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VALVE OSCILLATORS
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CHAPTER 8
VALVE OSCILLATORS
INTRODUCTION

4. Uses of Valve Oscillators

Oscillators esre required in radar for usc in many Zifferent - 13
of circuits, to generate at frequencies which vary from about 4 o/ =
in low~{requency switching circuits, %c upwards ¢ 10,000 Mg's, °. -
equipments. Low frequencies are usually generated by velaxation
oscillators, such as multivibrators or blocking cscillators. 2xu.
frequency generators, from a few kg/s to 50 lg/s, emddry tun-d cir  ° -,
usually of the "lumped" 1-~C type, wilh conventions? wvalves. T -..
50-800 iig/s specially constructed triodes and pentodss are used, the
tuned circuits usually taldng the form of lecher lines cr tuned
lengths of coaxial cable; otherwise the circuit designs are essentially
the same as for lower-frequeimy generztors., Above 500 ig/s, novel
valves which succeed because of transit-time effects, such as Magnetrons
and Velocity-diodulated tubes of the Klystron type, replace valves of
conventional design; tuned circuits, frequently in the fomm of cavity
resonators, sre wholly or partly tuilt inte such valves,

although this chapter considers the action of valve
oscillators mainly from the aspect of CW operztion, the resulis gqunted
are generally still apulicable when the oscillator is used as a trans-
mitter in a pulece radar systel,  The times taken for the RF pulse to
build up and to die away are usually small coupared with the interval
during which steady oscillations are produced, =so that analyses based
on CW operation are Jjustified. The shape @nd duration of the
oscillator pulse has, however, ¢ very important bearing on receiver
design. A harmonic analysis of the pulse reveals that a certain
number of frequency components must be hendled adequately by the
oscillator output circuits if a zood pulse shape is to be producec.
The bandwidth involved is temied the Freguency Spreads  For exemple
a 1 microsecond pulse would in practice have a Irequency sprezd of at
least 2 Yc/s. This would be diminished if the pulse duration were
increased, (3ee Chap., 16 Sec. 2),

A£1lthough the modulating pulse hes an iuportint bearing on the
frequeancy spread, other considerations, such as a poor rotating Joint
in the coupling circuit from transmitter to aeriel, may also materially
affect the output pulse shape. It is now general practice to examine
the RI' spectrum by means of a spectrum analyser, which is a super-
heterodyne receiver whose local oscillator frequency is swept in
synchronism with a CRO time base. The detected signals are fed on %o
the T=plates to produce an amplitude~frequency spectrun of the
components in the RP pulse,

2, Fundamentael Requirements of a Valve Oscillator

Valve oscillators may generally be regarded as consisting
of four component partsi=

(1) A source of energy.
(41) A time-conscious circuit or frequency control device.
(1ii) A synchronous energy-feeding device.

(iv) A loads

(1) 4is usually & DC power supply.

403



Chap.8, Sect.3

(ii) may be a resonsnt circuit or similar frequency-conscious
device, suwch a8 a piezo-electric crystal or a phase-
discriminating network. The time-conscious elements of
& relaxation eoscillator are of a different type, and these
are dealt with in Chap. 10.

(1ii) is normally a valve amplifier., The resonant circuit or
other frequency-conscieus device (ii) and the load (iv)
dissipate energy, which must be provided for by an
equivalent supply ef emergy frem the power source (i).

Singe (i) is a DC source and (ii) and (iv) constitute an AC load
the power from (i) must be supplied at apprepriate times, nctonly
at the right frequency, but in the right phease with respect to
sucgessive cycles of oscillatien, (This action caorresponds clesely
to that of the escapement of a watch)., The lead, (iv) is an
integral part of the oscillator and, in general, variations in its
impedance will affect beth frequency and amplitude ef oscillstions.
Oscillaters should therefore be designed se that the loal is as
little a3 possible affected by changes in the input impedance of
any succeeding 3tage er ether device,” fThis can frequently be
secemplished by imserting seme form of buffer stage between the
sscillator lead and the output terminals. When this is done,
chainges in loading of the circuit as a whole affect the buffer stage
only and de net disturb the loading ef the oscillater to any apprec—
iable extent. On the other hand, cases arise where the load is fed
from the valve amplifier of the oscillater either directly er by
coupling te the tumed circuit,

‘3. Cenditiens for Meintenance ef Oscillations

The theory of escillaters is derived from tanat of their
cempenent parts, of which the resenant properties of tuned circuits
and the amplifying properties of walves are of cutstanding importance.
In beth cases the theory becomes complicated unless the alternating
cempenents eof currents and voltages are assumed sinusoidal. Feor the
derivation of initial coenditions for self-maintepance of escillatiens,
these assumptions are valid; and, because of the relative simplicity
of this methed of analysis, useful criteria can be ebtained whioh are
gerviceable in the design and adjustment ef practical circuits.

For steady state conditiens, however, this simplé theory is
unsatisfactery for the fellewing reasens:-

(i) All walwve characteristics are non-lineer, and the initial
conditions for the maintenance ef escillations are valid
only for infinitesimal escillatiomns. In all practical
cases the amplitude of oscillation is finite and is deter-
mined, among ether things, by the curvature of the valve
characteristics.

(ii) The curvature of the valve characterietics slso necessarily
results in distertion of the sinusoidal form of the current
in the ogcillatery circuit, In ether words the production
of harmeniés is a necessary condition ef self-maintained
ogcillations, and this affects the fundamental frequency of
oscillation to some extent,

(iii) Apart frem chmnges in the effective resistance and reactance
of the valve due to non-linearity ef the characteristics,
the interelectrode capacitances, whicn are included in the
total reactances ef the system, are not constant with
respect to either the mean slecirode potentials or the
amplitude of the alternating voltages.
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Chap.8, Sect.3

These effects complicate accurate analysis, but overlooking
them does not obscure the fundamental mature of the mechanism of
oscillations. :

In general, when the possibility of self-maintenance of
oscillations is being considered in any circuit employing a negative—
grid tricde, a piysical cpproaco is of'ten possible without detailed
analysis, although this may be necessary as a last resort. To a
first approximation the interelectrode capacitances Cgg, Cglk and Cgi
of the valve may be considered as parts of the tuned circhit or
circuits. The wvalve may then be replaced by a negative resistance,
between ancde and cathode. This is equivalent to assuming that anode
and grid voltages are antiphase. Under these circumstances the
frequency of oscillation does not depend on reactance effects of the
valve current, and this is a desirable condition in most oscillators.
When the valve is working in Class C, as in the case of power oscilla=~
tors, the efficiency is liable to deteriorate considerably if the anti-
rhase relation is substantially departed from. In any case, if anode
and grid potentials are seporated by a phase difference of less than
90° the valve acts as & positive resistance, and not as a generator of
oscillations. This effect is illustrated in Fig. 384. Vectorially,
Por the wvalve to

assuming sinusoidal
NG TE
A, R
- @
act as a generator,

ﬁs the angle between (Q) vawyE AcTs as +" resistance (D) vawve ACTS AS -:' RESISTANCE
the current vector ¢ < 90" (pdy < Dq) ¢ > 90" (pily > ¥a)
T: and the voltage
vector V., must be
greater $han 90°.

This is impossible
either if vag<5§, 2.8, if vy <vVa, or if the phase difference

variation,
o -. %
Gn Vg r g

Fig. 384 = Regeneration criteria.

hetween -v:and -"v‘; is less than 90°,
Valve oscillators may fre~-
quently be regarded as positive feedback
amplifiers, and suweh circuits may be em~
ployed in non-oscillatory conditions,
A common example is the reaction amplifier
of Fig. 385, whichhas essentially the
same circuit as that of the tuned grid
oscillator discussed in Sec.kL, but in
which the coupling between anode and grid
circuits is insufficient to cause self~
maintenance of oscillationg, The net
effect is to increase the gain and
selectivity (and the distortion) of the
stage, without generating continucus Fig. 385 = Reaction amplifier.
oscillations,

Another way in wnich the r~g-neration of the feedback circuit
may be regarded is illustrated in ¥ig. 386. A damped oscillatory
circuit (a) rings when & square puise is applied, as shown at (b).

If further resistance is placed in parallel with the condenser the
decrement is increased; (c). If the equivalent of a negative
resistance (regeneration, or positive feedback) is applied to the out-
put terminals, the decrement is reduced; (d). If sufficient positive
feedback is provided, i.e., if the magnitude of the negative resistance
is smell enough, stable oscillations are maintained; (e). Whilst if
more than sufricient feedback is present the oscillations increase in
amplitude until limited by the inherent non~linearity of the circuit; {(f).

405



Chap.8, Sect,4

e
1

1 o T W ——o
f /

/\/\/\/\ .

E.
<
J
d

(© d

) {éﬁ\ \/[\\/\\/ ) /\\/\v/\/ t

Pig. 386 ~ Effect of varying degrees of positive
feedback on maintenance of oscillations.

OSCILLATORS EMPLOYING MUTUAL INDUCTIVE COUPLING

L, Tuned Grid Oscillater, Fip. 387

R
oA G A a
r—*—l
4 M. .L 3 M A
o 2 .]. ? —ulf
K K ¢
G = CONTROL GRID .
A = ANODE (b) eauivatent ciacuit
K = CATHODE
() FUNDAMENTAL SCHEMATIC ARRANGEMENT
1k — YOV O
' HT
RADIO
FREQUENCY
CHOKE
O

-

(C) SERIES ANODE ~FEED CIRCUIT (d) PARALLEL ANODE~FEED CIRCUIT

Pig, 3.7 - Tuned grid oscillavor.

The fundamental arrangement is shown schematically at (a), and
the equivalent circuit at (b). Feedback .s provided by mutual
inductive coupling M between anode and grid circults. It may be shown
that oscillations are maintainsble at or near the resonant frequency of
the tuned circuit. In this case the grid circuit is approximately
resistive. If the anode circuit is alsc resistive, the condition for
self-maintenance of oscillaticns is given by:-

; 3 ; where Q is the selectivity-factor of the
Op d
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Chap.8, Sect.b,6

tuned circuit, Gy the slope of the dymamic characteristic of the v-ive
and o, = 2xf,., 5. being the resonant frequency of the tuned ciro_ i+,
which is almost identical with £, the frequency of oscillaticus.

This relation, and those of a similar type appliciile to
other oscillators, are approximste only, anl are based on siruacidal
oscillations of small amplitude under the simplest conditions,
However, they provide an excellent guide to the modifications
necessary to increase or decrease the likelihood of meintenance of
oscillations.

Series and perallel anode-feeding srrangements are shown at
A
(c) and (4).

He Tuned Ancde Oscillator, Fig. 3c8

A Rq
M G G O—~—— M

: Vx? -uv,
19 . "1 %

{(d) FUNDAMENTAL SLHEMATIC Lb) EQUIVALENT CIRCUIT
AR NGEMENT

[ unusneaseh XN} HADIO-f REQUENCY CHOKE
) [ ( vosysr—o HT

- *’ |
R

__\ axt ;5;;
- § E ;F’
[ lT--—!}_.___ \_._s.——_i
il i
Rl L 1
(C)  SERIES AN PE FEED CIRCLIT d  PARALLEL ANODE FEEL CincCuiT

Fig., 383 ~ ™uned snoce oscillator.

The fundemental arrangement is shown at (a) and the equivalent
cireuit at (b), The condition for self-meintenance of oscillatlons is
the same as that for the tuned-grid cireuit, end the modes of
osclllation of the two circuits are very similar. Serdles and parallel
anode-feeding arrangements are shown at (c) and (d).

6, Meissner Oscillator, Fig. 389

The fundamental arrangement is shown schematically at (a) and
the equivalent cirecuit at (b). The condition for meintenance of
oscillations is given approximately, in the simplest cases, by

Mo Mg . __ 2 , where Mg, My, ere the mutual
L op QG
irductances between the coil L of the oscillatory circuit and the anode
and grid coils respectively, there being no other coupling between the
anode and grid coils. The other syTbcls are whe same as for the tuned
grid oscillator,

As in the analysis of the other circuits employing mutual
inductive coupling, it is assumed that the sense of the coupling is
such as to induce at the grid a voltage in pnase with the anode current.
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(@) FUNDAMENTAL SCHEMATIC
ARRANGEMENT (D) equivaLent circuit
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(C) PRACTICAL CIRCUIT

Fig, 389 - Melssner oscillator.

7. Magnetrostriction QOscillator, Fige. 390

This circult is closely analogous
to the Meissner, the tuned circuit being
replaced by a mechanically resonant rod of ToRT
magnetic malerial inserted as a core in
the ancde and grid coils. As the field
due to the current in the coils alter—
nates sucn & rod varies in length at a
frequency double that of the oscillator
(assuming the rod is not polarised).
This veriation in lengtnh sets up mech-
anical oscillations wnicn have 2

pe

pronounced resonance, the resonant fre- Pig. 390 - Magnetostriction
guencies being of the order of 5-50 Kc/s osoillator.
in practice, The frequency stability

is very good and tne cscillator serves as a low frequency equivalent
of the crystal controlled oscillator for use as a frequency standard

in the supersonic range,

OSCILLATORS EMPLOYING DIRECT COUFLING WITH A SINGLE TUNED CIRCUIT

8. Hartley Oscillator, Fig. 391

The fundamental arrangement is shown at (a) and the equivalent
circuit at (k).

The requirement that the phase diffe:ence between anode and
grid voltages should be greater than 90° is clearly met in this circuit
provided high=Q components are used, and if resistances are neglected
the ideal antiphase relationship is assured.

Under the simplest conditions, oscillations can be maintained
provided Ia Lg -_ 1 _ where Gg, W and Q@ have their usual

La + Lg @r Gg’
significance, and Ly and L_ are the inductances as indicated (the
mutual coupling in this caBe is assumed to be negligible).

Because oi’ the lzrge impedance presented both at the grid and
&t the anode of the valve by tue tupped=L rrengement at {reguenciles
above resonance, this oscillator usually provides a higa harmonic content.

Various series and parallel circuits are shown at (c) (d) and

(e).
408



Chap.8, Sect.9
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Fig. 391 -~ Hartley oscillator.

9. Colpitts oscillator, Fig, 392.

The fundamental arrangement is shown at (a) and the
equivalent circuit at (b).

i
T
!
—G e
(@) FUNDAMENTAL SCHEMATIC (b) simpLe tquivaLENT
ARRANGEMENT ClRCUIT

———-O HT+

< HT = SERIES-FED OSCILLATOR 5
(d) WITH CHARACTERISTICS
OF COLPITT CIRCUIT

(C) PARALLEL ANODE-FEED CIICUIT v

Fig. 392 = Colpitts escillator,
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Chap.8, Sect,10,11

This oscillator is analogous to the Hartley with the coils
and condenser interchanged. 1t possesses good frequency stability,
and is usaeble at higher frequencies than the Hartley circuit since
stray capacitances, particularly Cg,y snd C,., are in parallel with
the tuning capscitances, and thus gg not upset the mode of oscilla=
tion.

Assuming the simplest circumstances, the condition for self-
meintenance of oscillation may be written;~

(Cg + C
Gg = (.o_r___l____g) s where Gg, Wy, Q have their

Q

usual significance and Cg and Cg are the capacitances as indicated
in the figure.

The output is largely free from harmonics, since the tuned
circuit presents & low impedance at both grid and anode for
frequencies above the fundemental resonant frequency.

Practical circuits are shown st (c) and (d). There is no
true series arrangement, but the circuit shown at (&) possesses the
cheracteristics of a Colpitts escillator, although the mede of
oscillation is slightly more complex, The additional impedance z,
usually an RF choke or small resistance, is necessary to prevent
interference from the Hartley mede of escillation, Without it
oscillaticns may be impossible.

10, Dysetron Oscillator, Fig. 393

This is the simplest
form of oscilistor, requiring *Za
only two counections from the

. | TETRODE
valve to the tuned circuit,(a). - g—-0A \ WISTIC
It relies for its mode of oper- E E II /

o

i
ation on the negatively-sloping ! i f
portion ef the I, =~ V, charact- L
eristic ef a tetrode, (Db).
Over this region the valve acts
a8 & negative resistance, and,
provided the magnitude ef this
resistance is less than the
dynamic resistance of the tuned
circuit in parallel with it, oscillations are meintained,

T Vg
A
DYNATRON POPTION

Pig, 393 - Dynatron oscillator.

11, Transitren Oscillstor, Figz. 39

This type of circuit is more Irequently empleyed as & relax-
ation escillater or relay, and as such it is dealt with in Chap. 10.
In essence, however, it hes characteristics which are closely allied
to those of the dymatron oscillator, and it may be used as a generator
of sinusoidal oscillatiouns,

The basis of operation of transitron circuits 'is discussed
in Ch&p. 6 Sec. 34-0

For certain values of anode and control grid potentials an
increase in screen voltage gives rise to an increase in suppressor
grid voluvage waich increases the anode current; this increase is
drawn from the available space current, and, provided the mean
potentials of the various electrodes a-e sultably chosen, is greater
than the increase in space curreant due to the rise in screen

voltage.
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Chap.b, aect,12

The net result is a
decrease #in acreen
current, sc that the
eutput resistence
between screen and
cathede is negatiwe,
(b)e It may be
convenient te use
the centrel grid fer
triggering, as shown l
at (c)s The walwe ) =
escillates while the ‘@)

input pulse bhelds ithe
grid wveltage absve

cut-eff, the frequency A e e conmRo
being almest exacily | : CONSTANT)

that ef the tuned

circuit, asawmed te
incerperate the pera- |
1lel stray capeci- b F
tances pressnt, o T P

After ‘Fhe srld RE"GTO‘NZ)F NEGATIVE RESISTANCE
potential falls belew
cut-eff, escillatiens
die out, the time
taken depending en the
decrement of the
circuit.

Fige. 394 ~ Transitron
oszillator.

OSCILIATORS EMPLOYING DIRECT COUFFING WITH TWIN TUNED-CIRCUITS

12, General

The fundamental arrengement is shewn schematically in Fig.
395(a). In such a cirouit with less-free cemponents, oscillatiens
can be generated under conditiens which make the reactance of the
coupling cendenser Cg equal and eppesite te the reactance of the
twe rejecter circuits cenmected in series. For high-Q circuits any
suwh escillations would be damped. out eventually, but would occur at
substantially the same freguemcy as 1ln the loss=fres case.

(b <)

()

Aige 395 -~ Compound-oscillatory circuit.

At the oscillatien frequency either ene or both of the tumed
circuits must be inductive, as shewn at (b) and (c) respectively.
The cerresponding escillatien frequencies are then given sufficiently
accurately by:- a4 i
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Chap.8, Sect.12

(5) ¥a -y o2 )
LlCCCE and (G) ’
2x.f Ce *  Cz 2T Cg (I‘l *"Lz)

(The pesitien ef the arrews in Figs. 395(b) and (c) indicates that
beth ef the sories components of the impedance, the resistance and
the reactence, are varied by adjustment ef the cerresponding tumed
circuit ef Pig. 395(a)}.

By suit= A
ably counecting 2
valve smpiifiers 7

CAPACITWVE
to the petw ris (REGINLRATIVE)

of Pige 395 the «
oscilletions can /NDUCTIVE
be maintained. PURELY

Figs. 596(3) and CADAG\TL’VE 1
(b) show the types

of vecterial o)) { )
relations one of e ;

which must apply G
te these circuits 7= CIFCULATING CURRENT IN MAIN CIPCUIT OF FIG. (D) OR (C)

te permit |A¥G MUST BE GREATER THAN 90°

phage differesnce
between anode and
grid potentisla

" relative te
cathode ef greater thav 908, The walve, acting as & generater
between anade and cathode, sekes the combiued resistive component of
the anede-cathode circuit negative; this is indicated in the vecter
diagrams by the werd (Regenerati 250

INDUCTIVE
(REGENERATIVE)

PURELY K
CAPACITIVE

INDUCTIVE

Fig. 396 - Twin circuit oscillator:
vector diagram.

It follewe thet there are two arrangements of Fig. 395(a)
which confomm bo Pig., 396(a) and one which cenforms to Fig., 396(b);
these ars illostrated as equivmlent ciycuits in Pig. 397(a), (b) and
(c) respectively. They are classified as shown, according to the
electrods which is common to the twe tuned cireuits,

The cammpen cathode circull is less useful then the others

a N ot .U[
A a - K G “ K G _‘ A
Cg)s Ul Cga
A
- fe ¢
Cak
ke
Uy T
—_— ~py
ki A K
S (h)  coumon ANODE (C) COMMON CATHODE
OSCHLLATOR OSCILLATOR

(@) coMMON-GRID
OSCILLATOR

Fig. 397 - Twin circuit oscillator:
equivalent circuits.

for very high frequency werk because of the magnitude of the inter-
electrede capscitance Cpa. This limits the escillations to freq-
uencies whese upper limit is ef the erder ef a few hundred megacycles
per second. Either of the ether arrangements is capable of preducing
escillations with normal triode wives up to 600 Mc/s, and with
.specially designed triedes up te 3000 Mo/s.

Commen t» all escillaters of this type is the adventage
of having twin controls sver the frequency and amplitude of escillatioens.
By suitable adjustment ef the tuning eontrols both the amplitude and
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Chap.8, Sect.13,1}

frequency may be set to any desired values within the working range.

The mode of oscillation is similar to that of the Hartley
oscillator in the circuit of Pig. 397(c) and to that of the Colpitts
in circuits (a) and (b). 1In all cases, however, a much greater
tuning range is avallable in the twin-ciycuit oscillator.

For a rejector circuit to be imductive it must be tunsd to
& frequency ebove the frequency of oseillation, and below if it is to
be capacitive. Hence in the common cathode circuit the frequency of
oscillation is below tle resonant frequemcies of both tuned circuits,
whereas in the other cases it is intermediate between these two,

The behaviour of these oscillators may best be described in
forms of modified circuits. Each tuned circuit is assocliated with
certain components in parallel, the phase angle # of the resultant
circuit being a function of the selectivity and resonant frequency of
the resultent circuit, snd of the frequency of oscillation, It may
be shown that, provided certain assumptiona are justifiable,
oscillations can be maintained at such a frequengy that the resultent
circuits are either both inductive or both capacitive, and the sum of
these phase angles in each cese is approximately 90°. Meximm
amplitude occurs when both circuits are equally detuned, i.e. both
rvhase angles are 45°  This occurs despite the fact that, as indicated
in Figs. 397(a) and (b), one of the original tuned circuits mey be
inductive when the other is capacitive. Thls is because in these
figures the addition of extra components for the purpose of simplifying
the enalysis has not been made,

13. Common-Cathode Oscillator

In this oscillator, ths anode tuned circuit is associated
with Ra, Cga and Cgx in parallel, as shown in Fig. 398(a). The
resonant frequency of this combired circuit is £, and its phase angle

A . G
E % %Ra =L Cag =E Cag E ;E’
K K

(

b) crio cireuiT

=Cok %‘-cug

(@) anope creuIT

Fig. 398 - Common-cathode escillator:
effective tuned oircuits.

when the osoillation frequency is £ is @, (inductive), The grid tuned
circuit is associated with C_ ) and Cg, in perallel, as shown at (b).
The resonant frequency of the resultant circuit is fg and its phase
angle is @g (inductive). The results

(1) Fa+fg=0 ama

(2) amplitude increases with sin 2@, (which is equal to sin 2¢g)
depend upon the condition Gy 7> uﬂsa.

14. Common-Anode Oscillator

In this arrangement, the grid tuned circuit 1s associated
with Cgg and Cgk in parallel, whilst the cathode tuned circuit Eas the
additional parallel components Cpi, cgk, 'Ry and the resistance as

shown in Fig. 399(a) end (b). It Pfollows fram the diagram of Fig.
397(b) that the addition of Cg to the circuit between G and A changes
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& = 1 L
F = 4 = ==
Coa [Cok 7 Cak 2% Som T &
L [
A GRID CIRCUIT A CATHODE CIRCUIT
(@ (b

Fig. 399 = Comuer-anode oscillator:
effective tuned circuits,

this circuit froam inductive to cepacitive; this gives a good
indication of the frequency of oscillation. The results

(1) #g + %k = 0% (both #z and fy ere capacitive) end

(2) emplitude incresses with sin 2fg; (which is equal to
sin 28);

deperd upon the condition Gp > wCgk.

15. Common-Grid Oscillator

In this case the enode tuned ¢ircuit is considered in perallel
with Cag amd Cpi, and the cathode tuned circuit has the additional

A . K
J’ = L L =
¥ :[Cga Teak T Cak I/‘Sm Cak
G ANODE CIRCUIT G CATHODE CIRCUIT
) (b)

Fig. 400 -~ Common-grid oscillator:
effective tuned circuits.

parallel components Cak, Cgx and the resistance 1@, as shown in Fig.
400(a) and (b). As in the previous case, the addition of Cy to the
circuit between anode amd grid changes the impedance froam ingl\gctive
to capacitive, so that the frequency of oacillation lies between the
resonant frequencies of the iwo circuits, with and without Cgy.
The results (1) @, + % =.90° (both @, and @ are capacitive)
and

(2) emplitvde increases with sin 28,
(which is equel to sin 2@);

depend on the conditions Gy M uCuye P 1/Ra.
16, Earthing the Twin-Circuit Oscillators

Owing to the earth capacitence of the various electrodes,
these oscillators exhibit different properties for different earthing
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arrangements. The ancde 1s usually large and the stray capacitance
to earth correspondingly high. Similarly, the necessity for the
heaters to be close to the cathode tends to make the cathode-earth
capacitance large.

In the common-cathode cirecuit it is usual to earth the
cathode since this has least effect on the total capacitance between
anode and grid. In the common-ancde circuit either the cathode or
anode may be earthed, but not the grid, as this effectively increases
the coupling capacitance Cgpo and also lowers the resonant freqguency
of the inductively tuned circuit. Both effects tend to lower the
frequency of oscillation.

In the common grid oscillator, efficient cscillations may be
cbtained by earthing any of the electrodes, One arrangement, known
as the Lighthouse Tube circuit,is of the common-grid, earthed-cathode
type, and has given satisfactory performance at centimetre wavelengths.
Valves with common-grid, earthed-grid caircuits have also given good
results. For high-power operation, where anode dissipation is
considerable s0 that special precautions must be taken for ccoling the
anode, the ‘;ommon-grid, earthed-anode circuit is likely to be nmost
useful,

17. Types of Tuned Circuits Hmployed

When a ftwin circuit oscillator is employed as a radar trana-
mitting valve or as a local oscillator at frequencies of 200 ¥e/s o
more,the tuned circuits usually take the form of coaxial lines, and
the valve is designed 4o fit on %o ~ ooeclal coaxisl assewily, Suwin an

SN PLATE CLAMPED TO

| FLANGE AT END OF

J CO-AXIAL QUTER.

| PLATE IS CONNECTED

MICA ~
INSULATION L TO HT+VE ;CO-AXIAL
T o) OUTER IS EARTHED
. GRID-aNooE —L |! !
LINE (| |
GRID - ANODE
GRID —- | | | TUNING PLUNGER
CATHODE
ANODE LINE
PLATE CI == CONTROL | _— GRID~- CATHODE
GRID FLANGE t TUNING PLUNGER
T~ MICA INSULATION
GLASS
ENVELOPE
CO-AXIAL HEATER
CONNECTIONS !
BIAS
’ RESISTER
/

HEATER LEADS
6-3Vv AC

Fig. L0l = Negative-grid oscillator
Por centimetre wavelengths (CV 90).
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arrengement is illustrated in Fig, 401, This shows a CV90 valve and
the method of employing it as a common-~grid oscillator. The anode

is in the form of a flat plate sealed off on both faces from the glass
envelope, and is suitable for clamping on to the end of a coaxial line
system, The grid and heater connections are designed to fit various
sections of coaxial tubing, the heater supply leads also being of
coaxial construction., Anode-grid and grid~cathode lines are variable
by means of plunger tuning. The anode is directly connected to the
positive HT line, being insulated from the earthed outer of the coaxial
line by a mica washer.

The valve, which measures 8:% om x 25 cm (neglecting the
width of the anode plate) is capable of providing an RF output of 3
watts at 1000 Mc/s for en anode imput of 10 watts. This output is
reduced for higher frequencies, but by the use of harmonics the
frequency cen be raised to 5000 Mc/s, with an output of Q-1 watts,
It may be used as a local oscillator or as a low-powered transmitter,

For lower frequencies conventional triodes with tuned open-
wire lecher lines may be employed. (See Chap. 4 Fig. 147 ).

18, Crystal-Controlled Oscillators, 'ig. 402,

Because of their excellent fregquency stability, piezo-electric
cryatals are often employed in place of tuned circuits in oscillators
of the twin-circuit type. The frequency is limited to a few
megacycles, so that the magnitudes of the interelectrode capacitances
are not of any great importance in decermining which of the circuits
should be used, Both the coumon—ancde and the common-cathode
arrangements shown in Figs. 402(a) aml (b} are employed. In either

,_I:-—Owﬂ- E/":"—__—OHH'

i

=
-+ » T
@ v v
.
IS T
>
0;—))? £ 2 C,
1 Y\ For wigr-G
/ circulT
FOR CRYSTAL
() (d)

Fig, 402 - Crystal oscillator.

circuit the crystal must present an inductive impedance to the rest of
the circuit for oscillations to be possible. Fig. 402(c} shows the
variation of @, the phase angle, for a typical piezo-electric crystal,
and (d) shows the equivalent circuit. @ can be positive only between
the frequencies f; and fp; hence oscillations can occur only at a
frequency greater than f7 and less than f,. These limiting
frequencies lie very close together, due to the fact that Cp > C1.
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As indicated in the figure, @ alters very little over this range for
the compareble case of a high-{ L-C circuit, which must therefore be
considered less desiralle in maintaining frecuency stability.

Again, as Cz2 > Cj, the effect of the external connections
on the § of the circuit, and on {4 and T2 is negligible.

For accuracies of the order of one part in a million or
better the crystal should be kept at a uniform temperature by
enclosure in a thermostatically controlled oven,

19. PUSH-PULL CIRCUITS. Fig. 403

The use of twin valve circuits symmetrically arranged makes
the design of oscillators extremely simple., The anode and grid
potentials of a conventional amplifier are normally antiphase; by
.conrecting each anode to the grid of the other valve, the output of
each valve provides the input for the other, in the correct phase for
oscillations to be self-maintained, This 1s the essence of the
multivibrator .circuit described in Chap.10. 4 similar circuit may
be used to generate RF oscillations. The fundamental arrangement is
shown schematically at (a) and a practical circuit at (b).

oHT .
ALG

COMMON
CATHODE

Al

A2.G

(@)

(b)

Fig. 403 = Push=pull circuit.

Push-pull circuits possess certain advantages over single-
valve oscillators. Provided they are properly balanced, there are no
even harmonics present in the output waveforn. This conserves power
and reduces interference with other transmitters. Since one electrode
of each valve is comnected to0 the corresponding electrode of the other,
at least as far as radio frequencies are concerned, the interelectrode
capacitances associated with this electrode and the tuned circuit are
in series and the resultant effect on the tuned circuit is thereby
halved. In the circuit shown at (b), for instance, the effective
capa.c:.ta.nce in parallel with the tuned circuit between the two grids is

\_‘.gﬁ where C&k is the interelectrode capacitance between grid and
cathode for either valve. This effect is nullified at very high
frequencies, where the inductance of the cathode leads becomes of equal
importance to the interelectrode capacitances. The doubling of this
inductance in the push-pull circuit then destroys the advantage
obtained by halving the capacitance.

20, RESISTANCE-JAPACITANCE OSCILLATORS, Fig, 40h

A resistance-loaded, capacitance-coupled amplifier (a)
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normally operates over the flat portion of its gain-frequency
characteristic, where the phase difference between input and output is
1809,  Over this region, neither gain nor Phase is freguency-conscious.
At low frequencies where the reactsnce of the coupling condenser is
large enough, the gain falls off, and the phase of the output is
advenced as illustrated in the vector diagram at (b). A similar
Talling-off of gain, accompanied by a phase lag, occurs at high
frequencies due to the shunt reactance of the input capacitance of the
succeeding stage and surdry strays. This is illustrated at (c).

—
V, , ETC REPRESENT THE -0 HT

ALTERNATING COMPONENTS
OF THE VOLTAGES AT THE
POINTS INDICATED

C)] v

ﬂ 8

Vo
(b) Low FrEQUENCY VECTOR (C) HIGH FREQUENCY VECTOR
DIAGRAM DIAGRAM

360

270

-

180

90

/
° / B \

OVERALL GAIN
(MAXIMUM GAIN=0dB)

Fig. LO4 « R<C oscillator.

The overall gain-frequency ard phase-frequency characteristics of a
typical R-C amplifier are shown in Fig.40L(d).

If two or more such amplifiers are used in cascade, the
total phase shift is cbtained by adding the individual phase shifts
for the separate circuits. For example, if f355 is the frequency at
which the input of each valve leads the output by 120°, the total
phase-shift for three identical stages in cascede would be 360°  The
output of the third stage would then be in phase with the input of the
first, and if the output were coupled to the inmput a 3-valve
oscillator of frequency fip0 would be formed.

The corresponding two-valve circuit is not frequency dis-
criminating over the linear portion of the valve characteristics,
since the phase-shift of 180° per stage occurs over the flat portion of
Fig. 404{d). Such a circuit usually works as a multivibrator, des-
eribed in Chap, 10, and not as a generator of sinuscidal oscillatioms.
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The number of valves required for sinusoidal R-C oseillator may
be reduced by the insertion of additional phase-shift meshes. Since the
frequencies involved are usually low, it is normal to employ R-C rather than
L-C networks, because of the prohibitive size of the latter when designed for
use at these frequencies. A three-stage network such as that shown in
Fig. 405(a) could be designed to operate with an emplifier providing 180°
phase-shift, For oscillations to be maintained, the network would have to
provide an additional 180° phase shift, whilst not introducing more
attenuation than the aveilable amplification.

The relative ma;nitudes of the components may be obtained by
solution of the mesh equations for the circuit of Fig. LOS (»).

let Gn = mutual conductance of valve
R, = anode slope resistance of valve
R = Ra Ry
RgtRy,

Then one condition for maintenance of oscillation is i~

23 2 L Ry
G > 7 + R + 2

and the frequency of oscillation £ is &=

1
27 cR f6 « 4 M
T \/+ =

If a high-slope pentode is used the following simplifying
assunptions may be made:

B> R, R m,

and the sbove formulase reduce to

& > _29.
Ry,
1

szGRﬁ_

The attenuation of the Phase-shifting network is 29, hence the
available amplification will need to be at least 29,

@

(b

Figs 405 - Single valve,
three-mesh cscillator.
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The three-mesh nebtwork may be replaced by a four-uesh cix:cx.lit.
This reduces the network attenusation and cnables a lower gein ampllfz..e}‘ to
be used. BEither C or R of one cor wmore ol the meshes nay be .wde variable
Tor the oscillator to e tunable .

~OHT+
+250V)

bu

% |

v

CV660
~(BACT

@ -

P

)

Fig. 406 ~ Wien bridge oscillator

Such a resistance-capacitance oscillator must operate in Class 4
for the output voltage to be reascnable sinusoidal. The bias is therefore
usually provided by a ca‘hode self-biasing network, since the disadvantages
of this method of biasing do not arise under Class A working conditions.

A second form of R-C oscillator is shown in Fig. 406(a). The
phase~diseriminating feedback circuit takes the form of a Parallel-T (T\:’in—T)
network which is very sensitive to frequency changes. The vector diagrams oi
Figs.2,06(b} - (4) illustrate the action. If the series arms AT, TS of the T's
are onitted the voltages for the remsining four elements are as showmn at (v).
The insertion of QT and TS distorts the right angles as shown at (c). The
camplete voltag;e distribution is given by E(d) and the frequency of operstion
is such that T'K and R'F” are collinear; i.e. that the anode and grid
potentials are antiphase (with respect to cathode).

Typical camponent values for an 800 ¢/s oscillator are:-

R, = 100K A
Ry = 25 KLl variable
¢ = 0.005 uF

Frequency is conveniently controlled by varying Rp whilst anplitude nay be
preset by varying the cathode feedback resistor.
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A third type of R-C oscillator, known as the Willan's Oscillator,
is shown in Fig. 407. This is sometimes known as the Wien Bridge Oscillator
on account of ths resemblance of the phase-diseriminating circuit PQR to the
aedjacent arms of a Wien Bridge. If the phase angle of the impedances between
FQ and QR are equal, the voltage across QR'will be in phase with that across
JFR. The condition for equality of phase angle is

THE— T “oR

which gives £ the oscillation frequency as

1

F =

Since the output voliage from the i i
r phase diseriminet network i
Phose with the input a twosstage amplifier is needed to nix.:fntain osciilz'xl:ions.

The frequency may be varied either b
them, or by a similar ganging of G and Cg.making R 1 and R, variable and ganging

)
&
B oeloway
TWO-STAGE OUTPUT
AMPLIFIER [
—0
-——- FEED BACK LOOP

Fige407 = Principle of Mllen's
Oscillator

VELOCITY MODULATED CSCILLATORS

21. GCeneral

Conventional velves are limited in their uses at UHF by the
effects of transit time, reactance of electrodes and electrode leads,
ete. (see Chap. 7 Secs, 25 and 26), While considerable success in
minimising them has been achieved with specially constructed triodes,
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having small electrodes very closely spaced, other types of valves
which have utilised some of these effects have come into common

usage, These depend for their mode of operation on variation of

the velocities ef the electrons (Velocity Modula.t:.on) s instead of the
total valve current (Density Modulation), as in conventional valves.
Tubes employing this principle of welocity modulation must be hard,
high=voltage tubes, 80 that the transit time for the passage of an
electron through the modulating region is =small enough to be compar—
able with the period ef oscillations. The modulation depth is
normklly small, so that fluctuations at the high voltage end do not
appreniably affect the initial welocity, This is analegous to the
eperation of a saeened-grid valve, where variations in anode potent=
ial heve little effect on grid modulation. Such a circuit is necess-
arily inefficient, since the tube current is largely DC, andi the "anode"
voltage is approximately constant, so that the power generated by the
small AC components is at best enly & few per cent of the total power
dissipated. High efficiencies sre obtainable oniy by modes ef opera=-
tion which are relatively complex, the description of which is

beyond the scope of thi= work,

In practical velocity-modulated tubes the tuned circuits are
normally of the resonant-cavity type, and are partly or whelly built
intc the walve envelopes., For simpliclty they will be represented in
the following sections as lunped circuits,and practical designs will
be dealt with later,

22, Velocity Modulated Amplifier

Fig. 408 shows ~— LOW VOLIAGE < HIGH VOLTAGE
the basic velocity modul- i
ation circnit, An elec— i
tren gun similar to that i
of a CRT projects a high '
velocity electron beam i
through an aperture in LECTRON BEab
the plates of a condenser e
ecross which is developed sx.acracm FocueG i
an alternating field. GUN SYSTEM :
The distance between the
plates is assumed, in the
first instance, to be

small, so thaty the transit Fig. 408 = Velocity modulated

time between them is circuit; schematic diagrem.
negligible; this will be ?

considered in further detail later., When the resultant field is in
one direction the beam is accelerated, and-when in the opposite direc~
tion, retarded. Thus, after passing tarough the aperture of the first
tuned circuit, or Buncher, the velocity of the beam is mcdulated, and
the faster moving electrons tend to overtake the slower ones, so that
Bunching occurs in the Drift Space; (Fig. 408).

DRIFT SPACE

' LEADING TO cncnsn

MODULATING ELECTRODES (BUNCHER)

The effect is illustrated in Fig. 409. Por siuplicity it is
assumed that the modulation’ of welocity is sinusoidal, the field of
the buncher imparting te tge steady velocity u, a deviation velocity

ug ={ig sin 2 nft. 100 <= T 24 i5 the percentage modulation depth,

The resultant velocity u = uy + ug will be referred to as the Drift-

Space Entry Velocity, or simply the Entry Velocity. The instant at
which & "snapshot® of the electron beam distribution is taken is

denoted by t, and t, is the instant at which the electron under con-
sideration entered the drift space. At (a), u is plotted against
t « to for the case where sin 2Wft = 0; 1l.e., t = 0 + ol where

T =-% . At (b) the distance s which the electrons have travelled

into the drift space is plotted ajsainst t - tg. Taus (a} gives the
entry velocity and (b} the shapshot distribution at the instant t, the
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interval t - t, being the time spent in the drift space by the
electron considered.

=], = TIME SPENT IN DRIFT SPACE

! ‘
| REGION OF |
! OPTIMUM |
IBUNCHING |
!

!
""""""""""" 7 i )
4 i I

(&)

ELECTRON DENSITY {l—&sfsf—]}

(c)oL AL .

Pig. 409 = Drift space entry veloc:{fy
and charge distribution (t = ol + 0),

The entry velocity of electrons emerging at instants 4
and C of Pig. 409(a) is uy, corresponding to the line UAC
[7= u(t - )] in Fig, 409(b). At B the entry velocity has a
maximun value, uo + ug, corresponding to the line OB
[ = (up + udS(t - tB‘J, whilst at D the entry velocity is a
minimum, correspording to OD [ = (uy ~ @3)(t - to)]. The position
of an electron enterdng the drift- space at any instant ¢ty for which
sin 2xf(t) has any value other .than O cr + 1 may be found by
ginusoidal interpolation between the three constant-velocity lines
0B, CA, OD, It is assumed that the electron distribution along the
axis t ~ t, is uniform, i.e. that equal numbers of electrons are
emitted in equal intervals of time, The dispositions of these
electrons are given by graph (b) for sin 2x f4 = 0, and the ratio

I..gﬂl (Fig. 409(c)) gives the mean electron density for the region of
s

length 8s. In the figure, 5ty is taken as one twelfth of the period
Te :

Curves similar to those of Fig. 409(b) may be plotted far
the instants t = I, %‘, 2L, and these ere shown in Fig. 510(a). The

corresponding line distributions are at (b), (¢) and (d). These
figures show how the bunches are formed by the faster-moving
electrons overtaking the slower ones, the bunches moving at approx-
imately the mean beam velocity ug, so that they are separated by a

distance s *=, u,T, .
The regions in Fig. 5410(a} where g—;:— = 0 are sometimes
)

called Bunching Planes, These corresponding to maximum peaking
effect in the line distribution diagrams (b), (c¢) amd (d). It should
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@ ok .

ELECTRON DENSITY
2=nT+ I t

(b) ok A

ELECTRON ODENSITY
tenT+} L N
) ° - /

(«

ELECTRON DENSITY a
tantT+ [ 4 a
) olummemr oS e e o N

s

Fig. 410 = Drift space charge distribu-
tion for different values of t.

be obvious, however, that bunching is not confined to these particular
regions, but ocours in varying degrees at all points of the drifi
space.

The effeots illustrated are modified in practice by the
following considerations which have been ignored in the simple
diagramatic treatment.

(i) The entry velocity does not vary sinusoldally with time.
This does not affect the principle of the method, as the sinusoidal
form of Fig. 409(a) may be replaced by any other, and the process applied
in the same way.

(ii) Acceleration is not instantaneous, occurring at a point, but
takes place over a period of time comparsble with T; one effect of this
is that there may be some density modulation present which cannot be
accounted for by velocity modulation only.

(iii) There is mutusl repulsion between the electrons of the beam.
This is usually a secord order effect.

The manner in which modulation occurs merits further detailed
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consideration, as it is fundamental
in many centimetre-wave generators,

An idealised modulating element is "] ]
shown in Fig. 431 illustrating the

instantanecus distribution of the

electric field; the corresponding = ——1
distribution of axial potential is ° ii:z:li:iffaﬁggﬁo
shown in Fig. 412(a). It has RS2 =N
been assumed that the region out- D o S\

side the plates is devoid of ° g:% ©
alternating fields; this is sig- ]
nified by the 0 - 0 lines within

which these fields must be confined.

Accardingly, whatever rise in
potential occcurs along the axis at
any instant must be offset by a
corresponding fall before the out- Fig. 411 - Instantaneous field
gide is reached., From energy distribution within the
considerations, it follows that an buncher gap.

electron which instantaneously passes axially through this field
meets with no net acceleration or retardation.

Suppose, on the other hand, that the time of transit of
the electron is comparable with the periodic time of the modulating
voltage. Some electrons enter the region with the potential dis-
tribution as at (a), being accelerated from P to Q. By the time
they pass Q, the direction of the field may have changed to that
shown at (bs, 80 that the electrons are further accelerated for the
Journey @ -~ R. Provided the distance QR 1s approximately u°, the
field will again reverse when the electrons are in the of
region of R, so that the final stage of the motion, from R to S,
is again accelerating.

Electrons
which are a quarter-
period ahead of these
reach Q@ when the
potential there is a

maximum, and encounter AXIAL POTENTIAL

a retarding field as

they approach the @o DISTANCE
centre. At this e e

R s
point the field every- \/
where is zero, and the
electron velocity is /\

f! S

again ug. The a

second half of the (b)o

transit is a repetition \/

of the first half, the

electrons being

accelerated until they

reach R, at which

point the potential is Fig. 412 - Instantaneous

a maximun, and retsrded potential within the buncher.
from R to S, being

ejected with velocity

uo.

o

DISTANCE

Electrons which are a half-cycle ahead of the first are
correspondingly retarded throughout the motion., The behaviour of
other electrons may be estimated by interpolation.

An accelerated electron is supplied with energy from the
gsource which feeds the buncher., A retarded electron supplies this
source with energy; so that the net energy lost by the buncher in
this mammer is, to a first approximation only, zero.
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If the electrons
after modulation are
collected at an anode, or
Catcher, to which is ’ ) QST
attached a parallel tuned U
circuit, as shown in
Fig. 413, oscillations — EmD
are set up in the latter : ) DRIFT SPACE_
in the same way as they T e |
are in a Class C amplifier UNCHER
with tuned circuit load.
At the anode it is the
density modulation, due Fig. 413 - Extracting energy from
to the bunching, which is velocity modulated circuit.
important, and net the
difference in velocity
ltself. If the current varlation of Fig. 414 is compared with that
of a Cless C amplifier, the closeness of the analogy will be apparent.

CATCHER

The
nechanism thus des-
cribed in schematic

form constitutes
ELECTRON

an amplifier of DENSITY

sorts, since, to a

first approximation, & A A }\

the input supplies o T T 3T TIME

no net power,
whereas useful power

is available at the Fig. 4lh - Varistion of electron density

;g:f&;;t el;ylz?-the with time in the region of optimum bunching.

amplification

obtainable from such a system is not independent of,input amplitude,
i.e. of the mcdulation depth. If the depth of modulation is doubled
the output amplitude is not correspondingly doubled, and may be
diminished. In faot the variation of amplification with modulation
depth is extremely complex, depending on the length of the arift
space, mean velocity and frequency. Although amplifiers employing
the principles described are in use, they are very limited in their
application and are inherently noisy. These disadvantages are not
important when the methods are applied to the design of a constant
frequency oscillator, and it is in this respect that they are
cormmonly emplayed.

It is. not essential for the bunched electrons to impinge on
an electrode connected directly to a tuned circuit in order that
energy may be transferred to the latter from the velve current. The
modulated beam may be directed through the aperture of a second pair
of electrodes similar to the modulating set, connected to a circuit

HIGH VOLTAGE
INPUT OUTPUT

i
I
1
]
4
|
1
!
#
! ELECTRODE FOR
[}
|
[
|

LOW VOLTAGE

COLLEC'HNG
BEAM CURRENTY

o

GUN BUNCHER CATCHER

Fig., L15 =~ Alternative method of
extracting energy.
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tuned to the operating frequency (Pig. 415). Each bunch of
electrons passing through the aperture will induce currents to
flow in the circuit, and successive bunches will, because of the
ressiance of the circuit, arrive at the correct instants to re-
inforce oscillations already present there. In other words, the
electron beam msy be made to augment the alternating displacement
current between the condenser plates without actually impinging on
either of them. In practice it is probabhle that beth effects
eccur.

To convert the
double=tuned circuit ampli-
fier into an oscillator all
that is required is a feed-
back circuit from catcher to
the buncher, This is indic=-
ated in Fig. 416. The phase ~Sg ~— ELECTRODE G
of the feedback must corres- | ‘ l BEAM CURRENT
pond to the length of the
drift space and the mean vel-
ocity of the beam for regener—

FEED BACK LOOP

ation of positive fesdback te Fig. 416 ~ Adaptation of
occur at the desired frequency. velocity modulated amplifier
This means that the feedback as oscillator.

loop must be of the right A

length, since a difference in length of 5 would change this feed—-

back from positive to negative or vice versa.
The foregoing description has been limited to theoretical
circuits without conside ring the practical forms which these

circuits may take, Common forms of practical veloclity-mcdulated
tubes will be described in the following paragraphs.

23. Yelocity Modulated Oscillators in Common Use

Heil Tube, Fig, 417

This oscillator is a low-powered generator possessing moderately
good frequency stability., Its main adventage is that it may be tuned
over a wide frequency range, The combined tuned-circuit and feedbsck
link are formed of a short length of coaxial line with a hollow inner
conductor. Apertures are cut at opposite ends of a diameter, the first
to permit the entry of the electron beam, thus forming the buncher; the
second allows the modulated beam to emerge, and constitutes the catcher,
cwrents being induced in the inside walls of the coarial line by the
pulses of ourrent in the beam. The drift space consists of the region
in the neighbourhood of the diameter joining the two apertures. The
transit time across this spsce must be such as to ensure that the
currents induced at the output are in phase with the currents at the
input. The emerging electrons are collected at an anode beyond the
second aperiturse.

The resonant frequency ef the circuit depends on the
effective length of the ceaxial line, This line is usually term-
inated in a varisble length of short~circuited lecher line.

As this length is veried, the woltages difference between cathode
and accelerating electrode must be changed correspondingly to

meintein the phase equality at imput apd output.
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OUTLET

AFERTURmP ERTUR’E
@

DHIFT SPACE

GUN

CQLLECTOR

| L ——INLET APERTURE

OUTLET APERTURE

|__coLLECTOR

©

INLET AFERTURE

GLASS-METALSEAL -

/LINF_- ENGTHEJ“NG
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[T GLASS SEAL

L——OUTLET AFERTURE

|
T

ELECTRONGUN

DIAPHRAGW
FOR TUNING PURPDSES

418 =~ Double rhumbatron

klystron.

Pig. 417 = Heil tube.

In this tube the two tuned circuits are of the rescnant
cavity type, the rhumbatron shape beinz particularly suited to the
aperture method of feeding and extracting energy. The term Klyst=
ron is usually applied to a velocity modulated oscillator using a
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cavity resonator, Feedback is provided by a coaxial cable, term-
inated at both ends by loops which are inductively coupled to the
cavities. The. length of this cable must correspond to the length
of the drift space between the apertures of the two rhumbatrons.
Owing to the finite size of the loops and the variation of their
input impedsnce with frequency, the optimum ceble length will not
be independent of frequency.

A majer difficulty encountered in this oscillator is the
necessity for the two circuits to have the same resonant fregency.
The high selectivity of the rhumbatrons used rermits only the
smallest deviation fromesonance before the maintenance of oscill-
ations becomes impossible,

Reflex klystron

In the reflex klystron, instead of a seccnd tuned circuit and
aperture being employed, the electron beam is reflected and made to
return to the modulating aperture
at the correct phase for the
maintenance of oscillations,

This is done by the insertion of

a reflecting plate at a potent~-
ial negative to cathode (Fig. HU‘-’

419). Because of the consider—

abll retardation and subsequent :Elj )—
concentration of electrons [gj

between rhumbatren and reflecter, ELECTRON GUN REFLECTOR
toe inaccuracies of neglecting RHUMBATRON

interaction between electrons

are greatly increased; but the

simplified explanation which Fig., 419 = Schematic
follews, although it neglects dis. of

this, 'is sufficient to indicate agram of reflex klystron,
the general mode of operation.

It is assuned as & first appreximation that an electren
after emerging from the aperture is subject to a constant retarding
force E. This force brings the electron to rust and causes it to
return to the aperture with the same velocity as that with which
it emerged. The methed by which bunching eccurs under these
corditions is illustrated in Fig. 420. The notation used in this
disgram is the ssme as that of Fig. 409. The wvelacity u eof the
E-e;urning electrons varies throughout the drif' apace as shown at

a).

Because of the constant retarding force, the straight lines
OB, OA, OC, of Fig. LO9(b) become the parabolas shewn in Fig. 420(b).
The line distribution of electrons for different values of ¢ is
given by the four curves for t =0, , I , 31 The diagram shows

Iy
that at the instant t = O the electron deusity .5.8'5.3. , at the

aperture (where s = 0) due to the reflected beem, is large, whereas
t .
at all other instants g';e is small. Approximately half the elec-

trons pess through the aperture in & "bunch" whkilst the passage of
the remainder is spread over the rest of each cycle.

If e is the charge, and m the mass of an electron, the re-

tardation r due to the Field E is r 5 Ee . Tke time for an
m

electron to be brought to rest and to return again to the aperture
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Pig., 420 - Electron bunching in a
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is t = 2 . The mean tine is therefore t = < =
r

2u0  Zmio
Ee

o]

For oscilliations to be maintained there must be a suitable
pPhase relatiouship between the return of the bunches to the aperture
and the oscillatory field which causes the bunching; i.e., T must
have a cuitable value, dependent on the nuwnner in which energy is
fed into the cavity.

Further, for optimum bunching the difference between the
times spent in the drift space by the fastest and the slowest
electrons should be apgproximately an odd multiple ofllzl . The time

taken to bring to rest an electron which enters the drift space with
velocity u is .;,1 3 the total tine it spends in the drift space is

therefore 2‘—; . Hence the time-~difference for the festest and slowest

electrons is

A A
28 - 28 _ 2%+ _ oMy
r r = r r
A
= 44,
r
A
Hence h'i‘u'i = (2p + 1) T where p is an integer
2
= (Zpx )
- 2f
A 2p+1 . Ee.
or uq = 5F m GUTRYT

In order to set up
the oscillator at a given
frequency so as to produce
the maximum amplitude it is
necessary to adjust both
T and G3; i.e., both o
and E. Thus both resonator=
cathode and resonator—
reflector voltages must be
variable.

S
“TUNING SCREWS

Klystrons are Fig 421 - Reflex klystron (CV 35).

still undergoing develop~

ment, and details of

design are not standard=-

ised. A type of tube in
common use is snown in Fig. 421,

THE MaG ROV
24, Descri.bion

The megnetron is a valve used f‘o? %enerating Usr osc::.iéa;t??f: N
1t hes two elecirodes; & cylindrical cathode swrounded by, end E._w .
vith, a cylindriczl ancde. he original magnetron had an widivided ancde,
viith, a ¢ t 2

- S s ~ R
but practicsl modern maznetrons have anodes split into a mumber of narallel
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segments, equal in size, and sepasrated by gaps. 4An electric

field is established between anode and cathode. A magnetic field

is applied parallel to the axis:of the electrodes, and is as wniform

as conditions will permit over the whole space between them. Because

of the magnetic field, the electrons do not move directly from cathode
to anode, as in a simple diocde, but are ccnstrained to move in curved
orbits, as described below, In virtue of this, electrons can be made to
arrive at desired segments of the anode in such a manner as to give rise
to and sustain high-frequency oscillations in tuned circuits suitably
connected to the anode segments.

Practical magnetrons are of three main typest-

(i) The split-anode magnetron operating in the Dynasroen
(or Hebenn) mode,

(ii) The split-anode magnetron developed by Megaw.

{4ii) The resonent cavity centimetric magnetron, as widely
used in radar-

(i) The Hebann oscillator works with relatively high effic~
iency (30 = 70%) up to about 600 Mc/s. It is not at
present in use in service equipments, but a brief
Gescription of it is given as an example of how nega=-
tive resistance effectis can arise due to changes in
field distribution and in consequence of the electron
orbitse. (Seco 26).

(ii) This valve is a low-power magnetron, enclosed in a
glags envelope of normal size and shape. In contrast
to the Hebann ovacillator, it is a microwave generator.
It is not used in British Redar esquipments, and it is
not dealt with in these notea,.

(1ii) The resonant cevity centimetric magnetron is the only

centimetre~wave oscillator so far produced capable

- of giving pulse powers of the order of megawatts with
high efficiency. PFor operation on centimetre wave=
lengths the tuned oircuits are so small that they are
embodied in the anode block of the valve end are not,
in general, variable. Fig. 422 illustrates the
essential features of this type of magnetrone.

25. Rlectron QOrbits

The operaticn of any kind of magnetron is determined largely
by the motion of the electrons in the anode-cathode spaces The
orbits of the electrons depend upon three factors, namely:=

(1) the electric field due to the anode=cathode potential
diff'erence,

(ii) the applied magnetic field, and

(iii) the space charge effect, i.e., the forces which the
- electrons exert on one another,

Barly simple theories of magnetron operation which ignored (iii) were
based on the caloulation of the orbit of a single electron as follows:=
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- SECTION OF COAXIAL
LINE CONNECTING
MAGNETRON TO LOAD

CAVITIES

/ STRAPS
DETAL OF CAvITY
CONTANING PICK UP LOOP

i COUPLING LOOP LOCATED
IN THIS CAVITY

FLANGE ON T"WHICH ENO PLATE 1S
SICURED BY MEANS OF GOLD SEAL

LEAD TO
QTHER END
OF CATHODE

Pig. 422 - Typical hole and slot
type magnetron with end plate
removed,
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Assume that the anode iz a uniform cylinder.

Let V be the potential differesnce between the cathode and any point
distant r from the axis,

Let u be the velecity acquired by a electron due to the accelerating
effect of the potential difference V.

Denote by suffixes a, k the walues of V, u, and r at anode and cathode
respectively.

Let m be the mass and e the magnitude of the charge of an electron.
It can be shown that
by
V=Va—1-95—-/-r-'£— .'0.00".0'.'.0c.o-c:.‘(l)‘
leg I‘a/rk

Fig. 423 shows how V varies
with r for the case whare
rk << r‘ . YV

Since the kinetic energy
acquired by the electren
is .é]:n u", and the werk

dene on the electrens is
eV,

%m uz-—- eV, se that

rx. ru

ue,;/2e8VY .

Y oo Fig. 423 ~ Potential distribution
. in the anode~cathode space,
In particwlar,

H‘ m ..".......'..'...........O....‘.‘(Z)C
’ n

Fig. 423 shows that, fer rp « LA the potent:.al gradient is steep
near the cathode so that V &5 V, *and hence u &5 u, except within
a shert distance of the cathode.

So far, only one factor influencing the electron orbit has
been discussed, namsly the effect ef the electric field between
anode and cathode, Due to it the electron would move along a radius
frem cathede to anode, with a:velecity which imcreases at first
rapidly and thereafter, very slowly (Fig. 424(a)}.

Now if an electron moving with velocity u is subjected te
a force F due to a magnetic field, of flux density B, perpeudi-
cular te the plane of its motien

F = Bsu,

and is mutually perpendicular te B and to u. This causes the
electron to move in & circular orblt, of radius P given by

w2

Beu e .a.-avn.c-oo.o-vnoo---00-00(3)'

P

Since, except within the region clese to the cathode, u is
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approximately constant and equal to ug, it is wvalid, as a first
spproximation, to equate the value of u obtained frem equation (3)
to that fer uy in equation (2.

This gives . —
B = s M or = Zn v .
EE o pr/E0

Thus every electron leaving the cathode region commences to describe
a path which is appreoximately circular. Whether or not the path

is completed depends upen the values of Vy and B. Fig, 424(b)

shows the case where p is wery large; Fig. 424(c) where, by increas-
ing B, P has been reduced te _;g s 80 that the electron just skims

the anode, and Fig. 424(d) shows p made small, by suitably increasing
B. For the case of Fig. 424(b), all electrons would reach the anecde;
whereas for that of Fig., 424(d) none would de so; i.e,, the walve
current would be cut off. Fig. 424(c) represents the case where B
is just large encugh to prevent the electrons frem reaching the
anode; i,e,, the magnetron current is just cut off. The value af
B required te achieve this is called the cut—off valus By and is
obtained by puttingp = Fa in the expression fer B above. This

2

gives

Bc = a '-000.0uncoaouo't'atiuco-o(l})n

& OUT OF PARER

DO E

@ (® (© @)

B INCREASING

Fig, 424 -'Single electron orbits with
fixed Vg and varying B.

(Actually, the orbits camnot be true circles, for the assumption that
u is constant is only an approximetion. The true orbit curves more
sharply near to the cathede, and is roughly epicycloidal in shape),

Fig., 425 indicates the circular orbits ef electrons, for Vg
and B constant,. It is seen that their centres lie on an eq ipotent=
ial surface coaxial with the cathode; and that a similar ceaxial
surface marks the space charge boundary,

The existence of the space charge modifies the above theory.
Electrons on their way out from the cathede are repelled by those
nearer the anode, and are unable to execute the orbits so far
described. Alse, electrons which are attempting to return to the
cathode are prevented from se doing by those nearer the cathode,

It is more probable that these outer electrons, since they cannot
fall bsck into the cathode, rnove in circular orbits around it.
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8 QUT OF PAPER

8 OUT OF PAPER

_-ANODE

- ~BBOUNDARY OF
SPACE CHARGE
REGION

" LINTERACTION
SPACE

\ELEC.TRON ORBITS

——————— EQUIPOTENTIAL SURFACES

Pig., 426 = Electron orbits

¢5 modified by the space
charge.

—=—— ELECTRON ORBITS

Fig. 425 =~ Electron orbits for

a cut=off magnetron with Vy
and B constant and uniform.

Pig. 426 indicates the electron paths obtaining when a steady anocde
voltage has been established, B veing larger than the cut-off valus,
Tt is useful to regard the space charge region as composed of &
nunber of thin ceaxial cylindrical shells euch containing « large
auwser of slectrons waich revelve with the same angular veloclity.

The angular velocity depends upon Vi, B and the radiug r of the shell.
The greatver r, the larger is the angular velocity of the electrons,

Up to the present, only the orcital conditions obtaining when
Va is fixed have been considered, Figs. 424 and 425 indicating the
orbits when space-charge effects are ignored and Fig. 426 when they
are not. It may be shown that whichever orbit is assumed, much
the same result is obtaianed, this result according well with the
practical performance of the Habann oscillator. This oscillator will
be examined from both points of view and thus the effect upon the
orbits of varyiag Vg will ve incroduced.

26, Tne Split-ancde Magretren Operating in the Dynatron Mode
{Habann Usciliater

Mg, 427 ~ The two-segament magnetron.

A
QR
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Tnis mode occurs at frequencies such that the period of
oscillation is long compared with the time of transit eof an electron
irem cathode to anode, and nermally arises for waves leonger than about
50 oms, In swh circumstances it is valid to assume that, during
their passage frem cathede to anode, the electrons are in a field
that is approximately steady,

Consider a two~segment magnetren, connected as shown in Pig.
427, Suppose that initially each segment is at & petential Vg
above that of the cathede, B being largerthan B, for this particular
value of the anode voltage. Then Fig. 428(a) shows the equipotential
lines and electren orbits umder this circumstance, space-charge effects
being ignered., - Fig. 428(b) gives similer infermation, but shows the
concentric circular orbits which ‘appear ressonable if the space charge
is teken iunte account. In this latier case, the orbits follow the
equipotential lines, whilst im the former, the orbit centres lie on
an equipotential line,

B out of paper

+100
APPROXIMATE +100

ELECTRON

ELECTRON
PATH

‘‘‘‘‘ EQUIPOTENTIAL SURFACES
———— ELECTRON ORBITS

Pig. 428 = Orbits of a single
electron in a split-ancde
magnetron.

Now let the penential of the upper segment be raised teo
(Vo + V;), whilst that of the lower segment is reduced to (V, = V,).
The fie}d configurations and equipetential distributions are con-
sequently changed &5 incicted in Pig. 428(c). In tane absence of
space charge effects, the electruns still muve in such & manner
that the orbit Ycentre line® is always approximetely at rignt angleas
to the electric field; i.e., thnis line still cerre.ponds to an
equipotential line. PFig. 428(c) snows an slectron orbit for such
& case, and if the similar orbits of many electrons, leaving tne
cathode at all parts of its surface, be considered, it is readily
seen that more electrons will arrive at the lc¥er segment then at

the upper.

If now the effect of space cnarge be ceasidered, an electron
at A (Fig. 428(c))will be prevented from moving in towards the
cathode by other electrons and will therefore be coustrained, to move
on a path epprozimating to the envelope of tne orpit such 2s that shom
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in the figure; i.e., the orbit itself tends to follow an equiw
potential line. Electrons in other portions of the anode-cathode
space similarly tend to follow equipotentiel lines, Hence the
intreoduction of the effect of the space charge, whilst it modifies
considerably the individual electron orbits, in no way alters the
conclusion, viz, that more electrons arrive at the lower potential
segment than at the higher. Puwrther, it can be shown that if the
circular orbits assumed in the presence of space charge (and fixed
Va) be postulated, the cut-off value of B is given by

o [EV .
e (r, - ':Tf‘)z

and if rg 3 1y this reduces to equation (4}, which was obtained
on the assumption ef an entirely different erbit. This fortuitous
agreement has been largely responsible for the continued neglect of
consideration of space—charge effects as in the early magnetron
theories, but, although such omission leads to negligible eriors,
except in the orbit concept, for the Habann oscillator, it gives
errcncous regults for the resonant cavity magnetron considered in
Secs. 27 - 10-2-

Before procseding to this case, it is instructive to consider
how, in the Habann escillator, the conditions required for the main-
tenance of escillation are fuifilled. We have seen that more elec—
trons arrive at the lower petential segment than at the higher, That
is, referring tvo Fig. 427, the existing negative charge on tne lower
cendenser plate is increased because of this, by an amount (say)AQ.
If the instantaneocus value of the RF voltage on the condenser is v,
its R® energy is thus increased by ¥ v.5Q. By arranging that

mest electrons arrive at the lower segment when ¢ is fully charged
(i.e. when v has its maximun velue) the greatest possible increment
of energy is given to the tuned circuit. Half a periodic time later
the wpper plate of the condenssr will be negative with respect to

the lower; and at this instant the majority of the electrons will

be arriving at the upper plate. Thus the oscillatery circuit
receives increments of energy due te the arrival of electrons ai the
right time. Hence dissipation in the tuned circuit (or in whatever
load is coupled to this circuit) may be made up by the megnetron.
Simce the current through each segment is antiphase to its RF voltage,
the magnetron benaves as a negative resistance element; this accounts
for the nawme *Dynatron mode" olten used to describe this kind of
maghetron operatiot. This mode can be efficient only if the electron
cathode=to=ancde transit time is negligible compered with tne periodic
time, for only them will esch increment of charge be recelved when
the cerresponding segment voltage is at a minimum.

27. 7The Resenant Cavity Centimetric Msguetron

The ca.truction of & typical magnetron of this type is
indicated in Pig. 422. The tuned circuits are holes and slots cut
in a solid beryllium~copper block; Fig., 429 illustrates some common
anode block construwtions. Considering onehole and slof apart
ifrom the remainder, we may regard the slot as a condenser, since
most of the electric field is located at it, anrd the hole as, roughly,
& single turn coil. Thus a single hole and slot constitutea reson-
ant circuit. The equivalent circuit of the magneiron as a whole is
more complicated than this, not only because there ave many cuvities,
but also because they are coupled one to auother in a complicated
manner. rFirstly there is mutual induction between the holes, since
magnetic rflux emerging from the top of ‘one hole passes through an
adjacent one to form a closed loop, (see Fig. 450(a)). Also, there
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(©) RISING SUN" VANE TYPE OF BLOCK (d) RISING SUN HOLE & SLOT TYPE OF BLOCK

Fiz. 429 - Types of anode block
construction in use,

are capacitances to the end plates and to the cathode, giving rise
to capacitive coupling between the cavities, Coupling also occurs
through the medium of the space charge itself. Since an N-segment
magnetron may be regarded as having a simple equiwalent circuit
given roughly by placing the N-segments in pawmllel,the resultant
equivalent lumped circuit has a capacitance N times and an inductance
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1
¥ th of that of & single

cavity, Thus the oper—
ating frequency would
appear to be that of a
single cavity., 1In
practice, whilst the
cavity dimensions are (@) MAGNETIC(NDUCTIVE) couPLING
the most important BETWEEN HOLE AND ITS NEIGHBOURS
single factor ih deter—

mining the frequency

of operation, they are 7NN

influenced materially

by the space-charge o

cloud, as well as by TR THODE
the values of the

applied voltage and ELECTRIC (CAPACITIVE) COUPLING BETWEEN SEGMENTS
the magnebtic flux AND END-PLATES (LEF T-HAND SKETCH) OR BETWEEN
density. Hence it SEGMENTS AND CATHODE (RIGHT-HAND SKETCH)

is necessary to
consider in some
detail the behaviowr
~f the space charge.

(b) COUPLING BETWEEN SEGMENTS.

Fig. 430 = Coupling between segments.

28. The Single Stream Steady State

The following account is now generally accepted as describing
what occurs in the anode-cathode space of a resonant cavity magnetron.
It is based on the concept of the Single Stream Steady 3tate. Each
electron is assumed, if Vg is constant, to be moving in a circular
orbit about a point on the axis as centre. If V, is wried the
electronschange their orbital radii accordingly. It is assumed that
the changes of anode voltage occur so relatively slowly that the
electrons immediately move into the orbit corresponling to the new
value of V,, so that any instantaneous condition is virtually a
"steady state”, i.e. one obtaining with fixed Vg. Since magnetrons
are pulse-operated, the walidity of this assumption might appear
doubtful; but present pulse technique caannot produce modulating
pulses rising to their full value in less than about 0-0ZuS.
Electron orbits can automatically adapt themselves to changes of
this order, so that a succession of "steady" stutes occurs as the
pulse is applied. Hence at any point in the space-charge region
the electrons are, at any instant during the change, either all
going towards or all going away from the cathode, This is the
distinction between Single 3tream and Double Stream steady states,
for under the .double stream condition some electrons may be moving
through the point towards the anode and others towards the cathode.
Analysis has shown that the latter condition would obtain if the
pulse rise were instantanecus. Since we have not yet approached
sufficiently near to this condition for the single stream state to
be invalidated, the possibility of a double stream steady state will
hereafter be disregarded. (It may be noted that the early concept
of electrons hurtling among one another in an interweaving of epi=-
cycloids implied a double stream state). Also, with the rates of
rise of the modulating pulse encountered in practice, it is not
necessary to differentiaie between CW and pulse opcration.

29. Behaviour of the Spuce~Charge Cloud when the anode Voltage Varies

30 far, discussion has been limited to the operation of the
magnetron with Vg fixed. The next step is to conaider whalb happens

440



Chap.8, Sect,30

to the space-chsrge cloud when oscillations of the tuned circuits
(cavities) cause the anode voltage to vary.

Any disturbances at the anode, resulting in oscillations,
sets up a voltage psttern upon it, This pattern can be analysed
into component waves revolving at different angular rates around
the anode surface,

One of these component waves roughly in step with a part-—
icular "electron shell"” (see Sec. 25) may cause conaiderable dis-
tortion of its cylindrical form. This distortion in turn affects
the motion of other electrons. It can be shown that electrons
between this shell and the anode, and which, with constant V,, move
faster then tiwse in it, are slowed up when the spece charge cloud
is deformed, and that those nearer the cathode have their angular
velocities increased. Thus the electrons ocutside the "in-step”
shell give up energy whilst those inside gain energy. If the
outer electrons give up more energy than is acquired by those
nearer the catnode there will be a net loss of energy by the space
charge, and if this energy can be taken up by the tuned circuits a
means of sustaining oscillations is provided. This condition,
although necessary, is not sufficient, for the energy of the space
charge must be replenished from the DC source. This can be
achieved only if the deformstion of the space-charge cloud is
sufficiently great to cause electrons, in sufficient numbers, act-
wlly to reach the anode, and this clearly depends upon the value
of Vg. (It depends &lso upon the nature of the volitage pattern
around the anode,)

Before cousidering the factors wentioned above in greater
detail, a rough picture of the part played by the space charge,
and of the operation of the magnetron generally, may be obtained
with the aid of the follewing analogy.

30. The Electrometer Analogy

Consider a light paddle~shaped vane (Fig. 431(2)) supported
by a tersion head and deflected by the charged surfaces ABCD. The
vane takes up a position of equilibrium determined by the deflecting
torque due to the system of charges, and the restoring torque due

to the suspension. (Tnis is a form of what is gensrally known as

a quadrant electometer),

If the constraint on the vane is removed and the cylindrical
outer surface rotated, the vane will keep step with the rotation,
Alternatively, the same result could be achieved by the use of a
commutator in the leads to the segments, arranged so as to reverse
the charges pericdically, Such a system can be regarded as an
elementary motor and could be made te perform work,

Conversely if the rotary vane in the arrangement shown in
Pig. 431(b) were driven by an external moter, charges would be
induced en the segments as indicated, and would vary periodically.
The resulting voltages would cause currents to flow in the external
circuit. Such a system is clearly a simple generator, and could
be made to supply power to & load,

In the magnetron there is a state of affairs resembling this
in several respects. The segments sf the electrameter correspond
to the anode segments of the magnetron, and the charged vane to the
rotating space charge. Figs. 432(a) and (b) show the space charge
distorted due to the segment potentials, for the L-segment and
8=-zegment cases, It will be noted that in neither case shown could
oscillation be maintained, for no electrons reach the anode, and
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©
Fig. 431 = The electrometer Pig. 432 = Space charge deforma~
analogy. tion in the megnetron.

and hence no energy is being supplied to the space charge. Fig.
432(c) shows the cloud sufficiently distorted for this to oceur.
Under this condition there will be an inwards radial Clow of
current in the magnetron (corresponding to the outward flow of
electrons). This current flows under the influence of an external
magnetic field, and the space charge is accordingly constrained te
to revolve. (In the case shown, the magnetic flux is out of the
paper, and the cousequent motion is counterclockwisej. Thusvwe
have an effect equivalent to the driving motor in the analogy.
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51, Modes of Oscillation

It is unext necessary to consider in further detail the voltage
pattern on the anode referred te in 3ec. 29. Common anode block
arrangements have been shown in Pig. 429, Consider that of Fig. 429 (a).
If a slot, regarded as the condenser of the equivalent tuned circuit,
be charged up in some way, the cavity will oscillate at its natural
frequency. Now such & cavity has many pessible modes of escillationm,
and in & magnetron the existence of other cavities all coupled by
magnetic and electric fields and by the space charge, complicates the
preblem censiderably.

The simplest and commonest mede is one im which at any inmstant
alternate segments are af equal and opposite RF petentials, i.e.
there is a phase difference ef 180% (7 radisns) betweea adjacent seg-
ments. This mode is cammonly called then ~ mede. The lnstantaneous
potential of any segment varies sinusoidally with time. Fig., 433(a)
shows the instantaneous woltage distribution areund the anode at
intervals ef ome cighthef a periodic time T, for an eight~segment
magnetron, the segments being drawn fer cenvenience in & straight
line. Whereas the time variation of voltage at any point en the anode
is sinuseidal, the veltage distribution pletted against distance round
the anode is not, That is, the veltage pattern is a sinusoidal time
variatien, ef amplitude varying periodically with the angular dist—
ance; 1i.e,, it is a standing weve, Further this standimg wave can
be analysed inte a series of spatial harmonic compenents, each of
which can be regarded as consisting of two identical travelling waves
moving round the anede in epposite directions, Thus, if we take
the * = mode here ceonsidered, and restrict our attention te the
travelling waves comprising the primary er fundamental spatial
harmenic only, We shall obtain the results shown in Fig. L34(a). If
all the spatial harmonics were included, the waverorms eof Fig.
433(a) would result.

The primary cumpunent in the standing wave so far censidered
would have 4 complete reveats around the anode, This is knewn as
its mode number, n, Tahus the 7= mode in an 8 segment magnetren is
also the mode for whica n = L; whereaes in & lO-segment megnetren
the T~ mode would e t1e one for which n = 5, since there weuald
then be 5 complete .cywats around the anode. .

n may have any value, i,e., any phase difference may exist
between adjacent segments, provided only that the tetal phase
change round the bleck is a multiple ef 3609, Then each campenent
travelling wave will have a number of repeats ny given by nq= mN+ n
where N is the number of segments and m any inteZer (positive or
negative, a negative answer cerresponding to & cempenent in the
opposite direction)., Thus if we take the cese so far considered,
where n = 4 and N = 8, = 4 (form = 0}, 8 (for m = 1}, 12, 16,
etc., also ny =<4, -8, 212 etc. for negative values of ms The
cemponent for which nj = =4 is called the primary reverse component,
and by combining this with the primary ferward componen:i (nj = &)
Wwe have obtained the resultant curve of Fig. 434(2). Adding in
also all the other travelling compenents would have preduced Fige.

L3u(a}.

In & similar manner the Figs. 434(b), (¢} and (d) nave been
produced, for the cases n = 3, n= 2, n = 1 respectively. For
putting n = 3, 7 = 8, m = =1 we obtain nj =-b for the primary reverse
component, These are shown in Fig. 451];0)), which leads te Fig.
434(b) -if these and all the other travelling components are added.
The reader is left te confirm for himself that the corresct values
for the primary reverse modes have been taken in Pig. 434{c) and
L34(d), and that these results would lead to the anode wavelomms

shown in Figs. 434(c) and 434(d).
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MAGNETRON SEGMENTS
4 3 6 7 8
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MAGNETRON SEGMENTS
34 5. 6

7 8 |

Pige 433 - Standing waves of
voltage on a maguetron anode,
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Fig. L34 =~ Primary components of standing

waves of veo

ltage on an 8~gsegment magnetron
anede,

Since an apperently imfiinite number of modes appears, frem
the feregoing, te be pessible, it is mext necessary te congider how
it is that a given magnetron can be made to operate in (say) the

Temode, &s is mest usual.

nitiation of Oscillatien = The Energy Transfer Criterien

It has already been stated (Seotiem 29) that variations in
the anode petential cause the electrons in the space-charge cloud to
be disterted im their orbits, and that an electrem shell roughly in
step with & compenent of the anode waveform is markedly affected.
Now, since the farther the electrons are away frem the cathode, the
faster they meve in their circular (comstant Va) erbits, a sudden
*pulling-out® tewards the anede of seme electrens will cause those
nearer the anode te pile up en these drawn out towards it, Thus,
net enly will this lead te the "star-fish" shape of the space-charge
cloud imdicated im Fig. 432(b), but it will caude & retardation of
the outer electrens, which will tend to assume spproximately the
same angular velecity as the compenent ef the anode waveferm consid-

Thus these suter electrens will give up energy. Xlectroms

nearer the cathede than these in the shell mest affected will increase
in amgular velecity, and hence acquire additional energy. For escill-
ations to be initiated the energy given wp by the pace-cherge must

exceed that taken frem it.

This requires that an adequate propertiom

of the spece charge must lie outside the shell which is in synchren=
ism with the anode waveferm cempenent. It can be shown that whereas
the distribution ef the space charge clearly depends om Vy (assumed

- eonstant) the radius of an electren shell in which the electrons
travel with a definite velecity dees not. For a mede of escillatien
with frequency f and mode-numoer n the synchrenous velecity is a
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MAGNETRON SEGMENTS

(c) VOLTAGE ACROSS GAP XY.
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function of £/n. The radius of the shell moving with this velocity
depends on B and ryx but not on V. Also, the larger n,the smaller
is this redius., )

The magnetron must therefore be operated with Vg large
enough s8¢ that the radius ef the space-charge cloud is greater than
the radius of the synchronous shell by an amount sufficient te
ensure the transfer of energy frem the space charge to the cavities,
This condition will be termed the Energy Transfer Criterien. The
value of Vg required to satisfy this criterion will be called the
"Energy Transfer Potential”, Since the radius of the critical
shell is smaller the larger the wlue of n, to eperate the magnetren
in & high erder mode necessitates & smaller ancde voltage then opera=-
ting it in a low order mede: also, if V5 be steadily increased, the
energy transfer criterion is setisfied successively for lewer and
lewer order modes,

‘All cemponents of the anode waveform affect the electren
cloud to seme extent, But only & forward component, i.e. one
moving in the same direction as the space charge as a whole, can be
in synchrenism with an electreon shell. Reverse compenents have
little effect on the general motion of the space charge as a whole.
Further, it can be shown that the petential V7 due te & wave comp-
onent ny, at & point within the space charge, distant r fram the

axis, increases with { %; )nl se that, except near te the amode,

the contributions to V made by lew walues of nj) will be larger than
these mede by high values of nj. Hence it appears that, from these
considerations alone, the primsry ferward mode would cause the
greatest distortion of the space-charge cloud,

It remains to be shown that the energy available when the
energy transfer criterion is satisfied can actuslly enter the
cavities; i.e., that the pewer flux is directed into them. In
erder to see this, consider again the 8-segment magnetron, operating
in the n = 4 mede. We shall again take only the primary compenents,
as shown in Fig, 435, in which the components of Fig., 434(a) are
repeated. Also we shall assume that the primary feorward compenent
is the major effective component for the initistion of escillation.
In Fig. 436, the conditions in the magnetrom at time t = 3 are

illustrated. The line OA
is drawn through the inst- &
antaneous crest of the

primary forward component h ! A

of the anede waveform; & -

OB through the trough, AN i

It is shown in the full S % eT reLaTive T
mathematical theory ef \S r MAGNETRON
the magnetron that the I

aggregation of electrons /Z N '%;ﬁ I~ BOUNDARY OF
takes place in such a | ';; E™. T }'”A  UNDISTORTED
manner that the bulges W . N / SPACE CHARGE
in the distorted space- \’\ - :/“

charge cleud are always j N / &

ahead of crest lines Ry . -

such as OA. At points VN e

on the anode opposite ' ( i‘::f:crf :Rm
to each bulge there will ROINDAR §
be, by induction, a

local increase in the INDUCTION OF CHARGES ON THE ANODE 8Y

positive charge on the ROTATING SPACE (HARGE

anode, and, correspond-

ingly, there will be a Fig. 436 - Induction of charges on

local reduction in the the anode by rotating space churge.
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charge on the anode opposite each trough in the space-charge cloud.
Thus, superposed upon the positive charge on the anode due to the
applied woltage, there will be a variation of charge corresponding

to the deformation of the space charge. This varistion is indicated
en Fig. 436 by plus and minus signs.

The spatial distribution ef induced charges on the ancde must
be periodic, and in the case taken will have four perieds round the
anode. In the diagram (Fig. 435) enly the findamental component of
this distribution is shown, as this is the only component which
contributes appreciably to the output power, As the primary forward
component of voltage moves round the anede, the space charge deform=-
ation, and' thercfore tne variation of charge on the anode, moves
with it. The distribution of charge at later instants is shown in
Figs. 435(b2) and (b3).

Consider a particular gap X¥. The spetial distribution of
the anode voltage at successive instants is shown in Pigs. 435(al},
(82) and (a3), and the corresponding time-variation of the voltage
across the gap XY is shown in Fig. 435(c¢). The relation between
the component of the charge distribution and the potential of X
relative to Y may now be deduced. Since the charge distribution
is moving round the anede in an anticlockwise direction, there is
& cempenent of current flow &t every peint on the anode, proportion=-
al te the cerresponding camponent of instantaneous charge density
at the peint. Hence the grephs of Fig. 435(bl), (b2) and (b3) may
be interpreted as current distribution round the anode, instant by
instant, & current flowing in an anticlockwise direction being reck=-
oned as positive., The wanner in which the current flowing from X
te Y, i.e. around a cavity, varies with time m&y be deduced from
these graphs, and is plotted in Pig. 435(d}.

Pig. 437 shows the particular cevity considered, When X is
positive with respect te Y the direction
of the electric field across the slot is
as shown by the arrow E, Hence if
electric field strength is regarded as
positive in the direction ef the arrow,
Fig. 435(c) may be usefully taken as
a graph of electric field intemsity.
When the current reund the cavity
(Pig: 437) is pesitive the directien
of the magnetic field is as shown by H
(out of the paper). Hence if
magnetic field intensity is regarded
as pesitive in this directien, Pig.
435(d) may be taken as a graph of
magnetic field intensity.

If the cavity were resonating
without gain er loss ef energy, the
time-~phase relation between E and H
would be a gquadrature one. But Fig., 437 = Power flux
superpesed on the magnetic field due into cavity.
to resenance ef the cavity, there
is in the magnetron an additional
magnetic field produced by the mechamism described above, Comparison
of the graphs ef Figs. 435(c) and (d) shows that the phase of H
differs from that of E by & phase angle less than "/2, so that H has
compenents both in quadrature and in phase with E. The former
indicates that the slectronic mechanism of the megnetron modifies
the resonating field in the cavity and hence affects the fregquency
of escillatien, It is one reason why resonant frequencies measured
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with the cold vlock dirfer.appreciably fron those obtained when the
magnetron is actually in use. It is alsc a reason why the imagnetron
frequency is sensitive to changes in anode voltage.

The in-phase component indicates
that there is a flow of eunergy, and the
direction of the power flux P is obtained
from the usual consideration, i.e. that
E, H and P form a right handed system.
(see Pig. 438). Thus, in Fig. 437, the
power flux is directed into the cavity.
It is thus possible, provided V; has the
required value, with due regard te n, for
energy to be transferred from the space
charge to the resonating cavities.

POWER FLUX

E

It should be stated that the \
precise behaviour ef the electrons in \
the shell most affected by the anode H
waveform, and also the exact locatlon
of tnis shell, is not yet firmly
established, There are some d.ffer= Fig. 438 = Relative
ences in the views held by various dispositions of the
research workers, it is, however, electric, magnetic and
agreed that, although a certain shell power flux vectors.
(or shells) may have greater import-
ance than others in the operation of the magnhetron, the essentisli
factor is the behaviour of the space~charge cloud as a whole,
Oscillations are possible only if the cloud gives up more energy
than it gains: and tnils condition can be achieved, in a particular
mode, only if V,; has sufficiently high value; +that is, if the
energy trans{er potential is exceeded.

33. Maintenance of Oscillation; The Energy Supply Criterion

As already cbserved, oscillations can be maintained only if
the energy tramsferred froum the space-charge cloud to the cavity is
replenished from the Hf supply; i.e. some electrons in the space=-
charge cloud must have sufricient energy to reach the anode.

This condition, wnich will be termed the Energy Supply
Criterion, may be determined mathematically, and it is lound that,
as in the case of the energy transfer criterion, V, must be greater
than a critical walue, called the Energy Supply Petential (or Thres-
hold Potential). This potential also increases with the ratie

é, 80 that as Vg is increased from zero the energy supply eriterion

is satisfied first for the higher order modes and successively for
those of lower order. For given values of £, n and B the energy
transfer and supply potentials are not the same.

2). The Two Criteria Combined

Tt follows from Secs. 32 and 33 that for a magnetren to
oscillate continuously in & given mode its anode supply woltage
must exceed both the energy transfer and the energy supply potentials.

It has been previously stated (Sec. 26) that Bg, the cut-off
value of B for a given V,, is given by

BQ = / om va = 5
k=,
Ta

e (ry - )2
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so that V; oc Bc2. Hence the curve showing the variation of

Be with Vg is a parabola, ipdicated by 03, Fig. 439. Further, it
has been menticned already that the euneryy supply potential depends
upon both B and n, It can be shown that for given values of n
the graphs of the energy sugply potential against B yield straight
lines waoich are tangential to the cut-off parabola, as shown,

(The points of contact are calculable, and are nearer the origin
the larger is the value of nj. Corresponding graphs showing how
the energy transfer potential varies with n are shown by the dotted
lines in PFig. 439.

For a given Vg and B, & point may be plotted on the composite
graph representing the operating conditions. For example, Fig., 439
shows that, for the point P,

(1) Vg is insufficilent to cause all electrons to reach the
anode; V, would have to be increased to the ordinate
of S for this to happen.

(ii) that the energy transfer potential for n = 5 is exceeded

(111} that the energy supply potential for n = 5 is exceeded

also,.
Va
CUT-OFF
PARABOLA
s n-3
i
f
ENERGY SUPPLY ‘J M
POTENTIAL LINES ! //“' n-a
______ ENERGY TRANSFER /4
POTENTIAL LINES /4
o . )

Pig. 439 - Operating conditions for an
unstrapped magnetron,
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(ii) and (iii) combined giventhe information that oscillation
in the n = 5 mode is possible, The diagram also shows that oscilla=-
tion ip any lower order mode is not. With the working point at P,
however, not only ‘are the conditions for oscillation in the mode
n= 5 fulfilled, but so also are those for all higher order modes.
Thus the coexistence of several modes appears possible, Actually
this does happen, and has a deleterious effect which has to be
minimised; (see Sec. 35). However, the deformation of the space
charge is greater the smaller the value of n so that, elthough other
modes might well be present, the mode n = 5 would predominate in the
case indicated,

To operate the magnetron in the n = 4 mode with fixed B weuld
involve raising Vg so that the working peint was (say) T, It is
possible to show, however, that for efficient oeperation Vg should be
s near as possible to the ewergy supply potential., In any mode
for which the energy transfer potential considerably exceeds the
energy supply potential, as with the n = 4 mode here shown, werking
would be inefficient., It would be better in the case shown to work
in themode n=5o0rn =6,

Consider Vg raised quickly, but net instamtaneously, from zero
to its working value, Then V. rapidly passes through the conditions
for escillation im the modes given by n = 10, 9, 8, 7 etec., operation
in these modes becoming more inefficient, and in some case ceasing
altogether as V, riseas, These different modes will, in general,
cause the magnetron te operate at different frequencies, se that opers—
tion at the desired frequency may not take place until seme short
time after the pulse has been initially applied., The ensuing delay
between the applicatien of the modulating pulse and the transmissien
of the RF pulse at the correct frequsncy might lead to Range errers
i not allowed for in the timing system.

The coexistence of several modes, eperating at slightly
different frequencies is undesirable, and is minimised by Strapping.

The purpese of strapping is to minimise the ceexisting modes,
both in number and in magnitude of escillatien, It is done by
connecting short cenducters betwgen pairs ef segments, the segments
so connected being separated by a third, In a general way it is
easily seen that jeiming segments in this mamner will tend to faweur
some modes rather than others, Fér example, if an 8-segment magnetren
be taken and slternate segments- joined as in Fig. 440, the N-mode
(n = 4) is favoured, since this implies a phase difference between the
strapped segments of 2. Fer the mede n = 5 the phase difference
would be 221.‘ , & condition impessible if the segments are short-circuited.

Strapping is, however, not as simple as is here implied, since the
straps canuot be regarded as simple short-circuits., Fer each strep,
being a conducter, has inductance, and since it passes ever the
separating segment, capacitance exists betweem it and this segment,
Thus the presence of the strap alters the frequency &t which a
particular mede operates, In theN -~ mode the atrepped segments are
8t the same petentisl, and hence the strap carries negligible current;
so its inductive effect can be ignored. Its capacitive effect
cannot; hence the frequency corresponding to the W-mede is lower when
the magnetron is strapped than when it is not, by an amount largely
determined by the strap pesition relative te the block. IFf the
mede n = 5 arose there would be current through the strap; ae its
inductive effect would be important, as would its capacitive effect
alse. Hence although the general effect of strapping is te change
the frequencies at which modes arise, such changes will ususlly be
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JHGIRE

gy )

DOUBLE RING STRAPPNG
a) (SINGLE RING STRAPPING OMTS THE OUTER STRAPS AT ONE
') N N
END AND THE INNER STRAPS AT THE OTHER END)

~

()

(c) STRIP STRAPPING

. ECHELON STRAPPING
® BOTH ENDS

(&) INCOMPLETE RING STRAPPING () Y —B STRAPPING

Fig. 440 - Strepping systems.

different for the several modes, Thus the different modes are
separated in frequency by strapping; and the conditions in the
-magnetron system as a whole, and in particular the selectivity of
the load, may then be adjusted so that matching is achieved at the
frequency ef the required mede; (normally of the lowest order
possible, and most commonly the X -mode).

The suppression (er minimisatien} ef all but the wanted mode
markedly increases the efficiency, For example, it has been explain-
»d that, if Va is such that the operating point is almost on th;

B = 5 energy supply potential line of Pig. 439, any n = 6 (or {x:.ghc_sr
mede) output must be inefficiently produced. Hence its c.:or}trlbut:.on
to the total magnetron output must reduce the overall efi':.c:.em.:y.
Since strapping, by diminishing the unwanted modes and separating
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them in frequency, tends to make the output consist almost entirely
of the required efficient modes, its intreduction results in a

very censiderable increase in the overall efficiency eof this type
of magnetron. .

Referring again to Fig., 439, it has been stated that working
in the n = 4 mode (at point T) would be less efficient than working
in the n = 5 mede at point P, Whilst this is true for the wnstrapp~
ed magnetren, it is not true for the strapped magnetren, to which
Fig. 439 would net apply. This is because the value ef the energy
supply petentisl for a given B and n depends upon frequency, and hence
changes with strepping.

Some common ferms of strapping in practical use are sheown in
Fig. 440,

Strapping alsoe provides a means ef pre-tuning, i.e, setting
up the magnetrom on & spot frequency before it is sealed off. The
1id is kept off and CW from a klystron escillater at the desired
frequency is injected into the magnetron threugh the coupling loop.
The straps are then bent until the magnetren resomstes at the
required frequemey, this cenditiou being determined by the use of a
resonance indicater in the ceaxial line from the klystrem te the
magnetron, (Allowsnce has te be mede for the difference in frege
usncy occasiened by the presence of the 1lid and the space charge,
in the operating megnetron: but empirical rules enable this te be
done with the required aseuracy).

The emissien of one er more straps from an etherwise symmet-
rical system, er intreducing & break in a strap (or straps) can
have a marked effect on the ressponse of & magnetron at seme particular
mede or modes. Strap emission is semetimes made mecessary by such
practical factors as the pesition of cathode leads etc.

36. Effect of Amede Length, and of End-Plate Distance

The length of the anode and the distance between it and the
end plates influence the frequency of the varieus modes; Pigs. 44l
and 442 iwdicate the extent of this effect., The fact that the
anode~te~end-plate diatance affects the frequsncy ef eperstien is
made use of in tunable magnetrons, ene form of which has a thin
1id the centre of which may be depressed and the frequenay thus
changed. In this way a change ef abeu: 150 Mo/s in 3000 Mo/s can
be achieved. Another form ef tunable magnetren has metal reds
which can move im and eut of the anode bleck, thus altering both
its effective lemgth and the anode-to-end-plate separation.
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37. OQutput Couplings

The output is commonly
taken from a magnetren by
means of a coupling loop, made
by bending round the inner of (a)
the coaxial oubtput line and
soldering it on to the outer
(see Fig, 422). The output
can then be adjusted by
turning the loop, thus verying
the magnetic flux linkage. ®)

At 3 cm. and shorter
wavelengths it is not pract-
icable to make loops small
enough to be located within
the cavity in this manner,
and the methods indicated in
Fig. 443 are used. (a)
shows a loop inductively ()
ceupled to the cavity; in
(b) the output comductor
is attached to the wpper
surface of one of the seg-
ments of the anede block:
and in (c) to ene of the 3 Cm OUTPUT COUPLINGS
ring straps commonly used
at these wavelengths., .
Fig. 443 = 3 cm. output

38. Cathode Features coupling.

The turbulence of the electron cloud in an operating magnetron
is vigerous enough to force a proportion of electrons back to the
cathode with increased energy. There is consequently additional heat
dissipated at the cathode and & possibility of cathode disintegration.
The energy dissipated in this way is sometimes so large that, after
an initial wearming-up period, it is possiblie to reduce the magnetron
heater supply, er even switch it off entirely, The cathode must be
robust to withstand the bombardment, and is commonly made by using
a nickel mesh as a foundation and filling this with emissive oxide.

39. Pulse Operation of Magnetrons

In most rader applications magnetrons are required to produce
high pewer RF pulses of short dureation, this being normally achieved
by applying to the cathede approximately rectangular negaiive-going
pulses, of the required duration., This is preferable to applying
positive going pulses to the anode, which it is uswslly convenient
to earth, The pulses should be steep-fronted and have a rapid die-
away, to minimise the effect of urwanted medes set up when Vg is
changing. (See Sec. 34). Théy sheuld also have a flat top, since
changes in Va during the oscillating period.can seriously affect
frequency, efficiency and output power.

40, Magnetron Characteristics and Rieke Diagrams

Tweo methods are in common use for presenting magnetron per—
formance, namely, Magnetron Characteristics and Rieke Diagrams.
Magnetron Characteristics are drawn in Cartesian Coordinates, the
modulating voltage applied to the magnetron in pulsed operstion being
graphed against the value of the valve current Ig during the pulse,
Contours of constant flux density B and contours of constant RF out-
put power are drawn, Soametimes efficiency contours are also included.
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Chap.8, Sect. 40

An example of a set of magnetron characteristics is given in Fig.
b, It is seen from this that to obtain high efficiency it is
necessary to have a high value of applied voltage and magnetic
flux density. For constant B there is an optimum value for Va
beyond wnich the efficiency begins to fall.
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Fig. Lii = Magnetron character—
isties.
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Whereas Magnetron Chaf‘acteristics indicate magnetron perform=~

ance under conditions of varying Vg and B, the load being always

adjusted for maximum output power, Rieke Diagrams show performance

for fixed I, (or V,) and fixed B for variations of load impedance,
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wex Rieke Diagrams

Consider the ma netic field strength and pulse auplitude
to be constant. Then veriaticn of load impedance over all possible
values of resistance and reactance will cause changes in valve
current, peak power output, efficiency, frequency of operation, and
frequency stability. Correspounding changes occur if the current is
fixed and the voltage varied. = It would be possible to plot these
variations as contours on Cartesian axes representing values of
resistance and of positive and negative reactance; but it is more
convenient to plot them on & Polar Circle Diagram as shown in Fig.
445, This has the advantage that the effect of a loaded output
line or waveguide can be taken into account on the same diagram when
performance is being deduced in a particular case. The normal
circle diagram technique is then employed to transform the impedance
to the output loop so that the corresponding performance can be

recd off,

REACTANCE ARCS

RESISTANCE CIRCLES
= 4
Radius =iz,

!
Radis = 755,

S
centre (- T+%, 0) Centre (-0.—3'5

where 5 = SWR

. BN
CONSTANT —-FREQUENCY CONTOURS (Mcfs) “-____ 5 i CONSTANT -POWER CONTOURS (AW )
thus — 3070 TR ¢ thus — 60

STANDING WAVE
—~— —RATIO FIGURES
¥ on this Axis

Fig. 45 - Rieke diagranm.
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In the Polar Circle Diagram, the complete circles represent
circles of constent resistance and the arcs orthogonal to these
circles, constant re.ctance. An important property of this circle
diagram is that when the line is terminated in a load represented
by the point P, the magnitude of the reflection coefficieut p of
the Load is represented by OP, and the phase change on reflection
is given by # (see Fig. Lik).

Hence circles centred at O are circles of constant p .
These are also circles of constant standing wave ratio since reflect~
ion coefficent and standing wave ratio are interrelated [SWR. =
1l -9
1l +p
wave ratio,

J. The vertical axis is scaled in terms of the standing

The following important points arise from the diagran,
In the example taken, the region of highest power lies at A. Follow=
ing the constant-p circle from A to the vertical axis reveals that
the corresponding standing wave ratio is not unity. This implies
that the line or waveguide is mismatched; and this is due to the
fact that the optimum load for the magnetron at the output loop is
different from the characteristic resistance of the line or waveguide.
In order to match the magnetron outpub impedance to the line or wave-
guide, many modern magnetrons have a ouilt-in matching device at the
output loop. In the region of A th: frequency stability is poor
because the frequency contours converge, so that a small change in
loading causes a comparatively large change in frequency. Hernce
operating the magnetron to obtain maximum output power makes good
frequency stability impossible.

The operating conditions ef the magnetren and the maximun
efficiency at which it can be operatesd depend upon the characteristics
of the magnetron and its load; i.s. the radar system of which the °
megnetron is part. The particular features of the radar sysiem that
are important are the modulating voltage and pulse shape, the type
of receiver employed (e.g. Whether there is Automatic Frequency Control
or not), and the maximum standing wavs ratio that may be set up in
the feeder system due to joints, spacers, and variations in loading
originating at the aerial array.

Suppese, for example, that the standing wave ratio on the line
or guide is subject te variation betwesen 1 and 1-5, due, perhaps, to
& veriable termimation of the line caused by a faulty scanning system.
This varigtion of the SWR of necessity causes fluctuations in the
magnetren frequency. If autometic frequency control (see Sec. 49 -
53) is not employed at the receiver this may seriously affect the
performance of the radar system, Suppoese that a frequency change
of 10 Mc/s is permissible. Then, simnce a SWR ef 1+5 correspends to

. P= 02, the magnetron can be operatel under such conditions that
the constant~ p circle of radius 0+2 ioces not cover more than 10 Me/ s
change in frequency contourse.

4. Frequéncy Stability and Pulling Figure

Frequency changes in an operating magnetron can be traced to
several causes. AsS has already been pointed out, wvariatien in input
conditions produces a change in frequency. As this variatien also
results in a change of anode current, the effect is Eal}.ed Current
Pulling and is of the order of O°l to 1 Mc/a per ampere for 10 and 3
cm., megnetrons. Variatien in wnede block temperature also causes
a frequency change because of the expansion of the bleck. The
change is reughly propertional to the change in temperature and the
coefficient of linear expansion of copper, Load variations are the
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mest important causes of frequency changes, The term Pulling
Figure is defined as the difference between the highest and lowest
frequencies obtained as the load is varied in any manner which does
not cause the standing wave ratio to exceed its meximum permissible
value. Normal values of pulling figure are of the order of 10 to
15 Mc/s.

If a long transmission line or waveguide is employed between
the magnetron and the aerial system operation at meore than one freq-
uency may be possible, and the magnetren frequency may junp from one
value to another more or less at random. This is commonly known as
Frequency Splitting. It is avoided by keeping transmission systems
as short a3 pessible er by avoiding standing waves on long lines or
guides. .

mwx Use of Rieke Diagrams to Illustrate Frequency Pulling and
Frequency Splitting

In the example already quoted in Sec. 40, referring to Fig.
45; the standing wave ratio was assumed to be 1+5, so that p= 0.2,
The frequency variation ever the region covered by the circle
P = 0-2 may be determined by interpolation between the frequency
contours already drawn. The pulling figure may thus be shown to
be about 6°5 Mc/s.

The Rieke diagram alse illustrates how a short line is
preferable to a long eone. Suppose that the line (or guide) is of
length'e and that the standing wave ratio isl<5. If the frequency
is varied the electrical length % of the line changes, but to a

first appreximation the standing wave ratio may be taken as constant.
The working point en the Rieke diagram correspondingly traverses a
constant= o circle as shown in Fig, 445. For any given position of
the peint on the circle the cerresponding angle ¢ is, in fact, the
phase angle between the direct and reflected waves on the line at

the input terminals, and hence the relation between £ and @ is given

by
g = %r_l;mr,

where @p is the phase change on reflection at the load. (In the
case of a waveguide A g should be read for A in the preceding expres-
sions), We may thus deduce that

g =5:_l: $ Br erenerrerenennneseae(5),

where u is the velocity of prepagation on the lipe (or the phase
velocity in the guide). In Pig. 446, £ is plotted against @, giving
the line XY.

Suppose now -that the line is energised by the magnetron.
Then there is the funiamental relation between £ and ¢ already
pletted in Fig. 446, obtained direct from the Rieke Diagram., The
working conditions are therefore given by the intersections of the
two curves, In the exsmple taken there are three intersections,
suggesting that there are three possible operating frequencies,
However, only twe are possible, because although the three peints
of intersection give three conditions of equilibrium,the one at A
is unstable, For if some small change in the system were to occur,
resulting in a small increase in f, then, from equation (5) ¢ is
inoreased; as,shown by the frequency pulling curve, this would
result in & further increase_in f. On the other hand, &t B and C
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an increase in f causes a decrease in @ , which tends to pull the
frequency back, Since these two frequencies are equally possible

the megnetren may judp from one to the other, causing frequency
splitting. If this is to be awoided the line XY must be sufficiently
steep for the curves to intersect at one value of f only as indicated
by X'Y'. The slope of the line XY is 1"_‘7’%2 ; hence, to make XY

steep enough to avoid frequency splitting, { must be sufficiently
small.

Tor a certain critical leugth of line or guide the slope of
XY will be equal to the maximum slope ef the freguency pulling
curve: and it is then possible, with one value of @r, for XY to be
tangential to the frequency pulling curve at its steepest part.
This leads to very considersble frequency instability, apd is termed
Broad Spectrum eperation.

Further, a long line or guide is troublesome because the
impedance ms seen by the magnetron changes at time intervals corres—
ponding to twice the transif time of the line or guldc, due to
reflections from the load back to the megnetron; these cause varying
load impedance at ‘the magnetron output leop and corresponding freg~-
uency changes. (The importance of this effect will depend upon the
extent of the mismatch at the termination).

The longer the line, the more stringent must be the magnetron
specification in regard to frequency stability; i.e. the smaller
must be the pulling figure. An improvement in stability may be
obtained even for long lines by putting & stub tuner close to the
magnetron to adjust the region of cperation so that it covers a fairly
flat pertion of the frequency characteristic.

42. Pre-plumbing of Magnetrons

' Pre-plumbing is a process whereby magnetrons, complete with
such devices as stubs, common T/R, and other switching apparatus, etc.,
can be so sccurately menulactured that subsequent adjustment is un=-
necessary. This precludes any possibility of the introduction of
instability due to maladjustment.

461



Chap.8, Sect.43

CONTROL OF NEGATIVE~-GRID OSCILLATORS

43, Stabilisation of Oscillato-s

Oscillators may be divided into two classes, Master Oseill-
ators and Power Oscillators. The former are usually reguired as
frequency standards and are protected from variations in loading
which would tend to upset the frequency stability. Power oscilla-
tors, on the other hand, must maintain an adequate frequency
stability and a high degree of efficiency whilst undergoing various
changes in leading conditions. Both types are used in radar.

For various reasons, among which conservation of power, bulk and
weight predominate, it is usual to employ power oscillators in trans-
mitters rather than master oscillators followed by.power amplifiers.
At UHF there is no choice, since the problem of satisfactory amplifi-
cation has not been solved. For calibrators, where accuwracy is of
primary importance, a frequency=~stabilised oscillator is often used,
followed by amplifying stages. Crystal-controlled escillators are
commonly employed, being superior to other types in this respect.

Oscillators should be protected from such fluctuations in
supply woltage as produce variations in output frequency.

Control of the amplitude of the output voltage of an oscill=
ator commonly takes the form of an aubomatic volume coutrol circuit,
controlling the bias of the valve, The use of automatic bias by
grid leak and condenser, described in Chap. 7 Sec. 4, is a particular
case. Frequency stabilisation may be provided by the use of s
large-valued resistance in the Peedback circult, This resistance
is in series with the slope resistance of the valve and its large
value masks variations in Ry which might otherwise affect the oscill~
ation frequency,

‘ In some radio-frequency oscillators commonly used in super-
heperédyne receivers and signal generators, the dual functions of
master vscillator and power smplifier are performed by the same
nulti-electrode valve, A pentode, for example, may be employed,

with centrel grid, screen and cathode acting as a triode oscillater,
whilst the output is taken'frem the anode, screened from the oscilla-
tory circuit by the suppresser grid. By this mesans variations in
loading are substantially prevented from affecting the oscillation freg-
uency. This type of circuit is usuelly referred to as an electren—
coupled escillater,

It is frequently found that & rise in mean anode petential
affects the frequency in one direction, whereas a rise in screen
potential has a reverse effect. When this occurs a suitaole
potentiometer arrangement for supplying screen and anode from the
same supply may be chosen so that these two effects cancel each
other, leaving the frequency of oscilletions relatively independent
of supply woltage.

In general it is possible to improve frequency stability by
causing the circuit to oscillate at, ‘or very close to, the resenant
frequency of the ‘tuned circuit employed. The effect of a high-Q
circuit is largely nullified if it is used as a reactance. 3y
ingerting various compensating reactances in one or more of the
electrode leads it is eften possible to allow for imterelectrede
capacitances and other stray reactances so that the tuned circuit is
used at the peak of its resenance curve. This is not practicable
at very high frequencies when lead inductances introduce further

cemplications.
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hi, Steady State Conditiens

The performance of escillators eften depends fundamentally on
the values of thé supply voltages, apd by suitable control of these
an oscillator may be given wvarious charscteristica. To show hew
this is done it is first neceasary to examime what facters determine
the steady-state conditions of an oscillater.

Pig. 447(a) shews
the schematiec arrangement

ef the four oscillater St ~
cemponents listed in Sec.l. ! AMBLIFIE 'l N R —
Fer purpeses ef descriptien | o SECTION
it is convenient te divide |' : =7
these inte twe parts, the i L, an .
*amplifier™ and "network" A —
sections respectively, as | s |
indicated at (b). Each s wono | | NETWORK
f these parts may be ( LHETWoRK i SECTION fe—zn
;ons i&ereﬁasepara{ely L — - METNIRK SECTION 0. Zga
2
provided it is cerrectly (© (b)
terminated; i,e., when .
considering the behaviour Fig. W47 = Schematic arrengement
of the smplifier section,’ of fundamental oscillator
it must be terminated by components.

the input impedance of the

network, and vice wersa.

It is convenient te include the effect of grid current as extra
damping in the network; this effect is of considerable impertance

in limiting the smplitude of oscillations in ceonventienal escillators.

It will be agsumed that escillatory veoltages are.sinusoidal.
This is appreximately true even feor Class C operation, with nou-
sinuseidal currents, provided the tuned eircuits are highly selective.

il
AMPLIFIER
T:U* [ secTion 7] Zn@TUa / \
o——0 o—
R ° +
42 - 360% e
A 270
(0) Ua LEADS Vg BY o 180 /——/
PHASE ANGLE fag 30
b) & £
m{ tml
£ o
¢AB ¢AE:
270
80
(C)o f (d) o [V

Pig. 448 - Amplifier section.
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The betuviour e: the amplifier section, terminated in zp
(Pig. 448(a)) may be described in terms of its amplification

mj= % and phase shift @ yp. Both of these vary with frequency.

If £, is resistive, as in a video smplifier, the normal wariations
of |m| and @jp with frequency are as shown at (b), whilst if zp is
the impedance of & parallel tuned circuit, Fig. 448(c) shows typical
variations. )

As the amplitude of oscillatien varies, the.nen-linearity ef
the characteriatics cavses changes '1n the valus of m|] « To a
first appreximatisa ﬁAB is net affécted, These effects are illustra-

ted at (d).
Similarly, the behaviour ef the metwork sectieon is illustrated
in Fig. 449, If it is linesr there will be no change im, phase ¢AB or
v
in attenuation |a| as the amplitude is altered, (8| = -a;: ).
There will be censiderable wvaristion as the frequency changes, dopend-
ing on the nature ef the network. Fig. 2;4953.) shows a typical high-

Q circuit which might form the network, and (b) and (¢) show the
attenuation and phase wvariatiens with frequency.

o §
}Ua :L Za [Ul
3 :

lad

o £
( ) Ga (bP
+ -lal Ug LEADS UnBY @
Ua PHASE ANGLE e
faf Pen
/ 180
30
I
A
(e}
]
©o RiDCURRENT FLows (@) f

Fig, 449 - Network sectiom
(typical case).

When the effect of grid current damping is ineluded inm the
attenuation |a&| , this is net linear, but incremses considerably
when the amplitude of oscillations becomes large enough to raise
the grid above cathode potential. This effect is illustrated at

(a).

When the two sections, amplifier and network, are joined tog=
ether to form the complete oscillator, steady escillations can be
maintained only if two conditions are fulfilled; the amplification
of the amplifier must be just sufficient to compensate for the atten—
wation of the network; salso the phase shift for the combined circuit
must be a whole number of complete cycles; i.a, |m| = |ai, and
Pap + Ppa = n.360°, where n is an integer. ’

Tc~ether these relations determine the frequency and amplitude
at which escillations may be maintained., - In theory there may be
several velues of each which satisfy the steady state conditions, but
in practical circuits ene mode of oscillation usually predominates to

the exclusion of others.
464



Chap.8, Sect.4b

45. Effect of supply potentials on sieady state conditions

In practical escillators the :requency is seldem appreciably
affected by variations in mean anode or grid petentials (save in
the case of relaxation oscillators, not considered here.) But
since such changes affect the amplifier gain they have considerable
effect on the amplitude of oscillations, Maximum amplification is
available under Class A working, but not necessarily maximum ampli-
tude. This is because oscillations nsually build up until the flow
of grid current has increased the damping to the point at which
attenwation is equal to amplification. An increase in bias in the
Pirst instance increases amplitude bu: decreases the values of both
|la| apd m| in the steady state. IY the bias is maintained at a
steady level and the HT supply raised, amplitude is usually increased
and also faj and (m| .

In most triode oscillators it is the effect of grid current
rather than curvature of valve characteristics which predominates
in determining the amplitude at which oscillations will be maintained,

With Class C bias, oscillations are not self'-starting since
initially the angle of flow of anode current (Chap. 7 Sec. 4) is zero,
and therefore Imi = 0. When an inpus signal is applied causing anode
current to flow, imj increases with anplitude as illustrated in Fig.
450(a), Curve III. The effect of increasing biss is to delay the
point at which amplification commences and also to reduce the gain
for a given amplitude, A similar result follows & reduction in HT
potential, the reduced angle of flow causing a reductien im |mt »
This similarity is illustrated at (b).

. EFFECT OF INCREASING
[~ BIAS; ANGLE OF FLOW
REDUCED

I CLASL B WORKING
T CLASS B-C WORKING
W CLASS C WORKING
(@) VARIATION OF AMPLIFICATION
WITH AMPLITUDE

FIXED CUT-OFF VARIABLE BIAS
ta
'1‘/ EFFECT OF REDUCINGHT:

ANG.E OF FLOW
REDUCED

Q

D

~——

FIXED BIAS VARIABLE CUT-OFF

{R)SIMILARITY BETWEEN THE EFFECTS OF INCREASING
BIAS AND RECUCING HT POTENTIAL

Fig. 450 = Effects of bias
and HT potential on Class C
operation.

The demping effect of grid current must be compared with
thé other damping factors of the metwork. Although the network
mey have a high Q, excessive grid-current demping will effectiwvely
reduce both the selectivity and the dynamic resistance of the net-
work, assuming that it acts as a parallel tuned circuit.
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In general, for a given HT supply, there is a unique value
of bias necessary to maintain osciliations at a given amplitude,
If a large amplitude is required this may be provided by an increase
in bias. There is clearly & limit to this process, since as |m|
is reduced to a point at which it is less than the minimum atten-’
wation |4| oscillations cannet be self-maintained under any circun=
stances,

Similarly if the bias is held constant and the HI reduced,
a point will be reached at which oscillations cease sltogetger, owing
to the steady reduction of the angle of flow until |m| < jal for
all values of V4.

46, pBiasing circuits

As pointed out in Sec. 45, the effect ok an oscillator of
varying the bias is chiefly to change the amplitude of oscillations,
and appreciable changes of frequency do not usually ocour, If it
is important that the amplitude should be constant, the steady
supply petentials should not be allowed to vary, and the circuit
,should be designed as a master oscillator, so that changes in load-
ing do not affect the coperation., ‘Under these circumstances, a
constant bias can often be provided by a conventional cathode resistor
with & by-pass condenser of sufficiently large capacitance, or by a
suitable potenticmeter arrangement.

If a valve escillatcr is not otherwise protected from notice-
able changes in loading, it should be provided with an automatic
regulating device which increases the available power as the power

. demanded by the load increases, It will be shown that in common
oacillstor circuits such a requirement is not met by a eathode biasing
circuit, and that for Class B er C working the reverse is true;
vig., a3 the load incresses due to & diminishing lead resistance,
which incresses the damping of the circuit, the corresponding bias
inereases so that the available power is also diminished, In the
eircuit of Fig. 451(a) the valve current for Class B working is as
shewn at (b). Increased dsmping of the tuned circuit diminishes
its dynemic resistance so that the emplitule of the anode alter-*
mating voltage is diminished; (c)}. This raises the anode voltage
during the conducting period of each cycle,and thus inoreases the
valve current; (b). This increases the bias, The same argument
holds for Class C conditiens, ’

Fig. 451 = Non=self'w
compensatory effect
of cathode bias.

@

\ANODE POTENTIAL/ Vo / NON-CONDUCTING
DURING 7Y PERIOD p
,’ ‘conbucnus’ )

1y EFFECT OF RAISING,
[ \ PERIOD ,

1
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)
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The use of self-bias by grid
leak and condenser provides auto-
matic regulation appreoaching the
form desired to compensate for
variaticns in loading. In the
circuit ef Fig. 452(a) a decrease
in amplitude of the alternating cm R
anode voltage decreases the
amplitude of the grid voliage seo
that the condition for steady bias,
viz, "charge accumulated on C n
during each cycle = charge which Y
leaks away through R during each

HT

cycle® is no lenger maintained, Fige 452 - Diasing
through the reduction in the circuit using grid leak
angle of flow of grid current, and condenser,

More charge leaks away, diminish-

ing the bias and increasing the angle of flow until & new stable
condition is reached with a smaller bias, This increases the
available power.

47. Self-quenching escillators

The fundamental requirement for a pulse radar transmitter
is the production of bursts of RF oscillations recurring at a suit-
able repetition frequency, This requirement can be met by suit=
able design of the power escillator. Instead of maintaining
centinuous oscillations, an oscillator can be modirfied to allow
oscillations to build up, reach a meximum, and decay, the valve
remaining quiescent for a period, and the cycle then repeating auto-
matically. This process is known as Self-Quenching, and when it
arises from an auto=-biasing arrangement in the grid eircuits, the
escillator is very commonly known as a "Squegger”, or Squegging
escillstor. This term is also spplied somewhat loosely to oscilla-
tors where the self-quenching circuit is in the anode or catnode

lead.

In all cases the action arises from a gradual reductien in
jm| by an increase in the bias er a reduction of available HT
potential, until (m] becomes less than |a) . Under these temporary
conditions escillations cannot be maintained and usually cease
altogether,

] During the subsequent interval no walve current flews and
the bias or HT potential returns to the value at which oscillations
become possible, and the cyele repeats.

Squegging Oscillators

The actuml escillator circuit chosen to describe this
behaviour is not important, and subsequent remarks apply equally te
most types other than the cemmen-cathode ciicuit drawn in Fig. L52.

The squegging action is illustrated in Fig. 453(a). Oscilla-
tions build up and the bias increases due to the accumulation of
charge on C. Provided certain conditions are satisfied, which will
be considered below, a point is reached at which the bias becomes
greater than the value at which oscillatiens can be maintained, when
the RF oscillations begin to be damped out. The charge on C leaks
away through Rg and the bias is reduced until cut-off is reached.
At this point mi is greater than (a| , and escillations recommence.
When grid current flows the bias increases and the cycle repeats,

467



Chap. 8, Sectuli-7
i
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kGRID CURRENT FLOWS FOR THESE
SHADED PORTIONS

| b
i t
(a) SQUEGGING ACTION
vg (DURING RECOVERY PERIOD)

Vo -~ - — e ————— T

R

Ve 1,<—CHANGE IN CUT-OFF VOLTAGE

BIAS AT WHICH
OSCILLATIONS CEASE "~

' VARIATION N PERIOD
WITH GRID LEAK

RETURNED TO HT+
VARIATION N PERIOD

WITH GRID LEAK
RETURNED TO CATHODE

(b) EFFECT OF RETURNING GRID LEAK TO A SOURCE OF
HIGH POTENTIAL

Fig. 453 = Effect of returning
grid leak to a source of high
potential.

The pulse width depends on the charging time-~constant CRj,
where Ry is the mean DC resistance of the grid-cathede circuit when
grid current flows. The recurrence frequency depends chiefly on
CRg, since it is usual for Rg to be much greater tham Rj.

The circuit may be modified by returning the grid leak either
to cathode or to HP potential. 1In the first case the actlion is the
same except that the voltage developed across the grid leak is alter-
nating instead of approximately constant. The connection of the
resistor to a source of high potential, tegether with a suitable
adjustment in time-constant so that the recurrence periocd is not
altered, makes the onset of oscillations more definite and the re-
currence frequency correspondingly mere constant, This is illust-
rated at (b}, A fluctuation in HT supply, for exemple, causing &
variation in the cut=off voltage, would have much less effect on
the periodicity in the modified circuit, as indicated in the diagram.

xxx Conditions under which Squegging Occurs

The mechanism of the cessation of oscillations may now be
dealt with in greater detail. Suppose that the oscillations can
be maintained at any chosen congtant amplitude, The circuit is then
equivalent o an amplifier being driven by a constant wvoltage
generato:, This generator will provide er absorb energy according
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as imj<iaior imj >jal for this amplitude of signal voltage Gi’

For a given C~R network and constant input amplitude the bias
devEloped across C will settle down to a steady value Vg depending
en Vi, C, Ry and Rg. Provided CRj > the duration of grid current
flow for each cyc%e, and provided CR, » T, the pericd of oscilla-
‘tions, the grid voltage will be appro&imtely sinusoidal, as in
Fig. LS54, these being the oonldiitions for non—distortion. The ratio

-ve2 . - §
3 then depends on the ratie Rg only, to a clese degree of approx-~

imatien, and the relation between them is

Vg o TRy 2
;sf SV (e provided B; & Ry

Vg

(V)R Y SR WP Ny . WY A Y U CUT-OFF

gl ~— - — _MEAN BIAS
(RIPPLE NEGLIGIBLE
IF C IS LARGE}

CURRENT CURRENT

;?‘\ig. 454 - Steady state relation between
Vi, Vp and the angles of flow of grid and
anode currents.

If we now plot
the variation of |m|
and Ja) with amplitude
A
v;, we obtain curves
such as are shown in
Fig. 45. The wlue
of )a] has been assumed i, o
constant, since the net-
work is assumned linear,
and the attenuation due
to grid current is also
linear under the assumed
conditions.

Provided the assum-
ptions which have been
made are justified, it Fig. 455 = Variation of |m|
follows that at the point and {a| with amplitude.
P the controlling gener—
ator could be removed
and escillations would
be maintained et the corresponding amplitude, where my = (&l .+ That
this does not -happen in the squegging oscillator is due to the delay
which occurs in the build-up of bias, since, before the steady state
operating point P is reached, the bias will be less than that for
which the curves of Fig. 455 are drawn. The effect of this lag is
indicated in Fig, 456. Both |m| and Jal are increased, since the
angles of flow of both anode and grid currents are larger. In
other words, the amplitude will be momentarily stabilised at the
value for the point § instead of P, towards which it must tend for

stability.
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Two ceses arise, shown at (a) and (b) respectively. In
(a), § m > & 1,
and the peint Q is
to the right ef P. Iml.lal

This means
that the amplitule
of escillatien is
larger than the
value at which
jmf = |2). 0scille~
tiens contiunue
until the bias has
increased beyond the
required wvalue,
,since this value
must be exceeded
befere the amplitude
begins te decrease,
Once the bias has
exceeded the crit-
ical value it remains
toe large for escilla-
tions te be main=-
tained, due to the
long time~constent
CR,. Hemnce the : - s
osfillations die away. i;ﬁ;ﬁf’g - Bffect of delay in

In {(b) Smi< 8ial , so that the operating point Q is to
the left of P» The amplitude ef oscillatiens continues to build
up with diminishing increases in bias, and the condition is stable,
since each inerease in bias makes |al increase with respect to mi .

Phis is further illustrated in Fig. 457, where [m| and |ai
are pletted against Vg for a fixed amplitude corresponding to the
point P-ef Pig. 455. In the first figure () an increase in bias
for a given amplitude ledds to instability since (aj becomes greater
than jm| and at the increased walue of bias escillations camot
be maintained. 1In (b), the incresse in bias is accompanied by an
increase in |m| with respect to lal,so that the smplitude is
inereased and the condition is stable.

Iml, laj |m|,la|

(&F; CONSTANT) (D'; CONSTANT)
s1al

- /g‘yiml
|
1
1
'
|
1

L

[<] Vﬂ [o) V's

(CY UNSTABLE }~ SQUEGGING CONDITION (D) sTABLE;- NO SQUEGGING OCCURS

Fig. 457 - Squegging criteria,

3
The condition ______B mL & is the oriterion for squegging

te occur, under the conditions which have been assumed (long time=

constants, sinuseidal oscillatioens, and Rg> Rj). This criterion
depends en the relative values of ¥ Ri,gRg, the cut=off voltage
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‘Vc and the dynamic resistance of the tunmed circuit, Per & given
71 and Vo, and provided the dynanic resistance is net too large,

squegging will eccur if _x is sufficlently large.

Another method of making squegging mere likely ls to increase
the damping ef the tuned circuit, This causes the pint P te occur at
a steeper portion of the |m| ~ ¥; curve (Fig. 456) and increasesthe
likelihood of the point Q being te the right eof P,

With triodes commenly used in low power radar escillaters
empleying high=Q circuits and Class C biasing, a grid lesk of the
order of 20 kO to 200 kN is uswmlly sufficient te cause squegging.

Anode Self-Quenching Oscillaters

In this form of self-quenching circuit the bias is held
constant, but an effect similar te that ef squegging is obtained by
an sutomatic reduction in available HT potential. This reduces’
the angle of flew ef grid current by shertening the grid base(Fig.
458(a)). A typical circuit is shewn at (b). As in the grid self-
quenching circult, it is the value ef the resister R which is wswlly
critical, If this is greater than a certsin value quenching will
euasue whatever the value of C. Pulse width is principally determined
by the product of C and the mean DC resistance of the wlve when
condueting, whilset recurrence frequency depends chiefly en CR. The
shepe of the anode pulse is shown at (¢).

EFFECT OF LOWERING
HT POTENTIAL

g0 FIXED

[V
-V - —

' i
() —_u
DECREASING ANGLE OF FLOW

AAA

v

£
—)

Ve

©

Fig., 458 = Anode self=-quenching
oscillator,

A node self-quenching is normally employed as & pretective
device, rather than for regulating pulse width or recurrence freg-
uency. Used in cenjunction with grid self-quenching, the latter
constituting the principal contrel, the anode network prevents damage
to the walve sheuld the grid circuit fail te prevent continuous

escillations,
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48. The Super-Regemerative Receiver

Altheugh the Super— .
Regenerative Receiver is

mere than an escillater it RE o |

i:sd:dt :i'tb gem n;ime weuT oscTLFLArod FITER |00, Teare ouTouT
peration depends on

the build-up ef escilla~ B e

tien in a modulated or (roouLATre)

quenched eoscillater. The '

schematic arrangement of

& separately-quenched Fig. 459 = Schematic

¢ircuit is shown in Fig. arrangement of super-

459, (8elf-quenched regenerative receiver

receivers dre semetimes used in communications sets, but are not
cemmenly used in redar and are not described here). Since the
schematic arrangement resembles that of a modulated transmitter it
is as well to indicate the easential differences between the two
eircuits. It is generally asswmed that in a pulse~moduleted
transmitter the build-up and die-away intervals for each pulse are
very mich shorter than the pulse duration. When the oscillater
is used in a super-regenerative receiver, on the other hand, feed-
back cenditiens are se adjusted that in the absence of an applied
signal the eacillations build up gradually and reach & maximum
smplitude shortly before the end of the applied pulse; (Fig. 460).
The eacillateor is then quenched

by the trailimg edge of the

modulation pulse and the

escillatiens die aw rapidly OSCILLATION
s * AMPLITUDE

The main differemce = | ____ ¢ MODURAT
between this ectien and that |
of the grid-medulsted trans-— |
mitter (Chap. 14) (er ef the ' ¢

o]
self-quenched escillater MODULATING
described in Sec. 47) is that
in the latter case the grid
voltags rises sharply throwgh o ¢
cut=-off se thatthe flow of walve
current is sulden, initiating
the main escillatien, In Pig. 460 = Build-up oscilla—
the case ef the super- tions.
regenerative receiver, the
applied pulse is less abrupt (being commonly sinuseidal) and the
feed-back less vigerous, se that the rendom neise fluctuations in
the input circuit, superimposed en the applied pulse, are largely
effective in determining the initial grid voltages during each
oscillation interml, When a signal ef the cerrect freguency is
applied to the imput circuit the mean anede current is increased
and a filter circuit in parallel with the anode load enables the
increase in current to be detected as a negative-going pulse.

The effect of the super-regenerative circuit is that a given
change of mean anede current can be produced by & very much smeller
RF input signal then would be required, for example, by a reactien
smplifier (Sec, 3, Fig. 385) used as an anode bend detector.

Because of this a single valve stage used as a combined amplifier
and detector in a super-regencrative circuit may provide an adequate
output when the input signals are ef the order of microvolts, whereas
several hundred times this megnitude ef signal would be required
with & resction amplifier-detector circuit,:
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The manner in which the much greater
gain is ebtained in the super-regenerative
circuit may be explained with reference to
the transfermer-coupled circuit ef Fig. weur_ g :
461. Suppose that the curremnt and volt- = ol °
ages }n this circuit are zere when an EMPF
vy =V ¢ Jot i injected into the
tuned circuit by the coupling lecp.

The equation giving the output velt Fig.461 = Transformer—
Vo ma; be shoﬁ tﬁgbe put voltege coupled tuned circuit,

dzv, 1 dv, v, v
] @ 1 1
-"T-l- ——— P e F mwm setcssevttesevicessres -
dat CRP 4at CL CL, @
The steady-state golution of this equation is the ordinary ®AC
solutien", with ¥, = Q¥ , where Q = Ry /C  (assumed large).
‘ L

The manner in which the amplitude of the output wveltage tends
toewards the steady state is illustrated in Pig. 462; the equatiom
is:

-t
¢'=Q¢i (1-€m) .."..'...........‘l..'..‘....(z).

Suppose now that the resiatance Rp is replaced by the equivalent
of a negative resistance, ~ Rp.

The solution of the cerresponding equation:-

dzvo 1 dvg :! - Ii

a2 CRp 4t ' CL CL

0‘0.0...-0.-.!'..0000(3).,

which is the sume as (1) with ~By in place ef Rg;‘gis similar te

that of the former equatioen, the amplitude grow accerding te
the formula:
t
TRy
c. = Q:;i (E - 1); "»oo'-oo.OOoooooooooonot(li-)

(in this case @ = Rn»/%-)J

OSCILLATION
AMPLITUDE /

OUTPUT
AMPLITUDE

—-
o —t
Fig. 462 = Build up of output Pig. 463 = Build~up of
voltage in transforumer- oscillations in regenera=
coupled (non—oscillating) tive oscillating circuite.

circuit.
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This is illustrated in Fig. 463. Comparisen of this figure with
Pig. 462 shews that the former curve is the difference between

the expenentially decreasing curve Qv £ and Qv i» whereas
the latter curve is the ngereuce between Q71 and the exponentially
incressing curve Q¥ € 2Ry |

If the amplitude of the applied signal is increased by an
ameunt AVj, the amplitudes ef the curves of Figs. 462 and 463
are correspondingly increased., In the case of the regenerative
(reaction) amplifier it is this increase in smplitude which provides
the change in eutput current. In the super=regenerative circuit
it is the time taken for the veltage vy to reach a given amplitude
which matters. When the escillatiens have built up to & certain
amplitude Vg the amplitude remains approximately comnstant at this
velue, due te the inherent non-linearity and limiting actien ef
the walve characteristios, until the end ef the medulation pulse,
This cuts eff the valve cwrrent, in effect replacing tae resultant
negative resistance by the natural damping resistance of the circuit,
se that the escillations are rapidly quenched. The whole process
repeats with the next medulating pulse, by which time the RF input
voltage will have changed in amplitude.

Censider the action during a single medulatien pulse. The
equation relating the time T for the ocacillations te build up with
Ve, the maximun amplitude, is

T
v. = Qgi (E ZCRn - 1) -cco.ct--.-.-oc.qo--n--o(S)l

Since we are cencerned with walwes of T such that € Ty > 1,
for AP weltages of small amplitude v1 this equation reduces te:

¢ BF

If 9, is the smplitude ef the carrier wave modulated by
(1 + A coswpt), we have

QC".c'.....l'.l.!..l..IOCOQQ(6)O

Ve = Qz‘l

Qi = Ty (1+ A coswgt);
se that

T2 9 - - 3 -
el log, Vo logg Q loge Vs log€(1 + A coswpt)
..'.'...(8)'

Since, for a given carrier level, the only quantity which varies
in (85 is t, we have

AT = =R, A iloge (L+a coswmt)g evesesrases(9)y

and this is independent of Gc'

This decrease is illustrated in Fig. 46k. ty is the
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duration ef the
medulating pulse.
The twe curves CRNPLITUBE
are identical
except for the
herizontal
displacement
AT. Hence, Vof—=—=====5~1
to a first /]
approeximation 4
the average ’
increase in i
amplitude of e
v, due to o= ,!, t
the incresse P
in the ampli~
tude~medulated Fig, 46k - Decrease in time taken
input is for oscillations to acquire a given
arplitude (small signals).

AT
w e

-

-v-t;--ZCRn A g log, L+a coswnt)g R e [ B

We shall compare this with the increase for a reactien amplifier,
given by

Q¢°' A El + A c.swntg .-.................u...(ll)-

Suppose the input changes from its maximun value ¥, (1 +A) te its
aminimum value ¥ (1 - A). Fer the reactien anu.&itier equatien

(11) gives
AT, = Q¢°E1+A-1"-E} = 2%, .

Fer the super-regenerative circuit the change in mean amplitude
for the pulse interwal tp is given by equation (10):-

12%3'-5 39?:93& élcgs (1+4) - logg (l-A);

s B e jaf)

L4

Provided A is small,

leg, G4 = a.

Hence, for a lightly medulated carrier, the ratie between the
change in mean amplilude in the super=regenerative circuit te the
cerresponding change in mesan smplitude in the reaction-amplifier
circuit is given appreximately by:~-
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Ny CRy 22 A XV LRy
————————— - & v, = evogEm— &
®p o Ve tp

Since Q@ =w,CRP, this may be written

2VoCRy 274 By
ro) —— » .
Ry, Ep B gtp¥eRy
Suppose = lms,wy = 27T 200, 106 (cerrespesnding te a frequency

of 200 Mo/'8); ' Vg = 10 volts and % = 10 microvelts. Suppese alse
that Bn = RP-

Then the ratie becemes

2'103 B

o ~ -
2r.200.105.10"0.10.10°°  ¥®

Thisratio does noet teke inte acceunt the fact that the super-
regenerative detector is eperating for enly & fractien ef the quench
period. Hewever, even if the pulses fill only one-tenth of the
reception time there is still an increase of mere than 150;1 in the
effective amplification provided by the super-regenerative circuit
compared with the reactien amplifier.

The above simplified analysis has considered the action from
the point ef view of a sinuscidally medulated carrier -~ the conmunica-
tions aspect. In radar, where RF pulses are received, a somewhat
different appresch is simpler. Here we are concerned with the
amplitude of the actual output pulses, and net with any modulatien
compenent of these; and the result found te‘ be approximetely true
for a sinuseidally medulated carrier, namely, that the amplitude of
the medulation cemponent is independent of the carrier amplitude,
ne longer applies. There is still hewever, an inberent AGC actionm,
independent of this remilt.

If the amplitude of the RP

input is large, the apprex- OSCILLATION

imatien of equation (6) no AMPLITUDE
longer holds, and the change
in the rate of increase of
oscillation smplitude .
fpillowing an incresse in
input smplitude is as shewn
in Fig. 465, rather than |
thet shown in Pig, 464 for /
small signals, As the /
smplitude of the applied

signal increases the % -t
increase in the mean amplit-

ude of the Output volt&ge Fig' 1*55 - Dccrea'se in time

dees not increase proper- talken for oscillatiousto acquire
tionatdly, but is ebviusly & given amplitude (large signals).

limited, There is &
maximun pessible increase
in the ares under the modulation envelepe of Fig. 460, occurring in
theory when the envelope is entirely filled with RF oscillaticuns.
The result is that the super-regenerative receiver can deteot,
without ever everleading, signals varying in smplitude from a f'ew
microvolts to sewveral volts.
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When used for comunicatiens reception the region of
variation of input amplitude over which distertion is not pre—
hibitive is limited, and varies with the medulation depth. For
rader purpeses, where this type of circuit is used as a one-valve
receiver for triggering radar beacens, distortion is not impertant.
The eutput is ef sufficient amplitude, even for very small input
signals, to trigger & local transmitter, and because ef the inherent
AGC actien ne deleterious effects arise when much larger input
signals are received. However, additienal AGC circuits may be
employed with advantage to limit the amplituie of the triggering
pulse applied to the transmitter and te prevent valve saturetion
when very large signals are received.

-0

© LF CHOKE

CAPACITANCE pi X TRIGGER
PULSES

INPUT FROM
AERIAL

MODULATION
OSCILLATOR

Pig. 466 - Typical radar super~
regenerative circuit.

A typical arrangement of a super-regenerative receiver
designed for RF pulse detection is shown in Fig. 466. - The low-
pass filter in the output side by-passes the fundamental ard
barmenic compenents ef the quench frequency se that there is a
cengstant steady woltage produced at the output terminals when ne
RP sigoal is applied to the grid. There is an ine_vitable neise
fluctuation present. The width of the medulation pulse is made
amall and the quench f‘requency sufficiently high te ensure that
several quench perieds eccur during a single imput REF pulse.

When this arrives at the grid a negative-going pulse is
preduced at the output, slightly delayed by the filter circuit.
This pulse is amplified and is used for triggering the lecal trans-
mitter of a radar beacon.

AUTOMKTIC FREQUENCY CONTROL

49. Gemeral

Like mest automatic conirel systems, circuits which centrol
the frequency of an eacillator are of the serve type (see Chap. 18).
Phe frequency of ezcillatien is cempared with some frequency
standard in a suitable difference element, the output of which is
used te adjust the escillater so a8 to reduce the frequency
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difference to zero.

The simplest requirement, namely te leck the escillater
frequency to that ef an awsilable transmitter or standard generator
will not be dealt with here. In effect this converts the oscilla-
ter inte an amplifier by inoreasing the coupling between the two
generaters. The mere impertant practical requirement is to make
automatic adjustments to the frequency of the lecal sscillater of a
superheteredyne receiver so that the signal in' the IF channel is
kept in the middle ef the preset IF band., This is necessary to
prevent distertien and less of 'signal strength. It is immaterial
whether the changes in frequency are due to changes at the trans-
mitter,which is mere likely, er at the lecal escillator. In either
case, when such variations are detected, adjustments are made to
the local escillater te bring the IF signal back into the middle of
the band.

The input quantity ef the contrel system is therefore the
setting ef the IF tuned circuits, and the serve action is required
te pull-in the IF signal by adjustments te the lecal escillater.
This may be done in the case of mechanically tumed oscillators by
a serve motor twrning the vanes of a wvariable condenser, altering
the position of & tuning core er, in the case eof a klystren,
adjusting the tuning screws er diaphragm, Alternmatively, if the
frequency can be waried by altering ene ef the contrsl voltages,
such as the reflector petential ef a Sutten tube, the meter can
be dispensed with, - —Tn either case the chief problen in design is
afferded by the difference element, usually called tae Discriminater.

-This is required te convert a frequency difference inte a voltage
or current, indicative not only of the magnitude ef the d&ifference
but alse ef the sense, Apart frem the discriminater the remainder
of the circuits involve nething peculiar in serve construetion,

50. The Discriminater

Twe types ef discriminator are empleyed, using amplitude
and phase discrimination respectively. These are illustrated in
Fig. 467, £y is the mean intermediate frequency te which f3, the
IP signal frequency is to be aligned,

In both cases the reception of RF pulses witain the band-
width of the radie receiver develeps corresponding pilses in the
output of the discriminater which are either positiwe-going or
pegative-going according to whether the IP signal fra:quency is toe
high er toe low., These pulses may either be rectified and applied
@& steady centrol veltages tc the lecal escillater or, as is more
general, thsy may be incerperated with some autematic sweep circuit

as described in Secs. 53 and 54.

51. Amplitude discrimination

In this method use is made of the wriation in amplitude of
the output frem a high~Q circuit as the input frequency recedes from
resenance. The circuit is tuned to fi + f3 where f3 is the
meximun deviatien a&llewed for. As £4 varies, so the output ampli=-
tude varies as indicated by the resenance curve (Fig. 467) and the
detected output is thus indicative ef the input freguency.

One method ef incorperating this technigue in & practical
discriminstor is shown in Fig. 468, Twe high=qQ rejector circuits,
coupled te one of the IF stages, are tuned to f + £ and fi ~ £
respectively. The output from each circult is detected by the
bazk~to~back diode circuits shown, and the wvoltege ditfference

478



Chap.8, Sect,52

1rn-fd‘

\JT" g =+ v ”""’ A

@) ‘I

fm

fm-Hd?

A

Vo

0

1

i

1

1

]

1
/ .

v 1
] ]
1 L}
— f
im-fd tm fi

(b) AMPUTUCE DISCRIMINATION
PRIMARY CIRCUIT TUNED TO fm
SECONDARY CIRCUIT TUNED TO fmtfd
g

R (b

(a) TUNED CIRCUIT OF | F AMPLIFIER

o ———

OUTPUT VOLTAGE

fm f;

(C) PHASE DISCRIMINATION PRIMARY
AND SECONDARY CIRCUITS BOTH
TUNED TO fm

<)

Fig. 467 - Pundamental principles
:{ amplitude and phase discrimine-
(2} ¢ 1

|
1
]
t
I
1
—+
|
\
!
|
|
|

Pig. 468 - Auplitude discriminating
circuit and response diagrams.

between A and B is indicative of the magnitude and sense of the
error frequency fj ~ f;. The response diegrams for the twe
circuits are shewn superimposed at (b). The detected output
difference (¢) is amplified if neceasary and fed to the serve
motor er ether centrel device. This alters the frequency of the
local eacillator se as to reduce the magnitude of the errer.

52. Phase discrimination /T\\m_v
/ \ °
As the title imdicates, in this methed it /UI )
is the variatien in the phase of the output of a T /{
tuned circuit as the input frequency waries ,/ Y
which is used te previde the necessary frequency l// Ltm
discrimination, It is necessary te cempare AN
this with a stapdard phase, nermally the phase S/ *\
of the input. In the simple induetively ceupled - ,&‘ T \Tr\’l-?.,
circuit shewn in Pig. 467(2} the eutput and "yt \
input veltages are in quadrature at resenance, Crmmme—
the eutput phase being retarded as the frequency fo-fm
rises. If input and cutput signals are added
tegether this change in phase is cenverted inte K
& change in amplitude, as indicated by the Uetlo \_’ B
vecter diagrams of Fig. 469. 4/ 0N
. \\\\ \\

The resultant signel iz detected and \
the magnitude of the rectified signal, varying P
with the -input frequency, provides the dis-

oriminater eutput. Fig, 469 - Phase
discrimination; wvector
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OF IF AMPLIFIER DIODE |

®)

Fig. 470 - Phase discriminating
circuits,.

The simplified diagrsm ef Fig. 470(a) shows hew this
methed may be empleyed in a phase discriminater, vy is the
,input veltage and v, the voltege develeped across each half of
the secondary ceil., As jA swings positive the RF petential
¥y ¥ Vg ds developed acress diede 1 and it cenducts, charging C3
te a peak value (vi + Vg). Similarly diede 2 comduwts as
swings pesitive se thet Cp obarges te & peak value (vg AR
Ry and Rp are the discharge resistors fer the two gendensers.

The petential difference between B) and Bp is (v1 3 ) = (v1 © Vo)
In the circuit shown this is net wswlly in & cenvenient ferm for
use as « centrol yeltage, meither By ner By being earthed,

A prectical form ef this circuit is shewn in Fig. 470(b).
Here the ceupling capacitence ¢ takes the place of one of the
rectifying condensers and the ether is connected between the two
cathodes, The direct connectien frem G to the junction ef the
resistors is necessary te discharge C through R} when diede 1 is
net conducting., Alse, if a wvariable petentiometer is supstituted
feor the twe resisters, this cennection ferms & convenient set-zere
adjustment.

As in the simplified circuit, the eutput is develeped acress

BiB2, and since Bj is earthed this is in a convenient form te act
a3 a centrel veltage, either direct er through a DC amplifier,

83. .Autmtic Sweep Circait

Either ef the metheds described is restricted because eof the
narrew bandwidth »f the high-Q circuits used, The twin~circuit
method of amplitude discriminstien gives & wider band, but this is
compensated fer by the relative intricacy ef setiting up the circuit.
Unless the escillater frequency is very clese te its required walue,
the TP signal is outside the diseriminater bandwidth and the A¥C
circuit fails te "pull-in". The difficulty is usually everceme by
incerperating an automatic frequency sweep circuit in the centrel
system, While there is ne signal in the EF receiver the lecal
escillater frequency is swept continuweusly through a wide band.
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When a signal dees epps », the AFC circuit comes into eperatien as
the escillater frequency reaches its correct setting, and there-
after the latter is autematically adjusted and the sweep practically
eliminated, )

A circuit incorperating & phase discriminator and a lew
frequency sweep generator is illustrated in Pig. 471. The output
from the sweep generator following the multivibrator is approx-
imeately sinuseidal, While there is ne RF signal the anede woltage
of the amplifier remains censtant and the full sweep voltage is
used to alter the Sutton tube frequency by varying its reflector
potential.

VERY LOW FREQUENCY
SAWTOOTH VOLTAGE

VERY LOW
FREQUENCY |—m= Gezvégfgoa P
MULTIVIBRATOR

QUTPUT VOLTAGE DEPENDS

LF. SIGNAL ON ERROR IN FREQUENCY

\F.

O—> FREQUENCY
AMPLIFIER

-
CHANGER DISCRIMINATOR AMPLIFIER

.

"SIGNAL FROM RF.
STAGES. (OR FROM
DIRECT PICK-UP OF

LOCAL OSCILLATOR
O

MAGNETRON PULSE) UT"UT\ P, TO REFLEC:‘TOR OF
(REFLEX
KLYSTRON) REFLEX KLYSTRON

Pig. 471 = Circuit schematic
for AWC of electrically tuned
local oscillator.

When an BF signal sppears the discriminater is brought
inte play and its amplified eutput nullifies the eutput frem the
sweep generator so that the reflector of the Sutton tube is main-
tained at an appreximately censtent potential. If the disorimina~
ter is sufficiently sensitive and the gain ef the amplifier
sufficiently large, only & very smell frequency deviatien is
necessary te preduce at the amplifier output sufficient smplitude
te counteract the sweep veltsge.

This methed of sesrching for and lecking ente a received
signal is applicaeble te other local escillater circuits in which
variation ef the petential of one of the control electredes provides
2 sufficient degree of variatiem im the escillation frequency.

54. Practical AFC circuits

Many different AFC circuits are in eex;mon use, moest of which
incorperate the principles of the feregeing paragraphs, differing
only in the manner in which these principles are applied. A great
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variety of automatic sweep circuits are available, some of which
are much more e¢conemical of material than the relatively straight-
ferward circuit shown in Pig. 4L71.

It is cemmen practice to apply the pesitive-going or negative-
going pulses frem the discriminator te the sweep generator se that it
is held ineperative, autematically providing the cerrect output
veltage for the local escillator reflecter. This ususlly necessitates
suppressing either the positive-going er the negative=-going pulses,
se that adjustments te pull in the escillater frequency are made for
frequenoy drifts in ene direction enly. For example when the dis-
criminater eutput is weak, or consists of negative-going pulses,
the sweep generator may centinue to sweep the escillator throughout
a. wide frequency range. When the discriminater output changes to
& series ef pesitive-going pulses the sweep generater is suppressed
and the escillater frequency autemstically pulls in. Should the
transmitter frequency drift se that negative-going pulses reappear
in the discriminater eutput the AFC circuit fails te pull in, and
the aweep generater cemes into operation again until the discrimineter
eutput changes pelarity. This mede ef operatien is particularly
useful where ecenecmy of valve stages i= impertant.
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