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CHAPTER 8
VALVE OSCILLATORS
INTRODUCTION

1. Uses of Valve Oscillators

Oscillators are required in radar for usc in many Jifferent 5 13
of circuits, to generate at frequencies which vary from about 4 ¢/=
in low=[{rsquency switching circuits, tc upwards ¢f 10,000 Mg'a. °. -
equipments. Low frequencies are usually generated by relaxation
oscillators, such as muliivibrators or blocking cscillators., Zocus.
frequency pererators, {rom a few kg/s to 50 Ug/s, emdlry tun~d cir -,
usually of the "lumped" 1-C type, wilh conventions? valves., T -..
50-800 lig/s specially constructed triodes and pentodss are used, the
tuned cireuits ususlly teldng the form of lecher lires cr tuned
lengths of coaxial cable; otherwise the circuit designs sre esssntially
the same as for lower~-frequercy generstors, Above 5C0 ig/s, novel
valves which succeed because of transit-time effects, such as Maznetrons
and Velocity-<lodulated tubes of the Klystron type, replace valves of
convertional design; tuned circuits, freguenily in the fomm of cavity
resonators, sre wholly or partly built inte such valves,

although this chapter considers the action of valve
oscillators mainly from the aspect of CW operation, the results qunted
are generally still apulicable when the oscillator is used as a trans-
mitter in a pulege radar systey,  The times taken for the RF pulse to
bulld up and fo die away are usually small coupored with the interval
during which steady oscillations are oroduced, so that analyses based
on CW operation are juatified. The shape end duration of the
oscillator pulse hes, however, ¢ very important besring on receiver
design. A harmonic analysis of the pulse reveals that a certain
number of frequency components must be handled adequately by the
oscillator output circuits if a zood pulse shape is to be producea.
The bandwidth involved is teried the Freguency Svread.  For exemple
a 1 microsecond pulse would in practice have a Irequency spr=ed of at
least 2 Mg/s. This would be dininished if the pulse duration were
increased, (See Chap. 16 See. 2),

Although the modulating pulsge hes an iwuportoint bearing on the
frequeacy spread, other considerations, such as & poor rotating joint
in the coupling circuit from transwitter to asericl, may also materially
alfect the output pulse shape. It is now general practice to examine
the RI' gpectrum 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 to
the Y=plates to produce an amplitude-frequency spectrum of the
components in the RP pulse,

2. Fundamental 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 load.

(i) is usually a DC power supply.
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Chap.5, Sect.3

(ii) mey be 2 resonant circuit or similar frequency=-consciocus
device, such as & piezo-electric crystal or a phase-
discriminating network, The time-conscious elements of
& relaxation escillator are of a different type, and these
are dealt with in Chap. 10.

(1ii) is normally 2 valve amplifier., The resenant 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, notonly
at the right frequency, but in the right phase with respect to
sucaessive cycles ef eoscillatien, This actiom correaponds clesely
to that of the eseapement 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 of escillations.
Oscillaters should therefore be designed se that the loal is as
little as possible affected by changes in the input impedence of
any succeeding stage er ether device,” This can frequently be
aecomplished by inserting seme ferm of buffer stage between the
pacillator lead and the eutput terminals, When this is done,
chinges in loading ef the circuit as a whole affect the buffer stage
only and de net disturb the loading eof the escillater te any apprec-
iable extent. On the other hand, cases arise where the load is fed
from the valve amplifier of the oscillater either directly eor by
coupling te the tumed circuit,

‘3. Cenditions fer Mesintenance ef Oscillations

The theory of escillaters is derived from tuat of their
cempenent parts, of which the resenant properties of tuned circuits
and the amplifying properties of valwves are of outstanding importance.
In beth cases the theory becomes cemplicated unless the alternating
ceupenents of currents and woltages are assumed sinhuscidal, For the
derivation of initial conditiens for self-maintepance of escillatiens,
these assumptions are walid; and, because eof the relative simplicity
of this methed of analysis, useful criteria can be obtained which are
gerviceable in the design and adjustment eof practical circuita.

For steady state conditiens, however, this siuple' theory is
unsatisfactery fer the fellewing reasens:-

(i) All valve characteristics are non-linesr, and the initial
conditions for the maintenance of eseillations are valid
only for infinitesimal escillations. 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 wvalve characterietics also neceasarily
results in distortion of the sinusoidal form ef the current
in the oscillatery circuit, In ether words the preoduction
of harmeniés is a necessary condition of self-maintained
ogcillations, and this affects the fundamental frequency of
oscillation to some extent.

(iii) Apart from chianges in the effective resistance and resactance
of the valve due to non-linearity ef the characteristics,
the interelectrode capacitances, which are included in the
total reactances ef the system, are not constant with
respeoct to either the mean electrode potentials or the
amplitude of the alternating voltages.
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These effects complicate accurate analysis, but overlooking
them does not obscure the fundamental nature of the mechanism of
oscillations. :

In genersl, when the possibility of self-maintenance of
oscillations is being considered in any circuit employing a2 negative-
grid tricde, a pnysicwl cpproscno is oiten possible without detailed
analysis, although this may be necessary as a last resort. To a
first approximation the interelectrode capacitances cga, Cgk and Cgpe
of the valve may be considered as parts of the tuned circtit or
circuits. The valve may then be replaced by a negative resistance,
between anode 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-
phase relation is substantially departed from. In any case, if anode
and grid potentials are separated by a phase difference of less than
909 the valve acts as & positive resistance, and not as a generator of
oscillations, This effect is illustrated in Pig. 384 Vectorially,

assuming sinusoidal

variation,
e S — _

%% ly, (A R

a 7 1: E‘!

For the wvalve to o oy Ra
act as a generator,
ﬁs the angle between (Q) vavE acTs as +" Resistance (D) vawve acts s ¥ RESISTANCE
the current vector ¢ < 90° (ply < ¥a) $ > 90° (uly > Ua)

T, and the voltage
vector V., must be
greater $han 90°,

This is impossible
either if va3<1‘§, 2.e., if uvg< v, or if the phase difference

between ¥, and Vg is less than 90°.
Valve oscillators may fre-
gquently be regarded as positive feedback
amplifiers, and suwch circuits may be em-
ployed in non-oscillatory conditions.
A common exsmple is the reaction amplifier
of Fig., 385, whichhas esscatially the
same circuit as that of the tuned grid
oscillator discussed in Sec,k, but in
which the coupling between anode and grid
circuits is insufficient to cause self~-
maintenance of oscillationa, The net
effect is to increase the gain and
selectivity (and the distortion) of the
stage, without generating continuocus Fig. 385 = Reaction amplifier.
oacillations.

Fig. 384 = Regeneration criteria.

—O HT

..'.L

Another way in which the rcg-neration of the feedback circuit
may be regarded is illustrated in Pig. 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; (cj. If the equivalent of a negative
resistance (regeneration, or positive feedback) is applied to the oute
put terminals, the decrement is reduced; (d). If sufficient positive
feedback is provided, i.e., if the magnitule of the negative resistance
is small enough, stable oscillaticns 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; (£).
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Fig., 386 ~ Effect of varying degrees of positive
feedbock on maintenance of oscillations.

OSCILLATORS EMPLOYING MUTUAL INDUCTIVE COUPLING

R

L, Tuned Grid Oscillater, Fip., 387

= CONTROL GRID ‘b
A = ANODE b EQUIVALENT CIRCUIT
K = CATHODE

() FUNDAMENTAL SCHEVATIC ARRANGENMENT

RADIO
FREQUENCY
CHOKE

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

fig. 3.7 = Tuned grid oscillavor.

The fundamental arrangement is shown schematically at (a), and
the equivalent eircuit at (b). Feedback .s provided by mutual
inductive coupling M between anode and grid circuits. It may be shown
that oscillations are maintainable at or near the resonant frequency of
the tuned circuit, 1In this case the grid circuit is approximately
If the anode circuit is alsc resistive, the condition for

resistive.
self-maintensnce of oscillations is given hy:-
M= 1 ;5 where Q is the selectivity-factor of the
tr Q Ga
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Chap.8, Sect.5,6

tuned circuit, Gy the slope of the dynamic characteristic of the v-ive
and o = 2xf,, fj being the resonant frequency of the tuned <o i%,
which is almost identical with f, the frequency of oscillaticus.

This relation, ard those of a similar type applicyle fo
other oscillators, are approximete only, anl are based on sinuscidal
oscillations of =mall amplitude under the simplest conditions,
However, they provide an excellent puide to the modifiecations
necessary to increase or decrease the likelihood of maintenance of
oscillations.

Series and parallel anode-feeding arrangements ore shown at
(e) and (d).

5. Tuned Ancde Oscillator, Fig. 3cd

LY G G O— ™
‘ V:T T-}JV.
K K K O + I

{(d) FUNDAMENTAL SLHEMATIC (b) ecuvaLent crcurm
AR MGEMENT
~ < P rADIC-T REQUENCY CHOKE
_ H HT
%E # ! 1
1

~ T
S S el
— FE 7

L

(€} SERIFS Al NE FEED CIRCLIT d  PARALLEL ANOGDE FEEL CinculT

1

o

Fig. 383 =~ ™uned onoce oscillator.

the fundamental arrangement is shown at (a) and the equivelent
circuit at (b). The ocondition for self-maintenance of oscillations is
the same as that for the tuned-grid cireuit, and the modes of
oseillation of the two circuits are very similar, Serdes and parallel
anode-feedirng arrangements are shown at (c) and ().

6. Meissner Oscillator, Fig. 389

The fundememtal arrangement is shown schematically at (a) and
the equivalent circuit at (b). The cordition for maintenance of
oscillations is given approximately, in the simplest cases, by

Mallg o1 . where My, ), ere the mutual
L op 3 Gy

inductances between the coil L of the oscillatory circuit and the anode
ard grid coils respectively, there being no other ccupling between the
anode and grid coils. The other s;Tbcls are the same as for the tuned

orid oscillator.

As in the analysis of the other circuits employing mutual
inductive coupling, it is essumed that the sense of the ccupling is
such as to induce at the grid a voltage in phase with the anode current.
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Mﬂ A
Mg

{0) FUNDAMENTAL SCHEMATIC
ARRANGEMENT (b) EQUIVALENT CIRCUIT

=

3]

L%

—

(C) PRACTICAL CIRCUIT

Fig. 389 - Meissner oscillator.

7. Masgnetrostriction QOscillator, Fig. 390

This circuit is closely analogous
to the lleissner, the tuned circuit being
replaced by a mechanically resonant rod of =OHT
magnetic material inserted as a core in
the anode and grid coils. As the field
due to the current in the coils alter—
nates such & rod varies in length at a
frequency double that of the oscillator
(assuming the rod is not polarised).
This variation in length sets up mech-
anical oscillations wnicn have a
proncunced resonance, the resonant free- Fig., 390 = Magnetostriction
quencies being of the order of 5-50 Xo/s oscillator.
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 freguency standard

in the supersonic range.

OSCILI4TORS EMPLOYING DIRECT COUPLING WITH A SINGLE TUNED CIRCUIT

1

8. Hartley Oscillator, Fig. 391

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

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 antiphmse relationship is aassured.

Under the siuplest conditions, oscillations can be maintained
La L 1
rovided =2 . FE =_ =~ __ and @ have their usul
P Ta & Lg W G&’ where Gg, W Q ve
significance, and Ly and L_ are the inductances as indicated (the
mutual coupling in this cafe is assumed to be negligible).

Because oi' the lerge impedance presented both at the grid and
&t the anode of the valve by the tupred-L wrrwngement at frocguencies
above resonance, this oscillator usually provides a higa harmonic content.

Various series and tarallel circuits are shown at (o) (d) and
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(@) (b)

——YHT

(<)

HT +

L .

iel

Fig. 391 -~ Hartley oscillator.

9. Colpitts oscillator, Fig. 392.

The fundemental arraengement is shown at (a) and the
equivalent circuit at (b).

(A) FUNDAMENTAL SCHEMATIC (b) SIMPLE EQUIVALENT
ARRANGEMENT CIRCUIT

—OHT+ HT +

O HT -

0 HT - SERIES-FED OSCILLATOR v

C, ALLEL auc- ~FEl - d
() PARALLE T WITH CHARACTERISTICS
) DE-FEED CI3CUIT § ( ) X f i

Fig. 392 = Colpitts escillator,

409



Chap.8, Sect.10,11

This escillator is analogous to the Hartley with the coils
and condenser interchanged. It possesses good frequency stability,
and is usable at higher frequencies than the Hartley circuit since
stray capacitances, part:icularly C,. snd C_., &are in parallel with
the tuning capscitances, and thus do net et the mode ef oscilla=-
tion.

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

wr (Cq + CEj
Gg = P s where Gg,Wp,; Q have their

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 anede for
frequencies above the findamental resonant frequency.

Practical circuits are shown st (¢) and (d). There is no
true series arrangement, but the circuit shown at (d) possesses the
characteristics of a Colpitts escillator, although the mode of
oscillation is slightly more complex, The additional impedance z,
usually en EF choke or small resistance, is necessary to prevent
interference froum the Hartley mede of escillation. Without it
oscillaticns mey be impossible.

10. Dysatron Oscillator, Fig. 393

This is the simplest
form ef osciliutor, requiring *Ia
only two coanections from the
valve to the tuned circuit,(a). . g -0A
It relies for its mode of oper—
ation on the negatively-sloping
portion ef the I, =~ V, charact-
eristic ef a tetrode, (b).
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 maintained,

11. Trapsitren Oscillator, Fig. 39

This type of circuit is more frequently empleyed as & relax-
ation escillater er relay, and as such it is deslt with in Chap. 10,
In essence, however, it hes characteristics which are clesely allied
to those of the dynatron oscillator, and it may be used as a generator
of sinusoidal osciliations,

QDE
CHARACTERISTIC

1
:

- .’.;l'lﬂ
:DYN ATRON PORTION

IIE f2
n
o——— —

Q) )

Pig. 393 = Dymatron oscillator.

The basis of operation of transitron circuits 'is discussed
in Chep. 6 Sec. 34

For certain values of anode and control grid potentials an
incresse in screen voltege gives rise to an increase in suppressor
grid voltage wuich increases the anods current; this increase is
drewn from the available space curren%, and, provided the mean
potentiais of the various electrodes are suitably chosen, is greater
than the increase in space current due to the rise in screen

voltage,
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The net reault is a
decrease #in ascreeén
current, so that the
eutput resistence
between screen and
cathede is negative,
convenient te use

the oentrel grid fer
triggering, as shown
2t (c). The wilve
escillates while the
input pulse bolds the
grid veltage shovs
cut-eff, the fregquency
being almest exacily
that ef the tuned
circuit, assumed ie ;
incerperate the para= |
1llel stray capeci- L
tances presdnt, = '
After the grid U
potentisal Ffalls belew
cut-eff, escillatiens
die eout, the time
taken depending en the
decrement of the
circuit.

(&) Y

{ANODE AND CONTROL
GRID POTENTIALS
CONSTANT)

Fig. 394 = Transitron
ascillator.

.||.4.L

(c)

OSCILIATORS EMPLOYING DIRECT COUPTING WITH TWIN TUNED-CIRCULTS

12, neral

The fundamental arrengement ils shewn schematically in Fig.
395(a). In such a cirouit with less-free cemponents, oscillatiens
can be generated under conditiens which meke the reactance of the
coupling cendenser Cy equal and eppesite te the reactame of the
twe rejecter circuits cennected in series. For high-Q circuits any
swh escillations would be damped esut eventually, but would eccur at
subatantially the same frequemcy as 1n the loss—free case.

Co

L
g I%

by <}

{d)

Pige 395 - Compound-oscillatory circuit.

At the oscillaticn frequency either ene er both of the tumed
circuits must be inductive, as shewn at (b) and (c) respectively.
The cerresponding escillatien freguencies are then given sufficiently

accurately by:- "Zﬁi
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- I i

= f= L
(») j‘m 10c 0z and {(c) znm

2R Cq » O3

(The pesitien ef the arrsws in Figs. 395(b) apd (c) indicates that
beth &f the sories compousnts of the impedance, the resistapce snd
the resctsnce, are weried by adjustment ef the cerresponding tumed
circuit ef Pig. 395(a)}.

By suit=- . P
ably couneeting 2
valve smpiifiers B
to the petw ria "F«r‘..’_r_r-lm-\‘.w;ﬁ/ RBGEE
of Fig. 395 the _( (REGENEAATIVE)
eacillations can J/ INDUCT IVE )
b? maintained. T CAPAE?:?E
Figs. 596(&) and - CAPAGITVE I "
(b) show the types | INDUCTIVE
of vectorial o)) 5 1)
relations one of g :
which must apply G
te these circuits 7= CIRCULATING CURRENT IN mAIN ClrcuiT OF FiG. (D) oR (C)

2 AYG MUST BE GREATER THAN §0°
te permit a lacs 3 7

phage differsnce ) . .
between anode and Fig. 396 ~ Twin circuit escillator:
grid petentisls vector diagram.

" relative te

cathode ef grester thap 908, The walve, acting as a genemater
between anede and cathode, nskes the combined resistive component of
the anede-cathode circuit negative; this is indicated in the wvector
diagrams by the werd (Regene rativesg

it fellows that there are two arrangements of Pig. 395(a)
which conform to Fig, 396(a) 2nd one which conforms to Fig. 396(b);
these are iilostrated as equivmlent ciicuits in Fig. 397(a), (b) and
(c¢) respectively. They are classified as shown, according te the
electroie which is common te the twe tuned eircuits.

The camren catbede cirowit is less useful then the others

&y

& Tir—eX G A
Ty c
L 3’5 U} gu S
Re a
P
i r
—b
] A g K
(D) coumon aNoDE {C) COMMON CATHODE

(A} common-GRID OSCILLATGR OSCILLATOR
OSCILLATOR
Pig. 397 - Twin circuit oscillator:
equivalent circuits.

for very high frequency werk because of the magnitude of the inter-
electrede capecitance c,;g. This limits the escillations to freq-
uenciecs whese upper limit is ef the order eof a few hundred megacyocles
per second. FEither of the other arrangements is capable of producing
escillations with normal triode walves up to 600 Mc/s, and with
.specially designed triedes up te 3000 Mc/s.

Commen t# &1l escillators of this type is the advantage
of having twin controls sver the frequency and amplitude of escillations.
By suitable adjustment ef the tuning centrols both the amplitude and
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frequency may be set to any desired values within the working range.

The mode of osecillation is similar to that of the Hartley
oscillator in the circuit of Fig. 397(c) and to that of the Colpitts
in circuits (a) and (b). 1In all cases, however, a much greater
tuning range is available in the twin-cipcuit cscillator.

For a rejector circuit to be indumctive it must be tuned to
a frequency above the frequency of oscillation, and below if it is to
be capacitive, Hence in the common cathode circuit the frequency of
oscillation is below tife resonant frequencies of both tuned oircuits,
whereas in the other ceses it is intermediate between these two,

The behaviour of these oscillators may best be described in
forms of modified circuits., Each tuned circuit is assoclated with
certain components in parallel, the phase angle § of the resultant
circuit being a function of the selectivity and resonant frequency of
the resultant circuit, sand of the frequency of cscillation. It may
be shown that, provided certain assumptions are justifiable,
oscillations can be maintained at such a frequency that the resultent
circuits are either both induotive or both capacitive, and the sum of
these phase angles in each case is approximately 90°. Maximum
amplitude occurs when both circuits are equally detuned, i.e. both
rhase angles are 45°  This occurs despite the fact that, es indicated
in Pigs. 397(a) and (b), one of the original tuned circuits may be
inductive when the other is capacitive. This 1s because in these
figures the addition of extra compoments for the purpose of simplifying
the analysis has not been made.

13. Common-Cathode Oscillater
In this oscillator, the anode tuned circuit is associated

with Ra, Cga and Cgr in parallel, as shown in Fig. 398(a). The
resonant quency of this combined circuit is f, and ita phase angle

A, . G
E % %a‘, 2Caf Cag E P4 SCof 'L%g
K g - K T

(

b) gaw creurt

(@) anope crrcuIT
Fig. 398 - Comon-cathods escillator:
effective tuned oircuits.

when the osoillation frequency is f is @, (induetive), The grid tuned
circult is associated with Cgy 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) #o+fg=90° and
(2) emplitude increases with sin 2§, (which is equal to sin 2dy)

depend upon the condition Gy 7> oC gas
1. Comon—h_mde Oscillator

In this arrangement, the grid tuned circuit is associated
with Cpa and Cgk in parallel, whilst the cathode tunmed circuit Rﬂs the
additional parallel components Cgi, 05‘:, 'R, and the resistance as

shown in Pig. 399(a) and (b). It follows fram the diagram of Fig.
397(b) that the addition of Cgx to the circuit between G and A changes
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[} C
S =
Cga TCF e 7 =Cuk Ra }{Gm'-c‘g‘
| EEE—
A GRID CIRCUIT A CATHODE CIRCUIT
(@) (b

Fig. 399 = Comuon-anede oscillator:
ef fective tuned circuits.

this circult from inductive to capacitive; this gives a good
indication of the frequency of oscillation. The results

(1) Fg + # = 2% (bot;h fg and f ere capacitive) and
(2) amplitude increasses with ain Zﬂg; (which is equal to
=in 2%);

|
depend upon the condition Gp > w«Cgk.
15. Common-Grid Oscillator

In this case the anode tuned ¢ircuit is considered in parallel
with Cag and Cay, and the cathode tuned circuit has the additional

A K

* Tega TCak ol Tegx éyﬁm TCak

G ANODE CIRCUIT G CATHODE CIRCUIT
(@ (b)

Fig. 400 - Common~grid oscillator:
ef fective tuned circuits.

parallel components Cak, Cgk and the resistance %;, as shown in Fig.
400(a) and (b). As in the prewious case, the addition of C, to the
circuit between anode and grid changes the impedance fram uctive
to capacitive, so that the frequency of oscillation lies between the
resonant freguencies of the two circuits, with and without Cgy.
The results (1) &, + Pk =.%0° (both @, and @ are capacitive)
and

(2) emplitude increases with sin 2§,
(which is equal to sin 2@);

depend on the conditions Gy > uCuy > 1/Rp.
16, Earthing the Twin-Circuit Oscillatars

Owing to the earth capacitence of the various electrodes,
these oscillators exhibit different properties for different earthing
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arrangements. The ancde is 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 circuit 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 Cge and also lowers the resonant frequency
of the inductively tuned circuit. Both effects tend %o lower the
frequency of oscillation.

In the common grid oscillater, efficient coscillations may be
obtained 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 circuits have also given good
results. For high-power operation, where anode dissipation is
considerable so that special precautions must be taken for cooling the
ancde, the ‘:omnon-grid, earthed-anode circuit is likely to be most
useful,

17. Types of Tuned Circuits Emploved

When a fwin circuit oscillator is employed as a radsr trana-
mitting valve or as a local oscillator at frequencies of 200 ¥c/s ar
more,the tuned circuits usunally take the form of coaxial lines, and
the valve is designed to f£if on %o ~ ospeglal ceaxiasl asseroly, Suwon an

PLATE CLAMPED TO
FLANGE AT END OF
CO-AXIAL QUTER.
PLATE IS CONNECTED

MICA ~
INSULAT! TO HT+VE ;CO-AXIAL
LATION OUTER IS EARTHED
; GRID ~ANODE
LINE
GRID - ANODE
GRID ~ TUNING PLUNGER
CATHODE
ANCDE _ LINE
RERATE CONTROL - | GRID- CATHODE
GRID FLANGE ¢ TUNING PLUNGER
M MICA INSULATION
GLASS
ENVELOPE
CO-AXIAL HEATER
CONNECTIONS !
BIAS
* RESISTER
Y

HEATER LEADS
63V AC

Fig, LO) = Negative-grid oscillator
for centimetre wavelengths (CV 90).
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arrangement 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 desipned 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¢5 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 input of 10 watts. This output is
reduced for higher frequencies, but by the use of harmonics the
frequency can be raised to 5000 Mc/s, with an output of 0-1 watts.
It may be used as a local oscillator or as a low-powered transmitier,

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

18, Crystal-Controlled Oscillators, idg, 402,

Because of their excellent frequency 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 devermining which of the circuits
should be used. Both the common-ancde and “the common-cathode
arrangements shown in Figs. 402(a) aml (b) are employed. In either

hl
L

- T

J

", FOR HIG=-G
ciRCUIT

FOR CRYSTAL

()

Fig., 402 = Crystal oscillator.

circuit the erystal must present an inductive impedance to the rest of
the circuit for oscillations to be poasible. Fig. 402(c) shows the
variation of @, the phase angle, for a typical piezo-electric crystal,
and (d) shows the equivalent circuit. @ cen 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 > Ci.
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As indicated in the figure, ¥ alters very little over this range for
the compareble case of a high-Q L-C circuit, which must therefore be
considered less desiralle in maintaining frecuency stability.

Again, as Cp 2> 03, the effect of the external connections
on the § of the circuit, and on f; and {5 is negligibtle.

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 amplifiier are normally antiphase; by
.conrnecting 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 deseribed in Chap.10. A similar cirouit may
be used to generate RF oscillations. The fundamental arrangement is
shown schematically at (a) and a practical circuit at (b).

HT .
A1 Gy

COMMON
CATHODE

Aol Gy

(a)

)

Fig., 403 = Push=pull circuit.

Push-pull circuits possess certain advantages over single-
valve oscillatorsz. 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 connected 4o 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 circult is thereby
halved. In the circuit shown at (b), for instance, the effectiye
capacitance in parallel with the tuned circuit between the two grids is

'.‘.5}_‘ where Cgk 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-CAPACITANCE OSCILLATORS, Fig. 404

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 irput and output is
180°,  Over this region, neither gain ror phase is freguency-conscious.
At low frequencies where the reactance of the coupling condenser is
large enough, the gain falls off, and the phase of the output is
advanced as illustrated in the vector diagram at (b). A similar
falling—gcff 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

ALTERNATING COMPONENTS 7
OF THE VOLTAGES AT THE -_'h_

POINTS INDICATED

-0 HT

Jr:ﬂ
r
=

e
Vo

(b) Low FREQUENCY VECTOR {(c) HIGH FREQUENCY VECTOR
DIAGRAM DIAGRAM

__—

/
° | /’ B \

OVERALL GAIN
(MAXIMUM GAIN=0dB)

Fig. LO4 « R=C eoscillator.

The overall gain-frequency and phase-frequency characteristics of a
typical R~C amplifier are shown in Fig.404(d).

If two or more such amplifiers are used in cascade, the
total phase shift is obtained by adding the individual phase shifts
for the separate circuits. For example, if f£35;7 is the frequency at
which the input of each valve leads the output by 120°, the total
phase-shift for three identical stages in cascade 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 input a 3-valve
oscillator of frequency fi20 would be farmed.

The corresponding two-valve circuit is not frequency dis—
criminating over the linear portion of the valve characteristics,
since the ae-shift of 180° per stage ocours over the flat portion of
Fig. 404(d). Such a circuit usually works as a multivibrator, des-
oribed in Chap., 10, and not as a generator of sinusoidal oscillations.
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The number of valves required for sinusoidal R-C oscillator may
be reduced by the inscrtion 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. 2405(a) could be designed to operate with an emplifier providing 1809
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. 405 (v).

Let Gmn = nutual conductance of valve
R, = enode slope resistance of valve
R = Ra Ry,
RatRL,

Then one condition for maintenance of oscillation is :-
2, 29 b
and the frequency of cscillation f is &=

1
2 R [f6 + 4 M
wer f6+ .

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

Ra - RL ’ R >> BL’
and the above formulse reduce to
G, > _29.
Ry,
1

S 2 R /G

The attenuvation of the phase-shifting network is 29, hence the
aveilable amplification will need to be at least 29,

i g g FiE T
o—i| o)
CERRR P
] AR RAE N
Q)

()]

Figo 405 - Single velve,
three-mesh oscillator.
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The three-mesh network may be replaced by a four-uesh ci:_:*cui‘.:.
This reduces the network attenuation and cnables a lower gein Exfllpllf'."t.{.‘.i'.‘ to
be used. Bither C or R of one or more of the meshes may be .nade varicble

Tor the osecillator to be tunsble «

W
i 0
-

Fig. 406 - Wien bridge oscillator

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

A second form of R-C oscillator is shown in Pig. 406(a). The
phase~diseriminating feedback circuit takes the form of a Parallel-T (Tirin-1)
network which is very sensitive to frequency changes. The vector diagrams or
Figs.206(b) - (d4) illustrate the action. If the series arms T, TS of the T's
are ovitted the voltages for the remaining four elements are as shown at (v).
The insertion of QT and TS distorts the right angles as shown at (c). The
complete voltace distribution is given by ?d.) and the frequency of operation
is such that T°K’ and K'F’ are collinear; i.e. that the anode and grid
potentials are antiphase (with respect to cathode ).

Typical camponent values for an 8§00 ¢/s oscillator are;-

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

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

THE T T “on

which gives £ the oscillation frequency as

T S
27 o G rw

Since the output voltage from the
Phase discriminat network
phase with the input a two~stage amplifier is needed to ﬁntain iacﬁlaiftlions.

The frequency may be varied eithe
them, or by a similar ganging of C; and ggmldns R, and R, variable and ganging

J_ s _i
TWO-STAGE =
LMPLIFIER_-J.—.

-— FEED BACK LOOP

Fig.407 = Principle of Mllan's
Oscillator

VELOCITY MODUIATED CSCILLATORS

21. General

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 considersable success in
minimising them has been achieved with specially constructed triodes,
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having small electrodes wvery closely spaced, other typea of valves
which have utilised some of these effects have come into common

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

the velocities ef the electrons (Velocity Modulation), instead of the
total valve current (Denmsity Modulation), as in conventional valves.
Tubes employing this principle of welocity modulation must be hard,
high-voltage tubes, so that the transit time for the pasaage of an
electron through the modulating region is small enough to be compar—
able with the period ef escillations. The modulation depth is
normally small, sc that fluotuations at the high voltage end do not
appreniably affect the initial welocity, This is analogous to the
eperation of a saeened-grid valve, where variations in anode potent=
ial have little effect on grid modulation, Such a circuit is necess-
arily inefficient, since the tube current is largely DC, and the "anode"
voltage is approximately constant, so that the power generated by the
small AC components is at best only a few per cent of the total power
dissipated. High efficiencies are obtainable onliy 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 rescnant-cavity type, and are partly or wholly built
intc the wvalve envelopes. For simplicity they will be represented in
the follewing sections as lumped circuits,and practical designs will
be dealt with later, :

22, YVelocity Modulated Amplifier

Fig. 408 shows ~—— LOW VOLIAGE  —=l=— HIGH VOLTAGE ——
the basic velocity modul=- U

tron gun similar to that
of a CRI projects a high
velocity electron beam

ation circvit, An elec—
through an aperture in j DRIFT SPACE

e}

]
1
I
I
i
1
i
1
t
1
LECTRON BF AN :
I
I
I}
]
1
I

the platea of a condenser gy —
scross which is developed craon FocuumG LEADING TO CATCHER
an alternating field. GUN SYSTEM | MODULATING ELECTRODES (BUNCHER)

The distance between the
plates is assumed, in the
first instance, to be

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

time between them is X
negiigible; this will be circuit; schematic diagram.

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

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

ug = t’id_ sin 2 wft. 100 "175 is the percentage modulation depth,

The resultant velocity u = uy + will be referred to ap the Drifte
Space Entry Velocity, er 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 2Rt = 0; i.e., t = 0 + ol where

T =-f;- . At (b) the distance s which the electrons have travelled
into the drift space is plotted asainst t - tg. Tuaus (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.

P, = TIME SPENT IN DRIFT SPACE

|

| REGION OF |
| OPTIMUM |
| BUNCHING |
1 i

o = (b) 5
ELECTRON DENSITY {|-i-i&”
| TN S | .

Fig. 409 « Drift space entry valoci::ty
and charge distribution (t = m + 0).

The entry velocity of electrons emerging at instants 4
and C of Fig. 409(a) is uy, corresponding to the line UAC
[s7= u(t - £,)] in Fig. 409(b). At B the entry velocity has a

valﬂne up + uj, corresponding to the line OB

[S-‘-"(ug'l-udj(t-to s whilst at D the entry veloclfy is a
winimum, corresponding to OD 8 = (ug - Ga)(t - to)]. The position
of an electron entering the drift space at any instant ty for which
sin 2xf(t) has any value other .than 0 or + 1 mey be f by
ginusoidal interpolation between the three conatant-velocity lines
OB, 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 £t = 0, and the ratio

Iﬁto (Fig. 409(c)) gives the mean electron density for the region of

os
length 8. In the figure, 8ty is taken as one twelfth of the period

T.

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

corresponding line distributions are at (b), (c¢) 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 ugy, so that they are separated by a
distance s *s, uyT. .

The regions in Fig. 410(a) where g-_%- = 0 are sametimes
)

called Bunching Planes, These corresponding to maximum peaking
effect in the line distribution diagrams (b), (c) and {d). It should
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VELOCITY= § = 4, + A sim 2074,

@ ok .

ELECTRON DENSITY

r-n‘l’-r} I
(b) ok o~ A A N <
ELECTRON DENSITY
s} | A ; i
(c) B L N P R N ey’ [ | e ey o
p— I ELECTRON DENSITY , .
) glosmimm = e e S R SN | W s

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

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

(1ii) There is mutusl repulsion between the electrons of the beam.
This is usually a second order effect.

The manner in which modulation occurs merits further detailed
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consideration, as it is fundsmental
in meny cenvimetre -wave generators,

An idealised modulating element is ’*w— ]
shown in Fig. 411 illustrating the

instantanscus distribution of the

electric field; the corresponding ——
distribution of axial potential is ° Ko °©
shown in Fig. 412(a). It has S = =
been asgumed that the region out- l(.":a)/, :_’—::—-"_‘—-—_?%@
side the plates is devoid of ° = °
alternating fields; this is sig- -

nified by the 0 -~ O iines within

which these fields must be confined. I

Accardingly, whatever rise in
potential occurs along the axis at
any instant must be offset by a

corresponding fall before the out- Pig. L11 - Instantaneous field
side 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 aceceleration 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
Jjourney @ - R. Provided the distance QR is approximate]y s the
Pield will again reverse when the electrons are in the 2f
region of R, so that the final stage of the motion, from R to S,
is again accelerating.

Electrons
which are a querter-
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
centre. At this e @ vs
point the field every-
where is zero, and the
electron velocity is
again ug.  The o /‘\
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 maximum, and reterded potential within the buncher.
from R to S, being
ejected with velocity

Ug.

DISTANCE

hl

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
source which feeds the buncher. A retarded electron supplies this
source with energy; so that the net energy lost by the buncher in
this mamner is, to a first approximation only, zero.
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If the electrons
af'ter modulation are

cecllected at an ancde, or INPUT ouTPUT
Catcher, to which is '

attached a parallel tuned U U
circuit, as shown in

Fig. Ll35, oscillations P — [111-",3

are set up in the latter : Ty il

in the same WW as tlwy _GUN_ | I

are in a Class C amplifier BUNCHER cATEHER

with tuned circuit lcad.

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

itself. If the current variation of Fig. 41k is compared with that
of a Class C amplifier, the closeness of the eamalogy will be apparent.

The
nechanism thus des-
cribed in schematic
form constitutes
an amplifier of ELECTRON.
sorts, since, to a
first approximation, }\ )\ ﬂ _A
the input supplies o T T 3T TIME
no net power,
whereas useful power
is avallable at the Fig. 414 = Varistion of electron density

fortu;;telgl,’!ﬂthe with time in the region of optimum bunching.

amplification

cbtainable 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 fact the variation of amplification with modulation
depth is extremely complex, depending on the length of the drift
space, mean veloclity end 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 donstant
frequency oscillator, and it is in this respect that they are

commonly 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 valve 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

LOW VOLTAGE HICH VOLTAGE
INPUT QUTPUT

U

—_— _—
COLLECTING
BEAM CURRENT

GUN

BUNCHER CATCHER

Fig. 415 =~ Alternative method of
extracting energy.
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tuned to the operating frequency (Fig. 415). Each bunch of
electrons passing through the aperture will induce currents te
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. 1In other words, the
electron beam msy be made to augment the alternating displacement
current between the condenger plates without actually impinging on
either of them. In practice it is probahle that both effects
@Ccur.

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

FEED BACK LOOP

S ELECTRODE
FOR COLLECTING
— I ! BEAM CURRENT

ation of positive fesdback te Pig. 416 - Adsptation of
occur at the desired frequency. velocity modulated smplifier
This means that the feedback as oscillator.

iloop must be of the right A

length, since & difference in length of 3 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 velocity-modulated
tubes will be described in the following paragraphs.

23. YVelocity Modulated Oscillators in Commou Use
Heil Tube, Fig, 417

This oscillator is a low-powered generator possessing moderately
good frequency stability. Its main sdvantage is that it may be tuned
over a wide frequency range. The combined tuned-circuit and feedback
link are formed of a short length of coaxdial line with a hollow inner
conductor. Apertures are cut at opposite ends of a diameter, the first
to permit the esntry of the electron beam, thus forming the buncher; the
second allows the modulated beam to emerge, and constitutes the catcher,
currents being induced in the inside walls cf the coaxial line by the
pulses of ocurrent 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 space 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 aperture.

The resonant frequency eof 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 varied, the voltage difference between cathode
and accelerating electrede must be changed correspondingly to
maintein the phece equality at imput and output.
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_Ir Pig. 417 - BHeil tube.
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WASSMETALSEAL - /
- OLLECTOR FLATE
—
£ «—

ELECTRON GUN /

FEEDBALK LOOP

BAPHRAGM
FOR TUMING PURPOSES

Fig. 418 - Double rhumbatron
klystron.

In this tube the two tuned circuits are of the resonant
cavity type, the rhusbatron shaps 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 beiween the apertures of the two rhumbatrons.
Owing to the finite size of the loops and the variation of their
input impedance with frequency, the optimum ceble length will not
be independent of frequency.

A major difficulty encountered in this esciliator is the
necesgity for the two circuits to have the same resonant freyency.
The high selectivity of the rhumbatrons used rermits only the
smallest deviation frommsonance 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 oscillationa,

This is done by the insertien of

2 reflecting plate at a potent~-

ial negative to cathode (Fig. HUJ
419). Because of the consider-

abll retardation and subsequent ﬂ: )—
concentration of electrons L_g]

between rhumbatron and reflecter, e o

toe inaccuracies of neglecting RHUMBATRON
interaction between electrons

are greatly increased; but the

simplified sxplanation which Fig, 419 = Schematic
follows, although it naglects i ;
this, 'is sufficient to indicate diagram of reflex klystron,

the general mode of operation.

REFLECTOR

It is assuned as & first approximation that an electrem
after emerging from the aperture is subject to a constant retarding
force E. This force brings the electren to rost and causes it to
return to the aperture with the same velocity us that with which
it emerged. The method by which bumching oceurs under these
corditions is illustrated in Fig. 420. The notation used in this
diagram is the ssme as that ef Fig. 409. The velecity u ef the
returning electrons varies throughout the drifi space as shown at

().

Because of the constant retarding foree, the straight lines
OB, OA, OC, of Fig. 4O9(b) become the parabolas shewn in Fig. 420(b).
The line distribution of electrons for different values of t is
given by the four curves for t =0, , T, 3 The diagram shows
L L.
that at the instant t = O the electron deusity .3"{. , at the

aperture (where B = 0) due to the reflected beem, is large, whereas

t .
at all other instants 3‘;’ is small, Approximately half the elec—

trons pess through the aperture in a "bunch" wkilst the passege of
the remainder is spread over the rest of esch cycle,

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

tardation r due to the field E is r = Ee . Tke time for an
m

electron to be brought to rest and to return again to the sperture
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t-to=time spent in

rift space.
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Pig. 420 - Electron bunching in a

reflex Llystron,
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is t = 2u » The mean tine is therefore t = g_ug = %.
r r Ee

For oscillations to be maintained there must be a suitable
phase relatiovuship 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 Lwhiner 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 approximately an odd multiple of%. . The time

taken to bring to rest an electron which enters the drift space with
velocity u is % 5 the total tine it spends in the drift space is

therefore 2% . Hence the tloe=difference for the festest and slowest

electrons is

Fal
28 - 2% _ 2%+% _ oY%l
r r r

r
T
= 4,34,
r
e
Hence z..-?; = (2‘9...1)3' where p is an integer

i

(2 + 1_\I
_%_ /
™ 2 l L Ee -

O

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

sz
TTTUNING SCREWS

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

still undergoing develop-

ment, and details of

design are not standerd=-

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

THE MaGNZRAN
2L, Descriytioq

Che megnetron is a valve used for cenerating UEF oscil%azi?_nft .
It hes two electrodes; & cylindrical cathode swrounded by, im.ca:u....‘. .
vith, a cylindrical anode. The original magnetron had an \m.uivz.cle‘d anil ei
t;ut ﬁractical modern magnetrons have anodes split inte a mumber of parelle
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segments, equal in size, and separated by gaps. An electric

field is established between anode and cathode. A magnetic field

is applied parallsl to the axis:of the electrodes, and is as uniform

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 & simple diode, but are constrained to move in curved
orbits, as described below. In virtue of thia, electrons can be made to
arrive at desired segments of the anode in such a manner as to give rise
to end sustain high-frequency oacillations in tuned circuits suitably
connected to the anode segments.

Practical magnetrons are of three main typest=

(i) The split-anode magnetron operating in the Dymatron
(or Habann) mode.

(ii) The split=-asnode magnetron developed by Megaw.

(1ii) 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
description of it is given as an example of how nega=
tive resistance effects can arise due to changes in
field distribution and in consequence of the electron
orbits. (Sec. 26).

(ii) This valve is a low-power megnetron, enclosed in &
glass envelope of normal size and shape. In contrast
to the Hebann ocscillator, it is a microwave generator.
1t is not used in British Radar equipments, and it is
not dealt with in these notea.

(iii) The resonent cavity centimetric magnetron is the only

centimetre=wave oscillator so far produced capable

- of giving pulse powers of the order of megewatts with
high efficiency. For operation on centimetre wave=
lengths the tuned ocircuits 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 magnetron.

25. Electron Qrbitas

The operation of any kind of magnetron is determined largely
by the motion of the electrons in the anode-cathode space. 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
WAGNETRON TO LOAD

ON T WHICH END PI.ATE 15
S:\’;‘L,RED BY MEANS OF GOLD SE

Pig. 422 -~ Typical hole amd slot
type megnetron with end plate
removed,
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Assume that the anode is a uniform cylinder.

Let V be the potential difference between the cathode and any peint
distant r frem the axis,

Let u be the wvelecity 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 electreon.

It can be shown that

T,
'\YSVQM_E‘{E.‘E_ .O.t.ti'-oll'.to.v-.t-.(l)l
log ‘/I‘R

Fig. 4235 shows how V waries
with r for the case where
e, K ry . %

Since the kinetic energy P
agquired by the electremn
13.2:!-.1!2, and the werk 98 4

dene on the electrons ia

1
eV, 0 |
|
|

%uuzsev,aotlu.t »
rn d

w=,/28V .
vVoom Fig. 423 - Potential distribution
in the anode-cathode space.

In partioular,
H. @ tnqovl.otooiooo.-vto.afc.aoloao.o.(z)o
' »n

Fig. 423 shows that, fer rp « LA the potential gradient is steep
near the cathode so that V &5 Vy *and hemos u %5 ug except within
a shert distance of the cathede.

So far, only one factor influsncing the electren orbit has
been discussed, namely the effect ef the electric field between
anode and cathode, Due te it the eslectron would move along & radius
frem cathede to anode, with a:velecity which imoreases at first
rapidly and thereafter, very slowly (¥ig. 424(a)).

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

F = Beu,

and is mutually perpendicular te B and to w.  This causes the
electren to move in a circular orbit, of redius p, given by

Beu H e—m— '...‘OQQII..II.'..O'U.I'...(})'

f

Since, except within the region clese to the cathode, u is
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approximately constant and equal to ug, it is valid, as a first
epproximation, to equate the value of u obtained from equation (3)
to that for ug in equation (2).

This gives :

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

is cempleted depends upen thke values of Vy and B. Fig. 424(b)

shows the case where p is very large; Fig. 424(c) where, by increas-
ing B, P has been reduced te _;g._ » 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 anode;
whereas for that of Fig. 424(d) none would de so; i.e,, the valve
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 curremnt is just cut off. The value of
B required te achieve this is called the cut-off value By and is
obtained by puttingp = Ta in the expression for B above., This

2

gives

.."..0‘..l.‘-...‘ﬂ'l‘.l.l(k)l

& OUT OF PAPER

(&
©
©

(@ (® (©) )

B INCREASING

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

(Actually, the orbits cannot be true circles, for the assumption that
u is constant is only an approximetion, The true orbit curves more
sharply near to the cathode, and is roughly epicycloidal in shape).

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

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

It is more probable that these outer slectrons, since they cannot
fall back imnto the cathode, nove in circular erbits around it.
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B QUT OF PAPER

8 OUT OF PAPER

- ~ANODE

- “BOUNDARY OF
SPACE CHARGE
REGION

" LINTERACTION
SPACE

kit
“ELECTRON ORBITS

----- EQUIPOTENTIAL SURFACES
Pig. 426 = Electron orbits
¢3 modified by the space
' charge.
Fig. 425 = Electron orbits for

2 cut-of{ magnetron with Vg
and B constant and uniform.

——=——ELECTRON QRBITS

Fig. 426 indicates the electron paths obtaining when a steady ancde
voltage has been established, B veing larger than the cut—-oif value.
Tt is useful to regard the space charge region as composed of a
number of thin ceaxial cylindrical shells euch containing « large
nuacer of clectrons waich reveive with the same angular velocity.

The angular velocity depends upon Va, B and the radius r of the shell.
The greater r, the larger is the angular velocity of the elactrons,

Up to the present, only the ortital 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 obtaiaed, 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
erbits of varyiag Vy will pe imcroduced.

26, Tne Split=anode Masnetren Cperating in the Dynatron Mode
fabann Usciliater

g, 427 ~ The two-segument magnetron.

L
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Tais mede occurs at frequencies such that the period of
oscillation is long cempared with the time of transit ef an electron
f'rom cathode to anode, and nermally arises for waves leonger than about
50 ems, In suwoh circumstances it is valid to assume that, duriung
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 Fig.
427, 3uppoae 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 under this circumstance, space-charge effects
being ignered. - Pig. 428(b) gives similsr infermation, but shows the
concentric circular orbits which ‘appear reasonable if the space charge
is taken inte acceunt. In this latter case, the orbits follow the
equipotential lines, whilst im the former, the orbit centres lie on
an equipotential line,

B out of paper

00
ha APPRONMATE +100 +150
ELECTRON

+100

®)

““““ EQUIPOTENTIAL SURFACES
———— ELECTRON ORBITS

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

New let the petential ef the upper seguent be raised to

(Vo + V;), whilst that of the lower segment is reduced to (V, = Vi).
The f:i.eid configurations and equipetential distributions are con-
sequently changed &5 inciceted in Pig. 428(c). In tne absence of
space charge effects, the electruns still muve in such & manner
that the orbit “centre line® is always approxmately at rignt angies
to the electric field; i.e., tnis line still cerre.ponds to an
equipotential line. PFig. 428(c) snows an electron orbit for such
& case, and if the similar orbits of meny electrons, leaving tne
cathode at all parts of its surface, be considered, it is readily
seen that more electrons will arrive at the lcwer segment than &t

the upper.
If now the effect of space charge be censidered, 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 & path approximating to the envelope of tne orpit such a2s that showm
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in the figure; i.e., the orbit itself tends to follow an equi=
potentisl line, Electrons in other portions of the anode-cathode
space similarly tend te follow equipotentiel lines. Hence the
introduction of the effect of the space charge, whilst it modifies
considerably the individual electron orbits, in no way wlters the
vonclusien, viz, that meore electrons arrive at the lower potential
segment than at the nigher. Purther, it can be shown that if the
circular orbits sssumed in the presence of space charge (and fixed
Va) be postulated, the cut-off value of B is given by

Bg = GV,

e (r, - -1-;-_%)2

and if ry 3> ry this reduces to equation (4), which was obtained
on the assumption ef an entirely different erbit. Tiis f'ortuitous
agreement has been largely responsible for the continued neglect of
consideration of space—charge effects as in the early magnetron
theories, but, although such omissicn leads to negligible errors,
except in the orbit concept, for the Habann oscillator, it gives
erroncous results for the resonant cavity mesgnetron considered in

Seecs. 27 = L2.

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

meat electrons arrive at the lower segment when € is fully charged
(i.e. when v haz 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 condenser 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 at the
right time, Hence dissipation in tne tuned eircuit (or in whatever
load is coupled to this circuit) may be made up by the magnetron.
Simce the current through each cegment is antiphase to its RF voltage,
the magnetron benaves as a negative resistance element; this accounts
for the opaue "Dynatron mode" olten used to describe this kind ef
magnetron operation, Taois mode can be efficient only if the electron
cathode~to~ancde transit time is negligible compared with tne periodic
time, for only then will each increment eof charge be received when
the cerresponding segment voltage is at a minimum.

27. The Resonant Cavity Centimetric Megnetron

The cor.truction of & typical magnetron of this type is
indicated in Fig. 422. The tuned circuits are holes and slots cut
in a solid beryllium~copper block; Fig. 429 illustrates some common
anode bleck construwti.ns. Censidering onehole and slot apart
ifrom the remainder, we may regard the slot as a condenser, since
most of the electric field is located at it, and the hole as, roughly,
& single turp coil, Thus a single hole and slot constitutea reson-
ant circuit. The equivalent circuit of the magnetron 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, Firstly there is mutual induction between the holes, since
magnetic flux emerging Ifrom the top of ‘one hole passes through an
adjacent one to form a closed loop, (see Fig. 430(a}). Also, there
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{c) "RISING SUN~ VANE TYPE OF BLOCK (d) RISING SUN HOLE & SLOT TYPE OF BLOCK

Flz. 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 equiwelent circuit
given roughly by placing the N-secgments in pamllel,the resultant
equivalent lumped circuit has a capacltence N times and an inductance
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1
§ th of that of a single

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

influenced materially 0

by the apace-charge ] )

cloud, as well as by ) THODE
the values of the R Rl v

applied voltage and ELECTRIC (CAPACITIVE) COUPLING BE TWEEN SEGMENTS
the magnetic flux AND END-PLATES (LEFT-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.

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 Steedy State, EBach
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
electromschange their orbital radii accordingly. It ias 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 Vp. Since magneirons
are pulse-operated, the validity of this assumption might appear
doubtful; but present pulse technigue cannot produce modulating
pulses rising to their full value in less than about 0-02,43.
Electron orbits can sutomatically adapt themselves tc changes of
this order, so that a succession of "steady" states 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
distinct.on between Single Stream 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 ghown that the latter condition would obtain if' the
pulse rise were instantaneous. 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 operation.

(b) COUPLING BETWEEN SEGMENTS,

Fig. 430 = Coupling between segments.

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

30 far, discussion has been limited to the operution of the
magnetron with Vg fixed. The next step is to consider whnl happaus

440



Chap.&, Sect,30

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

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

One of these component wawes roughly in step with a part-
icular "electron shell" (see Sec. 25) may cause conziderable dise-
tortion of its cylindrical form. This distortion in turn affects
the motion of other eleetroms. It can be shown that electrons
between this shell and the anode, and which, with constant V,, move
faster then tiose in it, are slowed up when the space charge cloud
is deformed, and that those nearer the cathode have their angular
velocities increased. Thus the electrons outside 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 oscilletions 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 deformation of the space-charge cloud is
sufficiently great to cause electrons, in sufficient numbers, act-
wally to reach the anode, and this clearly depends upon the value
of Vag. (It depends also upon the nature of the voltage pattern
around the anode,)

Before considering 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(a)) supported
by a torsion hesd 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 generally 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 wvane in the arrangement shown in
Pig. 431(b) were driven by an external moter, charges would be
induced on the segments as indicated, and would vary periodically.
The resulting voltages would cause currents to flow jn the external
eircuit. Such a system is clearly a simple generator, and could
be made to supply power to a load,

Tn the magnetron there is a state of affairs resembling this
in several respects. The segments of the electrometer correspond
to the anode segments of the magnetron, and the charged vane to the
rotating space charge., Figs. 432(a) ard (b) show the space charge
distorted due to the segment potentials, for the 4-segment and
8-segment 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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(b)
Fig. 431 = The electrometer Fig. 432 = Space charge deforma=
analogy. tion in the magnetron.

and hence no energy is being supplied to the space charge. Fig.
432(c) shows the cloud sufficiently distorted for this to occur,
Under this coundition there will be an inwards radial (low 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 consequent motion is counterclockwise}. Thus ve
have an effect equiwalent to the driving motor in the amalogy.
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31. Modes of Oscillation

It is next necessary to consider in further detail the voltage
pattern on the anode referred to in 8ec. 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 possible medes of escillatien,
and in a magnetron the existence of other cavities all coupled by
magaetic and electric fields and by the space charge, cemplicates the
preblem considerably.

The simplest and commonest mode is one im which at any instant
alternate segments are at equal and opposite RF potentials, i.e.
there is a phase difference ef 180% (x radisns) between adjacent seg-
ments. This mode is commonly called the - mode. The lnstantaneous
potential eof any segment varies sinusoidally with time. Fig. 433(a)
shows the instantanecus voltage distribution areund the anode at
intervals ef ome cighthef a periodic time T, for an eight-segment
magnetron, the segments being drawn feor cenvenience in 2 straight
line. Whereas the time variation of voltage at any peint en the anode
is sinuseidal, the veltage distribution plotted against distance round
the anode is not., That is, the veltage pattern is a sinusoidal time
variatien, ef amplitude varying pericdioally with the angular dist-
ance; 1i.e,, it is a standing wave, Further this standimg wave ocan
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 opposite directicns, Thus, if we take
the ¥ = mode here considered, and restrict our attention te the
travelling waves comprising the primary er fundamental spatial
harmenic only, we shall optain the results showa in Pig. L434(a). If
all the spatial harmonics were included, the waverorms ef Fig,
433(a) would result.

The primary cumpunent in the standing wave so far considerad
would have 4 complete reveats around the anode. This is knewn as
its mode number, n, Thus the = mode in an 8 segment magnetren is
also the mode for whica n = 4; whereas in & lO-segment magnetreon
the T~ mode would b= t1e one for which n = 5, since there weuld
then be 5 ceomplete .opcats around the anode. -

n may have any value, i,e., any phase difference may exist
between adjacent segmentsz, provided enly that the tetal phase
change round the bleck is a multiple eof 360°. Then each campenent
travelling wave will have a number of repeats w, given by nq= mN+ n
where N is the number of segments and m any integZer (positive er
negative, & negative answer cerresponding to & cempenent im the
opposite direction), Thus if we take the case so far considered,
where n = L and N = 8, = 4 (form = 0), 8 (for m = 1}, 12, 16,
etc., alse ny ==4, =3, 5}2 etc. for negative values of m. The
cemponent for which nj = =k is called the primary reverse component,
and by combining this with the primary ferward camponeunt (ny = 4)
We have obtained the resultant curve of Pig. 434(a). Adding in
also all the other travelling compenents would have preduced Fig.

434(a).

In a similar manner the Figs. 434(b), (c) and (d) bave beem
produced, for the cases n= 3, n= 2, n = 1 respectively. For
putting n = 3, H = 8, m = =1 we obtain nj =-5 for the primary reverse
component,  These are shown in Fig. h}i(b), 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 correct values
for the primary reverse modes have been taken in Pig. 43k4{c) and
L34(d), and that these results would lead to the anode wavelorms
shown in Figs. 434(c) and 434(d).
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Simce am apparently imfinite number of modes appears, frem
the feregoing, te be pessible, it is next necessary te consider hew
it is that a given magnetron can be made to operate in (say) the
Temede, as is mest usual.

32, Imnitiation of Oscillatien = 7 ergy T fer Criterien

It has already been stated (Seetiem 29) that variations in
the anode petential cause the electrons in the space-charge cleud to
be disterted im their eorbits, ard that an electrem shell roughly in
step with a compenent of the anode waveform is markedly affected.

Now, since the farther the eslectrons are away from the cathode, the
faster they meve in their circular (cometant Va) erbits, a suddem
"pulling-out® tewards the amede eof seme olectrens will cause these
nearer the anede te pile up en these drawn eut towards it., Thus,

net enly will this lead te the “star-fish" shape of the space-charge
cloud imdicated im Pig, 432(b), but it will cause & retardation of
the outer electrens, which will tend teo assume appreximately the

ssme angular velecity as the compenent ef the anode waveferm consid-
ered. Thus these suter electrens will give up energy. Electrons
mwearer the cathede than these in the shell mest affected will increase
in amgular velecity, and hence acquire additionsl energy. For escill-
ations teo be initiated the energy given wp by the pace-charge must
exceed that taken frem it. This requires that an adequate propertion
of the space charge must lie outside the shell which is in synohrea-
ism with the anode waveform cempenent. It can be shown that whereas
the distributiom of the space charge clearly depends en V, (assumed

. constant) the radius of an electren shell in which the electrens
travel with a definite valecity dees nnt. For a mede of escillatien
with frequency f and mode-numoer n the synchronous velecity is a
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Chap. 8 » Sect .32

function of £/n. The radius of the shell moving with this velocity
depends on B and rx but not on V. Also, the larger n,the smaller
is this redius, '

The magnetron must therefore be operated with Vg large
enough 86 that the radius eof the space-charge cloud is greater than
the radius eof 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 ef the eritical
shell is smaller the larger the walue of n, to operate the magnetron
in & high erder mode mecessitates a smaller ancde voltage then opera=~
ting it in a low order mede: also, if V5 be steadily increased, the
energy transfer criterion is setisfied swcessively for lower and
lewer order modes,

‘All cemponents of the anode waveform affect the electren
cloud to seme extent. But only & ferward component, i.e. one
moving in the same direction as the space charge as a whole, can be
in synchronism with an electron shell. Reverse compenents have
little effect on the general moticn of the space charge as a whole.
Further, it can be shown that the petential V; due te a wave comp-
onent n3, at & peimt within the space charge, distant r fram the

axis, increases with ( by )nl se that, except near teo the anode,

the contributions to V made by lew walues of nj will be larger than
these made by high values of n3. Hence it appears that, from these
considerations alone, the primary ferward mode would cause the
greatest distortion of the space-charge cloud,

It remains te be shown that the energy available when the
energy transfer criterion is satisfied can actually enter the
cavities; i.e., that the pewer flux is directed into them. 1In
erder to see this, consider again the 8-segment magnetron, cperating
in the n = 4 mede, We shall again take only the primry components,
as shown in Fig. 435, in which the components of Fig. 43u(s) are
repeated., Alsc we shall assume that the primary forward component
is the major effective component for the initiation of esgillation.
In Pig. 436, the conditions in the magnetrom at time t = {. are

illustrated. The line QA

is drawn through the inst- &
antaneous crest of the
primary forward component
of the anede waveform:

OB through the trough. k
It is shown in the full ETE pecaive To
f MAGNETRON

A | A

wathematicel theory ef

the magnetron that the

aggregation of electrons -/7 _BOUNDARY OF
takes place in such a | ‘iﬁ T ___ UNDISTORTED
manner that the bulges N i//- SPACE CHARGE
in the distorted space= S

charge cloud are always j \ /x\

ahead of crest lines L

such as OA. At Points / \\ /- oy

on the anode opposite ! I( f::f:cr::pc,.
to each bulge there will 1 INDAR 1
be, by inluction, &

local increase in the INQUCTION OF CHARGES ON THE ANODE &Y

positive charge on the ROTATING SPACE CHARGE

anode, and, correspond=-

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

local reduction in the the a?de 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 voltage, there will be a variation of charge corresponding

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

The spatial distribution ef induced charges on the anode must
be periodic, and im the casze taken will have four periods round the
anode. In the diagram (Fig. %435) only the fundamental component of
this distribution is zhown, as this is the only component which
contributes appreciably to the output power. As the primary forward
component of voltage moves round the anode, the space charge deform-
ation, and' therefore 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 particuler gap XY. The spatial distribution of
the anode woltage 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(¢). 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 anoede in an anticlockwise direction, there is
a cempenent of current flow &t every point on the anode, preoportion-
al te the corresponding component of instantaneous charge density
at the peint, Hence the graphs of Fig. 435(bl), (b2) and (b3) may
be interpreted as current distributien round the anode, instant by
instant, & cwrent flowing in an anticlockwise direction being reck-
oned &3 positive. The umanner in which the current flowing from X
te Y, i.e. around a cavity, varies with time msy be deduced from
these graphs, and is plotted in Fig. 435(d).

Pig. 437 shows the particular cavity considered., TWhen 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
& graph of electric field intensity.
When the current round the cavity
(Pig. 437) is pesitive the direction
of the magnetic field 1s as shown by H
(out ef the paper). Hence if
megnetic field intensity is regarded
a3 pesitive in this direction, Fig.
435(d) may be taken &s & 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 quadrature one., But Fig. 437 = Power flux
superpesed on the magnetic field due into cavity.
to resenance of the cavity, there
is in the magnetron an additiomal
megnetic field produced by the mecharmism described sbove., 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 bas
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 frequency
of escillatien. It is one reason why resenant frequencies measured
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with the cold olock dirfer.appreciably fromn those obtained when the
magnetron is actually in use. It is alsc a reason why the iagnetron
frequency is sensitive to changes in anode voltage.

The in-phase component indicates
that there is a flow of energy, 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

7___...._.-..ITI

charge to the resonating cavities. POWER FLUX
It should be stated that tae

precise behaviour of the electrons in

the shell most affected by the anode H

wavef'orm, 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 vectorss

(or shells) may have grester import-

ance than others in the operation of the maghetron, the essentiali
factor is the bebhaviour of the space-charge cloud as a whole,
Oscillations are possible only if the cloud gives up more energy
then it gains: and tols condition can be achieved, in a particular
mode, only if V; has sufficiently high value; that is, if the
energy transier potential is exceeded.

33 Maintenance of Oscillation; The Energy Supply Criterion

As already cbserved, oscillations can be maintained only if
the energy transferred from the space-~charge cloud to the cavity is
replenished from the HT' supply; d.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 mathemstically, and it is found that,
as in the case of the energy transfer criterion, Vg must be greater
than a critical value, called the Energy Supply Potential (or Thres-
hold Potentisl). This potential also increases with the ratio

%‘, s0 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.

34. The Two Criteria Combined

Tt follows from Secs. 32 aud 33 that for a magnetron to
oscillate continuously in a given mode its anode supply voltage
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 Vg, is given by

GEVE_

£
g(ra- i_]_{_.)z
&
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so that V; o¢ Bg2.  Henmce the curve showing the variation of

By with Vg is a parabola, indicated by 05, Fig. 439. Further, it
has been mentioned already that the eunerpy supply polential depends
upon both B and n, It ean be shown that for given values of n
the graphs of the energy sugply potential against B yield straight
lines woich 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 n}. Corresponding graphs showing how
the energy transfer potential varies with n are shown by the dotted

lines in Fig. 439.

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

(i) Vg is insufficient to cause all electrons te 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
(iii} that the energy supply potential for n = 5 is exceeded

also,.
Va
CUT-OFF
PARABOLA
n-3
S
|
|
ENERGY SUPPLY ! -
POTENTIAL LINES : e ne4
’
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Fig. 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 pessible. The diagram also shows that oscilla=-
tion in any lower order mode is not. With the working point at P,
however, not enly ‘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 pogsible, Actually
this does happen, and has a deleterious effect which has to be
minimised; (see Sec. 35). However, the deformation of the spece
charge is greater the smaller the valus of n so that, slthough other
modes might well be present, the mode n = 5 would predominate in the
case indicated.

To cperate the magnetron in the n = 4 mode with fixed B wedld
involve raising Vu so that the working point was (say) T. It is
pessible to show, however, that for efficient operation Vg sheuld be
&s mear as possible to the emergy supply potential., In any mode
for which the energy transfer potential considerably exceeds the
energy supply potential, as with the n = L mode here shown, werking
would be inefficient. It would be better in the case shown teo work
in themode n=5o0rn= 6,

Consider Vg raised quickly, but not instamtaneously, from zere
to its working value. Then Ve rapidly passes through the conditions
for escillation in the modes given by n = 10, 9, 8, 7 etc., operation
in these modes becoming more inefficient, and in some cass ceasing
altogether as V, rises. These different modes will, in general,
cause the magnetron te operate at different frequencies, se that opera-
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 application of the modulating pulse and the transmissien
of the RF pulse at the cerresct frequency might lead te Range errers
if not allowed for in the timing system,

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

35, Strapping

The purpese of strapping is to minimise the ceexisting modes,
both in number and in megnitude of escillatien, It is done by
connecting short cenducters betwgen pairs ef segments, the segmenta
so connected being separated by a third. In a general way it is
sagily seen that jeiming segments in this manner will tend to faweur
some modes rather than others, Fér example, if an 8-segment magnetron
be taken and alternate segments- joined as in Pig. 40, the W-mode
(n = 4) is favoured, since this implies & phase difference between the
strapped segments of 2W. Fer the mede n = 5 the phase difference
would be .22.7.‘ , & condition impessible if the segments are short-circuited.

Strapping is, however, not as simple &s is here implied, since the
straps cannot be regarded as simple short-circuits. Fer each strep,
being a conducter, has inductance, and since it passes ever the
separating segment, capacitance exists between it and this asegment.
Thus the presence of the strap alters the frequency at which a
particular mode operates, In theT - mode the atrepped segments are
&t 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-mode 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. If 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 nsuslly be
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DOUBLE RING STRAPPING
(@) (SNGLE RING STRAPPING OMTS THE OUTER STRAPS AT ONE
* END AND THE INNER STRAPS AT THE OTHER END)

(c) STRIP STRAFPING

o ECHELON STRAPPING
¢ BOTH ENDS

AN 7 r
LR LM ETTITE

(@ Y -B STRAPPNG

(&) MNCOMPLETE RING 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 metching is achieved at the
frequency of the required mede; (normally ef the lowest order
possible, and most ocommonly the 7 -mede).

The suppression (or minimisatien} of 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_e
n = 5 energy supply potential line of Fig. 439, any mn = 6 (or higher
mede) output must be inefficiently produced. Hence its contribution
to the total magnetron output must reduce the overall efiiciency.
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 considerable imcrease in the overall efficiency of this type
of magnetren. .

Referring again to Fig. 439, it has been stated that working
in the n = 4 mede (at point T) would be less efficient than working
in the n = 5 mede at peint P, Whilst this is true fer the wstrapp~
ed magnetren, it is not true fer the strapped magnetron, to which
Pig. 439 would net apply. This is because the value 01; the energy
supply petential for a given B and n depends upon frequency, and hence
changes with strepping.

Some common ferms of strapping in practical use are shown in
Fig. 540.

Strapping alse provides a means ef pre-tuning, i.e, setiing
up the magnetrem on & spot frequency belore it is sealed eff. The
1lid 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 magnetron resonmtes at the
required frequemsy, this cendition being determined by the use of a
resonance indicater in the ceaxial line from the klystrem te the
magnetron, (Allowance has to be made fer the difference in freqw
usney eccasiaensd by the presence of the 1lid and the space charge,
in the operating megnetron: but empirical rules enable this to be
done with the required aseuracy).

The emissien of one er more stmips frem an etherwise symmet-
rical system, er intreducing & bresk in a strap (or straps) can
have a marked effect on the response of a 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 ef Rnd-Plate Distance

The length of the anode and the distance between it and the
end plates iafluence the frequency of the varieus modes; PFigs.Lll
apd 442 imdicate the extent ef this effect, The fact that the
anode-to-end-plate diatance affecta the frequsncy eof eperstien is
made use ef in tunable magnetrons, ene form of which has a thin
1id the centre of Wwhich may be depressed amd the frequenay thus
changed. In this way a change ef abeut 150 Mc/s in 3000 Mo/s can
be achieved. Another form ef tunable magnetren has metal reds
which can move in and eut of the anode bleck, thus altering both
its effective lemgth and the anode-te-end-plate separation.
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Fig. 441 - Wavelength v. anode
length for strapped and unstrapped
magnetrons.
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37. Qutput Couplings

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

At 3 om. and shorter
wavelengths it is not pract-
icable to make loops small
enough to be lecated within
the cavity in this maoner,
and the methods indicated in
Fig. 443 are used. (a)
shows a leop inductiwvely
ceupled te the cavity; in
(b) the output conduwetor
is attached to the wpper
surface of one of the seg-
ments of the anede bleck:
and in (c) to ene ef the 3 Cm OUTPUT COUPLINGS
ring straps cemmonly used
at these wavelengths.,

F'ig. 443 = 3 cm. output
38. Cathode Peatures coupling.

The turbulence of the electron cloud dn an eperating magnetron
is vigerous enough to force a preportion of electrons back to the
cathode with increased energy. There is consequently additional heat
dissipated at the cathode and & possibility ef cathode disintegration.
The energy dissipated in this way is sometimes so large that, after
an imitial warming-up period, it is possible to reduce the magnetron
heater supply, er even switch it off emtirely. 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. ulse Operation of netrons

In most radar applications magnetreons are required to produce
high pewer RF pulses ef short duretion, this being normelly achieved
by applying to the cathede approximately rectangular negaiive-going
pulses, of the required durstion, This is preferable to applying
positive going pulses to the anode, which it is wsumliy conwvenisnt
to earth, The pulses should be steep~fronted and bave a rapid die-
away, to minimise the effect of unwanted medes set up when Vg is
changing. (See Sec. 34). They shoeuld also have a flat tep, since
changes in Va during the oscillating period.can seriously affect
frequency, efficiency and output power.

40, Magnetron Characteristics and Rieke Disgrams

Twe 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 operation being
graphed against the wlue of the valve current Ig during the pulse,
Contours of coustant flux density B and contours of constant RF out-
put power are drawn, Soametimes efficiency contours are also included.
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An example of a set of magnetron characteristics is given in Fig.
Lhlh. It is seen from this that to obtain high efficiency it is
necesgary to have a high velue of applied voltage and magnetic
flux density. For constant B there is an optimum value for Va
beyond waich the efficiency begins to fall.
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Whereas Magnetron Characteristics indicate magnetron perform~
ance under conditions of varying Vg and B, the load being always
adjusted for maximun output power, Rieke Diagrams show perfommance
for fixed Iy (or V;) and fixed B for variations of load impedance.
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where 5 = SWR
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®ex Rieke Diagrams

Consider the ma netic field strength and pulse aaplitude
to be constant. Then variaiticn of load impedance over all possible
values of resistance and reactance will cause changes in valve
current, peak power output, efficiency, fruquency of operation, and
frequency stability. Corresponding changes occur if the current is
fixed and the voltage varied., ' It would be possible to plot these
variations as contours on Carteslan 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,

1
Redis = /=

-4
7 Radius =T,

-
centre (=145, o)

X
where I = Ay

CONSTANT -FREQUENCY CONTOURS (Mefs) e . - CONSTANT -FOWER CONTOURS (AW
o i &

thus — 3070 B T thus —

STANDING WAVE
—— —RATIO FIGURES
1 on this Akis

Fig. 445 - Rieke diagrenm,
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Chap.8, Sect.ll

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 coefficient p of
the load is represented by OP, and the phase change on reflection
is given by § (see Pig. 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. =
%—*E-*IE— J. The vertical axis is scaled in terms of the standing
wave ratio, ‘

The following important points arise from the diagram,
In the example taken, the region of highest power lies at A. Follew=
ing the constant-p circle from A to the vertical axis reveals that
the corresponding standing wave ratio is net 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 magnetren outpub impedance to the line or wave-
guide, many modern magnetrons have a osuilt-in matchbng device at the
eutput loop. In the region of A the frequency stability is poor
because the frequency contours converge, so that a smell change in
loading causes a comparatively large change in frequency. Herce
operating the megnetron to obtain maximum output power makes good
frequency stability impossible.

The operating conditions of the magnetren and the maximun
efficiency at which it can be operated depend upon the characteristics
of the magnetron and its load; i.e. the radar system of which the -
magnetron is part. The particular fesatures of the radar system that
are important are the modulating voltage and pulse shape, the type
of receiver employed (e.g. whether there is Automtic 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 wariation between 1 and 1-5, due, perhaps, to
a variable termimation of the line caused by a faulty scanning system.
This varistion of the SWR eof mecessity causes fluctuations in the
magnetron frequency. If autemetic frequency control (see Sec. 49 =
53) is not employed at the receiver this may seriously affect the
performence of the radar system. Suppese that a frequency change
of 10 Mc/s is permissible. Then, siace a SWR of 1+5 correspends to

. P= 0«2, the magnetren can be operatel under such conditions that
the constant- p circle of radius 0+2 ioes not cover more tnan 10 Mo/ s
change in frequency contours.

L1. Frequency Stability and Pulling Figure

Frequency changes in an operating magnetrom 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 called Current
Pulling and is of the order of O*l to 1 Mc/s per ampere for 10 and 3
cm, wagnetrons, Variatien in anede block temperature also causes
a frequency change because of the expanaion of the block. The
change is roughly 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 higheat and lowest
frequencies ebtained as the load is varied in any manner which does
not cause the standing wave ratio to exceed its meximum permissible
yull.g) Normal values of pulling figure are of the order of 10 to
15 Mc/ s,

If a leng transmission line or waveguide is employed between
the megnetron and the asrial system operation at more than one freg-
uency may be possible, and the magnetren freguency may junp from one
value to another more or less at random. This is commonly known as
Frequency Splitting. It is awvoided by keeping trensmission systems
as short as 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 alresdy quoted in Sec. L0, referring to Fige
445; the standing wave ratio was assumed to be 15, so that p= 0.2,
The frequency variation over the region covered by the circle
P = 0-2 may be determined by interpolation between the frequency
contours alrsady drawn. The pulling figure may thus be shown to
be about 6°5 Mo/s.

The Rieke diagram alse illustrates how a short line is
preferable te a long one. Suppese that the line (or guide) is of
length{ and that the standing wave ratio is1'5. 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=p circle as shown in Pig, L445. For any given position of
the point on the eircle 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 f£ and @ is given
by .

g = L—I" * ﬂrs

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

9‘ gk:ff * ﬂr ..........o....-..-a(5)g

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

Suppose now that the line is energised by the magnetron.
Then there is the fundamental relation between f and ¢ already
pletted in Fig. 446, obtained direct from the Rieke Diagram. The
working conditions are therefore given by the intersections ef the
two curves, In the example taken there are three intersectiions,
suggesting that there are three possible operating frequencies.
However, only twe are possible, because although the three peints
of intersection give three conditiens of equilibrium,the one at A
is unstable. For if scme small change in the system were to occur,
resulting in a small incresse 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, at B and C
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an increase in f causes a decrease in P , which tends to pull the
frequency back, Since these two frequencies are equally possible
the magnetren may jup from one to the other, causing frequency
splitting. If this is to be avoided 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;%2 ; hence, to make XY

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

For a certain critical length 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 fr, for XY te be
tangential to the frequency pulling curve at its steepest part.
This leads to very considersble frequency instability, and is termed
Broad Spectrum eperation.

Further, a long line or guides is troublesome because the
impedance as seen by the magnetpon changes at time intervals corres-
ponding te twice the transif time of the line or guidc, due te |
reflections from the load back to the magnetron; these cause varying
losd impedance at ‘the magnetron output loop 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 portion ef 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 manulasctured that subsequent adjustment is un=-
necessary. This precludes any possibility of the introduction of
instability due to maladjustment.
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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 required 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 loading conditions. Both types are used in redar.

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 satisfaciory amplifi-
cation has not been solved., For calibrators, where accuracy is of
primary importance, a frequency-stabilised oscillator is often used,
followed by amplifying stages. Crystal-controlled escillators are
cormonly employed, being superior to other types in this respect.

Oscillators should be protected from such fluctuations in
supply volitage as produce variations in ocutput frequency.

Control of the amplitude of the output voltage of an oscill-
ator commonly takes the form of an aubtomatic volume control circuit,
controlling the bias of the walve., 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 feedback circuit, This resistance
is in series with the slope resistance of the valve and its large
value masks variations in R, which might otherwise affect the oscill~
ation frequency.

) ~ In some radio-frequency oscillators commonly used in super—
heterodyne receivers and signal generators, the dual functions of
master escillator and power amplifier are performed by the same
multi-electrode valve, A pentode, for example, may be employed,
with contrel grid, screen and cathode acting as & triode oscillater,
whilst the output is taken'frem the ancde, screened from the oscilla-
tery circuit by the suppressor grid. By this means variations in
leading are substantially prevented from affecting the oscillation freq-
uency. This type of circuit is usually referred to as an electron-
coupled escillater.

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

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

cemplications.
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bl. Steady State Conditioens

The performance of escillaters eften depends fundamentally eon
the values of the supply veltages, and by suitable control of these
an oscillator may be given various characteristics. To show how
this is done it is first neceasary to examine what facters determine
the steady-state conditions of an eoscillatoer.

Pig. 447(a) shews
the schematic arrangement

of the four oscillater F-- =TT ——-——- 1
cemponents listed in Sec.l. | [mowen Za_o

For purpeses ef descriptiem | Lowmy| AMPLFIER prisiy

it is convenient te divide f | i

these inte twe perts, the | - | . AB .
*amplifier" and "uetwork" [ A S

sections respectively, as i |

indicated at (b). Each AR oA | ! :Ea:.m

or these mrts mwy ;’; L~ _NETwomk secrion __ | e
comsidered separately, P
provided it is cerrectly @ (b)
terminated; i.e., when X

considering the behaviewr Fig. 447 = Schematic arrangement

of the amplifier section,’ of fundamental oscillator

it must be terminated by components .

the input impedance of the

network, and vice wversa.

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 ef oscillations in conventienal escillators.

It will be agsumed that escillatory wveltages are.sinusoidal.
This is appreximately true even for Class C operation, with nen-
sinuseidal currents, provided the tuned eircuits are highly selectiwve.
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Pig. 448 - Amplifier section.
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The bepaviour &' the amplifier section, terminated in zp
(Pig. 448(a)) may be described in terms of its amplification

Imj= ;} and phsse shift @ ,p. Both of these vary with frequency.

If g, is resistive, as in a video amplifier, the normal wriations

of |m| and fp with frequency are as shown at (b), whilst if zp is
th:iinpodamo of & perallel tuned circuit, Fig. 448(c) showa typical
variations. '

Az the amplitude of oscillsatien waries, the.nen-linearity of
the characteristics cawvses changes in the value of m| « To a
first appreximatien ﬁﬁ is net affected, These effects are illustra-
ted at (d).

Similarly, the behavicur ef the network section is illustrated
in Fig. 449, If it is linear there will be no change ir, phase ﬂm or

in attenuation (a| as the amplitude is altered, |8 = %i ).
There will be censidersble variation as the frequency changes, depend-~
ing en the nature ef the netwerk, Fig. 449(a) shows a typical high-
Q circuit which might form the network, and (b) and (c) show the
attenuation and phase variations with frequency.

1T ‘ \/
o f

(o) &
Ua
- -lal Ug LEADS UrBY o
Ua PHASE ANGLE (o
fal Pen
180
—_— 30
1
Ly
Q
W ¥
o GRibCoRmENT FLowe — (d)

Fig, 449 = Network sectiom
(typical case).

When the effect of grid curremt demping is included in the
attenuation |&| , this is net linear, but incresses censiderably
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 escillator, 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-
uation of the petwork; also the phase shift for the combined circuit
must be & whole number of complete cycles; i.s. |m| = (&, and
ﬂ.&B + ﬁm. = 1n,360° where n is an integer. '

Tco~ether these relations determine thc frequency and amplitude
at which escillaticns may be maintained. - In theery there may be
several values of each which satisfy the steady state conditions, but
in practical circuits ene mode of oscillation usually predeminates to

the exclusion of others,
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45. Effect of s otentials on si;eady state conditions

In practical escillators the :requency is seldom 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 net necessarily maximmm ampli-
tude. This is because escillations wsually build up until the flow
of grid current has increased the damping to the point at which
attenuation is equal to amplification. An increase in bias in the
first instance increases amplitude bu: decreases the values of both
a] and im| in the steady state. IY the bias is meintained at a
steady level and the HT supply raised, amplitude is usually increased
and also lal and Im| .

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 she angle of flow of anode current (Chap. 7 Sec. 4) is zere,
and therefore ImI = @. When an inpus signal is applied causing anocde
current to flow, |mj incresses with anplitude as illustrated in Fig.
450(a), Curve III. The effect of increasing bias is to delay the
point at which amplification commences and also to reduce the gain
for a given smplitude, A similar result follows & reduction in HT
potential, the reduced angle of flow causing a reduction im |mf .
This similarity is illustrated at (b).

ia

. _EFFECT OF INCREASING
't;-.-( SIAS; ANGLE OF FLOW
REDUCED

I CLAGL B WORKING
I CLASS B-C WORKING
M CLasS C woRKING
(@) VARIATION OF AMPLIFICATION
WITH AMPLITUDE

FIXED CUT-OFF VARIABLE Bias
i
- EFFELT OF REDUCINGHT
AMG.E OF FLOW
REDUCED

Q

D

‘\
FILED BisS VARIABLE CUT-OFF
() SIMILARITY BETWEEN THE EFFECTS OF INCREASING
BIAS AND RECUCING HT POTENTIAL

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

The damping effect of grid current must be compared with
thé other damping factors of the metwork. Although the network
may have a high Q, excessive grid-current damping will effectively
reduce both the selectivity and the dymamic resistance of the net-
work, assuming that it acts as a parallel tuned circuit.
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In geueral, for a given HT supply, there is a unique value
of bias necessary to maintain oscillations at a given amplitude,
If a large amplitude is required this may be provided by an increase
in bias., There is clearly a;limit to this process, since as |mj|
is reduced to a point at which it is less than the minimum atten-’
wtion |2] oscillations cannot be self-maintained under any circum-
stances,

Similarly if the bias is held constant and the HT reduced,
a point will be reached at which oscjillations cease altogetger, owing
to the steady reduction of the angle of flow until |m| < ja| for
all values of Vv,

46, Bissing circuits

As pointed out in Sec. L5, the effect on an oscillator of
varying the bias is chiefly to change the amplitude of oscillations,
and appreciable changes of frequency do not usually occur, If it
is important that the amplitude should be constant, the steady
supply potentials should not be allowed to vary, and the circuit
,should be designed as a mester oscillator, so that changes in load-
ing do not affect the operation, ‘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 &
suitable potentiometer arrangement.

If a valve oscillator is not otherwise protected from notice=
able changes in loading, it should be provided with an automatic
regulating device which incresses the svailable power as the power

. demanded by the load increases., It will be shown that in common
eacillator circuits such a requirement is not met by a cathode biasing
circuit, and that for Class B or C working the reverse is true;
vig., a3 the load incresses due to & diminishing leed resistance,
which increases the damping of the circuit, the corresponding bias
increases so that the available power is alseo diminished, In the
eircuit eof Fig. 451(a) the walve current for Class B working is as
shewn at (b). Increased dsmping of the tuned circuit diminishes
its dynemic resistance so that the amplitude of the anode alter—*
meting voltage is diminished; (c). This raises the anode voltage
during the conducting period of each cycle,and thus increases the
valve current; (b). This inoreases the bias, The same argument
holds for Class C conditiens, '

Fig. 451 - Non=-selfw
compensatory effeot
of cathode bisas.
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| ' i | 7
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The use of self-bias by grid
leak and condenser provides auto-
matic regulation approaching the W
form desired to compensate for
varistions in loading. In the
circuit ef Fig, 452(a) a decrease
in amplitude of the alternating cm n
ancde voltage decreases the
amplitude of the grid voltage so
that the condition for steady bias,
viz, "charge accumulated on C
during each eycle = charge which
leaks away through R during each

cycle* is no lenger maintained, Fige 452 = Biasging
through the reduction in the circuit using grid leak
angle of flow of grid current, and condenser.

More charge leaks away, diminish=-
ing the biss and increasing the angle of flow until a new stable
condition is reached with 2 smaller bias. This increases the

available power,

47. gelf-quenching escillaters

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 suite=
able design of the power escillator, Instead of maintaining
continuous oscillations, an escillator can be modified to allow
oscillations te build up, reach a maximum, and decay, the valve
remaining gquiescent 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 ias very commonly known as a "Squegger”, er Squegging
escillator. This term is also applied 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 or a reduction of available HT
potential, until |m| becomes less than jal . Under these temporary
conditions escillations cannot be maintained and usually cease
altogether,

) During the subsequent interval no valve current flows and
the bias or HT potential returns to the value at which oscillations
become possible, and the cycle repeats.

Squegging Oscillators

The actual escillator circuit chosen to describe this
behaviour is not important, and subsequent remarks apply equally teo
most types other than the cemmon-cathode ciicuit drawn in Fig. 452.

The squegging action is illustrated in Pig. 453(a). Oscilla~
tions build up and the bias incresses due te the accumulation of
charge on C. Provided certain conditions are satisfied, which will
be considered below, a point is resched at which the bias becomes
greater than the value at which oscillations can be maintained, when
the RF oscillations begin te be damped out. The charge on C leaks
away through Rg and the biss is reduced until cut-eff is reached.

At this point imi is greater than |a| , and escillations recommence.
When grid current flows the bias increases and the cycle repeats,
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(b) EFFECT OF RETURNING GRID LEAK TO A SOURCE OF
HIGH POTENTIAL

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

The pulse width depends on the charging time-constant CRji,
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 fer Rg to be muwch greater than Rj.

The circuit may be modified by returning the grid leak either
to cathode or to HT potential. In the first case the action 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, together 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 frecuency correspondingly mere constant. This is illust-
rated at (b). A fluctuation in HT supply, for example, causing &
variation in the cut-off voltage, would have much less effect on
the periodicity in the modified circuit, as ipdicated 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 constant amplitude. The circuit is then
equivalent fo an amplifier being driven by a constant voltage
generator. This generator will provide or absorb energy according
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as mi<lalor Im| >jal for this amplitude of signal voltage /V\j_.

For a given C=R network and constant input amplitude the bias
devﬁloped acress ¢ will settle down to a steady value Vg depending
on vj, C, Rj and Ry  Provided CRj > the duration of grid current
flow for each cycle, and provided CR, » T, the period of oscilla-
‘tions, the grid voltage will be approXimately sinusecidal, as in

Fig. 454, these being the oongitions for non-distortion. The ratio

-V’x then depends on the ratie = t de; £
3 T Rg enly, tc a close degree of approx—
imation, and the relation between them is

=V .
'5? R (E;Rg)z provided B3 & Rge

—MEAN BIAS
(RIPPLE NEGLIGIBLE
IF € IS LARGE)

CURRENT CURRENT

Pig. 454 - Steady state relation between
¥i, Vp and the angles of flow of grid and
anode currents.

If we now plot
the variation of Imj
and |a) with amplitude
~
v;, we obtain curves
such as are shown in
E‘igo I‘.55. The value
of |8 has been assumed i, e
constant, since the net-
work is assumed 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 {al with amplitude,
P the controlling gener—
ator could be removed
and ecscillations would
be maintained st the corresponding amplitude, where (mj = |al . 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 ateady state
operating point P is reached, the bias will be less than that for
which the curves of Fig. 455 arc drawn. The effect of this lag is
indicated in Fig. 456. Both |m) and lal 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 Q instead of P, towards which it must tend for

stability.
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Two cases arise, shown at (a) and (b) respectively. In
(), § m > & i,
and the point Q is
to the right ef P, ""F"“‘

This means

that the amplitule

of escillatien is
larger than the

value at which

jm{ = |2]. Oscilla-
tiens coutiunue

until the bias has
increased beyend the
required wvalue,
,since this wvalue

must be exceeded
befere the amplitude
begins te decrease.
Once the bias has
exceeded the crit-
ical walue it remains
toe large for escilla-
tions te be main-
tained, due to the
long time~-constant
CRe Hence the s - s
os¥illations die away. &f}_aﬁg qug.:(s:f of aelay in

In (b) Smi< 8iml , so that the operating point Q is to
the left of P. The amplitude ef cscillatiens continues to build
up with diminishing imcreases in bias, and the condition is stable,
since each ineremse in bias makes l|a| increase with respect to mi .

rhis is further illustrated in Fig. 457, where Im| and |ai
are pletted against Vg for a fixed amplitude corresponding to the
point P-ef Fig. 455. In the first figure (a) an  increase in bias
for & given amplitude ledds to instability since la| becomes greater
than jm| and at the incressed walue of bias escillations camnot
be meintained. In (b), the incresse in bias is accompanied by an
increase in |m| with respect to ial,se that the smplitude is
inereased and the condition is stable.

Iml,\a} Im|,lal
-
pl (Uy CONSTANT) (ﬁ;cousnm‘)

lal slal

T i
~4’ -
- ! -
| 1
i 1
| 1
] 1'_ 1
oY ~Vy

[3)
(@) UNSTABLE ;~ SQUEGGING CONDITION {b) svasLE:-NO squEGGING occuRs

Fig. 457 - Squegging criteria,

The condition 2. > L is the criterion fer squegging
3?8 b?g

te occur, under the conditions which have been assumed (long time-
constants, sinuseidal oscillations, and Rg> Ry). This criterion
depends eon the relative values of ¥, Ri,sR‘, the cut=off voltage
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Ve and the dynamic resistance of the tumed circuit. Fer a given
¥4 and Vg, &nd provided the dynamic resistanee is net toe large,

squegging will ecour if g& is su.f'f‘ioient].y large.
i

Another method of making squegging mere likely 1s to increase
the damping ef the tuned circuit. This causes the psint P te occur at
a steeper portion ef the |m| =~ ¥; curve (Fig. 456) and increasesthe
likelihood ef the peint Q being to the right eof P.

With triodes commenly used in low power radar escillaters
employing high=Q circuits and Class C biasing, a grid leak of the
erder ef 20 knto 200 knis uswlly sufficient teo cause squegging.

node uvenching Qscillaters

In this form ef self-quenching circuit the bias is held
censtant, but an effect similar te that ef squegging is obtained by
an autematic 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 circuit, it is the value ef the resister R which is wswlly
critical. If this is greater than a certain value quenching will
ensue whatever the value of C. Pulse width is principally determined
by the product of C and the mean DC resistance of the walve when
condueting, whilet recurrence frequency depends chiefly en CR. The
shepe of the anode pulse is shown at (¢).

EFFECT NF LOWERING
HT POTENTIAL

{Vi‘ FIXED
V- ———

|
«(F

(b)

Fig, 458 = Anode self=quenching
oscillator,

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

escillations,
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48, The Super-Regenerative Receiver

Although the Super— .
Regenerative Receiver is
mere than an escillater it
is dealt with here since
its operation depends en
the build-up of escilla-
tien in a meodulated or
quenched escillater. The
schematic arrangement ef

DETECTED AND
FILTER [—C¢\ 1eRE0 OUTPUT

a separately-quenched Fig. 453 = Schematic
circuit is shewn in Fig. arrangement of super—
459, (Self-quenched regenerative receiver

receivers are 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 a= well to imdicate the easential differences between the two
circuits. It is generally assumed that in & pulse-modulated
transmitter the build-up and die-away intervals for each pulse are
very miuch 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 escillations build up gradually and reach a maximum
smplitude shortly before the end of the applied pulse; (Fig. 460).
The escillator is then quenched

by the trailing edge of the

modulation pulse and the

escillatiens die away repidly. OSCILLATION

AMPLITUDE
f MODULATION ENVELOPE

The wain differemce | ____¢MO2LX
between this eciien and that .'
of the grid~medulsted trans- i
mitter (Chep. 14) (er ef the ' ¢

(o]
self-quenched escillater MODULATING
described in Sec. 47) is that
in the latter case the grid
wolteagz rises sharply through o t
cut=off se thatthe flow of wmlve
current is sudden, initiating
the main escillatien, In Fig. 460 - Build-up oscilla-
the case of the super~ tions.
regenerative receiver, the
applied pulse is less abrupt (being commonly sinuseidal) and the
feod-back less vigerous, se that the random meise fluctuations in
the input circuit, superimposed en the applied pulse, are largely
effective in determining the initial grid voltages during each
oscillation interwl. When & signal of the cerrect frequency 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 sz a negative-going pulse,

The effect of the super-regenerative circuit is that & given
change of mean anede current can be produced by a very much smaller
RF input signal tben would be required, for example, by a reactien
amplifier (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-regenerative 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 & reaction amplifier-detector circulit.:
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The manner in which the much greater
gain is ebtained in the super-regenerative
circuit may be explained with referemce to 1
the transfermer-coupled circuit ef Fig. INPUT 5@% U
461. Suppose that the current and volt= -
ages in tl}ﬁ circuit are sere when an EMP
v, = 'r £ is injected into the
tuned cimuit by the coupling leop.

The equation giving the oubtput voltage Fig.461 = Transformer=
Vg may be shaﬁ t:;gbe ¥ 8 coupled tuned circuit,

BB ..o---o-.tooo-t-totovot(l)o

at? " o, at oL oL,

The steady-state solution of this equation is the ?rdimzy "AC )

selution®, with v = Q¥ , where Q= c assumed large).
B/

The manner in which the amplitude of the output weltage tends

towards the steady state is 1llustrated in FPig. 462; the equation

ia:

' =Q'i (1 eﬁp) .o.oov-oo-ooooooo.-aoova-..co¢(2)

Suppose unew that the resistance Rp is replaced by the equivalent
of a negative resistance, - Rp.

The solution of the cerrespending equatien:~-

dav. 1 dv' :! - E .'.'....-..'..'....'.(3)'

which is the sume as (1) with =By in place of R g.ngis similar te

that of the former equatien, the amplitude grew accerding te
the formule:
t
ZTHp
c. = QG’{ (E - 1); .o.-oo-oooooooooooooootoo(#)

(in this case Q = Rn»/%-).

OSCILLATION
AMPLITUDE /

QuTPUT
AMPLITUDE
]

o >t
Fig. 462 = Build up of output Fig. 463 = Build-up of
voltage in transformer=- oscillations in regenera-
coupled (non=oscillating) tive oscillating circuit.

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 Q¥ £ “ P and Q¥j, whereas
the latter curve is the %ﬂeume between Qv{ and the exponentially

incressing curve Q¥; £ “n.

If the amplitude ef the applied signal is increased by an
ameunt AVi, the amplitudes ef the curves of Figs, 462 and 463
are correspondingly imcreased. In the case of the regemerative
(reaction) amplifier it is this increase in amplitude which provides
the change in output 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 t9 & certain
smplitude Vg the amplitude remains approximately constant at this
value, due te the inherent nen-linearity and limiting actien ef
the valve characteristies, until the end ef the medulatien pulse.
This cuts eff the walve current, in effect replacing tane resultant
negative resistence by the natural damping resistance of the circuit,
ae that the escillations are rapidly quenched. The wiole 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 medulation pulse. The

equation relating the time T for the oscillations te build up with
Ve, the maximun amplitude, is

-
7. = Qci (Emﬂ - 1) .t.c..‘-t.t.ot..qt-'.--.(5)‘

Since we are ceucerned with valwes of T such that € ﬁ!; > 2,
for RF veltages of spvall amplitude ¥; this equatiem reduces te:

2

Ir % is the amplitude ef the carrier wave modulated by
(1 + A coswpt), we have

...l'-......l.‘.....'..I.'.O.(s)o

Ve = Q/;'i £

¥ = % (1+Aceswpt);
se¢ thas

—t == log, Vg = log. Q - leg Qs - log.{1l + A coswyt)
mﬂ * L = [ <
....I‘..(B}l

Since, for a given carrier level, the enly quantity which varies
in (8) 1s t, we have

AT = «XR, 4 Elogg (1+a coswnt); eresseseaee(9)y

Fal
and this is independent of V.

This decrease is illustrated in Fig. 464. tp is the
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duration ef the
medulating pulse.
The twe curves Gﬁ'ﬁ%ﬁ"
are identical
except fer the
herizontal
displacement

AT. Hence, Vop-m === mm =
teo a first J
approximation /
the averagze ’
increase in ¥
ﬂmlitlﬂe of 7

v, due te o= -t
the incresse
in the ampli~-
tude-medulated Fig. 46k ~ Decrease in time taken
input is for oscillations to acquire a given
amplitude (=mall signals).

Yo . xpy A i log, (1+ 4 coaw‘t)} NPT s 12§ 1

tp

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

Q%. A El + A cosw.t} vesvssesssosssnsescnssas(ll)e

Suppose the input changes from its maximum value ¢3 (1 +A4) te its

minimue value ¥y (1 - A). For the reactien amplifier equatien
(11) gives
AR, = q¢°{1u-r"‘r- } = 20Q%, .

For the super-regenerative circuit the change in mean smplitude
for the pulse interval tp is given by equation (10):-

3&3}% -Y-!-t-gi"-k ih(s (1+4) - logg (1-&);

v B uefird)

Provided A is suell,

leg G4 = a.

Hence, for a lightly medulated carrier, the retie between the

change in mean ampliude in the super=regenerative circui® te the
cerresponding change in mesn smplitude in the reaction-amplifier

circuit is given appreximately by:-
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NgCRR 24 = , A 2V Ry
g &Qvo‘ = s

Since Q =COJIBP, this may be written

2 oCFy L, 2VeBy |
R Gy, T B gEpveRy

Suppese =lus,wy = 27 200, %06 (cerrespending te a freguency
of 200 Mg/s); / Vo = 10 volts and ¥, = 10 microwelts. Suppose alse
that Bn = Rp-

Then the ratie bscemes

2,10 106 .
> g = * zox = 6%
®.200.107.10 ~-10.10

Thisratio does not take inte sccount the fact that the super-
regenerative detector is eperating for enly a fractien ef the quench
peried. Hewever, even if the pulses fill only one-tenth ef the
receptien time there is still an inorease of mere than 150:1 in the
effective amplificatien provided by the super-regenerative circuit
coppared with the reactien amplifier.

The above simplified analysis has considered the action from
the point ef view of & sinuscidally medulated carrier - the communica-
tions aspect, In radar, where RF pulses are received, & somewhat
different appreach is simpler. Here we are concerned with the
amplitude of the actuml output pulses, and not with any modulation
compenent ef these; and the result found te be appreximately true
for & sinuscidally medulated carrier, namely, that theé amplitude of
the medulation cemponent is independent of the carrier amplitude,
no lenger applies, There is still hewever, an inherent AGC actien,
independent of this remlt.

If the amplitude of the RF

input is large, the apprex- OSCILLATION

imatien of equation (6) no i

longer holds, and the change
in the rate of increase of
oscillation smplitude .
fepllowing an increase in i
input smplitude is as shown i
in Pig. 465, rether than |
that shown in Fig. 464 fer !
smell signals. As the !
smplitude ef the applied /

signal increases the 9 =t
increase in the mean amplit-

ude of the output voltage Fig. 465 = Decreage in time

dees not increase proper— taken for oscillationsto acquire
tionatély, but is ebviusly a given amplitude (large signals).

1limited, There is &
maximum pessible increase
in the area under the modulation envelepe of Fig. 460, occurring in
theory when the envelope is entirely filled with RF oscillations,
The result is that the super-regenerative receiver can detect,
without ever everleading, signals varying in amplitude from a f'ew
microvelts to several volts.
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When used for communicatiens reception the region of
variation ef ipput amplitude over which distertion is not pre-
hibitive is limited, and varies with the medulation depth. For
radar purpeses, where this type of circuit is used as a one-valve
receiver for triggering redar bescens, distortion is not impertant.
The output is ef sufficient amplitude, even fer very small input
signals, to trigger a local transmitter, and because ef the inherent
AGC actien ne deletericus effects arise when much larger input
signals are received. However, additlenal AGC circuits may be
empleyed with adventage to limit the amplituie ef the triggering
pulse applied to the transmitter and te prevent valve saturetion
when very large signals are reeceived.

0
S LF. CHOKE
FEED BACK  ______.
CAPACITANCE ke , TRIGGER
PULSES

INPUT FROM
AERIAL

MODULATION
OSCILLATOR

Pig. 466 - Typical radar super-
regenerative circuit.

A typical arrangement eof a super-regenerative receiver
designed for RF pulse detection is shown in Fig. 456. - The low=
pass filter in the output side by-passes the fundsmental and
harmenic compenents ef the quench frequency se that there is a
constant steady weltage produced at the output terminals whenm ne
RF sigonal is applied to the grid. There is an inevitable neise
fluctuation present. The width of the modulation pulse is made
small and the quench frequency sufficiently high te ensure that
several quench perieds eccur during a single imput BEF pulse.

When this arrives at the grid & negative-going pulse is
preduced at the output, slightly delayed by the filter eircuit,
This pulse is smplified and is used fer triggering the lecal trans-
mitter of a radar beacen.

AUTOMATIC FREQUENCY CONTROL

49. Gemeral

Like mest automatic contrel systems, circuits which centrol
the frequency of an escillater are of the serve type (see Chap. 18).
The frequency of escillatien is csmpared with some frequency
standard in & suitable difference element, the output of which is
used te adjust the escillater so as to reduce the frequency
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difference to zereo.

The simplest requirement, namely te leck the escillater
frequency to that ef an awvailable transmitter or standard generator
will not be dealt with here. In effect this converts the oscilla-
ter inte an amplifier by increasing the coupling between the twe
generaters. The mere impertant practical requirement is to make
automatic adjustments to the frequency of the lecal escillater of a
superheteredyne receiver so that the signal in the IF channel is
kept in the middie 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 variatieons are detected, adjustments are made te
the g.:cal oscillator te bring the IF signal back inte the middle of
the band.

The input quantity ef the control system iy therefore the
setting ef the IF tuned circuits, and the serw action is required
te pull-in the IP signal by adjustments to the lecal escillater.
This may be done in the case eof mechanically tuned oscillators by
a serve motor turning the vanes ef a variable condenser, altering
the pesitien of a tuning cere er, in the case of a klystren,
adjusting the tuning screws er diaphregm, Alternmatively, if the
frequency can be waried by altering ene ef the control 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 cailed tne Discriminater.

-This is required te convert a frequency difference iato a voltage
or current, indicative mot only of the magnitude ef the difference
but alse ef the semse, Apart frem the discriminster 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, fp is the mean intermediate frequency te which f3, the
IF 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 eof the discriminater which are either poaitiwe=going or
negative-going aoccording to whether the IP signal fraquency is toe
high ar toe low., These pulses may either be rsctified and applied
as steady centrol veltages tc the local escillater or, as is more
general, they may be inocerperated with some automatic sweep circuit

as described in Secs. 53 and 54.

51. litude discrimination

In this methed use is made of the wriation in amplitude af
the output frem a high-Q circuit as the input frequency recedes from
resenance, The circuit is tuned te fi + f3 where f3 is the
meximum deviatien allewed for. As fi wvaries, se the output ampli-
tude varies as indicated by the resenance curve (Fig. 467) and the
detected output is thus indicative of the input fregquency.

One method eof incorperating this technique in & practical
discriminater is shown in Fig. 468. Twe high=Q rejsctor circuits,
ceupled te one of the IF stages, are tuned to fyy + £3 and £ ~ L3
respectively. The output from each circuit is detected by the
back~to=back diode circuits shown, and the voltaege diifference

478



Chap.8, Sect.52

1
¥
’
+ f
fm-fd tm fi

(b) AMPUTUCE DISCRIMINATION
PRIMARY CIRCUIT TUNED TO fm
SECONDARY CIRCUIT TUNED TO Imird

@ TUNED CIRCUIT OF 1| F AMPLIFIER

OUTPUT VOLTAGE

Fig. 467 - Pondamental principles
of amplitude and phase discrimina-

tion.

(b
1
]
I
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tm=ftd im im+fd
" 1
fm fi :' I :
{€) PHASE DISCRIMINATION PRIMARY ' I
AND SECONDARY CIRCUITS BOTH h |
TUNED TO fm | ;
! [ -
(C) fm ]
I
|
1
|
|

Fig. 468 = Awplitude discriminating
circuit and response diagrams,

between A and B is indicative of the magnitude and sense of the
errer frequency fy ~ fm. The response diagrams feor the twe
circuits are shewn superimposed at (b). The detected output
difference (¢) is smplified if neceasary and fed te the serve
moter er ether centrel device. This alters the frequsncy of the
local escillater se as to reduce the magnitude of the error.

52. Phase discriminatien

As the title indicates, in this methed it
is the variatisan in the phase of the eutput of a
tuned circuit as the input frequency varies
which is used te previde the necessary frequency
discrimination. It is necessary te cempare
this with a standard phese, nermally the phase
of the input. In the simple inductively ceupled
circuit shewn in Fig. 4567(2) the eutput and
input veltages are in quadrature at resomance,
the sutput phase being retarded as the frequency
rises. If input apd output signals are added
tegether this change in phase is cenverted inte
& change in amplitude, as indicated by the
vecter diagrams ef Fig. 469.

The resultant signal i= detected and
the magnitude of the rectified signal, werying
with the -input frequency, prevides the dis-

riminater eutput. Pig. 469 - Phase
e or p discrimination; vector
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[ T
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R :‘: =

CUTPUT
VOLTAGE

TUNED CIRCUIT
OF IF AMPLIFIER

€ DIODE 2
r—- ,_.@__

P
TUNED CHRCUIT
OF IF AMPLIFIER CIOCE |

()

Fig. 470 = Phase discriminating
circuits.

The simplified diagram ef Fig. 470(a) shows hew this
methed may be empleyed in a phase discriminater. i is the
,input veltage and v, the voltage develeped acress each half of
the secondary ceil, As jA swings positive the RF petential
Vi + V, s déwlupdAMMa diede 1 and it conducts, cherging Cj
te a peak value (V4 % Vo). Similarly diede 2 condwts s
swings pesitive se that Cp charges te & pesk value (vi = v,).

R and Rp are the discharge resistors fer the twe gendensers.

The petential difference between By and By is (w3 % Ve) = (v = vg)e
In the circuit show this is net wswalily in 2 cenvenient form fer
use a3 & centrel yeltage, neither By ner B being earthed.

A prectical form of this circuit is shewn in Fig. 470(b).
Here the ceupling capacitance C takes the place of one of the
rectifying cendensers and the ether is -connected between the twe
cathodes, The direct cennectien frem O to the junction ef the
resisters is necessary te discharge C through R] when diede 1 is
net cenducting. Alse, if a veriable 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 B} is earthed this is in a convenient form te act
as a centrel wveltage, either direct er through a DC smplifier,

53. IAutmtic Sweep Circuit

Either of the metneds described is restricted because of the
nearrew bandwidth eof the high-Q circuits used. The twin=circuit
methed of amplitude discriminetien gives & wider band, but this is
compensated fer by the relative intricacy ef setting up the circuit.
Unless the escillater frequency is very clese te its required walue,
the IF signal is outside the discriminater bandwidth and the A¥C
circuit fails te "pull=in". The difficulty is usually everceme by
incerporating an automatic frequency sweep circuit in the control
system, While there is ne signal in the EF receiwver the lecal
sscillater frequency is swept continususly through a wide band.
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When a signal does apps -, the AFC circuilt comes into eperatien as
the escillater frequency reaches its correct setting, and there-
after the latter is autematically adjusted and the sweep practicaelly
eliminated, :

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

VERY LOW FREQUENCY
SAWTOOTH VOLTAGE

VERY LOW
e ™ GEfI:gi;DR -
MULTIVIBRATOR
OUTPUT VOLTAGE DEPENDS -
IF. SIGNAL ON ERROR IN FREQUENCY
O—s—] FREQUENCY \E.
- i R
CHANGER AMPLIFIER DISCRIMINATO AMPLIFIER |
"SIGNAL FROM RF.
STAGES. (OR FROM
DIRECT PICK-UP or} LOCAL OSCILLATOR
MAGNETRON PULSE OUTPUT =
N OSCILLATOR TO nsnsgon OF

KLYSTRON) REFLEX KLYSTRON

Pig. 471 = Circuit schematie
for AFC of electrically tuned
local oscillator.

When an EF signal sppears the discriminater is brought
inte play and ite amplified eutput nullifies the eutput frem the
sweep generator so that the reflector of the Sutton tube is main-
tained at an appreximately censtant potential. If the discrimina-
ter is sufficiently sensitive and the gain ef the amplifier
sufficiently large, only & very small frequency deviatiem is
necessary te preduce at the amplifier output sufficient amplitude
te counteract the sweep weltage.

This methed of searching feor and leding ente a received
signal is appliceble te other local oscillater circuits in which
variation ef the petential of one of the control electredes provides
a sufficient degree of variatien im the escillatien frequency.

54, Practical AFC circuits

Many different AFC circuits are in commen use, most of which
incorperate the principles ef the feregoing 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 econemical of material than the relatively straight-
ferward circuit shewn in Fig. 471.

It is cemmen practice to apply the pesitive-going or negative-—
going pulses frem the discriminater te the sweep generator se that it
is held ineperative, autematically providing the cerrect output
wveltage for the local escillator reflecter. This ususlly necessitates
suppressing either the pesitive-going er the negative=-going pulsesy
se that adjustments te pull in the escillater frequency are made for
frequenay drifts in ene direction enly. For example when the dis-
criminater sutput is weak, eor consists of negative-going pulses,
the sweep generator may centinue to sweep the escillator throughout
a. wide frequency range. When the discriminater output changes te
& series of pesitive-going pulses the sweep generater is suppressed
and the escillater frequency autematioally pulls in. Should the
transmitter frequency drift se that negative-going pulses reappesr
io the discriminater eutput the AFC circuit fails te pull in, and
the sweep generater cemes linto operatien again until the disorimineter
eutput changes pelarity. This mede ef operatien is particularly
useful where cosnomy of valve stages is impertant.

482



This ﬁle_was downloaded
- from the RTFM Library:

Link: www.scottbouch.com/rtfm

Please see site for usage terms, |
and more aircraft documents.



https://www.scottbouch.com/rtfm

