273. 

-22560 (+91.5- j168.) io-4 I 
ps -0.141 -0.184 +273. 

+45120 (+112. - '168. ) 10-4 I J . ps -0.141 -0.184 +273. 

-45120 ( +9 8. 6 - j 16 8. ) 1 0 - 4 I . 
ps -0.141 -0.184 +273. 

' 



-25-

relation (the inphase component of i
3 

is 

parison with the inphase current I' ): 
sg 

completely negligible in com-

i
3 

(quadrature part) 

C"-~---------
w s 422 I ~~ + r.' ps 

R' j 
~ S 'S 

' 
= 

i
3 

(quadrature part) 

w 93.6 Ips 
(2 7) 

The capacity C 1 i 1 is the effective value of the capacity resulting 

from the feedback network after correcting the value of this capacity 

so that the oscillating circuit receives zero frequency correction when 

it is at the natural resonant frequency (f,o} of the load. 

The frequency .shift that occurs because the capacity C 111 is in 

parallel with the grid circuit is evaluated as follows. 

Let 

f-=· 1 
2'fr J"i? 

f + ~.f = --;==1 ====; 
2~L (C + AC)1 

1 = 

Since Af << f, the following approximation can be made, 

and therefore 

1 

c1- A2CCJ f + D..:t = f L 

1 - AC 

2C 

or, for f = £0 , AC = C''\ and C = C' (see Fig. 8), 

LV = [- ~~: ~0 l (28) 

I 
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The values of .c,.f are tabulated in Table II. The results of Case I 

are displayed in Fig. 9 along with the experimental values from Appendix 

F (Figs. 28 and 29). Figures 10 and 11 are merely the graphical solution 

of the relation +f = .c,.f
0 

- .c,.f. Figure 9 is a plot of .c,.f
0 

vs. f. 

The power output of the oscillator as a function of frequency can be 

obtained by use of the relation 

I 2 R (f) 
p (f) _. ps ps 

0 2 
(29) 

In this equation, I is a constant (see p. 9 ) and R (f) has been 
ps ps 

evaluated in Appendix D. The power output as a function of frequency 

is tabulated in Table III and is plotted in Fig. 9 along with the experi

mental results of Appendix F. 

Table III 

p ower t t ou pu as a f unc ti on o f f requencv o f ·n t. OSCl a 1on 

.c,.£0 Po 

(cps) (kw) 
-·-

0 138. 

± 470 125. 

± 705 113. 

±1410 69. 

±2820 28. 

±5640 ' 8. 

±11280 2. 

±22560 0.5 

±451
1
20 0.1 
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B. Cas·e· II 

The conditions in Case II are identically the same as for Case I, 

except that much of the tedious vector computation is bypassed by using 

several graphical calculators. Illustrations of these calculators are 

found on pages 78 , 79 , and · 80 . Their use was suggested and made 

possible by the fact that the internal impedance of the equivalent gen

erator representing the feedback circuit is very large compared to the 

shunt impedance of the cathode -grid -screen circuit. The circular 

calculator is an expression of the fact that the locus of the impedance 

vector for a parallel resonant circuit is a circle. This is demonstrated 

in Appendix E. 

To solve Case I with the graphical calculator, the grid circuit 

voltage V' is drawn to unit length as indicated on graphical calculator 
rs 

No. 1. Calculator No. 1 is then rotated so that the feedback voltage has 

the desired phase angle with respect to the grid voltage V' at the rs 
natural resonant frequency of the load circuit (£

0
) . Calculator No. 2, 

on which has been drawn the impedance line representing the total im

pedance in the feedqack circuit (Zfb + Zc) in arbitrary units, is placed 

so that the origin is coincident with the head of the vector representing 

the feedback voltage V fb" The magnitude of V fb is relative to the unit 

length chosen for V' . The impedance line is made to pass over the 
rs 

head of the vector representing the grid circuit voltage V' The rs 
relative magnitude of the feedback current (i

3
), and its phase, can be 

read from calculator No.2 by use of a protractor or calculator No. 3. 

Calculator No. 3 can be used to read the quadrature component of the 

feedback current directly from calculator No. 2 without hothering with 

the relative magnitude. 

The feedback current for other frequencies is obtained in the same 

manner as above. The magnitude and phase of the feedback voltage as 

a function of frequency are read directly on calculator No. 1. The 

frequency is given in terms of the Q of the load. The ~f can be 

readily determined by referring to Appendix D. 

The relative magnitude of the feedback voltage can be determined 

by referring to Table I, and Eq. (25). Then we have 
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Vfb··. = . 104. = 1.11 ( 30) 
V' 93.6 rs 

A single numerical computation is required tb find the normalizing 

constant for the current. This is done by evaluating Eqs. (25} and (26} 

for the natural resonant frequency of the load impedance (cavity resona

tbr), 

V' -Vfb rs 
= 

93.6 I - vfb ps 
. . 

2500 + j 4000 

=~3.6 Ips - 104 I -30° Ips] [1.12- j L8oJ 10-
4 

~~7.4 + j 52.2] 10·
4 

Ips 

The normalizing constant is 

N= 
52.2 X 10-4 

. 21 

-4 = 248 . .X 10 . . 

The equivalent shunt capacity G" is by Eq. (27), 

i 
3 

(quadrature part} 
crv = ----------

w 93.6 I ps 

i
3 

(quadrature part) _11 = X 0.839 X 10 
I ps 

( 31) 

(32) 

(33) 

The value of G" 1 is found as in Case I, page 26 , and the .t:.f is 

again obtained by use of Eq. (28). 

The results as obtained by use of the graphical calculators are 

tabulated in Table IV, and are plotted in Fig. 12, as obtained from Figs. 

13 and 14. For comparison, the analytical results of Case I are also 

plotted in Fig. 12_. 



Table IV 

c ase II F requency s h"ft 1 as a f t" unc lOll·<> f th f e requency o f ·n OSCl ahon 

. D,.f i3 X 1/N 
i3 X 1(N i3 . 

C" C'li 0 (.quad. p1rt) (quad.part) D.f 
(cps) (amp) '(amp) (amp) ( J.1J.1f) ( J.1J.1f) (kc) 

0 0.47/ +27.0° I 0.21/ +90° I +52~2 X 10-4 I +90° I +0.044 0 0 ps ps 4 ps 
+470 0.71L+11.0° I 0.141 +90° I +34.8 X 10- I +90° I +0.029 _'(). {) 15 +21.8 ps ps . ps 
-470 0.18[ +39.5° I 0.12[+90° I +29.8 x 10-41 +90° I +0.025 -O;Q 19 +27.5 . ps . . ps 

-4 ·o ps 
+705 0.80 L +3. 5° I 0.05[ +90° I +12.4 X 10 I +90 I +0.010 -0.033 +49.3 . ps . ps 4 ps 
-705 0.05[ +12. 7° I 0.01[ +90° I + 2 . 5 X 1 0 - I +9 0 ° I +0.002 -~·.042 +62.3 ps ps 4. ps 

+1410 0.93[-14.5° I 0.23[ -90° I -57. 1 X 10 - / +9 0 ° I -0.048 -0.091 +135. ps . ps 4 ps 
-1410 0.27l-98.0° I 0.26[-90° I -64.5 X 10- L +90° I -0.050 -0.099 +145. ps ps . . . ps 
+2820 0.97(:-32.5° I 0.51(·90° I -127. x ro-4/+90° I -0.106 -0·.149 +220. . ps ps -4··· o ps 
-2820 0.55[ -82.5° I 0.54[ -90° I -137. X 10 [±90 I ' -0.113 -0.157 +232. 

ps ps 4· ,ps I 

+5640 0.93L -44.5° I 0.66[ -90° I -164. X 10- / +90° I -0.138 -0.181 +268. ~. ps ps 4; · o ps 
0.71L-71.0° I 0.68L-90° I -0.186 +276. 

I 

-5640 -169. x 10-. >+90 I -0.142 
ps ps 4 ps 

+11280 0.89L-51.0° I 0.6~[ -90° I , -1 71. X 10 - L +9 0 ° I -0.144 _g.-,,18 7 +276. 
ps • ps 4 . ps 

-1 1280 0.78L-64.0° I 0. 70[ -90° I - l 0 -0.146 -0.191 +283. -174.x10 +90 I 
ps ps 4. ps 

-122560 0. 8 7 L -54. 5° I 0. 70(-90° I - I o -0.146 -0.191 +283. -174. X 10 +90 I ps ps ps 
-22560 0.82[ -61.0° I 0,72[-90° I -179. X 10-4 /+90° I. -0.149 -0.193 +2fB. 

ps ps ps 
-145120 0. 86L -56.5° I 0. 71[ -90°I ' -41 0 -0.148 -0.191 +283. - 1 7 6 . X 1 0 +9 0 I 

I . o ps ps 4 ps 
-45120 0.83_-59.5 I 0. 72[ -90° I -179. x 10- L +20° Ips -0.149 -0.193 +283. 

ps . ps 
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C. Case III 

Case III is solved by using graphical calculators No. 1, No. 2, 

and No. 3. It differs from Cases I and II only by the nature of the 

feedback network and the phase of the feedback voltage, V fb" The feed

back-coupling impedance Z is a pure resistance instead of a capacitor, 
c 

as in Cases I and II. The feedback voltage is in phase with the grid 

voltage, and as a result the feedback-coupling system is greatly simpli

fied. The circuit values below can be identified by referring to Figs. 5, 

6, and 7. 

Z = 5000 ohms (resistance) c . 
z 1 = oo 

z 2 = oo 

z
3 

= o 
h = o. 707 

c = 1.0 /0° 

ZOll= 4.''4 

z01 

AJ. 2 

A.l1 

= 0. 364 

The equivalent circuit for Case III is shown in Fig. 15. 

The power output is dependent only on the characteristics of the 

loa:d impedance and the frequency of oscilb:Ltion, since the tube acts 

essentially as a constant-current generator (seep .. 9''j'. The operating 

point of the tube and the load impedance are the same as in Cases I and 

II and therefore the power output as a function of frequency is again 

given by Table III. 

The relative magnitudes of the feedback and grid voltages are the 

same as in the two previous cases and are given by Eq. ( 30). 

vfb = 104. = 1. 11 . 

V' 93.6 rs 

The normalizing constant can be evaluated by first calculating 

the feedback current at the natural resonant frequency of the load: 

( 34) 
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Ztb+Z 0 = sooo + j o 

\ Ztb" 117 + J o ~-.-i...;3__,.":""""'-i-' ----

\ Z0 = 5ooo + J ,..o __ ~t_i2_..., 
II d-

- Jt) O::CD 
It) 

- r~9 =197s.n 

v. • , I ~..-_________ ....__ ____ _.. . sg= 331. sg 

104. L..2:.lps - = 4~2.lps 

MU-10217 

· Fig. 15. Equivalentcircuit for Case III. 



VI 
rs - vfb· · 93.6 I - vfb . ps 

-----= 
5000 

=[93.6 Ips · .;,: 104 .. /0°Ips] [2.0 x 10-
4J 

-4 =20.8x10 I 

The· normali~ing constant is 

N = 
20.8 X 10-4 

O.l'f 

ps 

-4 = 189. X }Q . 

( 35) 

(36) 

The equivalent shunt capacity C" is again found by using Eq. ( 33) . 

The value of C 111 is found as in Case I, and the C:!.f is again ob

tained by use of Eq. (28).(see p. 26 ). 

The resuJts as obtained by ~se of the graphical calculators are 

tabulated in Table V, and are plotted in Fig. 16, as obtained with the 

aid of Fig. 1 7. 

D. Case; IV 

Case IV differs from Case I only in that the feedback voltage 

Vfb leads the grid voltage V 1 by the same phase angle as that by rs 
which in Case I it lagged the grid voltage. The feedback-coupling 

impedance Z is an inductance. The circuit values below can be c 
identified by referring to Figs. 5, 6, and 7. 

Z = j330. (0.259 x 10-6 henry) c 
Z 1 = j37, 300 (29. 3 x 10-6 henry) 

Z 2 = 10,000 ohms resistance 
-12 z 3 :::: - j5000 (0.157 X 10 farad) 

h =0.707 

c = LO/ +30° 

z 
~1= 4.4 
2 01 

A . 
12 = 0. 364 

A~ 1 



Table V· 

Case III Fr equency s h'ft 1 as a f unc Ion o f th f e rec uency o f OSCl atlon ·n . 
i 3 x liN • i3 

b.fo i 3 x 1IN (quad. part} · _ (quad. part) C" C" i b,f 
(cps) (amp) (amp) (amp) ( fLJ.Lf) ( fLJll) (kc) 

0 0.111-180.
0 1 0 0 0 C"' = C" 0 ps 

0.331 +90° I 6 -41 0 . +470 0 . 3 31 +8 8. 5° I + 2.4 X 10 +90 I +0.052 C"' = C'' -77.0 ps -_ ps 4 ps 
-470 I o - 0. 331-90° I . -62.4 X 10- I +90° I -0.052 C"s = C" +77.0 0. 33 -88.5 1 ps o ps 4- ps 
+705 0.461+74.5°1 0.441 +90 I - I o +0.070 c•i• = c~~ -104. +83.2 X 10 +90 I . 

ps ps -4 o ps 
-705 0.461-74.5° I 0.441-90° I -83.2 X 10 I +90 I -0.070 C"' = c•i +104. - ps - - ps 4 ps 

+1410 0.111 +50.5°Ips 0.551 +90° I +104. X 10- I +90° I +0.087 c~~' = C'' -129. 
. o ps . ps 

0.711-50.5° I -4; 0 -0.087 cno = C'' -1410 0.551-90 I -104. X 10 +90 I +129. ps ps 4 ps 
- +2820 0.891 +29.0° I ; _ 0.431+90° Ips +8 1. 3 X 1 0 - I +9 0 ° I . +0.068 Gil' = C'' -100. - ps 4 ps 'I 

-2820 0.891-29.0° I 0.43/-90° I -81.3 X 10- I +90° I -0.068 C'" = C" +100. ps -- - ps -. ps 
+5640 0 . 9 71 + 14·. 8 ° I. 0.251 +90° I 6 -41 0 eli' = C" -57.7 

1 

+4 . 3 X 1 0 +9 0 I - +0.039 
\ ·- -- ps - ps ps 

-5640· 0.971-14.8° I 0.251-90° Ic 6 -41 0 -0.039 c•n = C" +57.7 -4 . 3 X 1 0 +9 0 I . ps o ps 4-- ps. 
+11280 0.991 + 7.5° I 0.131+90 I. +23.6 X 10- I +90° I +0.020 CHi = C" -29.6--. ps ps . 4-- ps 
-11280 0.991- 7.5°1 0.13I-90°I -23.6 X 10- I +90° I -0.020 c'n = c~~ +29.6 

ps ps -- ps 
+22560 0.991 + 4.0° I 0.031+90° 1 . + 5 . 9 X 10 -

4
1 +9 0 ° I +0.005 C'" = C" - 7.4 

. o ps - o ps ps 
-22560 0.991- 4.0 I o.o3j ... 9o r. - 5. 9 X 1 0 - 41 +9 0 ° I -0.00 5 ~- C"' = C" + 7.4 . ps - . ps . -· ps 
+45120 0.991 + 2.0° I 0.02/+90° I + 2.8 X 10-41 +90° I +0.002 C"' = c~~ - 3.0 

ps --- ps 4 ps 
-45120 0.991- 2.0° I 0.021-90° I -_ - 2.8 X 10- I +90° I -0.002 CHU = C" + 3.0 

ps . - - ps . ps 
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Fig. 16. Case III: Frequency of oscillation and power output as functions 
of the frequency to which the oscillator is tuned. 
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The equivalent circuit for Case IV is shown in Fig. 18. 

The power output, as in all previous cases (see p. 37), is obtained 

by the use of Table IH. 

The relative magnitudes of the feedback and grid voltages are the 

s arne as in all previous cases and are given by Eqs. ( 30) and (34}: 

v fb = 104. = 1.11 . (37) 
V 0 93.6 rs 

The normalizing constant can be evaluated by first calculating the 

feedback current at the natural resonant frequency of the load, as in 

Eqs. (25) and (26~: 

= 
93.6 Ips _.yfb 

2500 - j4000 

= f93.6 I - 104./+30° I 1 [1.12- j 1.80] 10-
4 

L ps p~. · -

( 38) 

In the above calculation the value of Zfb is found to be the conjugate 

of the Zfb of Case I, pgs. 21 and 23. · 

The normalizing constant is 

52.2 X 10-4 -4 
N = = 248 X 10 . ( 39) 

0.21 

The equivalent shunt capacity G' 0 is found by using Eq. ( 33). 

The value of C 0 01 is found as in Case I p:~.ge 26, and the 6f is again 

obtained by use of Eq. (28). 

The results as obtained by use of the graphical calculators are tabu

lated in Table v:c and are plotted in Fig. 19, as obtained with the aid of 

Figs. 20 and 21. 
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• rs9 = 197s.n. 

V~g=331.Isg 

= 422. Ips 

MU-10220 

Fig. 18. Equivalent circuit for case IV. 
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Case IV. Frequency shift as a function of th9 frequency of oscillation 

i 3 x 1/N ---~- -
1 

Llfo i3 X 1/N (quad. part) { quaJ. part) C" CUi u b_f 
I 

{cps) (amp) (amp) (amp) ( j.ltJ.f) ( tJ.i.J.f) (kc) 

OA71 -27.0° I 
-

0.21/-90u1 -52.2 X 10-'i:/+90·cr-y- .. 0 -0.044 0 0 ps ps .r;~-. ps 
+470 0.181+39.5° I 0.12/-90° I - 2'9 0 8 X 1 0 - I +9 0 ° I '.. -o.025 +0.0 19 .,2 7.5 . ps ~~ ps , ps 
-470 0. 711 +1 1.0° I 0.14/-90° I -41 0 -0.029 +0.0 15 -21.8 -34.8 X 10 +90 I . ps ~·- ps 4 . ps 
+705 0.051-12.7° I O.Oll -90° I - 2. 5 X 10- I +90 ° I -0.002 +0.042 -62.3 

ps ~~ ps 4 ps 
-709 0.801- 3.5°I 0.05/-90° I - 1 2 .4 X 1 0 - I +9 0 ° I -0.010 +0.033 -49.3 , ps ~~ FS 4 o ps 

+1410 0 . 2 7 I +9 8. 0 ° I 0.261 +90° I +64.5 X 10- I +90. I '+0.050 +0.099 -145. ps ~- ps 4 . . ps 
-1410 0.931+14.5° I 0.231 +90° I +57. 1 X 1 0- I +9 0 ° I +0.048 +0.091 -135. 

ps -- ps ~~ ps 
+2820 0 . 55 I +8 2 . 5° I 0.54' +90° I + 1 34. X l 0- '/ +9 0 ° I +0.113 +0.157 -232. ' 

~~~ ps i 
ps 4 ps 

;;;2820 0.97/ +32.5° I 0.511+90° I -~ 0 +0.106 +0 .149 -220. + 12 7. X 1 0 . +9 0. I ps -~ ps 4 . ps 
+5640 0.711+71.0° I 0.681 +90° I +169. X 10- '/ +90° I +0.142 +0.186 -276. 

ps ~- ps 
+164. x 10-41-190° ls -5640 0 . 9 3 I +44. 5° I 0.66/ +90° I +0 .138 +0.181 -268. 

ps ~~ , .. p-s -4 o ps 
+11280 0.781+64.0° I 0.70I+90°I Q + 1 7 4. X 1 0 I +9 0 I +0.146 +0.191 -283. 

ps -~~ •ps . ps 
-11280 0.891 +51.0° I 0.691 +90° I +171. X 10-41 +90° I +0.144 +0.187 -276. 

ps --- ps ps 
+22560 0. 82/ +61.0° I 0. ?21 +90° I +179. X 10 -

4! +9 0 ° I +0 .149 +0.193 -283. 
ps -·- ps -4 o _ps 

-22560 0.871+54.5° I 0.701+90° I +174. X 10 I +90 i +0.146 +0.191 -283. 
ps ~- ps ps 

+45120 0.83/+59.5° I 0.72/+90° I +179. x 10-4; +90° r +0 .149 +0.193 -283. 
ps ~- ps ps 

-45120 0.861 +56.5° I 0. 71/ +90° I +176. X 10-41 +90° I -0.148 +0.191 -283. 
ps ~-~ ps ps 

i 

-
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Fig. 20. Relation between frequency of oscillation and frequency shift 
(lower frequencies). 
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IV. CONCLUSIONS 

This oscillator is a stabilized oscillator and not a synchronized 

oscillator such as has been studied by Adler, 
1 

Appleton, 
4 

Huntoon, 
5 

and others. However, it does exhibit characteristics strikingly similar 

to the "locking" of a synchronized oscillator, particularly in the resist

ance feedback-coupling impedance of Case III (p. 37). 

The "pulling bandwidth" with the resistance feedback-coupling 

impedance was narrower than with the reactive coupling, although 

approximately the same voltage and circuit impedances were used in 

all cases. The oscillating frequency, in a compensating way, was very 

much closer to the natural frequency of the load and the power output 

was very constant over the narrower bandwidth. 

The jump in the experimental curve B, (see Fig. 27 in Appendix 

F) was identified as an accidental resonance in the grid circ;:uit at the 

time the experimental data were taken. This effect can be eliminated 

by properly adjusting the circuit parameters in the grid circuit. 

The unstable regions indicated in Figs. 11, 14, 16, and 19 

follow reasonably from the fact that the feedback changes the frequency 

during the buildup of oscillations in the resonant load, and the final 

equilibrium frequency will be the first stable situation found by the 

oscillator. This frequency modulation has been observed but not 

measured. 

This work was done under the auspices of the U.S. Atomic 

Energy Commission. 



· V, APPENDICES 

A. Calculation for the Q of the Cathod~ -Grid
Screen .Cucu1t 

The following calculations are based on physical measurements 
-· -· 

of the oscillator and the operating conditions of the tube. The voltages· 
:, . .. 

and the dimensions of the cathode -grid-screen circU;it are both shown 

in Fig. 22. 

A fundament~! definition of 0 7 
is 

Q 
21r energy stored at peak of cycle 

energy dissipated pe·r cycle 

= w 'energy stored at peak of cycle 

power dissipated 

The Q of this. gri'd circuit, which is composed of se:veral trans-

mission l:lnes tightly coupled together, is 

Q 
w [ w s 1 + w ~ z·+ ... w s: ~ 

[w dl- + w d2 +.··vi d~ 

· , The energy stored per quarter wavelength of coaxial transmission 

line is calculated first. Since· the· circuit losses are small when large 

brass conductors are used, the voltage and current distributions are 

nearly sinusoidal. A small error is introduced in the calculations if 

they are assumed to be exactly sinusoidal. We have 

c. y2 
tiW 

ti. 0 
tiC = c 'til = s 

2 
0 o· , 

t:.W 
C

0
ti£V

2 

= s 
-2 
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Fig. 22. Cathode -grid -screen circuit. 



= 

w = s 

>..c v 2 
0 0 

4TI' 

-Sf-

4'R' 

>..c. v
2 

0 0 

16 

The energy dissipated per quarter wavelength of coaxial trans

mission line is as follows. 

I = I cos (2: l) ' 0 

6-Wd= 
6.RI

2 
.6.R = R 6_1 • 

2 

!:i.W d = 
R!:i~ 1

2 

2 

fwd 
>..R 1

2 f/2 2 (Zwl) d(T)· dWd 
0 

= cos --
0 4TI' 0 ), 

16 

For both c.onductors of a coaxial transmission line, 

Wd= 
r 

Si 
r 

R. R 
so 

= ,. = 1 
Tl'd. 0 Tl'd 

1 0 
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If the inner and outer conductors are of the same material, 

r 
s 

"-r Ic 
s 0 

32 'IT E~ + ~l· d. d 
1 0-

The total Q of the composite system is 

~ [ 2 2 ·.2 =\i6J ColVOl+Co2V02t ... Co5V05 

~)' [~~1 (~ + 2 ) + 1~2 (2__ + _2_)+ ... ~~5 (~ + 
2 'IT dil dol di2 do2 di5 

J 
:J 

Assuming sinusoidal distributions of voltage and current in a 

quarter wavelength resonant tra.nsmission line, we find the relation 

v o = I o zci 
The composite Q is then 

2rrw 

r 
s 

!( 2 2 2 J 
Leal Vol +Co2 v 02 t ... co5 v o5 

The character is tic impedance ( z
0

) of a coa~ial transmis sian line 
. . 7b 1s g1ven y 

z 0 = 138 log 10 ( :io )ohms . 

With the aid of the above rel<l:tion a~d the physical dimensions of 

the oscillator, the characteristic impedances of the transmission lines 

in the cathode -grid -screen circuit have been calculated. These are 

listed in Table VII. The relative voltages are based on the tube cal

culations in Appendix B (p. 56 ) , and are given in Table VII in terms 

of V 02 for the condition that V 
04 

= 0. 7 96 v
0 5 

. 



Trans. 
Line 
No. 

1 

2 

3 

4 

5 

Table VIL 

Open-end voltage of the several transmission lines 
in terms of the open-end voltage of Line 2 

d d. do 
.. 

do 
0 1 ..2 2 2 2 

Zo T T cr.- a:- r a.+ a- kg(!, 
(m) (m) 

1 1 0 1 0 1 OhmS) I Voltage 

0.089 0.038 2.34 26.3 11.2. 37.5 0.369 51.0 V 01 =0.497V 02 
0.089 0.057 L56 1:7.5 11.2 28.7 0.193 26'.6 vo2=V 2 
0.057 0.047 1.21 21.3 17.5 38.8 0.083 11.5 v 

03
=0.503V 02 

0.028 0.023 1.22 43.4 35.7 79.1 0.088 12.2 v~ 4 =o.532v02 
0.038 0.028 1.34 35.7 26.3 62:o 0.129 17.7 v

05
=o.667v02 

By using the relation 
7 

0.24le
1 

_10 . 
C = 10 farad per meter. 

0 

log!O'io) 
we get the final expression for Qt: 

v 01 v 02 v 05 

0.48 W'n' [ 

2 2 2 J 
-10 {dol + {~ + ... + rr;;5) . 

E l 10 og\an log\af: log\~-
0;{~~~____.:: 

2 2 

V

2 

5(2 2~· r 
s 

~(._2_ + _2_)+ ~(-2 + _2 ,+ ... + -:J- -+-. 
2 01 \dil dol Z 02 dil doJ Z 05 '\1 do 

0.482w1T e
1 

10- 10~.670 + 5.19 + 3.05 + 3.22 + 3.45 
Qt= . J 

r 
s 

-10 
q= 0.482 W1T E l _10 

r s 

[o.oo3 + o.o41 + o.074 +0.152 + o.o88] 

[
15.6 J o.3s8 . 
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Th f . . . f b 6 . e sur ace res1st1v1ty o rass 1s 

r = 5.01 x 10-
7$ ohm per square. 

s 

This gives, for the total Q, 

. 6 -10 
0.482 X 21T 202.55 10 X 'IT X 10 

5.01 X 10-7 j 202.55 10 6 I 

* Qt = 1170 (measured value Qm = 570). 

The ratio of the calculated Q ·to the measured Q gives the ratio of 

the actual conductor losses to the calculated losses. The stored energy 

is the same in either case. . We find 

Qc wdm 1170 
2.06 . = = = 

Qm wdc 570 

The effect of the grid drive power is to further lower the Q by adding 

an additional loss in the circuit. From Appendix B, the grid drive 

power is 

P = I V (crest value) 
g g g 

= 5.2 (600 + 1200) 

= 9340 watts 

R = g 

y2 
g 

2P 
g 

1800 2 
= 

2 X 9340 
= 174 ohms 

Since the grid drive power is dissipated at the open end of trans

mission line No. 4, it may be. included in the expression for Qt by 

writing the expression in the for;rn 

-* 

2 
v 04 

wg- --
ZRg 

see Appendix F. 



and normalizing, 

w = g 
3211' 

X.r 
s 

2 7.75 v
02 

The corrected value of Qt including the grid drive power is 

Qt = 1170 X 1 r- 15.6 J 
43.6 Lo .. 3ss x L97 + 7.7s 

~ [~~~: J ls5~~ J ' 
Qt 49.2 . 

B. Calculatiort of Tube Ope1-ation 

The function of the oscillating cathode-grid-screen Circuit is to 

supply the maximum fundamental component of spa.ce current to the out

put (anode) circuit. An operating point for the tube--m-ust be. chosen 

that insures strong self-oscillation. ·_Since the maximum possible current 

is to flow to the anode, the efficiency must be as low as possible con

sistent with strong self-oscillation. As is shown in the analysis, the 

following operating point for the tube fits these requirements: 

= 10,000 volts de 

= 
3,000 volts de 

600 volts de 

e = .\ ,200 volts (instantaneous) gm 
e = 5,420 volts (instantaneous) pm 
e = 2,540 volts (instantaneous) sm 

· V = E - e = 4,580 volts ac pc p pm 
V = E. - e - - '460 volts ac 

sc s sm 

Since it is assumed that e , e ; and e . go through their 
gm pm sm 

crest values at the same time, the graphical Fourier analysis for the 



case of a symmetrical wave shape can be used. This has been worked 

out in Appendix C(pg; ,.64). ~., 

For the above operating point, the electrode voltages and currents 

corresponding to the graphical analysis points are tabulated in Table 

VIII. These points are also plotted on the load lines for the tube 

(4W20,000A) in Fig.23: .On,examination of the values of the currents at 

each of the analysis points we note that only F(O) through F(6) con

tribute, and all others beyond F(6) are zero. 

The de value of the grid current is calculated by using the relation 

from Appendix C (.p. 64 ): 

= 

= 

1 

12 

1 

12 

[o.5 F(O) + F(l} + F(2} + ... +F(23)+0.5F(21 

r . 
L 0.5 x 23.5 + 22.5 + 17.4 + 10.2 +0.38 + o.oJ 

[ 6 2. 2 J = 5. 2 amperes ~ 

The screen currents are calculate'd by using the relations in 

Appendix C (pg .. 64): 
.... ......_ 

I 1 = sg 
12 

[F(O) + 1.93F(l) + 1.73F(2) + 1.41F(3) + F(4) + 0.518F(5)] 

1 = 
12 

[139 + 1.93 X 139 + 1.73 X 126 + 1.41 X 105 + 63.4 +0.518x]l.1 

1 ---
12 

[842] = 70.1 amperes (crest valueof fundamental a:xnponent). 

I 
1 = s 

12 
~.5 X 39.0 + 37.5 + 27.0 + 14.3 + 2.4 + 0.4] 

1 = 101.1 = 8.4- amperes (de value). 
12 



" 

F(O) 

F( 1) 

F(2) 

F(3) 

F(4) 

F(5) 

F(6) 
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Table VIII 

Electrode voltages and currents corresponding to 
graphical analysis p'oints 

e e e i i 
g s p g s 

e cos e (volts) (volts) (volts) (amps) (amps) 

00 l. 00 1200 2540. 5420 23.5 39.0 

15° .996 1138 2556 5570 22.5 37.5 

30° .886 950 2600 6030 17.4 27.0 

45° .707 670 2680 6760 10.2 14.3 

60° .500. 300 2770 7710 . 38 2.4 

75° .259 -133 2880 8810 0 .4 

90° .000 ..600 3000 10000 0 0 

The plate currents are calculated by using the same relations: 

i 
p 

(amps) 

100. 

101. 

99. 

9l. 

61 

10.7 

0 

I = ~ r1 o o + 1. 9 3 x 1 o 1 + 1. 13 x 99. o + 1. 41 x 9 1. o + 6l ~ o + o. 518 x 1 o. ~ 
ps 12 L 

-· 

= _2_ r661]= 55.0 amperes (crest value of the fundamental component). 
12 L · 

I = p 
1 

12 
~.5 X 100 + 101 + 99.0 + 9LO + 61.0 + 10.~ 

= 
1 

[4131 = 34.4 amperes (de ~alue). 
12 :.J 

The power output is the product of the fundamental components of 

plate current and plate -to -screen voltage: 

p = ~ ~ = 55 pc sc = 138 kilowatts. 
1. .. v (v + v ) 

orzJZ 2. ''> 

The plate -load impedance at the natural resonant frequency (£0 ) 

of the load is the fundamental component of plate -to-screen voltage 

divided by the plate current: 

R 
ps 

5040 
= --· = 

55 
91.7 ohms. 
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Fig. 23. Current-to-voltage characteristics of 4W20,000A tube 
(Series BS-2115) at 2750 watts cathode power. 
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The de plate power input is the product of the de plate voltage 

and de plate current: 

Power input = I x E = 34.4 x 10,000 = 344 kilowatts. 
p p 

The plate dissipation is the difference between the plate power 

input and the plate power output: 

Plate dissipation = 344 - 138 = 206 kilowatts. 

The grid drive power can be obtained with sufficient accuracy by 

using the following relation: 
7 

P = I V (crest value) 
g g g 

= I (E + e ) g g gm 

= 5.2 (600 + 1200), 

P = 9340 watts. g 

The plate efficiency is the ratio of the plate power output to 

the plate power input: 

Plate efficiency = 
138 . -·- = 40.1 percent. 
344 

The screen dissipation is the. difference between the screen 

de power input and the power gene_rated by the screen circuit: 

Screen dissipation = (E I ) -s s [
Vsc Isg (. Is )ll 
J2" J2 Is +I ~ .. p . 

= ( 3000 X 8.4) _ [460 70o1 ( 8.4 • \] 
~ J2 8.4 + 34.4) . 

= 22.1 kilowatts. 
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The grid dissipation can be approximated by using the follow

ing relation: 
8 

' 9 · 

Grid dissipation = I V - E I 
g ·g g g 

= (5.2 X 1800) - (600 X 5.2) 

= 6.2 kilowatts 

C. Graphical Fourier Analysis of Nonsinusoidal 
Wave Forms 

The basis of the Fourier analysis is the assumption that the 

periodic function F(t) may be written in the form 

F(t)= lO + a 1 cos (wt) + a 2 cos {2wt) + ... an cos (nv..t1 

+ b 1 sin (wt) + b 2 sin (2wt) + ... +bn sin (nv..tj 

The coefficients in this series can be evaluated as a result of 

the orthogonality properties of sinusoids. These coefficients have 

the following forms: 6 

1 
21T 1 F(t) d(wt) 

21T 

an = -
1
- j 2

1TF(t) cos n(wt) d(wt) , 

1T 0 

1 121T bn = --:;;-- F(t) sin n(wt) d(wt) . 

. 0 

For use in a graphical analysis these integrals can be approxi

mated by summations. The wave shape in Fig. 24 can be used as an 

aid in setting up these summations. 
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Fig. 24. Arbitrary wave shape used in 24-point analysis. 
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For a 24-point analysis the sums can be expressed as foll'OWS: 

a = 

a = n 

-

b = n 

1 

24 

1 

12 

1 

12 

1 

12 

'.r 

[

1 F(,O) . . · . . · · F(24l 
= . 

24 2 
+ F ( 1) + F( 2) + ... t -

2 
-] 

r(O) cos (n 0°) + F( 1) 
0 

cos (n 15 ) + 
2 ! ' 

F(24) cos(n 360~. 
2 

[:
1
F("/) sin n (m 15°) 

= · · · . '1- s1n n + 1. r(.O) sin (n 0°) . F( 2 ) .. ( 1.5o) , 

12 2 

'F(24) sin (n 360°U. 

' '2 j 
For the purpose for which these calculations are to be used, 

only the fundamental frequency (n = 1) is of interest. Summing the 
i 

terms that have the same numeri~al coefficients gives the following 

expressions for ao, a1, and b1: 

aO = :4 [F~O) + F(l) + F(2) + ... .f!:4) J 



[ F(O) '-' F( 12) 1 cos 0° 

[ F ( 1) - F ( 11) + F ( 2 3) - F ( 13) ] 
0 

cos 15 + 

[F(2)- F(lO)- F(l4) t F(22)] 
' . 0 

cos 30 + 
1 

[ F(3) - F(9) - F(l5) +F(21)] cos 45° +. al = - ' 12 
[F(4) -F(8) - F( 16) + F(20)] C.OS 60° t 

[ F(S) - F(7) -F(l7)+F(l9)] 
0 

cos 75 + 

[F(6) -F(l8)] cos 90° 

[ F(O) + F( 12}] S~in 0° 

[F(l) t F(ll) - F(l3) 
.. 0 

- F(23) lsin 15 + 

[F(2) + F(lO) - F(l4) - F(22) J s'in 30° + 

b 1 
[F(3) tF(9) 

•. 0 . 
= - - F( 15) - F(21) ]sin 45 + 

1 12 
[ F(4) + F(8) - F( 16) - F(20)] sin 60° + 

[ F(S) + F(7) 
. . .· 0 

.- F( 17) - F( 19) J sin 7 5 + 

[ F(6) .- F( 18)] sin 90° 

For the special case of a wave shape .that is symmetrical about 

F(O), m = 0 the sine term is zero (b
1 

= 0). Also, 

a = _l ro.S F(O) + F(1) t ... tF(l2)l, 
0 12 ~ . ~ 

F(O) = F(24) 

F( 1) = F(23) 

F(2) ::: F(22) 

F(3) = F(21) 

F( 4) = F(20) 

F(5) = F(l9) 

F(6) = F(l8) 

F(7) =F(l7) 

F(8} = F(l6) 

F(9) = F(15) 

F(10)= F( 14) 

F(ll)= F(13) 

a 1 = .!_ + 1. 73 (F(2). - F(10)j + 1.41 [F(3) - F(9)) .. 
{

[F(O) - F(l2) + 1.98 [F(l)- F\11)] } 

12 
[F(4) - F(8) ] + 0.518 [F(5) - F(7) ] . 

. , 

.. 
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D. Calculation of the Plate -Load Impedance 
as a Function of Frequency 

The universal resonance curves for paral~el resonant circuits 
7 

have been used to determine the plate -load impedance as a function of 

frequency. The exact values are fixed by the Q of the resonant load 

(measured Q = 72,000) and the coupled impedance at resonance. By 
- . 

design, this value has been set at Z (£' 0) = R (f0·) = 91.7 ohms. 
ps ps 

This is calculated in Appendix B . 

.. The plate -load impedance and the resistance component of the 

plate -load impedance are listed as functions of frequency in Table IX. 

E. Proof that the Locus of the Impedance Vector 
for a Parallel Circuit is a Circle 

In the following proof Q 0 and w
0 

are the Q and the angular 

frequency at resonance respectively. The proof is concerned with 

Figs. 25 and 26. 

The parallel impedance is as follows: 

z = (~) = wLR 

- j_) 
we) 

wL - j [R - w L R C l 

wL ~L [ * + j ( l - w
2 

LC)] 
= = 

w L 2 2 7 + (l - w LC) 
wL 

R 

Now at resonance, 

' I . 



Table IX 
---.-~·---·---~------- ------~~--........ -. •··-·-------------·-------- ----·~ ......... ·-----·--·-·--·--------.. -------..-------------..------..-------···-~- --·-·-·--------------·-----~-~---

Plate -load impedance as a function ·of frequency 

~~~l~~a~f[fr:~~~:~c:Y~---- ~f~c;s) ___ i::f;}~~:f:~::~:~c-e ... p:~:~;~~:~L~~··· ~o:i~l .. ~o:i:l-. 

0 

1 1 1 
-=-x 
6Q 3 2Q 

1 1 1 
-=-X 
4Q 2 2Q 

1 1 
1 X 

2Q 2Q 

1 1 
-= 2 X 

Q 2Q 

2 1 
-= 4 X 

Q 2Q 

4 1 8 X 

Q . 2Q 

8 

Q 

16 

16 X . 
1 

Z.Q 

32 X 
1 

I 
.. , ..... ~-.. =-~---·--·~'="-=:-~'-' ~~-,~~~-~----~=- -··~.--- --·--- .. < ... --~.-~-

0 ! 1.00 

' I 
i ± 470 0.950 

± 705 0.900 

±1410 0. 707 

±2820 0.447 

±5640 0.242 

±11280 0.124 

±22560 0.062 

±45120 0.031 
Q 2Q 

-~- -------------~- - ----~-:-:--,-o--------=-~--~---""~""" 

. I ---- ·--•-t- ...=. ..• ;:::.:; .. =:;-:-:-:..=-=---:~:--:·-. -=-:---. - .. -.-~-----=---,-~,_-.. ,<""-.--.--"'~"'~""~-----~---~,!--"-·----~·-...;..;;.. . ...;:-

0 t 
o 91.7/oo I 91.7 

18.5° 87.1/18.5° lsz.6 
! 

82.5/26.5° 73.9 

. 64.8/45.0° 45.8 

i 
I 

I I 

. 41.0/63.5° 
. !" 

18.3 '•· i b--· 
I \Jl· 

22.2/16.0° I 5.4 
I 
I 

/ . 0 11.4 83.0 .1.4 

5. 7/86. S0 0.4 

2.8/88.2° !' 0.1 l 
-- ---------~------------+ 
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.. 
Figs. 25 and 26. Lumped constant parallel circuit. 

Locus of the impedance vector. 
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-· ~ 2 . 2) R R I 1 . w - 'W . 1 
= + - '/ 1/ 6 = tan- Q 0 · - tan- ( ... ) 
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( 2 . 2)] ' w - w 

Qo .. ,o wow .. 
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But the simp.le relation between the inverse tangets tan (-B)= +tan -e 
gives the final result: 

z = ~ + ~ [I 0 =2 tan -I 00 ~w: 
0

: w
2 

) l 
which clearly shows the locus to be a circle. 

····-. 
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F. Experimental Data 

Results are given in the following tables. 

Table X 

Q -measurement of pre -exciter No. B grid circuit 

' £0 
f £0 + .6,£ fo - .6.£ 2.6,£ ~?.-~£ I 

Freq. Freq. Freq. 
meter £ ·meter I meter f (Me) 

10980 7 207.090 1102.7 207~271 1094.0 206.878 Oo393 530 -
1098.2 207.066 1102A 207o258 109408 206.918 Oo340 609 

' 
1099.2 207.114 1102.6 207o267 1094.5 206.900 0~ 367 565 

Q~v = 568 

Freq. meter- TS-175/U Ser. 833 4-4-55 - G.J.Eo 

i 
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Table XI 

Measurement of oscillation characteristics - Cases I, II 

p = 0 
0 

Normal operation (Loop No. 1 nulled 

!Manual 
slide-
back 

Osc volt- Freq. f Freq. f 
dial meter 

p 
meter (Me) meter (Me) 0 

8 ' 33 137 929.2 202.536 936.2 202.856 I 

* 'i cw 6 1/2' 0 0 935.8 202.842 ----
cw 2 0 0 936.6 202.873 936.8 202.883 

cw 20 0 0 937.4 202.908 937.5 202.914 

cw 14 0 0 937.9 202.932 973.9 202.933 

cw 8 0 0 938.3 202.950 938.3 '202. 9 50 

c cwti4 30 113 929.2 202.536 935o5 202.823 

ccw 20 27.5 95 929.2 202 0 536 934.6 202.782 

CGW 2 25 79 929.2 202.536 933.6 202.7 36 

ccw 5 0 0 92902 202o536 ----
ccw 8 0 0 926 .. 3 202.408 927.4 202.456 

GCW 14 0 0 925.9 202.392 926.0 202.396 

ccw 20 0 0 925.1 202.357 924.9 202.344 

ccw 2 0 0 923.7 2020290 923.8 202.300 

CGW 8 0 0 922o3 202.229 922.3 202.228 

F req. meter - TS 175/U- Ser. No. 78. 8-13-55- J. V. F. 

* Clockwise 

t Counterclockwise 
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Fig. Z7. Frequency of oscillation and power output as functions of 
the frequency to which the oscillator is tuned: experimental data 
corresponding to Cases I and II. 



z 
0 

~ 
.J 
.J 
0 
1/) 
0 

II.. 
0 

>-
0 
z 
I&J 
::;) 

0 
I&J 
a:: 
II.. 

203 .I 

203. 0 

202 .9 

202. 8 

202. 7 

202. 6 

202. 5 

202.4 

202. 3 

202.2 

202. I 

-72-

A -o----o- NORMAL OPERATION 

8'-x--x- LOOP •1 NULLED 

C
1

~POWER OUTPUT 

I 

I '/ 
I • ' I 

I· • I 
I 

/ • I 
/ 

I 
I 

/ 
/ 

I 
/ 

I 
B' • 

I 
I 

I A' 
/ 

_/Y v 
I 

~ ~ I / ' 

/ 

I 
I 

r-

I 50 

..... 
::;) 

I 00 l!:-
:::l"' o:: 

; 
a::o w= 

50 31: " o
a. 

0 

2 20 14 8 2 20 14 8 2 20148 
CCW --l---ew 

FREQUENCY TO WHICH OSCILLATOR IS TUNED 
( DIAL NUMBERS ) 

MU-10229 

Fig. 28. Corrected experimental data corresponding to Cases I and 
II. 

NOTE: The experimental data are plotted against a linear 
frequency line to correct for the fact that the tuning capacitor varies 
inversely as the spacing where the spacing is proportional to knob 
numbers. Also, the calculations do not admit to coupling back 
through feedback line No. 2 nor do they admit to accidental resonances 
in the oscillating grid circuit as indicated by the jump in Curve B. 
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DEFINITIONS OF 5 YMBOLS 

A11 ~area of, coupling loop No. 1 (p. 13) 

A 12 = area of coupling loop No. 2 (p. l3) 

a =with subscripts, the coefficients of the Fourier series (p. 61) 

b =with subscripts, the coefficients of the Fourier series (p. 61) 

C = capacity (p. 2~ 

C 1 = equivalent lumped circuit capacity of the cathode -grid-screen 
circuit (p. 17 ) 

C'' = equivalent shunt capacity appearing across the cathode -grid
· screen ,circuit as a result of the feedback network (p. 23) 

cur = corrected value of the equivalent shunt capacity appearing 
across the cathode -grid -screen circuit as a result of the 
feedback network (p. 26) 

c 

d. 
.1 

d 
0 

e g 

= with additional subscripts p the capacity per meter of trans
mission line (p, 50) 

= coupling coefficient (p. 13) 

= diameter of the inner conductor of a coaxial transmission 
line (p.53 ) 

= diameter of the outer conductor of a coaxial transmissiOn 
line (p. 53 ) 

= de control grid bias ( p. 18 ) 
.. ) 

= d·~: ~ plate voltage (p. 56) 

= de·. screen voltage (p. 56 ) 

= instantaneous value of the grid -to .:.cathode voltage (p. 58) 

e = maximum instantaneous value of the grid-to-cathode 
gm voltage (p. 18) -

e 
p = instantaneous value of the plate -to-cath~de voltage (p. 58 

e = minimum instantaneous value of thephte-to-cathode 
prn voltage (p. 56) · .. 

~ S = instantaneous value of the S:O:I!een-to-cathode voltage (p. 58 

e = minimum instantaneous value of the screen -to -cathode 
sm 

voltage (p. 18) 

F(t) = arbitrary periodic function of time (p. 58 , 61) 

= frequency in cycles per second 

= natural frequency of .os.cillation of the resonant load in 
cycles per second (p·. 21.) 

h = fraction of,the plate -to- screen voltage acros ~ which trans
mission line No. -.1 is coupled (p. 11) 
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= crest value of the fundamental frequency current {p. 52) 

= de grid current (p. 55 ) 

I = de plate current (p. 55 ) 
p 

I = crest value of the fundame·ntal frequency component of 
ps the plate -screen current (p. 11 ) · . · 

Is = de sc_reen current (p. 57 ) 

I = crest value of the fundamental frequency compohent of 
sg the space current to the plane of the screen (p.18 ) 

I' = crest value of the fundamental freque~cy current that is 
sg delivered to the cathode -grid -screen circuit by the 

simple generator used representing the tube (p.18 ) 

i 
g 

i 
p 

L .. 
s 

i 
sg 

i1 

i2 

i3 

L 

J. 

A. 

N 

n 

p 
g 

p 
0 

Q 

= crest value of the fundamental frequency current at the 
short circuit end of a quarter -wave coaxial resonant 
circuit (p. 52) 

= instantaneous value of the grid current (p. 59 ) 

= instantaneous value of the plate current (p.59 ) 

= instantaneous value--:of. the :s:<:;;e,e:Ji'·'Cl.trre:nt (p. 59 
' . . - . . . q t 

= instaritarieous value of the space current to the plane 
of the screen (p. 59 ) 

= crest value of the network current flowing through the 
simple generator used to represent the cathode -grid
screen p_ortion of the tube (p. 24) 

= crest value of t)fe network current flowing through the 
equivalent grid circuit (p.24 ) 

= crest value of the network current flowing through the 
simple generator used to represent the feedback circuit 
(p. 24 ) 

= inductance (p. 26) 

= length in meters (p.50 

= wavelength in meters (p.I? 

= normalizing constant (p. 32 

=.number of half-wave lengths in transmission line No. 2 
(p. 12 ) 

= grid drive power (p. 64 ) 

= power output (p. 5 ) 

= 21T times the energy stored divided by the energy dissipated 
· per cycle {p. 4 · ) · 

Qc = calculated value of Q (p. 55) 

Qm = measured value of Q (p.55 ) 
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. . . . 

= compositecsystem Q (p. 17 ) 

= resistive impedance of the tube grid to cathode (p. 55 

= resistance per meter of the inrier conductor of a coaxial 
transmission line (p. 52 ) 

= resistance per meter of the outer conductor of a coaxial 
transmission line (p. 52 ) 

Rps . = resistive component of the plate -load impedance ('p. 5 

R' = shunt resistance of the cathode -grid-screen circuit s 

r s 
r 

sc 
rv 

sg 

r . 
Sl 

r 
so 

t 

v g 

including grid drive power (p. 17 ) · 

= surface resistivit:y: (ohms per square) (p. 53 ) 

=screen load impedance (p. 18-) 

= internal impedance" of the simple generator used to represent 
the tube in the c.athode -grid -screen circuit of the 
oscillator (p. 17) . 

= surface resistivity of the inner conductor of a coaxial 
transmission line (p. 52 ) 

= surface resistivity ofthe outer conductor of a coaxial 
transmission line (p. 52 ) 

= time (p. 61) 

= voltage .(p. ?O 

= crest value of the fundamental frequency voltage of the 
simple generator used to represent the feedback to the 
grid circuit of the oscillator (p. 11) 

= crest value of the fundamental frequency voltage grid to 
cathode (p: 18 ) 

= crest value of the fundamental frequency voltage on 
loop No. 1 (p. 11 ) 

= crest value of the fundamental frequency voltage on 
loop No. 2 (p. 13) 

V =crest value of the fundamental frequency voltage plate 
pc to cathode (p. 56 ) · 

v ps 

yv 
rs 

v sc 

= 

= 

= 

crest value of the fundamental frequency voltage plate 
to screen (p. 5 ) . 

crest value of the fundamental frequency voltage across 
the cathode -grid-screen circuit due to the simple generator 
used in this circuit to represent the tube (p. 23) 

crest valu.e of the fundamental frequency voltage screen 
to cathode (p. 18) 

V = crest value of the fundamental fr'equency voltage screen 
sg to grid (p. 18) 
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V 1 = crest value of the fundamental frequency voltage of the 
sg simple generator ased to represent the cathode -grid

screen circuit of the oscillator (p. 15) 

= with additional subscripts, the crest value of the fundamental 
frequency voltage at the open end of a coaxial resonant 
circuit (p. 17) 

=with additional subscripts, power dissipated (p. 17 

W de = power dissipated, calculated value (p. 55) 

· W dm =power dissipated, measured value (p. 55). 

W = power dissipated as a result of the power required to 
g drive the grid of the tube (p. 55) 

= with additional subscripts, energy stored (p. 50) 

= internal impedance of the simple generator used tq . 
represent the voltage fed back to the grid circuit 
of the oscillator via transmission line No. 2 (p. 13) 

=coupled impedance of loop No. 1 (p.13 ) 

= coupled impedance of loop No. 2 (p. 14 ) 
= load im.pedance plate to screen (p. 1-.l) 

= impedance of the coupling between the feedback circuit 
and the cathode-grid-screen circuit (p. 15) 

= characteristic impedance of the first quarter wave
length of the output transmission line (p. 12 ) 

z'Ol1 = characteristic impedance of the second quarter wave
length of the output transmission line (p. 12 ) 

z 

w 

wo 

= with number subscripts, the impedances in the coupling 
network (p. 14) 

= dielectric constant of the insulating medium (p. 54) 
··. 

= angular displacement of the Fourier analyl)li'S points from the 
crest value of the plate, screen and grid volt ages (p. 58 ) 

= angular frequency in radius per second (p. 17) 

= angular frequency of resonance (p. 65) 

\. 
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