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CHAPTER 1

CIRCUITS
INTRODUCTION

1. The fundamental requirement of a radar
equipment is to position an aircraft or other
object accurately, i.e. to determine the range,
azimuth and possibly elevation with respect
to the radar equipment. A complete radar
equipment, used to determine these three
quantities, requires:—

(1) A transmitter.

(i) A receiver.

(iii) Aerial systems for transmitting and
receiving.

A block diagram of such an equipment is
shown in fig. 1.

TRANSAITTER
| T T T T mem e 1
1 1T :
' |oscusaror AMOOLUATOR TAING
' secTIoN \
4 {
. e osreay
RECEER /

AERAL SrSTE

Fig. 1.—Block diagram of a typical
radar equipment

2. The transmitter consists of:—

(i) An oscillator, Ideally, this should be a
low power oscillator with good frequency
stability, followed by RF amplifiers and an
output stage. This is only possible at the
lowest radar frequencies (CH, 20-60 Mc/s).
Very much higher frequencies are now in
general use, and amplification is not possible.
It is usual to employ a single high-power
oscillator.

20- 60 Mc/s—Conventional valve oscilla-

tors used.

100-600 Mc/s—Tuned lines with conven-

tional valves modified for
VHF working.

3000 Mc/s and above—
Magnetrons and klystrons

used.
(ii) A modulator—The output waveform
of this unit consists of DC pulses (fig. 2) which
switch on the oscillator for the duration of the

pulses only, while the intervals between
successive pulses the oscillator is non-
conducting. The output of the oscillator thus
consists of packets of RF oscillations or RF
pulses, as shown in fig. 3.

Fig. 2—DC pulses
GOV 1
_lv—; b

T i

nw{ |
l
-

—F

e e g

Fig. 3.—RF pulses

3. Receiver requirements are:—
(i) High gain,
(ii) Good signal/noise ratio.
(iii) Faithful reproduction of pulse shape.

4. In most cases a superhet receiver is used
to meet these requirements. It provides an
efficient method of amplification, no other
method being possible at frequencies of the
order of 3000 Mc/s. Also, the pulses can be
handled with little distortion if the receiver is
well designed. Tuning is relatively simple,
since the main tuning circuits are in the IF
stages and are preset.

SIGARL FROM
ASRUAL

Epr @) @ [F @) @ [~ 1®
] MER || e lOETECTOR|

" er

(2nd O=TECTOR)
lcocac
2

(1t carecroR)

Fig. 4.—Block diagram of superhet receiver

5. Where extreme compactness is required,
and faithful reproduction of pulse shape is not
essential, a super-regenerative receiver is used,
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e.g. in an IFF or beacon set. This receiver
will be described in detail in a later section.

The superheterodyne receiver

6. A block diagram of a radar superhet
receiver is given in fig. 4. Although adequate
amplification of the signal can be obtained if
it is fed directly to the mixer stage, the signal
to noise ratio for carrier frequencies up to
600 Mc/s is improved by providing one or two
stages of RF amplification. The signal to
noise ratioc depends mainly on the noise
introduced by the first valve, and since at
these frequencies amplifiers are less noisy
than mixers, the RF stages are introduced.
At higher frequencies, it is not possible to
improve the signal/noise ratio by this means,
so the mixer is made the first stage of the
receiver. )

7. Infig. 5, the output waveforms, of the RF,
IF, and VF stages are shown, when a 3 usec
RF pulse of carrier frequency 200 Mc/s is
being reccived. A local oscillator signal of
frequency 155 Mc/s is mixed with the amplified
RF signal, to give an IF signal of frequency
45 Mc/s. This is amplified in the IF stages,
converted into a DC pulse by the 2nd detector,
then amplified by the VF stages before
application to the deflector plates or grid of
the display CRT. Detection is necessary
since the mean voltage level of an RF pulse is
zero.

n RAVEFORM AT@) & ()
@ (CONTANS GOO CrEunss)
Ju SEC
WAVEFORM Ar () (L)
© (CONTANS BS CIOLES)

WAEFORNM AT (€ ()

©) I

Fig. 5.—Pulse waveforms from superhet
receiver

8. Bandwidth.—The receiver has to deal with
pulse waveforms, which involves passing sharp
edges, i.e. rapid changes in voltage, without
distortion.

A.P.1093F, Vol. 1, Chap. 1

9. By Fourier analysis it can be shown that a
periodic waveform consisting of ideal square
DC pulses in which the changes of voltage
level are instantaneous, as shown in fig. 6 (@),
may be represented by an infinite series of
sinusoidal components which are harmonics
of the recurrence frequency. If such a wave-
form is to be passed without distortion, the
receiver must respond equally to an infinite
band of frequencies. This is impossible, but
if some delay in the rise and fall of the pulse
can be tolerated, then it is unnecessary for the
infinitely high frequencies to be passed.
Consider the case in which a delay of t secs.
in the rise or fall of the pulse is permissible

] L

(@) IDEAL SCUARE DC  FXRSE NWAVEFORM

;
i r

\ b

&) AULSE WITH DELAYED
HISAE § AL

Fig. 6.—Waveforms

(fig. 6 (b)). By examination of figs. 6 (b) and
6 (¢) it can be seen that for this to be realised,
a sinusoidal component of frequency equal to

1 .
T c/s must be present. It is therefore neces-

sary for the stages of the receiver which handle
pulses in their DC form, viz. the VF stages,
to have a bandwidth extending from the prf to

at least —i_f c/s if the pulse shape is to conform

to the specified tolerance.

10. An RF pulse consists of the carrier fre-
quency modulated by the band of sinusoidal
components which constitute a DC pulse.
It can be shown that this is equivalent to the
carrier frequency together with sidebands of
frequency equal to the carrier frequency plus
or minus the modulating frequencies. Thus,
an RF pulse of carrier frequency f; ¢/s and
having the same rate of rise and fall as
the DC pulse considered above, consists
of a range of frequencies extending from



1 1 .
o — r cfstofe + T ¢/s. The required band-
width of the RF and IF stages is therefore
1 . .1
or c/s, whilst that of the VF stages is yr cfs
(fig. 7).

BANDWIDOTH BANOWOTH]
FREQUENTY FIREOUSNTY
%e fe-%4e  fo for e
(@) BANDWIDTH REQUIRED TO A4SS (b) BANDWIDTH REAIRED TO FUSS
DC ALLSE . RF AASE

Fig. 7.—Bandwidths

Example
Time and rise of pulse t = 1—10 usec.
VF bandwidth = % X 107 ¢/s = 2-5 Mc/s.
IF and RF bandwidth = 5 Mcs.

Timing section and display

11. A CRT is used to display the pulse and
to enable the short delay times involved to be
measured. A time-base is produced by moving
the CRT spot across the screen at a uniform
rate, starting at the instant the transmitter
pulses. The time for complete traverse is
made equal to the delay time of a pulse return-
ing from a target at the maximum range
which it is desired to display, e.g. to measure
ranges up to 100 miles, the spot is made to move
across the screen in 1 millisecond. The signal
is displayed by deflection or intensity modu-
lation of the time base trace. When an electro-
statically deflected CRT is used, a linearly
rising voltage waveform is required to produce
the forward stroke or time base. The voltage
must return to its initial level before the next
pulse is transmitted. The manner of return
is not very important, since it is not used for
measurement purposes and is normally blacked-
out.

12. The waveform is generally produced by
charging and discharging a capacitor, the basic
circuit being shown in fig. 8, together with
waveforms. The capacitor C is allowed to
charge so as to produce a linear rise of voltage
for the required duration of the forward
stroke; the discharge device is then caused to
operate, discharging C to its original voltage,
at which it remains until the start of the next
time base. A switching or triggering voltage
is required to make the discharge device

CHARGS
osvee
DISCHARGE | [
(=L~ 4 \ i oursr
—— \
E. .
noLrs
SWITCHNG
PAVEEORN
WeuweeoRM
T
FORWARD STROKE FLYBACK

Fig. 8.—Simple time base circuit and

waveform
Masrme
CICHLATON
m~ese r
GavEsrDR [ MOOUATOR  heaed gy e e ABRAC
SQuArE I SAsE
MAVEFDRAY & parom x PLATES
S L —e CRT
I &/ rocer
'U J ARSE GENERATOR
I rocxATOR
GENBRATOR
.
I
rner Base
GevEaaron

Fig. 9.—Typical arrangement of timing

circuit with waveforms (1)
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become alternatively conductive and non-
conductive; this may take the form of a square
waveform, positive going during the required
conduction period, and negative for the non-
conduction period, i.e. the forward stroke.

13. In order to brighten the trace during the
forward stroke and extinguish the returnm, a
square waveform of appropriate polarity during
the forward stroke is applied to the grid or
cathode of the CRT.

14. For different applications, time bases of
various durations and with various ratios of
forward stroke to flyback are required, and so
it is necessary to provide circuits which will
produce square waveforms with different
relative widths of the postive and negative
portions. The recurrence frequency of the
square waveform and time base gencrators
depends on the requirements of the equipment.

OECALATOR

1
SNE BAVE Jn:‘rsb o TS BASE | X Pares
GeasRAOR | R | i

254
s

SNE mares

;
SQUARE AAVZE
CEVERATOR
! TIME BASE
E H GEMNERATOR
; J
| }

[ PXLSE GEMERRTOR

l AODULATOR

Fig. 10.—Typical arrangement of timing
circuit with waveforms (2)
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15. Another waveform to be generated in thc
timing section is the short DC pulse waveform
required to trigger the modulator, so locking
the transmission of the RF pulse to the start
of the time base. Such a waveform has other
important applications.

16. Figs. 9 and 10 show typical arrangements
with waveforms of timing sections. In the
block diagram of fig. 9, the master oscillator
is a generator of short pulses. These are used
to trigger the modulator, which produces
pulses, locked to the triggering pulses,
suitable for application to the RF oscillator.
The pulses from the master oscillator also
trigger a square waveform generator, the out-
put of which is applied to the time base
generator and determines the durations of the
forward stroke and flyback of the time base
waveform. The bright-up waveform for
the CRT is taken from the square wave
generator.

17. Fig. 10 shows an arrangement in which
the master oscillator produces a sinusoidal
waveform which is applied to a square wave-
form generator. The output of this stage
triggers the time base generator, and is
also applied to the pulse generator which
feeds the modulator. Again, the bright-up
waveform is taken from the square waveform
generator.

CR, LR AND LCR CIRCUITS

Charge and discharge of a capacitor

18. If a steady voltage V, is applied to a
series CR circuit, see fig. 11, then, at any
instant,

Vo = Ve + Ri
where Vo = voltage across C
and i = current flowing
the solution of which is
Ve = Vo((l —e “‘/CR)
VB, = Vo b Vc
where Vg = voltage across resistor.
Attimet = O

Ve = O, i.e. the whole voltage V,
appears across the resistor.



== 063 Vo
Ve = 037 Vo

The quantity CR is called the fime constant of
the circuit.
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Fig. 11.—Charge of a capacitor in an RC
circuit (1)

19. The percentage charge for various
multiples of the time constant CR is given
in the table below:—

% charge
of C

10%

639,
959,
989,
99-30/

U1 W0 5|"' gl“

Rate of change of voltage across C

dVe
dt

Vo
CR
. dVe Vo
Att=0 -3 = TR
20. If the capacitor could continue to charge
at this initial rate, a time CR would be required
for Ve to rise to Vo.

Thus the time constant CR can also be defined
as the time taken by the capaciter to charge
the applied voltage if the initial rate of rise of
voltage is maintained (fig. 11).

t/CR
e (Differentiating
equation (1)).
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Fig. 12.—Discharge of a capacitor in an
RC circuit (2)

Discharge of the capacitor

21. If, after the capacitor has completely
charged to Vo, the voltage source is shorted
out, we have

Ri + Ve = 0 at any instant,
the solution of which is,

—t/CR
Vc = Voe
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Attimet=0,Vc=Vo
Ve = — V,, since Vg + Ve
must be zero.

At time t = CR, V; = % == 0-37V,

Therefore Vg == —0-37Vo since Vg + Ve = O.

After time CR, voltage across the condenser
has fallen to approximately a third of its initial
value, see fig, 12.

Growth of current in LR circuit

22. The growth and decay of current in an
inductor connected in series with a resistor,
when a steady voltage is applied or removed,
is a similar problem to that of the charge and
discharge of a capacitor described above.
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Fig. 13.—Growth of current in an LR
circuit
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23. If a steady voltage V, is applied to the
circuit (fig. 13), then at any instant

L—g—l— 4+ Ri = V, wherei = current
t flowing

the solution of which is

1 =1 (1 — e_Rt/L)

where i, = —YR"— == final steady current.

di R.
VL = L‘E- = L.—I—‘.lo.e

where V3, = voltage across the inductor.
= Ve —Rt/L
Ve =Ri=V, — Vi
where Vg = voltage across resistor.
Attimet = O
i=0; V= Vo; Vg = O.

—Rt/L

When t = %, the time constant
i =il — e)
== 0-63 ip (e = 27)
Vi = Vee-?
VB, == 063Vo
The rate of rise of current g% can be obtained
from
di . —Rt/L
di Vo —Rt/L
de 7T di Ve
— a _ Yo
When t = O, it T
_Y¥% R
T R°L
—; R
= 1o . i

Therefore the time constant % = time required

for the current to rise to the maximum value if -
the initial rate of growth is maintained.
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Decay of current (fig. 14

24. When the voltage V, is shorted out we
have

dt .
La; +Ri=0
the solution bing
—Rt/L
io
di _ . R e—Rt/L

dt L

Hence
di

VL = L—d—t

_ _+ VoR —RyL
=Lgr-*

__Voe—Rt/L

When t = O
i io
-V,

Vi

Ve = +Vo since Vi, + Vg =

== 037,
Vi = —Vee-!

s —0'37Vo
Vz = 0:37V,

Frequency response of CR circuit

25. A sine waveform is not distorted, but
merely altered in amplitude and phase, when it
is passed through a series CR circuit.
amplitudes of the voltages developed across
C and R respectively in fig. 15 (a), are given by
the expressions below, the variation in ampli-
tude with the frequency of the input being

Ve
'c

Vs

Ve

0.

The
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Fig. 15.—Frequency response of CR circuit
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shown by the generalised frequency response
curves of fig. 15 (b).

Vg = ———R v,

S VR X

where X = reactance of C.
1

T . (R\®
J 1+ (=)
When the frequency is such that X, is very
much greater than R, then
Vc == VB; Vn = Q.
As the frequency increases the reactance falls
until at some frequency fo,

X =R
ie—l———-R
“2nfoC T
At this frequency f,, we have

1
Ve = — . V,
R \/2 8
== 0-707 Vs

1

Ve = —= .V

[ '\/é 8

== 0-707 Vs.

For further increase of frequency, the react-
ance of C falls off, ultimately becoming
negligible in comparison with R. For these
frequencies

Ve = Vi Ve= 0.
Phasing
26. The variation in phase of Vg and V. with
respect to frequency is given by

aXe phase

g = tan R where O =
angle of lead of Vg
with respect to V.
0. = tan-! )TR where 6, = phase angle
¢ of lag on Ve with
respect to V.
At frequency f, where X, = R
R —
= tan-
= 45°
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As the frequency is increased above fo, Xe
falls, 6y tends to zero and 0. to 90°.

As the frequency is decreased below f,, Xe
increases, Og tends to 90° and . to zero.

27. The curves of fig. 15 (¢) show this varia-
tion of phase with frequency. By comparison
with the amplitude-frequency curves of fig.
15 (b), it can be seen that Og tends to zero over
the same frequency range as Vg terds to Vg,
and 6. to zero as V. tends to V.

Example
R = 100K
C = 001 uF
Frequency f, is given by
1

3k, X 001 X 108 — 100 % 10°

= ! c/s
72X 3142 X 10-8 x 10°

== 160 ¢fs.

The response of the circuit may now be
obtained directly from the generalised curves
of fig. 15 (b) and (c) by converting the frequency
ratio f/f, scale to a scale of actual frequencies
as shown in the diagram.
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Fig. 16.—CR circuit poor low response



Response of CR circuit to square and
triangular waveforms

28. Square pulse and triangular waveforms
can all be Fourier analysed into series of sinu-
soidal bharmonic components, the relative
amplitudes of these components depending on
the type of waveform. If a square waveform
of recurrence frequency f; c/s is applied to a
circuit which discriminates in amplitude and
phase against its lower harmonic constituents,
then it can be shown that the steady portions
of the waveform are distorted in the output
as shown in fig. 16 (@) and (b). Such an
action occurs in a CR circuit in which the out-
put is taken across the resistor and in which
the CR values are such that it has an inadequate
low frequency response, as indicated in fig.

16 (¢) and (d).

29. 1If the circuit is such that it discriminates
against the higher harmonics, analysis shows
that in the output waveform the changes in
voltage level are no longer instantaneous
(fig. 17 (a) and (b)). This action takes place
when the output is taken across the capacitor
of a CR circuit which is deficient in high
frequency response (fig. 17 (c) and (d)). A
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Fig. 17.—CR circuit poor high response
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similar distortion occurs with a pulse or
triangular waveform.

30. It is difficult, however, to determine
accurately the shape of the output waveform
on the basis of frequency response; an easier
method is to consider the charge and discharge
of the capacitor through the resistor produced
by variation of the input voltage.

Response of CR circuit to a square
waveform
31. We shall consider an ideal symmetrical
square waveform of period 2T sec. being applied
to a series CR circuit, and draw the voltage
waveforms across each component for the
following cases:—

@) CR<T

@ CR=T

(i) CR > T
simplifying the treatment in each case by
assuming that a resistanceless square wave
generator is used.

CR < T. Assume C is initially uncharged.

32. When the input voltage is instantaneously
raised from 0 to +V volts, the total voltage
change appears across R since capacitor C
cannot charge instantaneously. C now begins
to charge exponentially on the time constant
CR and as the voltage V. across the capacitor
rises, Vg, the voltage across the resistor, falls,
since at any instant the sum of the voltages
across C and R must be equal to the applied
voltage +V. C can charge almost completely
in a time 5CR, and since CR < T, then long
before the-input voltage is suddenly dropped
to zero again, V. attains the value V and Vg
returns to zero.

33. When the input voltage is dropped to
zero, the potential of the left-hand plate of C
must fall with it, and since C cannot discharge
instantaneously the potential of the right-
hand plate is dropped by the same amount,
ie. from 0 to —V. This means that we have
a voltage +V across the capacitor and a voltage
—V across the resistor, the two adding up to
the applied input voltage, i.e. 0 volts. C now
discharges through R, V. and Vg, returning to
zero in a complementary manner since at
any instant Ve + Vg = 0. The whole dis-
charge takes a time approximately equal to
5CR, and so is completed in a small fraction
of this portion of the cycle. The whole action
described is repeated during successive cycles
of the input waveform.

34. It will be seen from the above discussion,
that the voltage waveform across Cis a distorted
square wave, and that across R consists of a
series of positive and negative “pips”. If the
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Fig. 18.—Application of symmetrical square
waveform to a short CR circuit

CR value is very small compared with T the
capacitor waveform deviates little from the
input waveform, and the pips produced across
R are very narrow. As CR is increased the
capacitor waveform becomes more distorted
and the width of the pips increases.

35. “Short CR” circuits are used extensively
in conjunction with pip eliminating valves
(to be discussed later) to produce positive or
negative pulses from square waveforms.

CR=T

36. Consider values of C and R which give
a time constant such that the capacitor can
charge or discharge through 70%, of the
applied voltage in the time T. Steady state
conditions are not reached after one cycle of
the applied waveform as for the short CR

A.P.1093F, Vol. I, Chap. 1

circuit, and in order to simplify the problem
of finding the voltage levels in the steady state,
we will take an input square wave with the
voltage Ievels O volts and 100 volts, see fig. 19.
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Fig. 19.—Application of symmetrical square
waveform to medium CR circuit

37. Assume that initially C is uncharged.
When the input voltage rises from O volts to
100 volts Vg rises instantaneously to 100 volts.
Then C begins to charge and in time T, Ve
rises to 70°, of 100 volts, i.e. to 70 volts.
Meanwhile Vg drops to 30 volts, at every
instant the sum of the voltages across R and C
being equal to 100 volts.

38. When the input voltage drops to 0 volts
the left-hand plate of C falls in potential from
100 volts to O volts, and since C cannot dis-
charge instantaneously, the voltage of the
right-hand plate (i.e. Vg) drops from 30 volts
to —70 volts, making the sum of V¢ (4-70v)
and Vg (—70v) equal to zero. C then dis-
charges during this portion of the input
waveform. The initial voltage across C is
70 volts and in time T, C discharges through
70%, of this voltage, i.e. V¢ drops from 70 volts



to 70 —49 volts = 21 volts. Meanwhile,
Vr changes from —70 volts to —21 volts in a
complementary manner.

39. In the next positive portion, the initial
voltage across C is 21 volts and so C starts
charging from 21 volts towards 100 volts, i.e.
the initial effective applied voltage is 100
—21 = 79 volts. In time T, C charges
through 70/100 X 79 volts === 55 volts, i.e. Ve
rises to 21 - 55 = 76 volts.

40. Since Ve + Ve = 100 volts during this
portion of the cycle, Vg jumps instantaneously
from —21 volts to 79 volts and then falls
exponentially from this value to 100 — 76 =
24 volts.

41. Voltage levels for successive cycles of V,
and Vg are marked on the waveforms of fig. 19.
The table below shows the changes of Ve which

occur during the first three cycles:—
Increase of Vi, Decrease of Vi,
Cycle during positive during zero
input input
1 70 volts 49 volts
2 55 volts 53 volts
3 54 volts 54 volts

42. From this table it can be seen that the
amounts of increase of V. during successive
positive half-cycles become progressively less;
on the other hand the amounts of decrease
of V¢ during half-cycles in which the input
is zero become larger. The steady state (i.e.
that in which each cycle of the waveform
across C or R is identical with the preceding
one) is reached when the increase and decrease
of V¢ in successive half-cycles become equal.
In the example, this stage is reached in the
third cycle.
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Fig., 20.—Variation of V¢ in equilibrium
state (CR=T)

43. Fig. 20 shows the variation of V; in the
equilibrium state. The effective applied vol-
tage at the beginning of the charge period is
equal to V; and when the input voltage is
removed, C discharges from a voltage V.
Since the periods allowed for charge and
discharge are equal, the rise and fall of V,
are the same percentages of Vi and Vy

respectively (i.e. 709 in the example con-
sidered). In order, then, to make the rise
and fall equal in magnitude, it is necessary
that Vi = Vy. Thus the maximum and
minimum levels of V. are symmetrically
disposed with respect to the mean of the input
voltage, i.e. 100/2 = 50 volts. Since the
mean level of Vy is 50 volts, that of Vg is O volts.

CR>T

44, Consider that values of C and R-are
chosen which enable the capacitor to charge
or discharge by 10% in the half-period T of
the input—again a symmetrical 0—100 volts
square waveform.

45. The same building up of voltage across
the capacitor as was described for the last
case occurs here, the steady state again being
reached when the amounts of charge and
discharge of the capacitor during alternate
half-periods of the input waveform are equal.
However, it will be seen from the waveforms
of fig. 21, that in this case a considerable
number of cycles must occur before the steady
state 1s reached.
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Fig. 21.—Application of symmetrical square
waveform to *long” CR circuit

46. Fig. 21 (b) shows the variations of V.
and Vg during steady state conditions. The
variation of V. is symmetrical about the mean
level of the input as in the last case, conse-
quently V1 and V2, the extreme values of
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Ve are such that
V1 + V2 = 100 voli.
Since 109, discharge occurs 1z to5e
V2 = 9Vi
1-9V1 = 100 voits

V1 = 525 <l

V2 = 475 vois
i.e. V¢ varies by --2-3 yolis about the mecan
voltage of the input, boing approximately
triangular in shape; Vg it a slightly uistorted
square waveform with the mecan level at 0 volts,
and the tops and -bottoms varying by 5 volts
during each half-cycle
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Fig. 22.—Application of asymmetrical square
waveform to CR circuit (1)

47. The longer CR is made in comparison
with T, the smaller becomes the variation in
the voltage of capacitor C, which means that
the waveshape across R becomes more nearly
a replica of the input waveform. The time
taken to reach the steady state increases with
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48. This is an important practical case, since
it indicates that for square waveform to be
passed without distortion by CR coupling
circuits, the values of resistance and capacitance
must be chosen to give a time constant which is
very much longer than the recurrence period
of the waveform to be passed.

Asymmetrical square waveform

49. Now consider the application of an
asymmetrical square waveform, i.e. one with
duration of positive portion (T1) and negative
portion (T2) unequal. Waveforms are drawn
for T1 < T2.

50. Fig. 22 shows the waveforms for
CR <€ T1 < T2. Here the capacitor has
R L S
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"~ ve
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4100V
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ov
=00V

Fig. 23.—Application of asymmetrical square
waveform to CR circuit (2)



time to charge and discharge completely, so
a distorted version of the input waveform
appears across C, while Vg consists of positive
and negative pips.

51. Fig. 23 shows the waveform for a
medium CR, eg. Tl1 < CR, T2 = 5CR.
C will only charge to a fracion of the applied
voltage in time T1, but it discharges practically
to zero in time T2.
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Fig. 24.—Applicatio{: of asymmetrical square
. waveform to CR circuit (3)

52. The waveforms of fig. 24 are drawn for
CR > T2 > TI, so that little charge or
discharge occurs. Steady state conditions
again correspond to equal charge and discharge
of C during the positive and negative portions
of the cycle respectively. If the variation of
Ve is negligible, the mean levels may be
determined as follows.

Let Vx = mean effective applied voltage dur-

ing positive portion
Vy = mean level of V,.

The charge rate of C is proportional to Vi, the
discharge rate to Vy.

.. V\T1 = VT2
e, Y=_T2
€ YT TI

But the mean level of the input is such that
the ratio of the excursions above and below
it is also equal to T2/T1. Hence C charges
to the mean level of the input, and conse-
quently the mean level of Vx 1s zero.

53. In the above treatment of the action of
a CR circuit on a square waveform, it has been
assumed for convenience that the input
voltage variations are between zero and a
positive voltage. If the input varies between
positive and negative levels, the only difference
produced is the alteration in the mean level of
V. with that of the input.

Triangular waveform input

54. The case of a symmetrical triangular
waveform input to the circuit will be discussed.
Consider that the input V; ‘takes the form
shown in fig. 25, and assume that before the
application of Vj, C is uncharged.
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Fig. 25.—Application of symmetrical triang-
ular waveform to a “short” CR circuit
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55. Short CR circuit
Stage 1
Attimet=0, Vs = O
Ve =0
Ve= 0"

Rate of rise of Ve = O.

When Vs rises, C begins to charge, slowly at
first since the effective applied voltage Vg — Ve
(= Vg)is small. As Vg — V. becomes larger,
the rate of rise of V. increases until eventually
jt becomes equal to the rate of rise of Vs.
It can be shown that this occurs in a time
approximately equal to 5CR.

Stage 2
After a time 5CR, V rises at the same rate
as Vs and Vg (= V3 — V) = constant.

Stage 3

When the phase of the input reverses,
C continues to charge so long as Vs exceeds Ve,
but as the effective applied voltage (= Vgr)
decreases to zero, so does the charge rate fall
to zero.

Stage 4

Beyond this point Vs falls below Ve, the
effective applied voltage becomes negative
and C begins to discharge. The discharge
rate increases until it equals the rate of fall of
Vs, in a similar manner to that which occurs
for the positive going half cycle.

Stage 5

V. falls at the same rate as Vs, and Vg =
constant.

Stage 6

When the phase of the input again reverses,
the action is similar to that described in stage 3.

If the CR value is made shorter, V, becomes
more nearly equal to Vs, and Vg becomes
smaller in amplitude and approximates to a
square waveform.

Long CR circuit

56. If the CR value of the circuit is so long
that 5CR > T, then Stage 1 is not completed
before the input reverses polarity, as shown in
fig. 26 (a). Steady state conditions are not
reached until a number of cycles have been
completed, as in the case of a square waveform
applied to a long CR circuit. Waveforms
for the steady state are shown in fig. 26 (b),
from which it may be seen that the variation is
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relatively small, and consequently Vg is a
distorted reproduction of the input. The
longer the CR, the closer do the shape and
amplitude of Vg approximate to those of the

input,
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Fig. 26.—Application of symmetrical triang-
ular waveform to a “long” CR circuit

Differentiation and integration
Differentiating circuits

57. A differentiating circuit is one in which
the output is proportional to the differential
coefficient or rate of change of the input,
e.g. if the input and output voltages are Vs and
Vo respectively, then

dVs

Vo = ar where Kk is a constant.
(1) Square waveform input
AV, e
—2 = } oo for the positive instanta-
dt p

neous voltage changes.



dvs = — oo for the negative instanta-

dt neous voltage changes.

‘-id!' =0 for the constant voltage
t levels of the input.

Thus, a differentiated square waveform
(Vo = kgd%) consists of a series of positive

and negative spikes of zero width, and infinite
amplitude (fig. 27a).
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Fig. 27.—Diflferentiated waveform

(i) Triangular waveform input
When the input voltage is rising at a

uniform rate, ‘% is a constant positive quan-

tity; similarly, when the input is falling steadily,

dT\:s is a constant negative quantity. Hence the

differentiated triangular voltage { Vo = ‘%)
is a square waveform (fig. 27 (b)).

CR circuit as a differentiating circuit
58. It has been seen that when a square
waveform is applied to a short CR circuit, the
waveform across the resistor takes the form of
narrow pips. As the CR value is made shorter,
the pips become narrower and approximate
more closely to the ideal differentiated square
waveform described above, although the ampli-
tude of each pip does not exceed the peak-to-
peak amplitude of the input.

59. Again, when a triangular input is applied
to a short CR circuit, the voltage variation
across the resistor is a distorted square wave-
form which approximates to the differentiated
triangular input.
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Fig. 28.—Integrating circuits
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60. Consequently, a short CR circuit in which
the output is taken across the resistor is
commonly called a differentiating circuit.
Integrating circuits

61. An integrating circuit is one in which the
output is proportional to the integral of the
input waveform. If the input and output
voltages of an integrating circuit are Vs and V,
respectively, then

Vo =k J Vdt.

62. The process of integration is the inverse
of differentiation. Thus, if a differentiated
waveform is applied to an integrating circuit,
the output is the original waveform. For
example, we have seen that a differentiated
triangular waveform is a square waveform;
consequently, an integrated square waveform
is triangular in shape.
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(b) VARIATION OF IMPEDANCE OF A PARALLEL
TUNED CIRCUIT WITH FREQUENCY

Fig. 29.—Parallel-tuned circuits
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CR circuit as an integrating circuit

63. When a square waveform is applied to
a long CR circuit, the capacitor charges and
discharges through only a small fraction of the
applied voltage during the positive and negdtive
half cycles respectively. Because of this, the
rates of charge and discharge remain nearly
equal during each half cycle, and the variation
of voltage across the capacitor closely approxi-
mates to a triangular waveform.

64. Hence, a long CR circuit in which the
output is taken across the capacitor is known
as an integrating circuit.

Tuned circuits

65. The impedance of a tuned circuit con-
sisting of capacitance in parallel with a series
combination of inductance L and resistance R,
(fig. 29 (a)), varies with frequency in the way
shown by the resonance curve of fig. 29 ().
The circuit has a maximum impedance
Rp = L/CR at the resonant frequency fo,
which is given by

1
27VLC
At this frequency the impedance is resistive,

whilst at frequencies above and below £, it is
capacitive and inductive respectively.

fo =

66. Variation of the series resistance R varies
the bandwidth of the circuit, i.e. the range of
frequencies for which the impedance is
approximately constant. The bandwidth is
increased and the impedance at resonance
decreased by raising R, i.e. the higher R, the
more the circuit is damped (fig. 30). There is
always some series resistance present in the
form of the HF resistance of the coil.

67. The same damping effect is produced by
resistance in parallel with L and C, but for
parallel resistance R’, the damping is increased
as R’ is decreased.

68. If a source of alternating current of
variable frequency but of constant amplitude
is connected across the circuit, the voltage
developed will vary with frequency in exactly
the same way as the impedance of the circuit.
It will be shown in paragraphs 121 onwards
that when an alternating voltage is applied to
the grid of a pentode valve, the latter behaves
as a generator of current of constant amplitude,
if the operating conditions are correctly
chosen. Hence the response curve of a tuned
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Fig. 30.—Effect of resistance on the impedance
frequency curve of a parallel-tuned circuit

circuit connected in the anode circuit of a
pentode valve is the same as its frequency:
impedance curve,

The Q value of a tuned circuit is defined
as the ratio

branch reactance at resonance
series resistance
. 27f,1. 1
ie. Q = =g Q = e
Increase of R, decreases Q.
In the case of parallel resistance R,

Q = parallel resistance
" branch reactance at resonance
ie. Q = & _ Q = 2xf,CR’
1.C. = 27 foL or = 0 .

69. It can be shown that Q is related to the
bandwidth in the following way. Suppose a
variable frequency constant current is passed
through the circuit, and that f; and f, are the
frequencies on either side of f, for which the
voltage developed has fallen 3db below that
at resonance (fig. 31), then

fo
R = 4
Over the frequency range f; to f,, the variation
of output is small, so that the quantity f; — f,
is commonly called the bandwidth. From the
above expression it can be seen that Q is
inversely proportional to the bandwidth.
1

L
S Vie
=
R
I
Mc
201»3‘0( Vi AT RfsouANCE)
~3db
1 & —FREQUENCY

Fig. 31.—Response curve of a parallel-tuned
circuit
Response of a tuned circuit to an RF pulse
70. The tuned circuits of the RF and IF
amplifiers of radar receivers must be designed
to pass pulse-modulated RF without distorting
the pulse shape. The response of a tuned
circuit to an RF pulse may be assessed either
by considering its bandwidth in relation to
that required to pass the component frequencies
of the pulse or, more directly, by considering
the build-up and decay of oscillations in the
circuit.
Pulse shape from bandwidth
considerations

71. It has been seen that an RF pulse of

carrier frequency f. consists of a range of

frequencies extending from f, — ‘% to fe +
1

%, where t; is the time of rise and fall of the

1
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pulse. In order to pass the pulse without
distortion of its shape, a flat response is
required over this range of frequencies. This
cannot be realized with a single tuned circuit,
but may be approximated to by making the
bandwidth of the circuit (i.e. the range of
frequencies for which the response is not down
by more than 3db), equal to the frequency

spread Ql‘ of the pulse.
t1

72. Example—To find the bandwidth and Q
value of a tuned circuit required to pass RF
pulses of carrier frequency fo = 45 Mc/s and

time t, of rise and fall = 1_16 usec.

1 1
Frequency spread % 3% 107 cfs.

= 5 Mc/s.

Hence required bandwidth = 5 Mc/s.

ie. from 42-5 to 47-5 Mc/s.

fe

Q= bandwidth
45
5
= 9

Note that the Q value is much lower than that
required in normal broadcast technique.

Pulse shape from considerations of build
up and decay of oscillations

73. Consider RF current pulses passed
through a tuned circuit, e.g. by application of
RF voltage pulses to the grid of a pentode in
the anode circuit of which the tuned circuit
is connected.

Build-up of pulse
74. The RF voltage across the tuned circuit
can be shown to build up according to the

equation
—R,
Ve = Vo 1 —e 2L
where
Vic = peak amplitude of the R.F. voltage
Vo = final value of Vi,
= IRp. .
I = amplitude of supply current
Rp = dynamic resistance of circuit
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R = series resistance
L = inductance.
R

Now o = 7 fo II_{‘ where f; is the resonant
2nfe frequency of the tuned
circuit.
_ 4 fc
Q

Substituting in the above expression

—'nfct
VLe = Vo l—e Q .

—t

75. This expression is similar to that for a
CR circuit, the quantity Q/xf, being analogous
to the time constant of the CR circuit. Thus
VL. attains the value 0-63 Vo, in a time equal
to Q/nfc, the envelope shape during build-up
being as depicted in fig. 32. It is evident that
the time required for complete build-up’
(approximately 5Q/nfc) is lower the lower
the Q of the circuit. Physically, the build-up
of oscillations corresponds to the following
process. During every oscillation energy is
supplied to the tuned circuit from the generator
and energy is lost in the tuned circuit due to
resistance losses. At the start of the pulse,
the energy fed into the circuit from the
generator exceeds that lost in the circuit, with
the consequence that the oscillation amplitude
grows. As the amplitude grows, the energy
lost per cycle in the tuned circuit increases.
The build-up. thus continues until the ampli-
tude is such that as much energy is lost per
cycle in the circuit as is supplied per cycle
from the generator,

Decay of oscillations
76. When the pulse is removed, oscillations
in the tuned circuit die away because energy
is dissipated during each oscillation in the
resistance of the circuit. It can be shown that
the voltage across the tuned circuit decays
according to the expression
—R
Vi = Vo e 2L

t
== Vo C—Q/nfc
This expression is again similar to that for a

t
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Fig. 32.—RF pulse shape across tuned circuit

CR circuit; the envelope shape is shown in
fig. 32.

77. In order to preserve the pulse shape, the
build-up and decgy of oscillations must be
rapid, which, as can be seen from the above
expressions, requires that the Q value of the
circuit shall be low.

78. Example.—To find the Q value of a tuned
circuit required to pass R.F. pulses of carrier
frequency fo = 45 Mc/s, the time t; for rise

and fall of pulse being —115 Hsec.

Time of rise and fall of pulse 25

nfe
3142 ><54:52 <1 < 107
Q < 3-142><45><510°x10-7
<28-278 x 10-*

<28

Note that the Q value determined by this
method is very much lower than that calculated
from bandwidth considerations. This indicates
that a drop of 3db in response at frequencies

1 1. e epg s

fo — vl and f; + 4?llsnotpermxssnblo:1fthe
pulse shape is to conform to the given specifi-
cations. The bandwidth method outlined
above can thus be considered only as a rough
guide for the design of the circuit. From

mathematical considerations it can be shown
that the pulse shape across the tuned circuit
corresponds to the resultant of two sets of
oscillations—an RF pulse of constant ampli-
tude, (A, fig. 33) added to two transients,
(B, fig. 33) each consisting of a train of damped
oscillations produced in the tuned circuit by
the application and removal of the pulse. In
the first of the damped trains the oscillations
are of opposite phase to those in the RF pulse,
the resultant being the difference of the two.

f + H

Fig. 33.—Derivation of a pulse shape

Off-tune effects

79. The treatment outlined in the last
paragraph makes possible the derivation of the
pulse shape obtained when the frequency fi
of the applied pulse differs from the resonant
frequency f; of the tuned circuit. The pulse
shape now corresponds to the sum of an RF
pulse (A, fig. 34) of frequency f; and of con-
stant amplitude, and two transients (B, fig. 34)
consisting of trains of damped oscillations of
frequency fc. Beats occur at the beginning
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of the pulse, decreasing in amplitude as the
oscillations of frequency f; die to zero.

fs -+

=  Je SIES !
i
|

i

Fig. 34.—Off-tune effects

Ringing circuits

80. When the current flowing through a
tuned circuit is suddenly changed, a shocked
oscillation or ring is produced. This action
occurs in the circuit of fig. 35 when the valve
current is alternately switched on and off by
thgdapplication of a square waveform to the
grid.

HT+

C

1
T
S|

.
l

+

Fig. 35.—Ringing circuit

8l. Let us first assume that there is no
resistance associated with the tuned circuit
and that a pentode with infinite internal
resistance R, is used. Consider that initially
the valve is non-conducting and that no current
flows in the tuned circuit. At the instant of
switching, the whole supply current flows into
the capacitor C because current cannot grow
instantaneously in the inductance L. As C
is charged by the current, its lower plate falls
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in potential, a voltage Vic appearing across C
and L in parallel which allows growth of
current in L (fig. 36). C continues to charge,
increasing the (negative) voltage across the
tuned circuit and causing the current Iy,
flowing in the inductance to grow at an
increasingly rapid rate. When Iy, is equal to
the supply current, the current I. flowing into
the capacitor must have fallen to zero. Since
a large (negative) voltage exists across the
inductance, I, continues to rise above the

SUPPLY
CURRENT

— TIME

/

Fig. 36.—Ringing of a resistanceless-tuned
circuit

value of the supply current. In order that this
may occur, current must flow out of the
capacitor which is discharged thereby, the
potential of its bottom plate rising. As the
discharge of C reduces the (negative) voltage
across L, the rate of growth of Iy falls off,
reaching zero when C has completely dis-
charged. It can be shown that, at this instant,
Iy, is equal to twice the value of the supply
current (provided there is no resistance in the
circuit), and consequently the current flowing
out of C is equal to the supply current. The
current continues to flow out of C, although it



is discharged, because I; cannot change
suddenly, and in doing so it causes C to
develop a voltage of opposite polarity to that
to which it was first charged, the potential of
the lower plate now rising above Vmr. As
soon as Vic becomes positive, Iy, begins to
fall; when it has fallen to the value of the
supply current I = 0 and the voltage of the
lower plate of C is at its maximum positive
value. As I continues to fall below the
value of the supply current, current flows
into C, reducing the voltage across it. When
Vic reaches zero, I = 0 and I¢ is equal to
the supply current, i.e. the circuit has returned
to its initial state. This cycle is now repeated,
the variation of Vi taking the form of a series
of sinusoidal oscillations of constant amplitude.

1
SUPPLY CURRENT
- —TME
N\,
\\
hﬁ.
Var :.—-- = LowQ
/"
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T _— el

Fig. 37.—Ringing of a damped-tuned circuit

82., If, as in practice, there is resistance
associated with the LC circuit, then the
oscillations decay in amplitude due to damping
by the resistance. Resistance is always present
in the form of the HF resistance of the coil,
and additional damping may be produced by
resistance placed in series or in paralle]l with
the inductance. The rate of decay of oscilla-
tions depends on the Q value of the circuit,
being slower the higher the Q (fig. 37), as in
the case of the decay of an RF pulse. Similar
effects are produced when the valve current is
switched off, but it can be shown that oscilla-
tions start in opposite phase. Fig. 38 shows
the oscillations produced across the tuned

circuit of fig. 35 due to the action of the square
switching waveform applied to the grid of the
pentode.

ey = |
T
Lm
vr ﬂnnnﬂnl\ﬂn\f ﬂnl\,\ Wit
JUUV UUUV JUU"

Fig. 38.—Ringing of tuned circuit with pen-
tode switching valve

83. Fig. 39 shows the oscillations produced
when a triode is used as the switching valve.
The valve is effectively in parallel with the
tuned circuit, and since the internal resistance
R, of a triode is low, the damping produced
by the triode when conducting is appreciable;
thus, the oscillations produced by suddenly
switching on current in the valve decay much
more rapidly than those caused by switching
off the valve current.

84. In order to effectively shock, excite or
ring the tuned circuit, the edges of the switching
waveform must be steep enough to switch the
valve current on or off in a time which is less
than the quarter period of the oscillation of
the circuit.

85. Ringing circuits are sometimes employed
in the calibrator stages which produce voltage
markers or pips separated by equal intervals
of time to calibrate the time base. The time
base triggering waveform is made the switching
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Fig. 39.—Ringing of tuned circuit by triode
switching valve

waveform for the ringing valve, and a high Q
tuned circuit is used, so that the amplitude
of the oscillations does not fall appreciably
during the forward stroke of the time base,
This sine waveform is squared, and the
resulting square waveform applied to a
differentiating -circuit, which gives a series of
pips for application to the Y deflector plates
of the display CRT.

86. The ringing circuit can also be used to
produce narrow pulses directly. When resist-
ance is placed in parallel with the tuned circuit,
the Q value is reduced, and the oscillations
decay more rapidly the smaller the resistance,
there being a value which damps out the
oscillation after the first half-cycle. The
waveform across the tuned circuit then con-
sists of a series of positive and negative pips
(fig. 40).

DIODE DETECTION

87. In order to produce a deflection or
brightening of the time base trace when a signal
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is received from a target, such as an aircraft,
the RF pulses after amplification in the IF
stages of the radar receiver, are detected, the
modulation envelope of the pulses being
applied to the deflector plates or grid of the
display CRT. A diode—which conducts only
when its anode voltage is positive with réspect
to that of its cathode—may be employed to
rectify the IF pulses. IF variations on the
diode output pulses may be removed by some
filter circuit, giving DC pulses as the final
output.

88. Detection in radar equipments thus
presents a similar problem to that encountered
in the broadcast receiver, but more careful
design of the filter circuit is required, in order
to ensure that efficient filtering of the IF
variation is not accompanied by appreciable
distortion of the modulation envelope of the
pulse.

89. Two possible circuits for a simple diode
detector are shown in fig. 41. The operation
is the same in both cases, but while the circuit
of fig. 41 (a) gives positive pulses, the circuit
of fig. 41 (b) gives negative pulses. In the
following discussion it is assumed that the
first circuit arrangement is used.

HT+
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Fig. 40.—Production of narrow pulses from
a damped ringing circuit
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(a) diode detector with positive pulse output

EEIETC
il
1

(b) diode detector with negative pulse output
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Fig. 41.—Diode detector circuits
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(a) input to detector

(b) output waveform with purely resistive load
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(c) output waveform for load with shunt
capacitance (Rp=0)

(d) output waveform for load with shunt
capacitance (Rp>0)

Fig. 42.—Diode detector waveforms

Sine wave input

90. Consider a continuous sine wave input
to the diode, which has a purely resistive load R
(i.e. C = 0). During the positive half-cycles
of the input, the anode-cathode voltage is
positive and the diode conducts, but during the
negative half-cycles the anode voltage becomes
negative and no diode current flows. Thus,
the output voltage follows the positive variation
of the input, but is zero when the input is
negative (fig. 42a and b). If the diode resist-
ance Rp is zero, then no voltage is dropped
across the diode when it conducts, and the
peak output voltage is equal to the input
amplitude. For practical diodes Rp is greater
than zero, and so the peak output voltage is
reduced by an amount depending on the ratio
R to Rp. '

The detection efficiency # is defined as the
ratio
mean detected voltage

peak input voltage

It may be seen that for a purely resistive load
the efficiency of the detector is low, even when
a diode with low internal resistance is used.

91. The efficiency can be increased by
shunting the load with a capacitor C, which will
charge through the diode when this conducts
and discharge through R when the diode is
cut off. If the diode has no resistance, C
charges to the peak value of the input voltage.
If C is made so large that it does not discharge
appreciably through R before the input voltage
again causes the diode to comduct, then the
output voltage Vg is practically constant at
a value equal to the peak voltage of the input,
ie.n=1

92. Even if the time constant CR is made so
long that negligible discharge of C occurs,
with practical diodes the mean detected voltage
will not be equal to the peak input voltage,
unless the load resistance is very large com-
pared with the internal resistance Rp of the
diode. The table below indicates the variation
of # with R, when CR is large enough to
prevent ripple on the output voltage.

R
Rp
0 1
100 -9
10 -65
5 -5
0 0

93, Thus two conditions must be satisfied to
make the detection efficiency approximate to
unity:—



This leaf tssued in reprint
March, 1948

(a) input pulse to detector
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RF pulse input

94. When an RF pulse is app-
lied as input to the diode de-
tector, the latter conducts and
C charges up through the diode,
the time of rise of the output
voltage depending on the time
constant CRp. If CR is long,
little RF variation will occur on
the output pulse, since C will
discharge very little during the
portions of the IF cycles which
cut off the diode current. How-
ever, removal of IF pulse cuts
off the diode, and the output
voltage can fall to zero only as

CHARGE W SLOW DISCHARGE rapidly as C discharges through
THROUGH R R. For long CR the back edge

of the output pulse will thus be

delayed much more than the

L

(b) ;utput pulse when CR is long

(

CHARGE THROUGH Rp; l

———

(c) output pulse for shorter CR

(d) output pulse for C of the same order as Cp

Fig. 43.—Diode detection of RF pulses

(i) The load resistance R must be large in
comparison with the diode resistance Rp.

(ii) The time constant CR must be long
compared with the period of the IF input.

In broadcast receivers R is of the order 1 MQ,
so that # is high. It is not possible to use such
high loads when detecting RF pulses, since the
modulation envelope becomes distorted.

DISCHARGE
THROUGH R.

front edge (fig. 43b). The pulse
shape can be improved by
reducing the time constant CR,
but this allows more discharge
of C when the IF input varia-
tions cut off the diode and
consequently more IF ripple
remains on the output pulse
(fig. 43¢c). Thus a compromise
must be made in choosing val-
ues of C and R between those
which give 1009, filtering of the
IF from the output and those
which preserve the shape of the
modulation envelope of the pulse.

95. Since the efficiency is
higher the larger the load
resistance, it would appear that
the CR value should be made
low by making R as large as
possible and C very small. How-
ever there is a lower limit to
the value of C which can be
used, determined by the capaci-
tance Cp between the electrodes
of the diode. Cpand Cforma
capacitative potential divider,
and if C is smaller than Cp, more of the
input IF voltage is developed across C than
across Cp, i.e. the diode is short circuited by
its interelectrode capacitance, and little rectify-
ing action occurs (fig. 43d). Consequently it
is necessary for C to be larger than Cp, for
appreciable rectification of the IF. For
example, if a VR92 or VR78 is used, Cp is
approximately 1:6 pF. The load capacitance



must be greater than this value; for 45 Mc/s IF,
common values are 5 or 10 pF.

96. The IF ripple remaining on the output
pulse is removed by adding a filter across the
diode load. The simplest circuit for filtering
out the IF variation consists of resistance Ry
and capacitance Cp arranged as in fig. 44.
Values of Rr and Cg are chosen from the
following considerations, the effect of the filter
network on the waveform at’ the cathode of
the diode being neglected in the discussion.

. 1
The reactance of Cr to the IF, ie. 37ICs

must be very much less than Ry, if all the IF
variation is to be removed from the output
waveform. However, this means that Cp
must be large, and consequently the time
constant Cp Ry is long. When the voltage
levels at the diode cathode are changed rapidly,
Cr must charge or discharge through Ry
before the output levels can be altered. Thus,
to maintain the back edges of the output
pulses as steep as in the absence of the filter,
the time constant Cr Rp must be at least as
small as CR.

1 3¢

FROM
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<
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Fig. 44.—Filter outputs for diode detectors

97. With values of Cy and Ry which satisfy
the condition,

Cr Rr < CR

the amount of IF variation remaining on the
output pulses may still be appreciable. In this
case several filter sections all designed to
produce minimum distortion of the pulse
shape may be used (fig. 445).

98. Example
A 2 psec IF pulse is applied to a diode
detector.

What is the largest value of load R which
can be used in conjunction with shunt capaci-
tance 5 pF, if the pulse voltage must fall to

within 1% of zero in-g X pulse width

(fig. 45).

Fig. 45.—DC restorer waveforms (1)

The voltage falls to within 1%, of zero in
time 5CR.

Therefore 5CR = 0-4 X 10-% secs.

04 x 10-8
R =55 x 0= ohms

=;wi—;<§£om

= 16K,

Common values of R are 5K and 10K, which
give a more rapid decay of voltage.

Assume R = 10K, C = 5pF. IF = 45 Mc/s.
Ry and Cg are added to remove IF
ripple.
To preserve pulse shape Rr Cr < CR.
IF Ry = 10K Cp = 5pF.
then for f = 45 Mc/s

1
Xov=5 tCr

1
2x 3142 x 45 X 108 x 5 X 10

U
T3142 X 45

=700 ohms.

Thus Xcr <Ry and most of the IF ripple will
be developed across Ry.

—z ohms

ohms
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DC RESTORATION AND LIMITATION

DC restoration

99. A DC restorer circuit is one which holds
either amplitude extreme of a waveform to a
given reference voltage level. Such a circuit
is sometimes called a “clamping” or “baseline
stabilizing” circuit. Fig. 46 shows a square

R

(@) INPUT WAVEFORM

i

{b) POSITIVE AMPUITUDE EXTREME HELD AT REFERENCE VOLTAGE

e

Fig. 46.—DC restorer waveforms (2)

R
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3v
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WAVEFORM
o
CVR . . — Ve
25v .
v VR
~BY b =

Fig. 47.—Square waveform applied to long CR
circuit with R returned to voltage V
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waveform input to a DC restorer circuit, and
the output when the waveform is "allowed to
swing only (i) entirely above (ii) entirely
below the reference voltage level. The rectify-
ing action of a diode makes it suitable for use
as a DC restorer.

Symmetrical square waveform

100. It has been shown (para. 18) that when
a square waveform is applied to a long CR
circuit, the capacitor C charges to the mean
voltage of the applied waveform, while Vg
has practically the same shape as the input
and its mean level is the voltage to which R
is returned (fig. 47). If R is shunted by a
diode, the time constants of charge and
discharge are unequal and the waveforms
across R and C are modified.

[

R&SWELMESS
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ov
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~00vV L
Fig. 48A.—Square waveform applied to
negative DC restorer circuit

101. Consider the application from a resis-
tanceless generator of a symmetrical square
whveform with voltage levels —50 volts and
+50 volts to the circuit of fig. 48 (@), C being
initially uncharged. At point A, the left-hand
plate of C is raised from 0 to +50 volts.
Since there can be no instantaneous charge
of a capacitor, Vg rises by the same amount.
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Fig. 48B.—Square waveform applied to
positive DC restorer circuit

This makes the diode anode positive with
respect to the cathode, and C charges rapidly
through the diode to 450 volts, Vg falling
to zero at the same rate. These levels are
maintained until the input drops to zero at
point B. Vg drops from 0 to —100 volts at
this instant, since C does not discharge
instantaneously. The diode anode is thus
taken negative with respect to the cathode,
and the diode becomes non-conducting. During
the interval BC, C discharges through R,
and as Vg falls, Vg rises towards 0O volts.
Since CR is long compared with the half-
period of the input, little discharge of C occurs.

102. At point C, the input rises from —50
volts to +50 volts, and VR rises through 100
volts to a slightly positive value. This causes
the diode tc conduct and charge C rapidly
to the peak value of the input. Vg falls to
zero at the same rate.

103. In practice the time constant CR is
made very long so that V¢ varies very little
from the peak value of the input voltage, and
V= is a square waveform of the same amplitude
as the input, but with its positive level held
at zero volts.

104. If the diode connections are reversed,
as in the circuit of fig. 48 (b) the action is

similar, but now the diode is made to conduct
whenever Vg falls below 0 volts. Consequently,
€ charges to the negative peak of the input
waveform, and the VR variation is from O volts
to 4100 volts.

Asymmetrical square waveform.
105. The “restoring” action described above
always takes place provided the period during
which the diode is made conducting is long
enough to charge the capacitor to the peak
voltage of the input., Thus, an asymmetrical
square waveform of period T and with the
ratio
duration of positive-going portion __ 1
duration of negative-going portion  n’
applied to the circuit of fig. 47 will be DC

(the dura-

restored as shown in fig. 49 1f

tion of the positive-going pomon) is long
enough for C to become charged to the peak

positive voltage, If —— is too short, the

+ n+1
positive level of Vg is held at O volts, but the
amplitude is not as great as that of the input
waveform.

C
il

RESISTANCELESS
GENERATOR >
R VR
<
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OV - 1
/1. INPUT
| 2] n+l
Ov T
ooV
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Ov
Ov
W
-00v TIME

Fig. 49.—DC restoration of asymmetrical
square waveform
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DC restoration of a sine waveform

106. Consider the application of a sine
waveform from a resistanceless generator to
a d.c. restoring circuit (fig. 50), the capacitor C
being initially uncharged.

i

swe-0) "

Vv
Ov
-V
+v
Ve
Ov
Ov
VR

“ ~ ~

-gv
TISTHALFOITLE > +— STEADY STATE WAVEFORMS -t

Fig. 50.—DC restoration of a sine waveform

107. During the first quarter-cycle, the anode
of the diode is taken positive with respect to
the cathode, and C charges to the peak input
voltage V through the diode as rapidly as the
input voltage rises. Consequently, no voltage
appears across R during this period.

108. At the beginning of the second quarter-
cycle, the voltage of the diode anode falls
below that of the cathode, and C begins to
discharge slowly through R. C continues to
discharge through R for the rest of the cycle,
while Vg goes negative at almost the same
rate as the input voltage falls, so that at every
instant Vg 4 Vg is equal to the input, The
maximum negative value of Vg (at the end of
the third quarter-cycle) is very nearly equal to
—2V if CR is very long compared with the
period of the sine waveform.
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109. C continues to discharge in the fifth
quarter-cycle until the input voltage rises to
the value of Vg; at this instant Vg = O.
Further rise of the input voltage brings the
diode into conduction and C charges to the
positive peak voltage V through the diode,
Vg remaining at zero.

110. When the input falls below -}V again,
the diode cuts off, and the whole action from
the beginning of the second quarter-cycle then
repeats itself in successive cycles. In the
steady state, V¢ is more or less constant at the
peak voltage V, while Vg is a sine wave similar
to the input, but slightly flattened at the positive
peak which is held at zero volts by the d.c.
restoring action.

DC restoration to any potential

111. In the above discussion it has been
assumed that one electrode of the diode is
returned to earth, so that the reference level
in each case has been zero, This is not a
necessary condition for d.c. restoration. If a
symmetrical square waveform is applied to a
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Fig. 51A.—~Negative DC restoration to potential V
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Fig. 51B.—Positive DC restoration to potential V

long CR circuit in which R is returned to
voltage V, then the output square waveform
swings equally above and below the level V.
When R is shunted by a diode, connected as
in fig. 51 (@) the Vg variation above V causes
the diode to conduct and charge C rapidly to
the peak of the input voltage. Thus the
positive level of the waveform across R
becomes equal to V.

112. Similarl,, if R and the anode of the
diode are held at voltage V, the diode conducts,
Vg falls below V and d.c. restoration occurs,
the negative level of Vg now being held at the
reference level V (fig. 51 (b)).

DC rastoration in the grid circuit of a valve

113. DC restoration may occur at the grid
of a triode or pentode valve if an input signal
is applied via a CR coupling (fig. 52). If the
input signal is large enough to take the grid
positive with respect to the cathode, grid
current flows and the reactance of the grid
cathode space becomes very low. Cg charges
rapidly to the peak input voltage, and Vg,
the grid cathode voltage, falls to zero at the
same rate. When the input voltage swing
takes the grid negative, grid current stops
flowing and the grid cathode space becomes a
high reactance, and C¢ now discharges slowly
through the grid leak R,. Thus, the grid

INPUT

Vour

waveform has its positive level clamped to earth,
with no bias, and to the potential of the cathode

if a bias voltage is used.
« /D

Fig. 52.—Grid clamping circuit

Limitation

114. A “limiter” circuit is one which removes
the part of an input waveform which lies above
or below a reference voltage level. Since a
diode conducts only when its anode is positive
with respect to the cathode, it is often used as
alimiter. There are numerous limiter circuits
in common use but only parallel-diode limiting
will be discussed here. A typical circuit
arrangement is shown in fig. 53 (a). The
diode is connected in parallel with the load,
which is assumed to be of very high impedance,
so that the current flowing through it is
negligible. In series with the dioae is a
resistor R, which is very much larger than
the resistance of the diode when conducting.
We shall consider the application to the circuit
of a symmetrical triangular waveform from a
generator which has zero internal resistance,
the voltage extremes of the waveform being
+V and —V (fig. 53(b)). When the input
voltage is negative, the diode does not conduct,
and so acts as an open circuit. Consequently,
no voltage is developed across R, and the output
follows the input voltage. When the input
swings above earth potential, the anode is

R
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Fig. 53.—Positive limiting to earth potential
by a parallel diode limiter
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taken positive with respect to the cathode
and the diode begins to conduct, its resistance
falling from an infinitely high value to a value
of the order of 500 to 1000 ohms. During
the positive half-cycle, therefore, potential
division occurs between R and the low resist-
ance of the diode, and provided R is very
much larger than this resistance, the output
voltage remains at zero (fig. 53 (c)).

115. If the diode connections are reversed
as in fig. 54 (a), so that the anode is held at
earth potential, then the diode conducts
during the negative half-cycles only. The
diode current flows through the resistance R,
developing a voltage across it appreciably
equal to the input voltage. Thus the output
voltage follows the input during the positive
half-cycles but remains at zero during the
negative half-cycles (fig. 54 (¢)).
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Fig. 54.—Negative limiting to earth potential

116. An input waveform can be limited to
any positive or negative value by holding the
appropriate diode electrode at the required
potential. If the cathode is returned to a
positive potential, the diode does not conduct
until the input causes the anode voltage to
exceed this value. Similarly, if the cathode
is held at a negative voltage, the diode conducts
when the anode is positive and when it is at
negative voltages which are less negative than
that of the cathode.

117. Examples:—

(1) In fig. 55 (a), the cathodé is connected
to a battery of +20 volts. The part of the
inpat waveform which takes the anode above
+20 volts causes the diode to conduct and
become a very low resistance. During this
part of the input waveform, the anode or out-
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put voltage is thus equal to +20 volts. For the
remainder of the cycle, when the input voltage
is less than 20 volts, the diode does not conduct,
and the output equals the input.

x R ﬁ
INPUT OUTPUT

20voLTS =
-
50v |
+20v
ov Y INPUT
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!
-50v
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Sou-
(a) limiting at a positive potential
'
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+
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ov INPUT
-2v
:A'
ov
—2ov outRuT

{b) limiting at a negative potential

t1g 55.—Positive limiting by a parallel
diode circuit

(ii) When the cathode is held at —20 volts
as in the circuit of fig. 55 (b), the diode conducts
when the input voltage is more positive than
—20 volts, and the output voltage remains at
this level, until the input becomes more
negative than —20 volts. The diode is then
cut off, and the output follows the input
waveform.

If the diode connections are reversed, then the
waveforms are as shown in fig. 56 (a) and (8).

118. In practical circuits the waveform genera-
tor has some internal resistance, e.g. if the
generator takes the form of an amplifier with



NPT Rt
+2OVOLTS -
T
-
sov
- /
4 weut
o oUTRUT

(a) limiting at a positive potential

+50v,

(b) limiting at a negative potential

Fig. 56.—Negative limiting by a parallel
: diode circuit

a resistive load Ry, (fig. 57 (a), then its effective
resistance Ry, is equal to Ry in parallel with
the slope resistance R, of the valve (fig. 57 (8)).
Thus potential division occurs between
(R + Ry) and the diode resistance when the
diode conducts. When the diode is non-
conducting, no current flows through R and
the output voltage is equal to the anode voltage
of the amplifier. It would thus appear that
an efficient limiter circuit could be obtained
by connecting the diode electrode directly to
the anode of the amplifier, but for efficient
limiting to the voltage at which the other
diode electrode is held, R; must be very much
larger than the diode resistance, otherwise an
appreciable voltage will be produced across
the diode, causing the maximum current
rating of the diode to be exceeded.

119. Limiters are useful in squaring off the
extremities of waveforms. A pulse waveform
in which the top of the pulse is not level can
be squared in this way (fig. 58), and its ampli-
tude adjusted to a required value. Another

A AAS

i

+
(b)
Fig. 57.—Amplifier and parallel diode limiter

~~

(o) INPUT  WAVEFORM

(b) limited waveform
Fig. 58.—Limiter used for squaring

use of a limiter circuit is to remove either the
positive or negative peaks from a differentiated
square waveform (fig. 59).

Double-diode limiting

120. A square waveform can be obtained by
limiting a sine waveform by a limiter circuit
which has two diodes in parallel. In the
circuit of fig. 60, V1 conducts whenever the
input voltage rises above +V, thus limiting
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Fig. 59.—Removal of positive or negative
peaks from differentiated square waveform

the positive half-cycle to the potential +-V.
Similarly, V2 limits the negative half-cycle
to the potential —V.
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Fig, 60,—Double diode limiting

VALVE THEORY

121. Before discussing typical circuits used
in radar equipments, the characteristic curves
and valve constants for triodes and pentodes
will be briefly revised.

122. The characteristic curves for a typical
triode valve are shown in fig. 61. Fig. 61 (a)
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Fig. 61.—Characteristic curves of a triode
(MH4)

shows the variation of anode current I, with
grid-cathode voltage V; for various values of
anode-cathode voltage Va,, while in fig. 61 (b),
I, is plotted against V, for different values of

Ve.

123. The pentode characteristics are shown
in fig. 62. Fig. 62 (a) gives the 1;:Vg curves
for several values of V,, the screen-cathode
voltage Vsz being maintained constant;
fig. 62 (b) shows the I,:Vy curves for constant
Va and different values of Vgg; fig. 62 (¢) shows
the I.:Va curves for several values of Vg, Vg



being kept constant. It can be seen from
fig. 62 (c) that change of V, has little' effect
on I, except for low values of V, where the
Ia:Va curve rises steeply. Fig. 62 (a) and (b)
shoxiv that Vgg has much more control than V,
on 1.

. Valve “constants”

124. The amplification factor u is defined as
follows:—

¥
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= ratio of effectiveness of grid and
anode voltages in controlling I.

Iu,::

125. Because of dissymmetry of valve con-
struction, u is not a constant, but varies with
the operating conditions of the valve. The
variation of u with operating conditions, and
the variation from valve to valve can be
estimated by examining the valve characteris-
tics. It can be seen that

(1) the smaller the horizdntal separation of
the I,:Vg curves for a given V, difference

(i) the greater the horizontal separation of
the I,:V, characteristics for a constant Vg
difference

the larger is u.

126. Thus, over the steeply-rising portion of
the I.:Va curves for the pentode u tends to
zero, but for higher values of V, where the
curve is almost a horizontal line, y is extremely
high. This is due to the fact that the anode
is screened from the cathode so that increase of
Vs does not alter the value of I.. The
characteristics also show that u is very much
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Fig. 62.—Characteristic curves of a pentode (EF50)
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higher for a pentode than a triode. Triodes
have p values ranging from 3 to 1005 pentodes
from 250-2000 except for very low V, where u
tends to zero.

127. The anode or slope resistance R,
represents the resistance offered by the anode
circuit to a small increase in I, i.e.

__change in V,
" change in I produced

_ [ava
- (&)

Like u, Ra is not a constant. From the
characteristics we see that

(i) the smaller the vertical separation of the
Ta:Vg curves for a constant Vj difference

(ii) the smaller the slope of the I,:V,
characteristics

the larger is Ra.

128. For triodes R, lies between 1K and 100K.
For pentodes R, lies between 50K (for power
pentodes) and values of the order of 1M,
except for low V, where Ry is low.

Ra

(Vg constant)

129. The mutual conductance g, is defined as
__change of I,
" change of Vg producing it

[ dIa

gm also varies over the characteristics, being
large

m (Va constant)

(1) the greater the slope of the Ia:Vg
characteristics

(ii) the greater the vertical separation of the
Ia:Va curves for a constant Vy difference

gm has the values between 1 and 15 ma/volt.

130. The three valve constants are related by
the equation

¥ = gm Ra
_|[aL A
for Sm Rs, = (d—\Ig)Va X (d—Ia)Vg.
avi),
av, )=
= /1.
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Fig. 63.—Suppressor grid characteristics for
pentode

131. It is quite common practice in radar to
apply modulating waveforms to the suppressor
grid of pentode valves, and so the suppressor
characteristics of a typical pentode are shown
in fig. 63.

132. Fig. 63 (a@) shows the I,:Vy curves for
various values of Viyppr, While Vg and Vg are
kept constant. When the suppressor is held
at the same voltage as the cathode, electrons
moving between the screen and suppressor
are slowed down by the retarding field, but
except at very low anode voltages, the electrons
pass through the suppressor grid and reach
the anode without stopping. If the suppressor
is made negative, the anode must be mace
more positive before it can produce a sufficiently
strong electrostatic field to draw off the elec-
trons as rapidly as they arrive at the screen
grid side of the suppressor. Thus electrons
collect and form a space charge or “virtual
cathode” near the suppressor. This space
charge, the suppressor grid and the anode act
in the same way as the cathode, control grid
and anode of a triode valve, and so for negative
values of the suppressor, the curves are like



the I,:Vy curves of a triode, the Ry value being
comparatively low., Fig. 63 (5) shows the
variation of Iy with Vsuppr when Vg, Vg and Vg
are kept constant.

I. —’mV’

Ra % Z, Va

" l

Fig. 64.—Equivalent circuit of a voltage
amplifier

The equivalent circuit of a voltage
amplifier

133. In the circuit of fig. 64 (a) a load Zp,
is connected between the anode of a valve and
the HT supply, the valve being biassed so that
the control grid is always slightly negative
with respect to the cathode. The valve may
be ecither a triode or pentode. The grid
voltage is varied by applying a signal voltage V.
The consequent variation of anode voltage
may be determined as follows:—

134. If a change Vg in the signal voltage
makes the grid more positive, then the anode
current is increased. This increased current
flowing through Zi, causes a change in anode
voltage. The change I, in anode current is
determined by both Vg and the anode voltage
change V.

V:
Ia=ngg+7R—:

Now, since I, is an increase, there will be a
larger voltage drop across Zr and the anode
voltage falls.

ie. Vi= —I47Zy
= "ZL(gm Vg + 'X—:)
Ve (1 +%/ = — gm Ve Zp
Vo=~ Rffli gm Ve
...... A)

or if p is substituted for the product gm Ra,
we get
Zy,

K ety AR

135. Expressions (A) and (B) for the change
in anode voltage indicate that the voltage
amplifier can be represented by the equivalent
circuits of fig. 64. Expression A indicates
that the valve amplifier with grid voltage
fluctuation Vg may be regarded as generating
a current —gm Vg, which flows through the
anode resistance Ry of the valve in parallel
with the load impedance Zi (fig. 64 (5)).
This is known as the constant current genera-
tor form of the equivalent amplifier circuit.
An alternative equivalent circuit—that of the
constant voltage generator—can be derived
from expression B. This shows that the
anode current which flows through the load
when a voltage change Vg is applied to the
grid, can be calculated by replacing the anode
cathode circuit of the vaive by a generator of
voltage — 1V in series with the anode resistance
Rj of the valve {(fig. 64 (¢)).

Fig. 65.—Current-voltage graph for single
resistor
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136. These equivalent circuits are useful to
simplify circuit problems. It is convenient to
use the constant current generator form when
the anode resistance R, is very much higher
than the load, as is generally the case with
pentode and tetrode valves. Expression A
then approximates to the form

Z
Va = — &Ra,L « 8m Vg
= — ZL . 8m Vg.
and the amplification A from grid to anode is -
given by
A f—— %: = e— gm ZL

This expréssion suggests that A is directly
proportional to the load Zz. However, gm
decreases for very high values of Zy—as will
be seen from a study of load lines—so that A
tends to reach an upper limit,

137. The equivalent voltage generator circuit
is most useful when Ry is of the same order as
or less than the load impedance, which is
commonly the case for the triode valve
amplifiers. If the load impedance is made
very much larger than Rs, then expression B
becomes

Va,—>'—-z—L

ZL . ‘qu.
— 'qu.
P Va
and the amplification A = -
Ve
== —— ‘MZL
Ra+Z1

— — u.whereZg, > Ra.

Thus as Zy, is increased, A increases, but since
the value of R, increases for very high anode
loads, the rate of increase of amplification
then falls off. This may be seen by a study
of the load lines, a load line being a graph of
anode voltage against anode current, super-
ir:lposed on the I,:V, characteristics of the
valve.

Load lines

138. Consider a current I flowing through
resistance R. Then the voltage Vi developed
across the resistor is equal to-IR, and increase
of I causes a proportional increase of Vg.
Thus a graph of I plotted against Vg takes the
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form of a straight line (fig. 65 (b)), the slope of
the line being smaller the greater the resistance.
If now a battery of voltage Vg is connected
across the resistor, the current which flows
through it can be determined by reference to
the graph (fig. 65 (b) and (¢)).

139. Now consider a battery of voltage Vg
connected across two resistors R1 and R2 in
series (fig. 66 (a)). The current:voltage curve
or load line for R1 will again be a straight line
passing through the origin of the axes. To
determine the curve for R2, assume first of all
that the circuit is broken at the junction point A
and that current is taken from the battery
through R2. If no current is taken, the voltage
of point A will be equal to the battery
voltage Vp. If a current I is taken, a voltage
IR2 is developed across the resistor and the
voltage of point A falls to Vg — IR2. The
larger the current I, the larger IR2 becomes,
and the lower the voltage of point A. Thus
the load line or current:voltage curve for R2
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Fig. 66.—Current-voltage graph for two-
series resistors

is a line passing through the point B (Vg ==
Vs, I = O) the slope being smaller the larger
the value of R2. The voltage of the point A,
(Va) and the current I4 flowing in the circuit
of fig. 66 (a) are determined by dropping
perpendiculars to the axes from the point of
intersection of the two load lines of fig. 66 (b);
if a current greater or less than 1, is assumed to
be flowing then it can be seen from fig. 66 (b)
that the sum of the voltages Vg, and Vg,
developed by this current flowing through the
resistors will be greater or less respectively
than the voltage Vg applied across them.
Thus, the only possible current which can
flow is that given by the point of intersection
of the load lines.

140. When the resistor Rl is replaced by a
valve, we have the circuit of a voltage amplifier



(fig. 67 (a)). Since the Ia:V,; curve for a
valve varies with the control grid voltage Vi,
the single load line for R1 has to be replaced
by a family of characteristic curves for the
valve for different values of Vg. Then, for a
particular value of Vg, the anode current I,
flowing and the anode voltage Vs are given by
intersection of the I4:Vy curve for this Vg
value with the load line for the anode load
resistance R2.,
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Fig. 67.—Load lines

141. 1In fig. 67 (b), the load line for resistor R,
is replaced by the I,:V, curves of a triode and
in fig. 67 (c) by the I4:V, characteristics for a
pentode. Load lines for resistive loads
Ri; < Ry < Ry; (corresponding to resistor
R2 above) are superimposed on each diagram.

142, At the points where the load line for
Ry,.intersects the characteristics of fig. 67 (b)
their glope is high but it becomes smaller for
the Ry, load line, and even more so for the

Ri; line. Since R, increases with decreasing
slope of the I4:V, charactenstlcs, the Rg
corresponding to the load Ry, is smaller than
that for Ry, which is smaller than that for
Ry;. Similarly, it can be seen from fig. 67 (¢)
that for a pentode g decreases with increase
of Ri. Thus for both pentodes and triodes
the amplification does increase with the load,
but for large load resistances, the rate of
increase of amplification is much lower than
that of the load resistance.
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Fig. 68.—Anode bottoming and dynamic
characteristic for anode load

143. With a pentode it is possible to amplify
an input signal about 200 times, but with a
triode the maximum amplification obtainable
is of the-order of 50.

Anode bottoming

144. The Ia:V, characteristics of a pentode
are sketched in fig. 68 with load lines for two
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resistive anode loads Ry; << Ry, superimposed.
Consider first the smaller load Ry;. As Vg is
raised (i.e. made less negative), I, increases
and V, falls. The screen current Igz also
increases slightly, For Vg = —4, —3, —2,
—1, 0 volts respectively, the corresponding
anode current values are Iag, Iag, Iag Iag, Iag
But if the load Ry, is used, then for Vg = —4,
—3, —2, —1, 0 volts, the correspondjng
values of I are I'ay, I'ags 'ags I'ags 1'as, 1.€. for
all values of Vy above —2 volts, the inter-
section of the load line with the Ia:V, curves
is common, and I, remains constant. However,
as Vg is raised above —2 volts, the total current
in the valve continues to increase, and since
I, cannot rise, the total increase in current is
taken by the screen. For this value of Ry,
the pentode is said to “bottom” below —2
volts. It will be seen later that anode bottom-~
ing in pentodes is of great importance.

Dynamic characteristics

145. The dynamic characteristic for a valve
graphs the anode current flowing in the valve
when it has an anode load in circuit, against
the grid-cathode voltage. It can be derived
from the static I:Vy characteristics as follows.
Consider a pentode amplifier with the static
I1.:V, characteristics shown in fig. 68 (a) and
anode load Ry;. The intersections of the
load line for Ry, with the curves gives the
values of I, flowing for different values of Vg,
e.g. when Vg = —4 volts, I, = I,, when V,
= —3 volts, I = Ia, etc. Plotting these
values of I against V, gives the dynamic
characteristic of the valve with load Ry,
(fig. 68 (b)). The dynamic characteristic for
anode load Ry, (fig. 68 (c)) can be derived
from fig. 68 (a) in the same way.

146. Examination of the curves shows that
the dynamic characteristics of a pentode
differ very little from the static I,:Vy character-
istics provided anode bottoming does not occur,
the current taken being practically independent
of the load. However, it can be seen from the
dynamic characteristic for Ry, that anode
bottoming causes the curve to bend over and
become horizontal at X, since further increase
of Vg has no effect on 1.

147. 1In a triode, I, increases with Vg as it is
varied from negative to positive values, and so
the dynamic characteristic takes the same form
as that for a pentode with a load which is too
small for anode bottoming to occur (fig. 68 b) ).
However, the wnode current flowing in a
triode with anode load for some particular
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value of Vg is less than the corresponding
static current. Thus the dynamic characteris-
tics have a smaller slope than the I,:Vg static
characteristic.

Pentode valve as a constant current
generator

148. It may be seen from the pentode I3:Va
curves of fig. 69 that if Vg is maintained at
some voltage level, then the variation of Vi,
over the range Vg to Vy, (i.e. above the knee
of the characteristic) causes very little variation
in the anode current flowing so that the valve
generates current of constant amplitude, If
Va and Vg both vary, then, provided that V,
does not fall below the knee of the characteris-
tic, the changes in I are“determined almost
entirely by the variation of V;.

1o Vg = Ov

V; ==—lv

Vsa —-2v

V,- -3v

V’ - —4y

\) v, Va
] a3
Fig. 69.—Pentode, characteristic showing the
region where Va has little control

Resistance-capacitance (RC) coupled
amplifier

149. When RC coupling is employed, the
output or anode voltage variation is passed on
to the next amplifier stage by means of a
blocking capacitor C. and the grid leak
resistance Rg of the next stage, fig. 70(a).
Since it is required to develop practically all
the output voltage across Rg, the capacitor Cc
must be chosen so that its reactance is very
small in comparison with Rg down to the
lowest frequency which it is required to
amplify. Thus, as far as AC variations are
concerned, R, is effectively in parallel with the
anode load Ry. In order to prevent the
effective anode load being reduced appreciably
with consequent reduction of amplification
by the stage, it is necessary to choose a grid
leak such that Rg > Ry. But the maximum
value of Rg is limited by the possibility of the
flow of reverse grid current in the next stage



due to either () grid emission or () positive
ion current due to traces of gas in the valve.
The maximum safe value of grid leak resistance
is of the order of 2M for small valves, and 100K
for larger power valves.

150. In radar equipments, the main use of
RC coupled amplifiers is to amplify DC pulses,
e.g. the detector output in the superheteradyne
receiver, the RF and IF amplifiers having
tuned circuits as loads and transformer
coupling between stages. Amplifiers with
resistive loads and RC coupled to other stages
are used also in the timing sections of equip-
ments to handle square and pulse waveforms
in addition to sawtooth time base waveforms.

HYs

H T~

®)

Fig. 70.—RC coupled amplifier

151. In each case it is possible to design the
amplifier by two methods:—

(i) From calculations determining the band-
width required to pass with equal amplification
and phase change all the sinusoidal com-
ponents of the waveform.

(i) From direct considerations of the
circuit components which affect the rate of
rise or fall of the input voltage, and those
which cause variation in voltage when it is
required to keep the output at a fixed voltage
level for a certain interval of time.

Whicheyer method is adopted, it is necessary
to consider the stray capacitance in the circuit

A.
Ra
R % Ré Vo.
_/uv3 %
)
(@)
RaRy
iiQ_‘f‘Rl_.
) Ry Vo
RTg
(b)
Ru
>
% R% Vo.
‘?m RLV%
(c)

Fig. 71.—Equivalent diagrams of RC amplifier
for middle band of frequencies

C’s between the anode and earth due to the
anode-cathode capacitance of the valve and
the wiring capacitance and C”s across Rg due
to the input capacitance of the next stage
fig. 70 (@). C’s should not exceed 10-15 pF,
but the value of C”’s will vary between fairly
wide limits, depending on the nature of the
next stage. If the output is fed directly to the
deflector plates of an oscilloscope, C”'s may be
of the order of 100 pF, while if Rq is the grid
leak of a pentode amplifier C"s may be only
5pF. ' Ifthe valve is replaced by the equivalent
voltage generator circuit (generator —uVg in
series with the internal resistance Ra of the
valve), then fig. 70 (b) gives the equivalent
AC diagram of the amplifier.
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Frequency response of the RC coupled
amplifier ’

152. The output voltage tends to fall at low
frequencies where the reactance of the coupling
capacitor Cc becomes very large, and at high
frequencies where the shunt reactance of the
stray capacitance becomes finite,

153. For a well-designed amplifier there is a
middle band of frequencies for which the
reactance of C. is so small that C; can be
regarded as a short circuit, while the reactances
of C’s and C’s are so high that they have no
appreciable shunting effect on Ry and Rg.
The equivalent circuit then reduces to that
shown in fig. 71 (a). This diagram can be
further simplified to that of fig. 71 (3) by
use of the following theorem.

Thevenin’s theorem

154. Any linear network containing one or
more sources of voltage and having two
terminals, can be replaced by a generator of
voltage E in series with an impedance Z where

E = Voltage that appears across the
terminals when no load impedance
is connected across them.

Z = Impedance between the terminals
when all sources of voltage in the
network are short-circuited.

In fig. 71 (@), the part of the network to the
left of the dotted line is simplified by means
of this theorem, Rg being considered as the
load impedance across the terminals AB. Thus

zZ-= ﬁR—‘*—&— (ic. Roand Ry in
a + ij parallel).
Ry .
E=grr  #%

If a pentode valve for which R, > Ry, is used,
then Z will be very nearly equal to Ry, and

- RL
E = R, (—uVy)

= —8m RL Vg.
giving the equivalent diagram of fig. 71 (¢).

Since Ry is chosen to be very much greater
than Ry, Vo will be nearly equal to the voltage
—gm Ry Vg of the equivalent generator. The
output voltage will be in phase with that of
the equivalent voltage generator, because the
circuit for this band of frequencies has only
resistive elements,

|
Ra RL
RatRu
R? Ve
- Ry AV;;
Ra +Ru
e ,
¥
Re
R?, Vo
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.Cg

3 )
L 1§
Ra
Ru R% Vo

©

Fig. 72.—Equivalent diagrams of RC amplifier
for low frequencies

Low frequencies

155. At frequencies below this middle band
the reactance X of C. increases to an appreci-
able value, while the reactances X¢'s, X¢'’s are
too high to have any shunting effect. Thus
the generalised equivalent diagram of fig. 70 (5)
reduces to that of fig. 72 (a), further simplifica-
tion by Thevenin’s Theorem giving the
network of fig. 72 (b). Assuming that a high
R. pentode valve is used, the equivalent
circuit of fig. 72 (¢) is obtained.
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Fig. 73.—Equivalent diagram of RC amplifier for high frequencies



This leaf issued in reprint

March, 1948
Whenx(’“ﬂo’v°£§i+kg .(—gm Ri V)
= —gm Ri Vg. if Rg > Rp.

i.e. the value of V, obtained for the middle
band of frequencies.

At lower frequencies

Vo= Ry .(—gm Ry, Vp)

vVRi + Rg)? + Xoo?

_ R ey
VRg gt Xep (e R Vo

\/“—_—__—-———_1—2 . (—gm RL Vg).
Xoe
1 SCe
At some frequency £, where X¢c = Re.
1
V = .\~ R V B
° V2 (—8m Ry Vp)
==.7 X (output voltage for medium
frequencies).
(i.e., 3 db below maximum).

Below f;,, Xce increases, and consequently Vo
decreases further.

High frequencies

156. At high frequencies, Xc is small enough
to be regarded as a short, but the shunting
effect of the finite reactances X¢'s and X¢“s
now has to be considered. The equivalent
circuit for high frequencies takes the form
shown in fig. 73 (a) simplified by Thevenin’s
theorem in fig. 73 (b), and modified for the
case of a high Ra pentode amplifier in fig. 73 (¢).
In this last diagram, it has been assumed that
Rg > Ry so that Ry, and Rg in parallel (R,
are effectively equal to Ry.

The diagram indicates that the maximum

value of Vo is —gm R1 Vg where the reactance
of G (= Cs + C") is very much higher
than Ry.

X(Js

Since V, = m . (‘—gm Ry Vg)
1
= (—gm Ry V)

A.P.1093F, Vol. I, Chap. 1

Vo falls to —1: X (output voltage at
V2 middle frequencies).

(i.e. 3 db below maximum)

at the frequency f; where X¢s = Ri. At
higher frequencies Vo, falls_off until X¢s is
negligible in comparison with R and Vo is
approximately zero.

157. In order that the amplifier may pass a
non-sinusoidal waveform without distortion,
it is necessary that the frequency spread of
the waveform shall lie within the middle band
of frequencies for which the gain of the
amplifier is constant and the phase shift is
zero. To make the middle band of frequen~
cies extend over a large range,

(i) C. must be large so that the frequency
at which X¢c = Rg is low, and ]

(ii) Ry must be low, and Cg kept as small
as possible so that the frequency at which
Xes = Ry is high.
Thus to get uniform amplification up to very
high frequencies the anode load must be very
low, with consequent low amplification in the

stage.
158. [Example—Determine the range of
frequencies for which the response does not
fall below 3 db of the maximum for an
amplifier with R = 20K, Rg = IM, C; =
01 uF, Cs = 10 pF. C"”s = 40 pF.
The lower frequency (fo) at which the response
is 3 db below maximum is given by
1
2n f5 Ce Re.
1
2 X 3142 X 01 X 10-% X £
100
fo = 6286
= 16 cfs.
Upper frequency (f;) at which the response is
3db below maximum is given by

1
mwE G R
1

6286 X 50 x 10-12 f
10¢
h = 6-286
== 160 Kc/s.

The response curve for this amplifier is drawn
in fig. 74.

== 10¢

c/s.

== 20 x 103,
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Rg=1M
Ce= O
Cs=SOpf
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FREQUENCY

Fig. 74.—Frequency response curve for
RC amplifier

Response to square waveform

159. Consider the application of an ideal
square waveform to the grid of the amplifier
shown in fig. 70 (a).

Edges of output waveform

160. When the grid voltage is raised instan-
taneously, the anode current increases, but the
anode voltage falls only as rapidly as C
discharges, and the output voltage drop is
also delayed by the discharge of C"’s. Similarly,
when the input takes the grid more negative,
the anode and output voltage changes are
delayed by the charge of C’s and C”’s. Since
Ce > C’s + G, it will cherge or discharge by
negligible amounts during the period required
for the complete charge or discharge of the
stray capacitance. Thus, when considering
rapidly-changing input voltages, the effect of
the coupling capacitor C. on the output
voltage can be neglected, and the equivalent
amplifier circuit is derived by omitting C.
from fig. 70 (). The equivalent circuits of
fig. 73 are then obtained—the circuits already
derived when considering a high frequency
sine waveform input to the amplifier.

161. From fig. 73 (¢) it can be seen that the
output voltage cannot change instantaneously
from one voltage level to another, but the
change occurs in the time taken by the capacitor
C; to charge completely to the voltage of the
equivalent generator, i.c. a time approximately
equal to 5CsRy.. Thus, to make the edges as
steep as possible, Ry, must be low. It has
already been seen that low Ry, is the condition
for good high frequency response. Fig. 75 (a)
shows the delay in rise and fall of the edges of
a square waveform due to the charge and
discharge of the stray capacitance.

Flat portions of the output waveform

162. When the input takes the grid more
positive, anode current increases and the
voltage developed across Ry increases as
rapidly as the strays discharge, i.e. Va and the
left-hand plate of C. fall in voltage. Since C.
discharges by a negligible amount during this
time, the voltage of its right-hand plate (Vo)
falls by the same amount. During the period
when the input voltage is held steady at its
most positive value, C. discharges, the anode
voltage remaining approximately constant and
the output voltage becoming less negative as
it discharges. Since C”g is very small, it
discharges sufficiently rapidly to follow this
change in output voltage. Similarly, when the
grid is held at its most negative value, Ce
charges up due to the rise in anode voltage,
and as it does so the output voltage falls.
Again, the strays follow the slow voltage
change and so have no effect on the flat
portions of the waveform. Thus the équivalent
circuit to be considered when a steady voltage
is applied to the grid is obtained by omitting

's and C”s from fig. 70 (b). This gives the
equivalent circuits already derived for a low-
frequency sine waveform input (fig. 72). From
fig. 72 (¢), it can be seen that Vo is a maximum.

1 )

MEAN GEVEL

IANODE  WAVEFORM WiTH STRAYS MDC‘I, COUPLING ADSENT

L

@) DISTORTION PRODVCED BY STRAY CAPACITANCE

1
)

(b) |O1STORTION PRODUCED BY 700 SMALL & COUPLING

[ F\

= =

{C) DISTORTION PRODUCED BY STRAYS AND SMALL COUPLING CAPACITOR

Fig. 75.—Distortion of pulse waveform by
RC coupled amplifier
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before C. has begun to charge through Ry
and Ry to the voltage of the equivalent
generator. As C charges, V, falls. In order
to make the drop as small as possible during
the period T for which the grid voltage is
kept steady, the time constant C; Ry + Rg) =
C¢ Ry must be very much larger than T.
Fig. 75 (b)) shows the distortion of the flat
portions of the pulse due to the charge and
discharge of the coupling capacitor. Fig.
75 (¢) shows the distortion due to both strays
and coupling capacitor.

163. Example.—Choose values of Ry, Cc and
Rg for an RC coupled amplifier which is
required to handle 100 usec negative pulses
of prf. 400 cfs, the total stray capacitance
in the circuit being 50 pF. A delay of 1/20th
of the pulse width in the rise and fall of the
pulse, and 1%, drop in amplitude can be
tolerated. Since the output pulse must rise
. . .1 .
to its maximum value in 50 X pulse width,
then the largest value of Ry, which can be used
is given by

1
5Cs Ry = 20 % 100 usec.
5 x 50 x 10-® Ry = %) X 100 X 10-5.
. 10-4
ie. Ru = 5% 5 x 50 x o= °hms-
10
= —5— ohms.
— 20K.

Ry must be very much larger than Ry. Let
R, = IM.

Now C. charges to the mean of the applied
waveform.

Since the pulse repetition period = ﬁ secs.
= 2500 usecs.
Duration of pulse 1

Pulse repetition period -2

Therefore the voltage to which C¢ charges is
very little different from the lower voltage
extreme (fig. 75) of the anode waveform.
Thus when the pulse is applied to the grid,
the effective charging voltage applied to C; is
very nearly equal to the amplitude of the pulse.
Since only 19, drop in amplitude of the output

A.P.1093F, Vol. I, Chap. 1

pulse is permissible, Ce must charge through
no more than 1%, of the effective charging
voltage during the pulse. A capacitor charges
through 19, of the applied voltage in a time
== %0 Cc Rg, so that the smallest value of C,

is given by
1
100 Cc Rg = 100 usec.

1 6 -6
Top Ce X 10° = 100 x 10-°.

—6
Co — 100 x 10(?3 X 10 farads
10

= 10* x 10-% uF

= 10-% uF

= 01 uF.
If a smaller value of Ry had been chosen, a
larger C. would be required. Conversely, a
smaller value of C¢ could be used, if a larger
R had been chosen.

HTs.

Re

T~

-

Fig. 76.—RC amplifier with self-bias
arrangement

Biassing arrangements

164. If a self-biassing arrangement is used
as shown in fig. 76, then the reactance of the
bypass capacitor Cp must be low compared
with the bias resistor Rp down to the lowest
frequency which has to be amplified. Other-
wise, the bias combination introduces negative
feedback at the lower frequencies, i.e. the
cathode voltage follows the grid, reducing the
effective input between grid and cathode
and so reduces the amplificaion for these
frequencies. A non-sinusoidal waveform will
be distorted if varying amounts of negative
feedback occur for its component frequencies

165. Suppose the capacitor Cp is omitted,
(fig. 77). Then negative feedback will occur



for all frequencies. When a signal Vj is
applied to the grid, let voltage Vg appear
across the cathode load due to the resulting
variation in anode current, the grid cathode
voltage being Vi
Then
Vs = Vx + Vek.
If a pentode is used the current change pro-
duced by a voltage change Vgi is gm Vgi.
VE = 8m Rr Vi
Vs = Var (1 4+ gm Rx).
L _ Vs
Thus the effective signal Vg = T F ga Rz
.. 1
and hence the gain is reduced —F————-
in the ratio 1 + gm Rx
eg. if Re = 1K and gn = 5majv
1

—th

.. 1
then the gain is reduced to TT5= 6

of its value with no feedback.

HT+

HT-

1H

Fig. 77.—RC amplifier with unbypassed
bias resistor

Inductance compensation

166. The response curve of the RC coupled
amplifier can be maintained flat to a higher
frequency by placing a small inductance L
in series with the anode load (fig. 78 (a)).
The cut-off at high frequencies is also made
much sharper, i.e. the amplification falls off
more rapidly beyond the flat region.

167. At low and medium frequencies the
reactance 27tf L is small enough to be negligible,
so that the response curve is the same as for
the plain RC coupled amplifier. At high
frequencies L tends to resonate with the stray
capacities and raise the amplification. Response
curves are drawn in fig. 78 (b) for several values
of L, L, being the optimum value. Analysis
shows that for pentode amplifiers, in order to
obtain a flat response up to a particular
frequency, the load Ry, should equal the reac-

tance of the shunting capacities at that
frequency, and the reactance of the inductance
at the same frequency should equal half the
load resistance, i.e.

R = Ry, wheref] is the frequency

2nf, G up to which a flat re-
sponse is required.
1
2nf1 L = E' R.

waphimdpn,

fakar,

H /e
i. s Y

N,
\\\

i
{000 Qoo 100000  400goo0  K,00G900 Fx
FREQUENCY.

(®)

)

L= _{ >O0pTivum
G R L+ Oprmum

L = Qofimun,
Lo, - Opturen.
-0

SGR .

©)
Fig. 78.—Inductance compensation

168. If the amplifier is required to handle
pulse or square waveforms, the edges of the
output waveforms will be made steeper by
use of inductance compensation. It has been
seen that for the RC coupled amplifier the
time of rise and fall of the edges is approxi-
mately equal to 5Cs Ry, This time of charge
and discharge of the strays could be reduced
to CgRy, provided some means of maintaining
the initial rate of charge or discharge of Cs
can be employed. Suppose an infinite induc-
tance, i.€. one which allows no change in the
current flowing through it were used to
compensate the circuit. Then changes in
anode current in the valve due to input
voltage variations would alter only the current
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I, flowing in or out of the capacitor, the current
I;, flowing through the inductance being
unchanged. Thus C; would charge to the
maximum value of the pulse in time CgRj,
but would continue to charge at this rate
until the input voltage was switched, similarly
for the discharge of Cs. If a practical induc-
tance is used, the charging current will alter
as the current Iy, changes, but C; will charge
to the maximum value in some time between
Cs Ry, and 5Cs Ry,.  If the inductance is large
and the current grows slowly in it there will be
a tendency to overswing and produce ringing.
The optimum value of L is that for which the
ring is just damped out (fig. 78 (¢)).
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Fig. 79.—Basic cathode follower circuit

The cathode follower

169. The cathode follower is generally used
as an impedance matching device since it has
a high input and a low output impedance.
The basic circuit of the cathode follower is
shown in fig. 79. The anode is connected
directly to the HT positive line (or to a
decoupled anode resistor) while the resistor
Rx in the cathode circuit is unbypassed. The
output voltage is developed across Rg. If a
positive signal is applied to the grid, the
current in the valve increases and the voltage
Vk across the cathode resistor increases.
Similarly, if a negative signal is applied to the
grid, the valve current decreases and Vi falls.
Thus the cathode voltage “follows™ the grid,
and tends to decrease the voltage difference
between the grid and cathode produced by the
input signal.

Amplification

170. Fig. 80 gives the equivalent circuit of
the cathode follower, the valve being replaced
by its equivalent generator of voltage —Vgk
and internal resistance Rs. A positive signal
Vs produces a positive voltage Vi across Rg.
The voltage Vx opposes the input voltage,
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Ra

7V
R V.

Fig. 80.—Equivalent circuit of cathode
follower (1)

so that the actual voltage- difference Vg
produced between the grid and cathode is
equal to the differehce between the input and
output voltages.

ie. ng = Vs — Vk.
From the equivalent diagram of fig. 80, we
see that

Vg = Re

R+ Rg MV
Substituting for Vx in the above expression
R;
Ve = Vo - g R Ve
Vex (Ra + Re + pRg) _ v,
Rs + Rx &
Ra + Rk

Ve = BTGz + DRx”

~ Rat+tRe o
Ra+pRe = °
where 4 > 1

Vs

— _MRe

VK = Ra, + RK . ng
_ _#Rx Ra + Rk v,
Ra+ Rg ~ Ra+uRg °

= .__.__RK_ Vs
Rg + 1 dividing numerator and
T denominator by u.

'?n

Ve

Fig. 81.—Alternative equivalent circuit for
cathode follower



This expression for Vx indicates that the
cathode follower is equivalent to a generator

of voltage V; with internal resistance g_ln—n’ the

voltage being developed across the load Rk
(fig. 81).

Provided Rx > ?1-, Vx is approximately
equal to Vg and the uéam of the stage, i.e.
Ve differs little from unity. However, if the

8
cathode resistor Rg is of the same order as
1 .
Py then the output voltage is very much less
than the input.

Handling capacity

171. The above theory and equivalent dia-
gram are only true when the valve is working
over the linear parts of its characteristics, and
do not hold when the input signal cuts off the
valve current or causes it to overload due to
grid current .flow. It may be seen that the
maximum output voltage obtainable without
overloading the valve, is larger the larger the
cathode load.

Now Ve = Vs — Vx
® RK

1
Rg + —

K 8m
1

=(_..__gm 1)V"
R =
K+gm

1
—1+ngK

Then as Rg is increased, the fraction of
the signal voltage which appears between
the grid and cathode is reduced, which means
that the handling capacity is increased. This
may be illustrated by an example.

172. Assume that the valve has a gm of
5 mA/volt and a grid base of 4 volts. There-
fore, neglecting the curvature of the valve
characteristics, the permissible variation of Vg
for undistorted output is 4 volts, i.e. from 0
(where grid current starts to flow) to —4 volts
(where the valve current cuts off).

Vs = ng (1 + 8m RK)
If an undistorted output is required, then for

Rx = 10K
(Ve)max

For Rk = 1K (Vo)max

. Vs

Vs.

4 (1 + 50) volts
204 volts
4 (1 4+ 5) volts
24 volts.

This indicates that by using a large cathode
load, a large signal voltage can be handled,
i.e. a large undistorted output is obtainable.

Biassing arrangements

173. In the basic circuit of fig. 79, self bias
is provided by means of the load resistor Rk,
the grid leak resistor Ry being returned to
earth. In general, the negative bias produced
in this way is too large and two arrangements
which can be used to give reduced bias are
shown in fig. 82, in each case Ry being
returned to a voltage more positive than earth.

Fig. 82.—Biassing arrangements for the
cathode followers

Output impedance

174. The output impedance of a cathode
follower, i.e. the impedance which it presents
to the following stage, is extremely low
provided the valve is conducting. The equiva-
lent diagram of fig. 81 can be transformed by
Thevenin’s theorem to a generator of voltage

R

Rg -+ gL . V; in series with the resistance of

R and gi in parallel (fig. 83), i.. the out-
m .

put impedance is Rg in parallel with gi If

m
gm = 5 mA/volt, —gL = 200 ohms, and the
m

output resistance is 200 ohms in parallel with
Rk; this can never exceed 200 ohms.

175. TIts low output impedance makes the
cathode follower useful for

(i) supplying a low impedance load (e.g.
a length of matched cable)

(ii) feeding into a circuit with shunt
capacitance (e.g. a short length of unmatched
cable).

176. Suppose the stage fed by the cathode
follower throws a capacitance Ck across the
cathode load Rk (fig. 84). The output voltage
can alter anly as rapidly as Cg charges or
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Fig. 83.—Equivalent circuit of cathode
follower (2)
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Fig. 84.—Equivalent circuit of cathode
follower with capacitive load

discharges. From the equivalent generator
diagram of fig. 84 (b) it may be seen that Cg
charges and discharges through Rg and

g—I— in parallel, to the voltage -——R]-I—l—- . Vs

™ Rg + —

m
of the equivalent generator. Since the effec-
tive resistance is very small, the time constant
of charge and discharge of Cx is small, so
pulse and square waveforms will be handled
with little distortion.

From the point of view of frequency
response, the shunting effect of C; at high

frequencies will be small since — 1is very
m
low, so the bandwidth will be large.

177. This is only true provided the valve is
working over the linear part of its characteris-
tics. Suppose a large amplitude positive
pulse is applied to the grid of the cathode
follower (fig. 85), the bias being such that
when no input signal is applied, the cathode
voltage Vx is +50 volts and the grid voltage
Vg is +47 volts, i.e. Vg is —3 volts. When
the positive pulse is applied, Vg is raised from
47 volts to 97 volts and the valve current
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grows rapidly. However, Vx does not rise
instantaneously, since Cs must first be charged.

Cs charges rapidly through RK and —g—i: in

parallel (fig. 84), and Vxk rises to its maximum
value, 98 volts, say. Vgx is now only —lv,
since a smaller negative grid-cathode voltage
is required to produce the larger current now
flowing. When the trailing edge of the input
pulse causes V; to fall by 50 volts, Vk cannot
follow instantaneously due to the presence of
Cs, and so the valve current is cut of. Now Cg
begins to discharge through Rk, causing Vx
to fall. If the interval between successive
positive pulses is sufficiently long, Vx will
fall within the grid base of the valve before
the next rising edge of the input occurs. This
causes the valve to conduct again, rapidly
completing the discharge of C; to its initial
value, i.e. 50 volts.

ﬂ e
] Ve
Oy —4
5y
v?
47y =
98, ~-1,
;aﬁ,.ﬁr\%m f\ %
Cs #" CsR
50v
W47y -] \
o, i
=3y = TV
2/c / // VS"
Siv

Fig. 85.—Distortion of positive pulses by
shunt capacitance across Rk



178. Thus application of a 50-volt peak-to-
peak positive pulse to the cathode follower
produces an output pulse of slightly smaller
amplitude, the positive edge of which rises

on the time constant C; X gi’ while the

m

negative edge falls on the time constant
C; X Rg (fig. 85). So, to make the trailing
edge of the output pulse fall rapidly, Rx
must be made low. For a low load, the
amplification of the cathode follower is low,
and so a compromise has to be made between
amplification and preservation of pulse shape.
The best results are obtained by using a low
load for good-.pulse shape, with a heavy
current valve to give the required amplitude
of output waveform.
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Fig: 86.—Distortion of negative pulses by
shunt capacitance across Rk
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179. It is more difficult to design a cathode
follower to handle large amplitude negative
pulses. The leading edge of the pulse now
cuts off the valve current, and Vx falls on the
time constant Cy Rk as Cs discharges. If the
pulse is narrow, and Rx large, Vx may not fall
sufficiently to bring the valve into conduction
before the trailing edge raises the grid voltage
to its original value (fig. 86). Consequently,
the pulse is badly distorted and the amplitude
is reduced, being smaller the narrower the

-pulse.
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Fig. 87.—Cathode follower circuit

Comparison of the input impedance of the
cathode follower and the RC coupled
amplifier with resistive loads
Cathode follower
180. The input capacitance of a cathode
follower is determined mainly by the inter-
electrode capacitance Cga, between the grid
and anode, and to a lesser extent by the
capacitance Cgi between the grid and cathode
of the valve (fig. 87a). Since the anode is
connected to the positive H.T. supply which
is earthy as far as AC variations are concerned.
Cga appears to be directly across the input
voltage source. Cgy also takes current from
the source and its effect on the input impedance
ie. the impedance presented to the input
source, will now be investigated.

Note.—The anode-cathode capacitance Cax
is directly across the load Rx and affects only
the output impedance.

181. When a voltage V; is applied between
the grid and earth, a cathode voltage Vx is
produced.

Vg = AVs  where A is the amplifica-
tion of the cathode fol-

lower.

Thus the voltage change between the grid and
cathode is

ng = Vs - VK
=(1 - A) Vs.
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This voltage (I — A) V; appears across Cgx and
causes a current I to flow in it where
(1 - A) Vs
Reactance of Cgx
=(10— A Vs.o Ca.
This current is the same as that which would

be taken from the source by capacitance
(I — A) Cgx placed directly across it.

Ic=

182. 1If the bias resistor Rp, is adequately
bypassed, there will be no voltage variation
across it due to the input voltage Vg, and so
the total grid-cathode voltage change (1 — A) V;
appears across Rg. The current taken from
the source by Rg is thus

4 — AV
Rq

which is equal to the current which would
flow from the source through resistance

_Re
1—A
Thus the valve input circuit appears to the

Ir =

placed directly across it.

and

preceding stage as resistance —

capacitance Cga and (I — A) Cgy in parallel
(fig. 87b). If Rg is very much higher than

1 for the valve, A differs little from unity and

m

i E x becomes infinitely high, while (1 — A)

Cgx tends to zero. So the input resistance of
a cathode follower can be made extremely
high, and the input capacitance little higher
than the anode-grid capacitance of the valve.

HT+

Cex (o%) Cga
"% % %l"-
Coqw

(L) EQUIVALENT INPUT CIRCLIT
QOF AMPLIFIER

(@) AMPLIFIER CIRCUIT
Fig. 88.—Amplifier circuit

183. For most pentodes Cga, and consequently
the input capacitance is considerably less than
1 pF; for a triode Cgg is of the order of 2 to 5 pF.
Even the triode cathode follower circuit has
an extremely low input capacitance, and it is
preferred to the pentode circuit because of
its greater simplicity.
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Amplifier

184. When an input voltage V; is applied
to the grid of the amplifier (fig. 88a), the whole
voltage variation appears across Rg, and across
the capacitance Cgx provided that the bias
resistor Ry is adequately by-passed. Rg and
Cgx in parallel, however, do not form the
total input impedance, since Cgs also takes
current from the input voltage source. Since
the anode load Ry, is resistive, the anode voltage
change is AV, where A is the amplification of
the stage. Thus the voltage developed across
Cga is (1 + A) Vs. The current flowing into
Cga from the source is

(14 A)V,

Ie = Reactance of Ces

= (1 + A) Vg . nga.

which is equal to the current which would
flow from the source into capacitance (1 + A)
Caa placed directly across it. Thus, the input
circuit of the amplifier appears to the preceding
stage as a resistance Ry in parallel with capaci-
tance Cgx and (1 + A) Cqa (fig. 886). Since A
is always greater than unity, the input
capacitance of the amplifier is greater than
that of the cathode follower.

185. Example.—If an amplifier stage using a
triode with Cygx = 5 pF and Cga = 4 pF has
an amplification of 50, then the input capaci-

tance of the stage is
Cex + ACga = 5 + 200

= 205 pF.

Suppose a pentode with Cyx = 11 pF, and
Cga = ‘006 pF is used, the amplification of the
stage now being 100.
Then, input capacitances
= Cgk + ACga
11 + -6
= 11-6 pF.

Even though a stage with higher amplification
and high grid-cathode capacitance has been
chosen, the input capacitance is very much less
than that of the triode amplifier considered.
Hence it is usual to employ pentode valves in
amplifier circuits where low input capacitance
is required, e.g. the VF amplifier stages of the
radar receiver.



RESISTANCE—CAPACITANCE
OSCILLATORS

186. Low frequency oscillators are used as
master oscillators in the control or timing
sections of many radar equipments. Simple
LC oscillators of the Hartley type are suitable
for medium and high audio frequencies since
the coils and capacitors required are small and
can be constructed to have low losses. At the
very low frequencies, such oscillators are
impracticable, since it is difficult to reduce the
losses associated with large inductances. Beat
frequency oscillators will produce low frequency
oscillations, but suffer from the following
disadvantages:—

(i) The frequency stability is poor, since a
small change in frequency of one oscillator
produces a large percentage change in the
beat frequency.

(ii) The oscillators have to be well shielded
to prevent synchronisation at low frequencies.

(iii) Calibration is not constant and has to
be checked frequently.

These difficulties can be overcome by using a
resistance capacitance (RC) oscillator. One
type of RC oscillator which is commonly
used, the Phase Shift Oscillator (PSO) will be
described.

PHASE -
SHIFTING -
NETWORK
ouTRUT

=

Fig. 89.—Base circuit of the phase shift
oscillator (PSO)

Phase shift oscillator

187. The phase shift oscillator consists of a
single amplifier valve with a phase-shifting
network connected between its anode and grid,
which introduces a phase-change dependent
on the frequency passed through it (fig. 89).
In order to build up or maintain oscillations
in the circuit the voltage fed back from the
anode to the grid must be phase-shifited by
180 deg. so as to be in phase with the original
grid voltage, since the valve introduces
180 deg. phase shift between grid and anode.
It is also essential for the production of self-
sustained oscillations that the overall amplifica-
tion of the stage shall be greater than or equal
to unity:—

ie. if A = voltage gain of the amplifier

B = fraction of the output voltage of
the amplifier fed back to the
input of the amplifier

then
Ag> 1.

In the PSO the phase-shifting network takes
the form of a number of RC networks in
series. Application of an alternating voltage V;
to the single RC network shown in fig. 90 (a)
causes a current to flow in the circuit of
magnitude determined by the total impedance
in the network. This current leads in phase
on the applied voltage since the impedance is
capacitive, The voltage Vg developed across
R is in phase with the current flowing while
the voltage V. across C lags by 90 deg. on the
current. Thus Vg leads the applied voltage
by an angle 6, and V. lags by an angle (90—0),
reactance of C

where tan § = =
R 2nfCR
(4 .
i i
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Fig. 90.—RC phase-shifting network
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(fig. 90b). The vector diagram and voltage
waveforms of fig. 90 (b) and (c¢) are drawn for

values of C and R which, at the particular
frequency of the input, are such as to give a
voltage Vr 60 deg. ahead of the applied voltage.
If R is decreased, the phase angle of Vg is
increased, being 90 deg. when R is reduced to
zero. This is useless since there is then no
resistance across which to develop a useful
voltage. Hence it is impossible to obtain
90 deg. phase shift from a single RC network
of this type, and in order to obtain a phase
shift of 180 deg. it is necessary to connect
three or more RC sections in series.

Ci Ce

1

Va3 / NS
/ ° S
. rGO oS VR1
N /
N ’
~
%o“‘.\ J
-
[~ 30° N //
~ ’
N
a
Vez

Vo V.
()
Fig. 91.—3-mesh RC phase-shifting network
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188. Consider the application of an alternating
voltage V; to a network consisting of three RC
meshes connected in series as in fig. 91 (a).
Due to the application of V; to the first section,
a voltage Vg, is developed across R; which
leads in phase on V5. Vg; is the effective
voltage input for the second section and
produces a voltage Vg, across R, which leads
on Vg,. Similarly, application of Vg, to the
third section develops an output voltage Vg,
leading on Vg,. Consequently, Vg, leads Vj
by a phase angle which is equal to the sum of
the phase changes produced by each of the
meshes of the network. For one particular
frequency, the total phase change along the
network will be equal to 180 deg.; for lower
frequencies the phase change will exceed
180 deg.; for higher frequencies the phase
change will be less than 180 deg. The output
voltage differs not only in phase, but also in
amplitude from the input, each section
producing an output voltage smaller in ampli-
tude than that applied to it. This can be
seen from the vector diagram of fig. 91 (b),
which is drawn for a three-mesh network,
each mesh producing 60 deg. phase lead at the
frequency, which gives 180 deg. total phase
change.

189. The phase-shifting network of the PSO
takes the form of three (or more) RC meshes,
as in fig. 92, and so only a small fraction
of the output voltage is fed back to the grid,
but oscillations, once started, will be main-
tained, provided the amplification of the tube
is sufficiently large. The oscillations are
started by any circuit change such as switching
on the HT supply or random valve noise,
which produce slight voltage variations at the
grid comprising all frequencies. This is
ampiified, phase-changed by 180 deg. from
grid to anode, and fed back to the grid via the
RC network. One frequency is phase-shifted
180 deg. by the network, returns to the grid
in phase with the original variation and is
re-amplified. This cumulative build-up is
repeated until the valve cannot amplify further,
and then the oscillations are maintained at
constant amplitude.

190. Harmonics of the fundamental frequency

-of the PSO are phase-shifted by only a small

amount and suffer little attenuation in passing
through the RC network; consequently, the
feedback becomes negative, This prevents
excessive amplification of harmonics and tends
to produce a pure sine wave output, provided



the amplification of the valve is such that
oscillations are just maintained.

191. The PSO is not generally required to
produce a variable frequency output, but this
can be achieved by making either the resistors
or capacitors variable. The phase lead intro-
duced by each RC section is determined by the
reactance of C 1 F cilla

] = 3.fcR Yor oscilla-
tions to occur this ratio must have one particular
value. Thus if it is required to increase the
frequency of oscillation, either C or R must be
decreased to keep the ratio constant. Similarly,
to decrease the frequency, C or R must be
increased, If only a limited frequency range
is required, then only one resistor or capacitor
need be made variable.

ratio

A X 4
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Fig. 92,—Phase shift oscillators with phase-
advancing networks

192. It can be shown by analysis of the three-
mesh PSO, that if the meshes are identical, the

vTPUT

-

frequency of oscillation is ——_1_————, while
. . 2 10 rc

the amplification required 7,

is 5-5.
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Fig. 93.—Phase shift oscillators with phase-
retarding networks

The PSO circuits of fig. 93 have phase-
shifting networks which produce a phase lag
of 180 deg. Such a circuit with three identical

. V6
meshes oscillates at a frequency 32RO the
required amplification being 5; with four

10
identical meshes the frequency is 7
2aRC
and the required amplification 18-4.
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Fig. 94.—Phase shift oscillator circuit
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193. Fig. 94 gives the circuit of a three-mesh
PSO designed to work at approximately 400 c/s.
The frequency can be varied above and below
this value by means of the variable resistor R2.
The unbypassed variable resistor R1 makes a
waveform control. If the voltage fed back to
the grid is so large that the output waveform
is distorted, Rl is set at such a value that the
voltage variation developed across it reduces
the effective grid cathode voltage and causes
the valve to work over the linear part of the
characteristics, i.e. Rl introduces a variable
negative feedback control. This negative feed-
back reduces the gain, but gives a distortionless
sime waveform.

194. The advantages of the PSO as a low-
frequency oscillator are:—

(@) It gives a good waveform, particularly
with negative feedback.

(ii) It has good frequency stability.

(iii) It is cheap and compact.

(iv) The frequency is easily variable.

(v) The upper frequency limit is of the

order of 40 kc/s, while there is no lower
frequency limit.

GENERATORS OF SQUARE AND
PULSE WAVEFORMS

The squarer
Grid current effects

195. In normal radio practice it is customary
to avoid grid current but in radar circuits grid
current is often used to give the desired
result. In a pentode valve the curve of grid
current against grid volts depends to a certain
extent on the voltage applied to the screen;
further, the flow of current starts when the
grid is somewhat negative with respect to the
cathode and the curve is far from linear.

196. Since it would be extremely difficult to
take all these effects into account, the following
simplifying assumptions will be made:—

(i) Grid current starts at zero grid volts.

(ii) The grid current characteristic is linear
and has a slope corresponding to a resistance
of about 1K.

Between grid and cathode, we therefore have
in effect a diode with a forward resistance of 1K
and an infinite resistance in the reverse
direction. -
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Fig. 95.—Circuit illustrating action of grid
stopper

The grid stopper

197. Consider the circuit of fig. 95 when the
point A is positive with respect to E. The
diode is conducting with an effective resistance
Ry. The voltage across the diode is therefore

Ry

Rz + Rv
When A is negative with rfespect to E the
diode is not conducting and the voltage at B
is equal to that at A. If the generator delivers
a sine wave output one cycle of the respective
waveforms is shown in fig. 96. The positive

less than that across AE in the ratio

(o) A-E

() 8-E

Fig. 96.—Voltage waveforms of fig. 95
half-cycle in fig. 96 (b) has been exaggerated;
with Ry = 1K, Rg = 1M its amplitude is only

1 .
mth of the negative half-cycle.

Fig. 97.—Simple squarer stage without bias

Squarer without bias
198. Fig. 97 shows the simplest form of



squarer stage. The anode load Ry, is so chosen
that the valve is bottomed at or below zero
grid volts,

199. Fig. 98 shows the operation of the circuit
and is almost self-explanatory. The dynamic
characteristic bends over and becomes almost
horizontal at X so that a further rise of grid
voltage beyond this point has a negligible
effect on the anode current. The positive
half-cycle from the generator is very much
teduced in amplitude by grid current in
_conjunction with Rs and consequently this
half-cycle is represented by the portion AB of
she grid voltage waveform.

Vg

X 4 A 8 C F G
[
ANODE
CURRENT
[ ‘ D € TIME
A ]
B 3 HT+
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G o
GRID VOLTS ')IME

Fig. 98.—Waveforms of circuit of fig. 97

200. Throughout one cycle the voltages and currents are thus:—

Grid volts Anode current Anode volts
AB Positive swing very small Steady at bottoming value. Steady at bottoming value
due to grid current action. (about 10 volts).
BC Falling rapidly. As above. As above.
CDh Falling rapidly and Falling rapidly along steep Rising rapidly to HT 4 as
approaching cut-off at D. part of dynamic characteris- i, falls.
DE Below cut-off. Zero. HT4.
EF Rising rapidly. Rising rapidly on steep part Falling rapidly as i,
of dynamic characteristic. increases.
FG Rising rapidly. Steady at bottoming value, Steady at bottoming value.
201. It will be noted that the duration of the La

positive-going portion of the anode voltage
waveform is slightly less than a half-cycle and
that a perfect square wave is not produced at
the anode since CD and EF are not vertical.
This is because we have chosen an input which
is not very much greater than the grid base.
Clearly, if the input were, say, 20 times the
grid base the grid voltage would sweep across
the grid base at a very high speed and the
steepness of the edges of the anode voltage
waveform would be correspondingly improved.

202 If the anode load Ry were reduced
sufficiently or if a triode valve were used, the
dynamic characteristic would not bend over
and become horizontal as at X in fig. 98. The
portion AB of the grid voltage waveform would
then appear in an amplified and inverted form
on the anode voltage waveform (fig. 99).

The design data for efficient
are thus:—

(i) A short grid-base pentode to give steep
edges to the output waveform.

(i) An input of large amplitude (of the
order of 100 volts peak).

squaring
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Fig. 99.—Modification of waveforms of fig.
98 when no bottoming action occurs

(iii) A high value grid stopper to remove
the positive swing at the grid.

(iv) An anode load high enough to give
effective bottoming.
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Squarer with bias

203. Without bias we are limited to an out-
put square wave with very nearly equal positive
and negative-going portions. For the produc-
tion of asymmetrical square waves bias is
essential.

(a) Negative bias

The lettering of fig. 100 corresponds with
that of fig. 98, and it is clear that the use of
negative bias has reduced the duration of the
negative-going portion of the waveform.

N /T \e-INPUT VOLTS

[- Ay ZERO
X
/ \ \.leo voLTS
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L1 LUT OFF
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+ ANODE VOLTS

F

+iov
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Fig. 100.—Waveforms of squarer with
negative bias

(®) Positive bias

The corresponding case for +-ve bias is
shown in fig. 101, Here the positive-going
portion of the output waveform is considerably
shorter than the negative-going.
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Fig. 101,—Waveforms of squarer with
positive bias

204. Since the slope of a sine waveform
decreases as the peak is approached, the rate
at which the grid voltage moves over the
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portion CD also decreases. When a large
bias, either positive or negative, is used in an
attempt to produce a very asymmetrical square
waveform, some deterioration in the steepness
of the edges of this waveform is therefore
inevitable.

205. Fig. 102 shows a circuit enabling positive
or negative bias to be selected at will. The
point A is at about 4160 volts and the point B,
to which the cathode js connected, at about
+80 volts. The setting of P therefore enables
the bias to be varied between —80 volts and
+80 volts,

jar
L1

<
L-1.% b3

FLg e L.
-1 1117 ]

Fig. 102,—Circuit of squarer stage with
arrangement for positive or negative bias
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Fig. 103.—Subsidiary circuit illustrating
charging of coupling capacitor C

The Multivibrator

206. * Consider the circuit of fig. 103 and
suppose that the grid is held at zero for a
considerable period. If Ry is large enough for
V1 to be bottomed at zero grid volts the
voltage at X will then be 410 volts and that
at Y zero. The p.d. across the capacitor is
thus 10 volts. Now suppose V1 to be suddenly
cut off by a large negative edge on the grid.
C is now free to charge through Ry and the
diode V2. The 1M in shunt with V2 may be
neglected since V2 when conducting has a



resistance of about 1K. Since the capacitor
voltage cannot change instantaneously from
its original value of 10 volts, the remaining
190 volts must be shared between Ry and V2
and the voltage distribution at the instant
after V1 is cut off is therefore as shown in
fig. 104. As C charges the potential of X
rises to HT+ and that of Y falls to zero, the
time constant in each case being C (Rr + Rv)
or CRy, approx. since Rv < Ry

Re » 33K
ey EL—“——;} oV

-4

+200v

SRyp v
(,

_—

Fig. 104.—Eflective circuit of fig. 103 when
V1 is suddenly cut o¥

207. The waveforms are shown in fig. 105.
This subsidiary circuit occurs in the multi-
vibrator and this preliminary study enables us
to obtain a very much clearer picture of certain
aspects of the operation of that circuit.

Yo GUIT OFF

+16v
sov

Fig. 105.—Waveforms of circuits of figs.
103 and 104

Fig. 106.—Skeleton circuit of pentode
multivibrator

208. Fig. 106 shows the skeleton circuit
diagram of a typical grid-coupled multivibrator.
The grid resistors are returned to a positive
potential which may be derived from a
potentiometer chain across the HT supply.

Pentode valves have been chosen with the
anode loads sufficiently large to produce
bottoming at zero grid volts and under these
conditions the waveforms of the circuit are as
shown in fig. 107.
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Fig. 107.—Waveforms of circuit of fig. 106

209. Due to the cross-coupling of anodes
and grids the circuit is unstable when both
valves are conducting. This can be seen as
follows. Suppose the anode current of V1
to fall slightly due to some cause such as
random noise fluctuations. The anode voltage
of V1 will therefore rise and with it the grid
voltage of V2. This change is amplified by
V2 and passed back as a fall to the grid of V1
thus assisting the original anode current change.
The valves are, in effect, acting as amplifiers,
and due to the high gain the action is violently
cumulative, the grid of V1 being driven almost
instantaneously beyond cut-off.

210. We are now in a position to explain the
waveforms of fig. 107,

(i) A to B. The grid of V2 is at zero and
V2 therefore bottomed while the grid of V1
is just rising beyond cut-off. The p.d. across
C2 is therefore some 15 volts and remains at
this value during the very rapid cumulative
change. The anode of V1 is initially at HT+
and the p.d. across Cl is therefore 200 volts
and this, too, remains constant.

(ii) At B. (@) The anode of V1 is at the
bottoming voltage of 10 volts, and since
the p.d. across Cl is 200 volts the grid potential
of V2 must be —190 volts.
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() V2 has been cut off suddenly, and
since the p.d. across C2 is 15 volts, the remain-
ing 185 volts must be shared between Ri.2 and
the grid-cathode path of V1. (Compare with
figs. 103 and 104.) The grid voltage of V1
is therefore about 45 volts and the anode
voltage of V2 about 20 volts, these being
calculated for an anode load Ry2 of 33K.

(ii) B to C. (@) The anode of V2 rises
towards HT+ and the grid of V1 falls to zero
as C2 charges through Ry,2 and the grid-cathode
path of V1, the time constant being C2 Ry2
approximately. (Compare with fig. 105.)

(®) Since the anode of V1 is bottomed,
its potential remains steady at about + 10 volts.

(¢) The grid of V2 rises towards +V
on a time-constant C1 R2.

(iv) At D. The grid of V1 is at zero with
V1 bottomed, while the grid of V2 is just
rising beyond cut-off. We have therefore
reached the initial conditions of A but with the
valves interchanged.

211. The remainder of the cycle may easily
be followed through, the events of the whole
cycle being most conveniently set out in
tabular form as given below:—
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Fig. 108.—Variation of T1 of fig. 107 by
two methods

213. The period of the multivibrator is
T1 + T2, and if it is desired to alter this
without changing the ratio T1/T2 the resistors
Rl and R2 must either be made variable and
ganged or else R1 and R2 must be kept fixed
and V varied, the latter being preferable.

214. It will be noted that the waveforms at
the anodes are not perfectly square. The
negative-going edges, which are due to the
cumulative changes, are extremely fast, but the
positive-going edges are rounded due to the
necessity of charging the coupling capacitors

Anode V1 Anode V2 Grid V1 Grid V2
A -+200v +10v —5v 0
B +10v +20v +5v —~190v
BC Steady at +10v Rises to -+200v on Falls to zero on C2 Rises on Cl R2
time-constant C2 Ri2 towards +V
Ri2 then remains
steady
C +10v +200v 0 Reaches cut-off at
~—5v, initiating
cumulative change
D +20v +10v —190v +5v
DE Rises to +200v on Steady at 4 10v Rises on C2 R1 Falls to zero no
Cl R.pl then re- towards +V Cl R, 1

mains steady
At E, VI cuts on and the cycle repeats.

212, The time T1 (fig. 107) is that required
for the grid of V2 to rise from —190v. to
cut-off. As the grid is rising towards --V on
the time constant Cl R2, a variation in T1
may be obtained either by varying R2 or by
varying V. This is illustrated in fig. 108,
where curve I is taken as the standard.
Decreasing R gives curve 11, while decreasing V
giveszcurve III. A similar argument applies
to T2.

through the anode loads. For good squareness
these capacitors should therefore be kept small,
but for a given V the period depends on the
time constants C1 R2 and C2 Rl, and this
imposes a compromise design. If in an
endeavour to keep Cl and C2 small, R1 and R2
are made too large, hum may be picked up on
the grids, causing a jittery output waveform.
A high value of V assists in the design and
multivibrator circuits often have the grid
resistors returned to a potential at or near
the HT+ line.



215, 1If the anode loads are made too low for
bottoming at zero grid volts or if triode valves
are used the waveforms become more com-
plicated. Fig. 109 shows how the waveforms
are modified if Ryl is too low or if V1 is
replaced by a triode. During the portion BC
of the waveform there is a positive pip BB’
on the grid waveform of V1, and since V1 is
now no longer bottomed this appears as a
negative pip on the anode waveform, the anode
voltage being well above the bottoming value
along B'C. The rise BB’ is transferred via
Cl1 to the grid of V2, hence the waveform at
this grid is no longer a simple exponential
along BC. The period Tl is therefore
reduced and it is now impossible to calculate
the period of the multivibrator from the
circuit values.
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Fig. 109.—Waveforms of circuit of fig. 106
when V1 is not bottomed

The cathode coupled multivibrator

216. The cathode coupled multivibrator is
used when a very asymmetrical waveform is
desired, e.g. a pulse of 20 microsecs. duration
occurring every 1000 micro-seconds. It has
the following advantages:—

(i) Both edges of the pulse are produced
by cumulative changes, thus very fast edges are
possible.

(ii) Both positive and negative pulse out-
puts are available.

(iii) The pulse recurrence frequency may
be varied without changing the pulse length.

(iv) The outputs from the circuit are
derived from low impedance points. A typical
circuit is shown in fig. 110 and the waveforms
produced in fig. 111. The outputs are taken
from the anode of V2 and the two cathodes,
and since R3, R4 and R5 must be kept small
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in order to give low output impedances, V2
must be capable of passing a heavy current
during the pulse if a reasonable output ampli-
tude is required. A valve of the VT60A type
is therefore used for V2. V1 is a VROL.
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Fig. 110.—Circuit of cathode-coupled
multivibrator

217. Starting at A, V1 is conducting normally
(Ril being chosen so that the valve is not
bottomed), while V2 is cut off but just coming
into conduction. We may then follow the
cycle of operation:—

(i) A to B. V2 starts conducting and its
cathode rises, causing the cathode of V1 to
rise also. The grid potential of V1 is held at
zero by the capacitor Cl, the anode current of
V1 therefore falls with a consequent rise in
anode voltage which pulls up the grid of V2
with it. Cumulative action.

(i) 4t B. V1 is cut off by the rise in
cathode voltage and V2 is hard on. In the
grid-coupled multivibrator the rise in anode
voltage of the valve which is suddenly cut off
is limited to about 15 volt$, but in the circuit
under consideration the rise is much greater.

I hT¥

T - |

Fig. 111.—Waveforms of circuit of fig. 110
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This is due to cathode follower action in V2
which allows the grid of V2 (and with it the
cathode) to rise considerably before the grid
current starts. At B the cathode of V2 is at
about 60 volts with the grid slightly higher,
the cathode of V1 is therefore at about +40
volts.

(iii) B to C. (a) C2 is charging up and
the anode of V1 is rising towards HT+ while
the grid of V2 is falling, carrying the cathode
with it. (Cathode following.)

() 'Cl is charging up through Rl and
the grid of V1 is therefore rising towards the
cathode of V2 (about +60v) on a time constant
Cl RI1.

(iv) C to D. When the grid of V1 has
risen sufficiently for the valve to start conduct-
ing the start of anode current initiates
cumulative action, resulting in V2 being cut
off.

(v) D to E. When V2 is cut off at D, the
cathodes of V1 and V2 fall to zero (neglecting
the small drop of voltage across R5 due to the
current in V1). Cl had charged up to nearly
-+-40 volts and now discharges rapidly through
the grid-cathode path of V1. At D the grid
of V1 was positive with respect to its cathode
and the rapid fall of grid voltage as Cl dis-
charges explains the pips on the waveforms
of the anode of V1 and the grid of V2.

(vi) Eto F. The grid of V2 rises towards
HT- on a time constant C2 R2 until V2 cuts
on and the cycle repeats.

218. Note.—(i) The pulse length is deter-
mined by Cl and Rl, while the recurrence
period is determined by C2 and R2.

(ii) Positive pulse outputs are obtained
from the cathodes; the load in the anode of V2
enables a negative pulse to be taken out at this

point.
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Fig. 112.—Illustrations of definition of
“delay circuits”

(iii) Since bottoming is not employed,
variations in HT supply voltage and changing
of valves affect the output waveforms and the
recurrence frequency more than in the grid-
coupled circuit.

(iv) While the edges of the pulse are very
fast, the top is not flat.
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Delay circuits
219. Consider fig. 112. It is required to
produce a square waveform AB from a short
input pulse, the front edge A of the output
coinciding with the triggering pulse and the
duration AB being variable. Two circuits to
accomplish this will be considered:—

(ii) The flip-flop (using two valves).

(i) The single-valve delay circuit.

< 33K
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Fig. 113.—Circuit of flip-flop

The flip-flop

220. The circuit of a simple type of flip-flop
is given in fig. 113, and the waveforms in
fig. 114. The width of the triggering pulse is
deliberately exaggerated.

221. Until the triggering pulse arrives, the
grid of V1 is at zero and the circuit in the
stable condition. V2 is conducting with its
grid held at cathode potential by grid current,
and both grid and cathode are therefore at
some 10 to 15 volts above zero. The cathode
of V1 is at the same level and V1 is thus cut
off. The anode of V1 is at HT+ and V2 is
bottomed.

(i) A to B. The leading edge of the trig-
gering pulse drives V1 into conduction and
the valve bottoms. The grid of V2 falls by
an equal amount, cutting V2 off and anode of
V2 rises to HT+. The cathode potential
changes slightly as the current changes over
from V2 to VI, the amount of the change
depending on the amplitude of the triggering
pulse.

(i) At C. Since V2 is cut off we may
neglect it temporarily and consider V1 only.
When the grid of V1 returns to zero at the end
of the triggering pulse, the anode current
falls to a value determined by the wvalve
characteristics, supply voltages and the cathode
bias resistor Rg. With the values shown in
fig. 18 the valve will be biassed well back with
the cathode at about 43 volts. With the
given anode load Ryl the anode will rise to
about §{ HT and the grid of V2 will rise by an
equal amount, but V2 will still be cut off.
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Fig. 114,—Waveforms of circuit of fig. 113

(iii) C to D. The anode of V1 remains at
3 HT and Cl discharges, the grid of V2 rising
towards 4V on a time constant Cl Rl.

(iv) Dto E. At D the grid of V2 has risen
far enough for the valve to come into con-
duction. The flow of current in V2 raises the
cathode potential and decreases the current in
V1 with a consequent rise in anode potential.
This rise is passed on to the grid of V2,
increasing the current in that valve still further.
Cumulative action thus takes place and VI is
cut off by the sharp rise in cathode potential.
At E, V2 is bottomed with its grid slightly
positive w.r.t. the cathode.

(v) Eto F. Cl now charges through Ryl
and the grid-cathode path of V2 on a time
constant approximately equal to Cl Rgl.
The anode of V1 moves towards HT+ and
the grid of V2 falls, the cathode falling with it
by cathode follower action. At F the original
stable state has been restored.

222, Notes—(i) The “hold over” or delay
time (period when V2 is not conducting) may
be controlled either by variation of R1 or V,
the potential to which R1 is returned.

(ii) Some care must Be exercised in the
choice of Rg. If Rk is too low, V1 cannot be
cut off by the flow of current in V2. No
stable state is then possible as the circuit
multivibrates. If Rg is too large, the anode
current of V1 will be too small during the
hold-over time; the anode of V1 will thus
rise too far at the point C, and in the extreme
case the grid of V2 may be brought above
cut-off at this point, the circuit then refusing
to hold over at all.

(iii) If Rk is correctly chosen but Ryl is
too small, similar effects are produced. The
voltage drop across Ril is insufficient so that

the anode of V1 will rise to a potential well
above § HT at the point C, bringing the grid
of V2 up to a point near to or above cut-off.

(iv) If RL2 is too small, V2 will not be
bottomed at the point E and a negative pip
will appear on the anode waveform (see grid-
coupled multivibrator). This will not affect
the operation of the circuit, which is indepen-
dent of Rz2.

(v) It has been assumed that a very narrow
positive pulse is used for triggering. If it is
necessary to use a wider pulse it is preferable
to differentiate this before applying it to the
grid of V1.
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Fig. 115.—Triggering of flip-flop from wide
negative-going pulse

(vi) Negative pulse (fig. 115). The nega-
tive pip A will not affect the circuit as it occurs
during the stable state when V1 is already cut
off. The positive pip B then triggers the circuit
at the back edge of the input pulse.

(vii) Positive pulse. The pips A and B
are now of reversed polarity and the circuit
is triggered by A at the front edge of the input
pulse. The negative pip at the back edge
must be removed since a negative pulse applied
to the grid of V1 during the hold-over period
would cut that valve off and initiate prematurely
the cumulative change at D. A diode must
therefore be used as in fig. 116 to remove the
negative pip.

The single-valve delay circuit

223. The circuit is shown in fig. 117 and the
waveforms in fig. 118, The input pulse
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Fig. 117.—Single-valve delay circuit
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Fig. 118.—Waveforms \of circuit of fig. 117
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should be of positive polarity, square shape,
of at least 20 microseconds duration and of
about 100 volts amplitude. The width has
been deliberately exaggerated in the figure.
The initial stable state of the circuit is with the
grid held at zero by grid current and the anode
at a fairly low potential but not bottomed.

(i) A to B. The input pulse raises the
potential of the point X to 4100 volts and C
charges up very rapidly through the grid-
cathode path of the valve. A positive pip
therefore occurs on the grid waveform and a
corresponding negative pip on the anode
waveform. The exact size of the positive
pip at the grid cannot be given as it depends on
the output impedance of the generator pro-
ducing the input pulse. At B the grid has
returned to zero and C is therefore charged
to -+100 volts. '

(i) CtoD. At the back edge of the input
pulse the potential of X falls to zero and the grid
drops by an equal amount, i.e. to —100 volts.
The valve is cut off and the anode rises to
HT+4.

(i) D to E. C now discharges, the grid
moving towards +V on a time constant CR.

(iv) E to F. At E the grid reaches cut-off
and the flow of anode current causes a progres-
sive fall in anode pétential as the grid rises
towards zero along EF. At F the grid is held
by grid current and the initial conditions are
restored.

224, Notes —(i) The delay time may be
controlled by varying either R or V, and
depends also on the amplitude of the input
pulse.

(ii) The back edge EF of the output
(anode) waveform is much less steep than in
the flip-flop as it is produced not by a cumula-
tive change bringing the valve into conduction
very quickly, but by the relatively slow rise of
grid voltage along EF. The steepness is
reduced as the delay is increased.

The blocking oscillator

225. The blocking oscillator is used for the
direct generation of fairly short pulses,
regenerative coupling between different valve
electrodes being used to give a rapid switching
action which produces reasonably steep edges
in the pulse. In the circuit of fig. 119 the
coupling is between grid and screen, but
coupling between grid and cathode circuits
may also be used. The iron-cored transformer
has a turns ratio n of about 3, the grid winding



being tuned by the capacitance Cl which is
usually just the self-capacitance of the winding.
The waveforms are given in fig. 120.
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Fig. 119.—Circuit of typical blocking oscillator
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Fig. 120.—Waveforms of circuit of fig. 119

(i) A to B. The valve is just coming into
conduction and the anode and screen currents
are rising. The change in screen current
induces an e.m.f. in the LCI circuit, causing a
current to flow which charges Cl, raising the
grid potential. The rise in screen current is
thus accelerated, the close coupling between
screen and grid coils producing a very strong
cumulative effect which moves the grid poten-
tial across the grid base at a very fast rate.
The anode current rises also and the anode
potential falls to a value at or near bottoming,
depending on the load resistance Ry.

(i) B to C. When the grid potential
reaches zero, grid currents start and the
current flowing in L. must now charge C2 as
well as Cl. The grid potential is now not
the same as that of the point X, but is deter-
mined solely by the voltage drop across the
grid-cathode path of the valve produced by
:he charging current of C2. It is this
charging current which causes the grid to be
slightly positive at B. During BC the grid
potential is falling, but is so nearly constant

that the resultant variations in screen current
produce negligible induced voltages in the
transformer windings., (A more detailed
mathematical treatment shows that, provided
the grid base of the valve is small, if the screen
current at B is I, the current flowing in L is
-Ii. This current decreases as Cl and C2
charge until at C, when the potential of X has
reached its maximum, it has fallen to zero.
The portion BC of the waveform at X is one-
quarter of a cycle of oscillation of the circuit
made up of L shunted by Cl and C2, thit
oscillation being “‘shocked” into existence by
the sudden switching on of current in the screen
circuit during AB.)

(iii) C to D. As the potential of X passes
through its maximum the current in L must
reverse, this current being produced by the
discharge of C1. C2 cannot discharge in this
way since the grid-cathode path of the valve
acts as a diode preventing current reversal.
As the potential of X falls, that of the grid
therefore falls with it, the cumulative effect
now taking place in the reverse direction until
the valve cuts off at D.

(iv) D to E. The sudden switching-off of
the screen current produces a “shocked”
oscillation in the LCl circuit, which is rapidly
damped out. At the same time C2 begins to
discharge through Rg.

(v) E 1o F. C2 continues to discharge
through Rg, the grid potential rising towards
+V on a time constant C2 Rg until it reaches
cut-off at F and the cycle repeats.

226. Notes—(1) The pulse length is deter-
mined by the period of oscillation in the L,
Cl, C2 circuit, i.e. by the product LC2, since
C2 is usually much greater than C1.

(i) The maximum positive excursion of X
(point C) depends on C2, the screen current
at B and the transformer ratio n. If the valve
is bottomed at B, more current flows to the
screen and X is driven further positive.

(iii) The damping of the LCI oscillation
during DE must be heavy. With a low degree
of damping there is a danger that, after one
cycle of this oscillation, the grid potential may
again be carried above cut-off, thus producing
a double pulse or even continuous oscillation.
The transformer is often designed so that
resistance losses in L and iron losses in the
core are sufficient to provide the requisite
damping. Alternatively, additional damping
may be provided by connecting a resistance in
shunt with the grid coil. The oscillation
during DE is not essential to the operation of
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the circuit, which will work equally well if the
damping is greater than the critical value.

(iv) The recurrence period depends on
(a) the time constant C2 Rg, (b) the potential
-V to which Ry is returned, {c) the extent to
which C2 is charged during the pulse, i.e.
the maximum positive excursion of X. It may
most conveniently be varied by returning Rg
to a potentiometer across the HT supply.

Production of pulses from square wave
227. Given a square waveform it is required
to produce from it a series of pulses of a recur-
rence period equal to the period of the square
wave. Three methods are commonly used:—

(1) Short CR circuit

(i) Ringing circuit

(iii) Delay line
and each of these is usually combined with a
pip-climinating and pulse-shaping valve or
valves.

o

[

Fig. 121.—Action of short CR circuit

The short CR circuit

228. The input square wave and the associated
output pips from the short CR or differentiating
circuit are shown in fig. 121. The objections
to using this output directly are:—

(i) Both positive and negative pips are
present.

(if) The pips are of poor shape, having a
steep front edge but an exponential back edge,
and thus being very different from the ideal
square puise. The pip eliminator valve may
be set to remove, say, the negative pips and
at the same time it will much improve the
shape of the positives.

229. The basic circuit is shown in fig. 122
and the close resemblance to the squarer circuit
may be seen by comparing this with fig. 102.
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Fig. 122.—Basic circuit of “pip” eliminator
stages

This resemblance is further emphasised by
lettering fig. 121 and 122 to correspond with
figs. 100 and 101. The case of negative bias
is shown in fig. 123. The valve is cut off
except during a short portion of the input
positive pip, and thus only this pip has been
shown in the figure.
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Fig. 123,—Waveforms of circuit of fig. 122
with negative bias

(i) At A. The point Y has been carried
positive by the positive-going edge of the
square wave but the grid is held just above
zero by grid current in conjunction with the
stopper Rs. The anode falls very quickly
from HT -+ to the bottoming voltage.

(iiy A to B. The grid falls very slowly
during the exponential back edge of the pip
and the anode remains bottomed.

(iii) B to C. At B the grid ceases to be
held by grid current and therefore falls with Y,
but the anode is still bottomed until the
point C is reached.
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Fig. 124.—Waveforms of circuit of fig. 122
with positive bias

(iv) CtoD. The grid falls rapidly through
the grid base until the valve cuts off at D, the
anode meanwhile rising from the bottoming
voltage to HT+-.

The corresponding case of positive bias is
shown in fig. 124. With no input the grid is
held at about zero by grid current.

(v) A to B. The positive pip at Y causes
a very small positive movement of the grid,
which does not affect the anode since the
latter is bottomed.

(vi) B to D. The front edge of the nega-
tive pip drives the grid beyond cut-off and
the anode rises to HT .

(vii) D to E. The valve remains cut off.

(viii) E fo F. The grid potential is rising
and the anode falls from HT-+ at E untl
bottoming occurs at F.

(ix) F to G. The further rise in the grid
potential does not affect the anode.

230. Notes—(i) The front edge of the output
pulse is very steep, the back edge less so.

(ii) Provided the valve is well bottomed
at zero grid volts, the output at the anode is
an amplified and inverted copy of the input
waveform included between the ‘‘cut-off”
and “X” levels.

(ili) With negative bias the positive input
pip is selected and gives a negative output
pulse. For positive bias the output pulse is
positive.

(iv) The width of the output pulse may be
controlled either by variation of bias or by
variation of R in the differentiating circuit.

(v) The practical circuit diagram giving a
choice of positive or negative bias is the same
as fig, 102, the values of C and R being chosen
to give the required differentiation.
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Fig. 125.—Circuit for production of pulses by
ringing circuit

The ringing circuit

231. The circuit is shown in fig. 125, and the
waveforms in fig. 126. The square wave at the
grid has its top clamped to the zero level by
D.C. restoration, the grid-cathode path of the
valve acting as a diode. A damped oscillation
will be produced at the anode every time the
valve is turned on or off. If the damping is
correctly chosen the initial half-cycle will be of
much larger amplitude than the succeeding
half-cycles and the output at the anode will
approximate to a series of pips, alternately
positive and negative. These pips may be
dealt with in the usual way by a pip eliminator
valve,
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Fig. 126.—Waveforms of circuit of fig. 125

Notes.—(1) The shape of the damped half
sine wave pips is better than the differentiated
pips produced by a short CR circuit, but an
extra valve is needed.

(ii) The damping needs fairly careful
adjustment; if too heavy, the pips will be of
small amplitude, if too light more than one
half cycle may pass through the pip eliminator
valve.

(iii) The time constant of the coupling to
the pip eliminator valve should be long enough
to avoid differentiation of the output of the
ringing circuit.

The delay line
232. The usual type of transmission line

(e.g. coaxial) has distributed inductance and
capacitance. If L. = inductance per cm



This leaf issued in reprint
March, 1948

length, C = capacitance per cm length, then
an impulse will be propagated along the line

with a velocity of cms per second.

1
VLC
With a coaxial line with polythene dielectric
this velocity is about § of that of electromag-
netic waves in free space, i.e. about 2 X 10*®cms
per second. It is impracticable to use such
a line for any but the very shortest delays, a
simple calculation showing that to produce a
delay of 10 microseconds between sending and
receiving ends, a line 1} miles long would be
needed. In order to give delays of this order

L L L o L

T T T T T°

Fig. 127.—Delay line showing four sections

an “artificial transmission line” or “delay line”
is used. In this the inductance and capaci-
tance are “lumped” instead of being distri-
buted (fig. 127 and 128). With a delay line
if L = inductance per section in henries

and C = capacitance per section in farads

the velocity of ation is —=—
¢ velocity of propagation is -~ o
second and the characteristic impedance

Zo: /J—Ié—.

sections per

Thus if Ty = required time delay in seconds
and n = number of sections
then To = n v/TC = vnL. nC

= 4/Total L. X Total C

Fig. 128.—Five sections of delay line
showing construction

233. Some distortion is inevitable when a
delay line is used, since the lumped elements
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are equivalent to distributed inductance and
capacitance to a first approximation only.
Such distortion is neglected in what follows
and it is assumed that the delay line may be
treated as a transmission line. Consider the
circuit of fig. 129. D.C. restoration takes
place at the grid (compare fig. 125) and thus
the valve is turned on suddenly at the positive-
going edge of the square wave and turned off
suddenly at the negative-going edge. There
are three possible cases; R equal to, less than
and greater than Z,. The line is assumed to
be short-circuited at the end remote from the
anode.
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—

Fig. 129.—Circuit for production of pulses
by delay line
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Fig. 130.—Waveforms of circuit of fig. 129,
when R =Z,

(1) R = Z,.—When the valve is turned
on, the load in the anode circuit is R in parallel
with the Z, of the line, i.e. § Z,. A voltage
drop of } Z,I thus takes place at the anode and
this voltage step is propagated down the line
until it reaches the far end. Since this end is
short-circuited the negative voltage step is
reflected as an equal positive step which travels
back along the line to the sending end. On
arrival it cancels the voltage drop already
present and since the line is terminated with
Z, at the valve end no reflection of the positive
step takes place. Hence a single negative-
going pulse is obtained at the anode, the
width of this pulse being 2T, the time for the
voltage step to make the double journey along
the line. Similarly, when the valve is turned



off a single positive-going pulse is obtained
at the anode (fig. 130).

(ii) R < Zo.—When the valve is turned on
. . RZ,
the drop in voltage at the anode is R+ Z I

and this step is propagated down the line and
reflected with a reversal in sign as in the
previous case. When the reflected (positive)
voltage step arrives at the anode the line is
not now terminated with Z, but with a resistance
lower than this value and so the reflected
positive step not only cancels the original
voltage drop but is itself partially reflected
with a change of sign. Thus at the end of
the time 2T, the voltage at the anode does
not return to its original value (HT+) but
to a lower value. The process continues with
successive reflections of decreasing amplitude
until the voltage changes are no longer detect-
able. Similar effects occur when the valve is
turned off (fig. 131).

.

Fig. 131.—Waveforms of circuit of fig. 129,
when R < Zo
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(iii) R > Zo.—In this case the positive
voltage step reflected from the far end of the
line is reflected at the valve end without a
change of sign and the resultant waveform is
shown in fig. 132.

Fig. 132,.—Waveforms of circuit of fig. 129,
when R > Z,

234. Notes—(i) The waveforms of figs. 130
to 132 have been drawn neglecting the distor-
tion which inevitably occurs in a delay line
and which is most marked with a number o.
successive reflections.

(ii) As single pulses are needed in practice,
the line is operated in the matched condition
(R = Zo).

(iii) The positive or negative pulses in the
output waveform may be removed by a pip
eliminator stage.

(iv) Owing to the square shape of the pulse,
variation in bias of the pip eliminator valve
cannot be used as a pulse width control. The
width can only be varied by altering the number
of sections and this is usually carried out by
a switch which moves the short circuit termina-
tion along the line.

Production of a delayed pulse by means of a
delay line

235. The circuit of fig. 129 may, with slight
modifications be used to produce a delayed
pulse, the modified circuit being shown in
fig. 133 and the normal waveforms in fig. 134.
Comparison of figs. 129 and 133 shows that
the resistor R has been moved from the valve
end of the delay line to the far end where it
replaces the short-circuit termination. The
output is also taken from the far end instead
of from the anode of the valve.
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Fig. 133.—Circuit for production of
delayed pulse
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Fig. 134.—Waveforms of circuit of fig. 133
with R = Z,

236. With R = Z,, which is the normal
working condition, it may easily be seen that
the anode load of the valve i1s a length of
transmission line terminated in its character-
istic impedance, i.e. the valve is working into
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a pure resistance of value Z, When the
valve is turned on at the front edge of the
input pulse the anode current rises suddealy
from zero to I, the anode voltage therefore
falling by an amount Z,I, and this negative
step is propagated down the line, reaching the
far end after a time T,. Since the line is
correctly terminated no reflection takes place
so that the potential drop is maintained until
the end of the input pulse. When the valve
is cut off the positive step at the anode is again
propagated along the line, cancelling the
initial negative voltage as it goes. The wave-
form at the far end of the line is thus the same
as that at the anode but is delayed by T,
(fig. 134).
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The terminating resistor R must be kept in
position at the far end of the line and not moved
with the output tapping.

CATHODE RAY TUBES

Principles and functions

239. A cathode-ray tube, or CRT for short,
is a vacuum valve by means of which a spot
of light can be produced on a screen at one
end of the valve. The position and intensity
of the spot can be altered almost instanta-
neously at will to give an indication of the
position; i.e. range, azimuth and elevation,
of any target as determined by a radar system.
This property makes the CRT the most usual

] HT+

R<Zo

L

R>2Zo

Fig. 135.—Output waveform of circuit of fig. 131 when R =% Zo

237. When the terminating resistor R is not
equal to the characteristic impedance Zo of
the delay line, partial reflection of a voltage
step occurs, the reflected step travelling back
along the line and being totally reflected
at the valve end which, for a pentode valve,
may be considered to be open-circuited.
Successive reflections of decreasing amplitude
therefore occur in much the same way as in
the circuit of fig. 129, typical waveforms
being shown in fig. 135.

238. Notes.—(i) The delay produced by the
circuit of fig. 133 is T, i.e. half the length of
the pulse produced by the circuit of fig. 129.

(i) In order to vary the delay time, the
output is taken from a tapping on the line, the
position of which may be varied by a switch.

indicating device in such a system, since very
small intervals of time have to be measured.

240. The basic construction of a CRT is
shown in fig. 136. The spot of light is
produced by means of a beam of electrons
from an “electron gun” G, this beam being
focussed on a glass screen as shown. A device
for deflecting the beam to any spot on the
screen is inserted immediately after the gun.
On the inner surface of the screen is a layer
of fluorescent powder which glows when
struck by the beam, thus producing the spot
of light. Many types of screen are used,
depending on the type of display required.
The two main types of screen are (i) persistent,
in which the screen continues to glow after
the beam has been removed, and (ii) non-



persistent, in which the screen ceases to glow
immediately the beam is removed. Persistent
screens are usually used in PPI displays and
non-persistent in range-amplitude displays.

241. The focussing and deflection of the
electron-beam may each be done -either
electrostatically or electromagnetically; the
usual combinations of these systems found in
practice are:—

(i) Electrostatic focussing and deflection.

(ii) Electromagnetic focussing and deflec-
tion.

(iii) Electrostatic focussing and electro-
magnetic deflection.
These three methods will be discussed separ-
ately.
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= LASS
- G L BCREEN
T T g,
BOLRCE OF Y
E_ECTRONS

FLUCAESCRNT
POWDER

VACUUM

DEFLECTING

coc DEVICE Nao
USSING <
DEVICE ELECTRON BEAM

Fig. 136.—Diagram of the elements of a CRT

Electrostatic focussing and deflection
Description

242. The “gun” and deflector system of a
CRT of this type is shown in fig. 137. A
cathod=z coated with rare-earth oxides, is
heated as in a normal valve and 2mits electrons.
The flow of electrons and hence the intensity
of the beam and resulting light-spot is con-
trolled by the potential, relative to cathode,
ofa‘““grid”. This takes the form of a cylinder—
sometimes known as the Wehnelt cylinder—
with an aperture through which the electrons
pass. The electrons are then accelerated by
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Fig. 137.—Gun and deflector plates of an
electrostatically-focussed and deflected CRT

positive potentials applied to three anodes
(numbered consecutively away from the
cathode). The first and third anodes take the
form of plates, with planes perpendicular to
the axis of the electron beam, and apertures
in the centres through which the beam passes.

The second anode is a cylinder coaxial with the
beam. Its potential can be varied at will and
gives a focus control, as explained later.
Beyond the third anode is placed the deflector
system, which consists of two pairs of plates
at right-angles, to which the signals to be
examined are applied. The resulting electric
fields between the plates deflect the beam in
two directions at right-angles, known as the
“X* and “Y” directions by analogy with the
horizontal (X) and vertical (Y) axes used in
drawing graphs.

- -
CATHO = Cagra—
ATHODE N T ——

FIRST

ANODE - SECOND ANODE Fe——THIRD ANOCOE

ITII. PATH OF ELECTRONS

T ELECTRIC F ELD

Fig. 138.—Electrostatic focussing

Functions of the electrodes
243, (i) Cathode and grid.—These perform
functions similar to the counterparts in a

normal valve and need not be discussed
further.

(ii) Anode system.—The anodes perform
two functions; first they serve to accelerate the
electrons in the beam towards the screen, and
second they focus the beam on the screen.
The second anode is held negative with respect
to the other two, and the resulting field pattern
is shown in fig. 138. The arrows indicate the
direction in which the electrons are urged, and
not the conventional direction of the field.
It can be seen that electrons which lie on the
axis of the system do not undergo any deflec-
tion, while those that diverge from the axis
are directed back towards it, giving a focussing
action. The potentials of the first and third
anodes are fixed, and that of the second anode
can be varied at will, altering the ficld pattern
in the system and hence providing a means of
controlling the focus.

244. The fineness of focus is limited by the
mutual repulsion of the electrons in the beam;
the smallest spot obtainable is usually about
0-5 mm. in diameter.

Deflector plates

245. These are shown in perspective in
fig. 139 (a), and one pair of plates in section
in fig. 139 (b),(c). Suppose that a signal
voltage is applied to the plates so that at a
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given instant the top plate is at a positive
potential with respect to the bottom one.
Then the electric field between the plates will
accelerate the electrons by an amount propor-
tional to the field in the direction shown and
the beam will be deflected upwards. If the
sign of the applied voltage is changed, the beam
will be deflected downwards. The deflection
of an electron is proportional also to the time
it is between the deflector plates, i.e. is inversely
proportional to the velocity of the beam.

246. Infig.139 () the maximum angle through
which the beam can be deflected is 6; this can
be made larger by splaying out the ends of the
plates nearer the screen, allowing the greater
angle of deflection . It will be seen that
the beam is deflected in a plane perpendicular
to the plane of the plates; consequently, the X
plates, which deflect the beam horizontally,
are vertical and similarly the Y plates are
horizontal. The pair of plates nearer the
anode system has a greater sensitivity than the
other pair, and consequently these are usually
made the Y plates; any time-base waveform
which is applied to the X plates can easily be
made of sufficient amplitude to compensate for
the lower sensitivity of these plates.

The graphite coating

247. A coating of colloidal graphite is usually
placed on the inner wall of the glass bulb,
and is internally connected to the third anode
(see fig. 136). This serves two purposes.
The screen, due to the impact of the electron
beam, not only glows but also emits “secondary”
electrons of slow velocity. If these were not
dispersed a heavy negative charge would
build up on the screen which eventually
would be sufficiently strong to repel the
electron beam and prevent it reaching the
screen, thus rendering the tube inoperative.
The graphite coating, since it is connected to
the third anode, attracts the secondary electrons
and removes them. Secondly, the coating
acts as an electrostatic screen and prevents
stray external electrostatic fields from producing
unwanted deflection of the electron beam.

248. Stray magnetic fields will also deflect
the beam (see “‘electromagnetic deflection™)
and the effect of these is minimised by placing
a screen of high permeability material
(“mumetal”) round the tube.

Power supplies for electrostatic tubes

249. The voltages required for a typical 4 kV
tube (VCR.517) are:—
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_a. Y Vex—>50v, variable
Cathode,—3:92 k¥ v bfor brilliance

J control
Anode 1,—2-0 kV

Anode 2, about—3 KkV, variable for focus
control

Anode 3, Earth
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Fig. 139.—Deflector plates

250. The mean potential of the deflector
plates must be that of the final anode so that
distortion does not occur. Signals to the
deflector plates are therefore applied through
condensers and high resistance leaks are
connected between the plates and the final
anode. So that the condensers need not be
of high working voltage it is usual to connect
the final anode to earth and take the cathode
to a high negative potential rather than earth
the cathode and take the third anode to a
positive potential. This also prevents spurious
deflection of the spot by fields between the
final anode and objects at earth potential near
the screen.

251. A typical power supply circuit is shown
in fig. 140. The high voltage from the
secondary of transformer is rectified by V1
with its reservoir condenser Cl, and smoothed
by the filter R1 C2. Resistance smoothing is
permissible, as the total current drain is only
1-2 mA, so that the voltage drop across R1 is
small. The resulting H.'T. is applied across
the potentiometer chain P4, R6, P3, etc,
which provides tapping points at suitable
potentials to which the electrodes of the
CRT V2 may be connected. The cathode
current of V2 is of the order of 30-150 pA
so that a drain of 1-2 mA down the potenno-
meter chain is quite sufficient.

252, P4 varies Vg and hence is the brilliance
control. Blackout and brilliance signals are
applied to the cathode and grid through the
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Fig. 140.—Power supplies for an electro-
static CRT

R-C couplings C5, R8 and C4, R7. It is
important to note that C4 and C5 must with-
stand a high working voltage of the order of
4 kV. P3 varies with V,2 and hence is the
focus control. The third anode is returned
to earth and the deflector plates (of which only
one is shown connected in the diagram) are
fed through R-C couplings similar to C3 R9.
C3 does not have to withstand more than
300400 volts, and so may be of a normal

type.

253. To provide a means of shifting the
spot DC voltages are applied to the plates by
returning the leaks R9 not to earth but to the
sliders of potentiometers P1, P2 across which
a potential of about 300 volts is applied. The
mean of this potential is adjusted to be that of
earth by resistances R2 and R3. The potentio-
meters P2 are ganged in opposition so that
antiphase shift voltages are applied to the pair
of deflector plates with which P2 is associated.
This is necessary to avoid distortion.

254. The heaters of V2 are supplied from a
separate heater winding XX on the transformer;
both this and the rectifier heater winding must
be well insulated to withstand the high working
voltages. The heaters of V2 must be connected
to a point near cathode potential, usually the
“dead” side of the cathode leak R8.

Distortion in electrostatic CRTs

255. Distortion may arise from mechanical
or electrical causes; the former gives rise to
“astigmatism” and the latter to faults known as
“def’iection defocus™ and “trapezium distor-
tion”.

256. Astigmatism.—This is caused by mis-
alignment of the anode system giving rise
to faults in focus similar to astigmatism in

SIBNALS
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| "7
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optical systems (fig. 141). The beam, instead
of being focussed to a spot, has the form shown
in the two sections. The picture on the screen,
if this were placed at (a), is a vertical line of
light, and at (b) a horizontal line. At some
position (¢) between (a) and (b) the beam
produces an ill-defined circular patch of light,
known as the “circle of least confusion™
Similarly, if the screen is considered fixed and
the focus control of the tube is altered, the
picture on the screen will pass from (@) through
(c) to (b). Itis usual to operate a tube suffering
from astigmatism with the beam focussed on
the circle of least confusion, though vertical
lines in any diagram which may be depicted
on the screen are more sharply defined (which
is desirable in some cases) if the beam is
focussed as in (a).

D RECTION SECTION OF SRAM
oF BEAM : N HORIZONTAL

' i T PLANR.

N

SCREEN ; 2! i
POBITION | | HE. 11
H 1 .

BECTION OF BEAM
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DIRECTION
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Fig. 141.—Astigmatism

257. The fault can sometimes be minimised
by arranging that the mean potential of the
deflector plates is not that of the third anode,
ie. R2 % R3 in fig. 140. This introduces
unbalanced electric fields between plates and
anode which have a focussing action on the
beam and thus may correct for astigmatism.

Deflection defocus

258. This arises when unbalanced deflector
voltages are used, i.e. one of a pair of deflector
plates is connected to the third anode and
signals are applied to the other (fig. 142)
Consider the case when the top plate is
returned to a positive potential 42V. Then,
in addition to the deflecting field between the
plates, there will be an asymmetrical field
between the positive plate and third anode.
This will distort and defocus the beam. Such
a distorting field will be produced when the
potential of the top plate is removed from that
of the third anode, either positively or nega-

- tively. If, therefore, any waveform is applied

to this deflector plate, and the beam is focussed
at the centre of the tube, i.c. when there is
no deflecting voltage, the spot will be enlarged
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Fig. 142,—Deflection defocus

and blurred at the ends of the trace, giving the
effect shown in fig. 142 (¢). The origin of
the term “deflection defocus® is obvious from
the figure.

259. If symmetrical deflecting voltages are
applied to the plates, i.e. if, when one is
returned to a potential |V the other is
returned to —V, there will still be a deflecting
field due to 2V between the plates and the
beam will be deflected by the same amount as
before; but the mean potential of the plates
will be that of the third anode and there will
be no field acting on the beam in the space
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between the third anode and the plates, as
shown in fig. 142 (). Deflection defocus will
thus not occur.

Trapezium distortion

260. Another form of distortion occurs when
asymmetrical deflection is used. Since the
mean potential of the plates varies with the
signal, the axial velocity of the beam will also
be variable after passing between the deflector
plates, being greater when a positive signal is
applied, and less when a negative signal is
applied, than the velocity with which it leaves
the third anode. The sensitivity of the second
pair of plates is inversely proportional to the
velocity of the beam when it passes between
them, as explained in the section on deflection
(fig. 143). We shall assume that the plates
nearer the final anode are the Y plates. If a

Y1 PLATE

OErFLECTOR
SIGNAL

Xt
PLATE XZ PLATE

To THIRD
ANODE

Fig. 143,—Trapezium distortion

given signal applied to the X plates produces
a trace of length x when no signal is applied
to the Y2 plate, a positive voltage applied to
the Y2 plate will deflect the trace upwards
and also increase the velocity of the beam
before it reaches the X plates. The length of
the trace will therefore be diminished to, say,
x1. Similarly, if a negative voltage is applied
to Y2 the trace will be shifted downwards and
its length increased to, say, x2. The envelope
of the trace as Y2 varies will therefore be a
trapezium, which gives rise to the term
“trapezium distortion”, and it can be seen
that the picture of any waveform applied to
the X plates will not be a true representation
of the waveform.

261. Trapezium distortion can be overcome
either by using symmetrical deflection for the
X plates, or by inserting between them and
the Y plates a plate with its plane perpendicular
to the beam and with its potential that of the
third anode. Such a plate is usually connected



internally to the third anode. The velocity Electromagnetically-focussed and

of the beam is thus rendered constant-after deflected tubes
leaving this plate and the deflection produced 262. The construction of these tubes differs
by a given signal on the Y plates is independent somewhat from that of an electrostatic tube
of any signal on the X plates. (fig. 144). One anode only is used, this com-
CONNZETION 70 monly being the graphite coating itself. The
e Holib neck of the tube is much narrower as the
L focussing and deflector coils (which take the
gj?—‘ place of the focussing anode and deflector
w,L, | plates of an electrostatic tube) are mounted
wdren iy outside the neck. In an electrostatic tube the
wRnnye size of the beam is restricted by the close

spacing of the deflector plates (about % cm.
apart). Thus the permissible
cross-sectional area of the
beam itself in the neck of

Fig. 144.—Electromagnetic CRT
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later under focussing and
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B deflection.
coi. Focussing (fig. 145)
263. Focussing may be
@ accomplished by means of

a coil of wire, wound coaxial

with the neck of the tube,
through which DC is passed; this
produces a magnetic field through
which the beam passes. The coil is
encased in magnetic material which
shapes the field so that in the main
it is longitudinal (i.e. is parallel with
the axis of the neck). The strength
(b) of the field is proportional to the

current flowing in the coil.

264. Focussing action.— A moving
electron constitutes an electric current
whose conventional direction is
opposite to the direction in which the
electron is moving. Thus, an electron
moving in a magnetic field which is
at right-angles to its direction of
motion will be deflected in a direction
at right-angles both to the direction
of the field and the direction of the
conventional current according to
Fleming’s left-hand rule.
265. The field in fig. 145 (a) may be
idealised to that in fig. 145 (b), where
© it consists of a uniform longitudinal
field which exists only between M
Fig. 145.—Electromagnetic focussing and N. Consider a beam of

DIRECTION OF
MAGNETIC FIBLD.
INTO PAPER.
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electrons diverging in a cone from a point A
and travelling from left to right. Those
electrons moving along the axis of the field
will be unaffected and will describe the straight
path AOB. An electron travelling along a
path such as AC will meet the magnetic field
at C and its velocity will have two components
—one longitudinal which will carry it through
the field and will be unaffected by the field,
and one radial from the axis, i.e. at right-
angles to the field. Viewing the system from A,
along A-B (fig. 145¢) this radial component of
velocity causes the electron to follow the
circular path CDE which is stretched out by
the longitudinal component into part of a helix
or spiral. The radius of the circle is depen-
dent on the strength of the magnetic field;
this is adjusted by altering the current in the
focussing coil so that when the electron leaves
the field at E it is travelling back towards the
axis. It will follow the straight line EB, and
meet the axis at B. It can be shown that for
the same magnetic field any electron, no
matter what the angle at which it originally
diverged from the axis, will also be brought
to B, i.c. the beam will be focussed on B, which
is arranged to lie on the screen.

266. In the practical case of fig. 145 (a) the
focus is controlled by controlling the current
in the coil and by altering the position of the
coil along the neck of the tube. When the coil
is near the first anode, focussing is best when
the spot is near the centre of the screen, and
when the coil is moved towards the screen the
focus is better towards the edge of the screen.

267. The disadvantage of this method of
focussing is the power dissipated in the
resistance of the coil by passing the focussing
current through it, and the necessity for
providing a transformer, rectifier, and smooth-
ing circuits to supply the current, all of which
add weight and cost to the equipment.

268. Deflection (see fig. 146).—Suppose a pair
of coils AA’ is placed on the neck of the CRT,
with its axis perpendicular to the axis of the
tube, between the focus coil and the’screen.
A current passed through the coil will produce
a magnetic field across the neck of the tube,
as shown in fig. 146(b). If b is the beam of
electrons (moving into the paper) then by
Fleming’s left-hand rule it will be deflected

to the left, by an amount proportional to the .

intensity of the field, i.e. proportional to the
exciting current. If the direction of the

G (1093F)
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current is reversed then the direction of
deflection will be reversed. Thus if any
current waveform is passed through the coils
the deflection of the spot will follow this wave-
form. Compare the effect with the application
of a wvoltage waveform to a pair of deflector
plates of an electrostatic CRT.

CONNECTING
‘WIRE.

Fig. 146.—Electromagnetic deflecting system

269. In order to obtain a more uniform
magnetic field across the neck of the CRT and
hence a more linear relationship between
deflection and current, the coils are usually
wound on a rectangular former and then bent
round the neck as shown in fig. 147. If
deflection in two directions at right-angles is
required, then another pair of coils similar to
the first is placed over the first pair so as to
produce a magnetic field in a direction at
right-angles to that of the first.

270. The disadvantages of this system of
deflection are:—

(1) It is usual to deal with voltage wave-
forms in valve circuits, and it is difficult to
convert these to current waveforms due to the
inductance of the deflecting coils.

(if) As for the focussing coil, considerable
power is dissipated in the resistance of the
coils.
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(i) Self-running, in which no external
waveform need be applied to the circuit,
C charges until the p.d. across it reaches a
critical value, when the discharge device is
automatically switched on. At the end of
the discharge it switches itself off and the
charging of C restarts (fig. 149).

(i) Triggered, in which an external wave-
form is needed. In fig. 150, the negative-
going edge of the square wave starts the
charging of C while the positive~going edge

starts the discharge. The circuit
then remains in a stable state
with C discharged until the
next negative-going edge arrives.

=Y+

CHARGE
DEvice
MAGNETIC FIELD
TTT(cOMPARKE  WITH
FIELD INFIg 146 8)
DISCHARGE.
[~ DEVICE

(b)
Fig. 147.—Deflector coils

Electrostatic focussing and electro-
magnetic deflection

271. This system uses a tube which resembles
closely an electrostatic tube, but has a deflector
coil assembly mounted round the neck between
the focussing anodes and the screen instead
of deflector plates. The advantage is that it
saves the power dissipated in the normal
focussing-coil, while still allowing an intense
light-spot as the size of the beam is not
restricted by deflector plates mounted inside
the tube. It suffers, of course, from the two
disadvantages mentioned above for electro-
magnetic deflection.

TIME BASE CIRCUITS FOR ELECTRO-
STATIC DEFLECTION

272. The fundamental time base circuit is
shown in fig. 148. The ideal time base should
have a charge device which passes a constant
current into the capacitor, the p.d. across which
therefore rises absolutely linearly. At the
end of the charging period the discharge device
should discharge the capacitor instantaneously.

273. There are two possible methods of
operating such an ideal time base:—

T

Fig. 148.—Fundamental time
base circuit

274. Self-running time bases

are not used in radar practice,

since the start of the time base

must always coincide with the
firing of the transmitter. This is done either
by triggering the time base from a pulse
derived from the transmitter or by the use
of a timing section in the equipment which
controls both the transmitter firing and the
time base start.

VOLTAGE

el

Fig. 149.—Output waveform of ideal self-
running time base
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Fig. 150.—Waveforms of ideal triggered
time base
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275. Two simple types of triggered time base
suitable for use with electro-statically deflected
tubes will be considered here.

The single triode time base

276. The circuit diagram and waveforms are
shown in figs. 151 and 153 respectively. An
asymmetrical square wave is applied to the
grid and is D.C.-restored so that the grid is
at zero from D to E (fig. 153) and well beyond
cut-off from B to C. Consider conditions at A.
The grid is at zero and no charging current is
flowing in the capacitor, the anode voltage is

Hre

ouTPUT

TRWGGER
INPYT

Fig. 151.—Circuit of single triode time base
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Fig. 152.—QGraphical method of finding V min.
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ANOQDE
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Fig. 153.—Waveforms of circuit of fig. 151

then given by the intersection of the load line
corresponding to R with the zero grid volts
line in the I,:V, characteristics in the usual
way (fig. 152). Call this value of anode
voltage Vmin.
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(i) A to B. The grid moves very rapidly
negative and the valve is cut-off.

@) B to C. C charges up from Vmm
towards HT - on a time constant CR.

(iii) C to D. The grid rises abruptly to
zero, thus turning the valve on hard.

@iv) Dto E. Cnow discharges through the
valve, the anode returning to Vmin.

277. Notes—(1) The time base sweep is
exponential and not linear.

(ii) The linearity is improved if only the
first part (say 109,) of the exponential rise is
used. This means either a drastic reduction
in the amplitude of the sweep or else a high
value of HT voltage. If a 300-volt supply is
used the amplitude must be limited to some
30 volts, while if a 200-volt sweep is required,
the HT would need to be 2,000 volts.

(iii) To get a low value of Vmiy a valvz of
low Ra is required. This helps the discharge
process since such a valve passes a heavy
current when its grid is suddenly brought up
to zero and C is therefore discharged quickly.

(iv) The duration of the time base sweep
is fixed by the duration of BC in the input
waveform.

(v) The flyback time is determined by the
rate of discharge of C through the valve and
DE must be long enough for this to be com-
pleted before the next sweep starts.

(vi) No use is made of the amplifying
properties of the valve, which is merely an
electronic switch operated by the grid wave-
form.

N+ (200)

Regee

'ﬁj

-

Fig. 154.—Basic circuit of suppressor
triggered Miller time base

The Miller time base (suppressor-
triggered)

278. The basic circuit is shown in fig. 154,
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It should be noted that the anode and grid
are coupled by the capacitance C and that the
load in the anode circuit is considerably higher
than is normally used with a pentode. The
amplifying properties of the valve are used to
give a time base sweep which is linear to a
high degree of approximation. In order to
explain the operation, numerical values will be
used and it is assumed that the valve is a VR91
operated at a screen potential of 100 volts.

279. The mutual characteristics with this
value of screen voltage are shown in fig. 155,
it being assumed for the sake of a simplified
treatment that these are independent of the
anode voltage so long as the anode is not
bottomed.

280. The triggering input is an asymmetrical
square wave, D.C. restoration being used so
that the suppressor voltage does not rise above
zero; the resultant waveforms are shown in
fig. 156.

(i) At A (first stable condition).—The
suppressor is held at some —100 volts, i.e.
the suppressor is sufficiently negative to
prevent any flow of current to the anode.
The grid is held at zero by grid current and
the total space current (11 mA under these
conditions) flows to the screen. The anode is
at H.T.+ and the capacitor C thus charged to
a p.d. of 200 volts.

v - '+ 200V

Vi

i

Fig. 157.—Circuit conditions of Miller time
base during run-down

(ii) A to B (initial jump).—The suppressor
is suddenly raised to zero and anode current
starts to flow, the anode potential falling.
This fall in anode potential 1s applied via C
to the grid and thus the tendency of the anode
current to rise is offset by a corresponding
fall in grid potential. With the specified
screen voltage the grid base is 2-5 volts and it
is clear that the drop in anode voltage cannot
exceed this value. The anode current must
therefore be very small and the valve nearly
cut-off, a more detailed calculation giving
—2-2 volts for the grid potential at B.
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(iii) B to C (run down).—The grid having
been driven down nearly to cut-off, grid
current has ceased and the current through R,
no longer flows through the grid-cathode path
of the valve but flows instead into the capacitor
C which discharges. During this discharge
the grid rises and the anode falls, the change in
voltage across C thus being shared between
anode and grid. Now although the valve is
nearly at cut-off the high anode load gives a
gain of about 300 between grid and anode so
that as the grid rises the anode fails 300 times
as fast. The rise of grid voltage is therefore
very small and to a first approximation the
grid may be considered to be at a constant
voltage. It may be shown that the anode
voltage falls linearly.

281. Let V, = instantaneous anode voltage
Vg = instantaneous grid voltage
then Vo, — Vg = instantaneous capacitor p.d.

Referring to fig. 157 we have:—

Ic = V—;glg = constant ...... @)

Also
I¢ = C X rate of change of capacitor
pd.

= C X rate of change of (Va, — Vg) .

= C X rate of change of V, ... (ii)
since Vg is regarded as constant.

Now, since I¢ is constant (equation (i)), the
rate of change of Vj is constant, i.e. V, falls
linearly.

Since Vg is of the order of —2 volts and V
is, say, -+200 volts, only 1%, error will be
made by neglecting Vg in equation (i).

Combining (i) and (ii):—

rate of change of Va = EVR‘ ...... (iii)
g

282. The anode voltage decreases linearly
until the point C is reached. Here the anode
bottoms and the amplifying action of the
valve ceases. With the high anode load used
(220K) the anode bottoms at the low potential
of about 5 volts. It is interesting to examine
the circuit conditions at this point. The load
current (I, in fig. 157) is 0-89 mA and the
capacitor current I¢ 0-09 mA, the anode
current thus being 098 mA. To enable the
valve to pass this current the grid must have
risen to —1-5 volts, a change of +0-7 volt
compared with the 195 volts drop at the anode.

A.P.1093F, Vol. I, Chap. 1

(1) C to D.—When the valve bottoms, the
anode is held at the bottoming voltage and
the capacitor current I¢ then enables the grid
to rise quickly until it is caught by grid current,

(i) D to E (second stable state).—The grid
is held at zero and the anode bottomed. The
space current is now 11 mA as at A, of which
0-89 mA flows to the anode and the remainder
to the screen.

(iii) E to F.—At E the suppressor returns
to —100 volts, cutting off the anode current,
C now recharges through Ry and the grid-
cathode path of the valve, the anode rising to
HT+ on a time constant CRy, and the usual
pip appearing on the grid waveform.

283. Notes
(1) Time of run-doun
It has been shown that:—

rate of change of Vy = —— ...... (1ii)

If A Va, is the total change of anode volts
during run-down and T is the time taken, the
rate of change of Vi is AVa/T, so that from (iii)

AVa
v

Now AV, is equal to the HT voltage (Var)

less the initial drop of about 2 volts and the

bottoming voltage (5 volts). So that approxi-

mately AVa = Var and
Var

T:—V‘.CRg

(ii) Time of flyback

The anode returns to HT -~ on a time constant
CRy and has risen to within 19/ of the HT+
level in a time equal to 5 CRy. This is taken
as the time of flyback.

T =

(iit) Screen current waveform

With the suppressor at —100 volts, at A the
full space current of 11 mA flows to the screen.
During the run-down the suppressor is at
zero and the screen current will therefore be
about 1/3 of the anode current, rising sharply
at the end of the run-down as the anode
bottoms and the grid potential comes up to
Zero.

284. It has been shown that from D to E
the screen current is about 10 mA. During
the flyback the grid waveform shows a positive
pip and therefore a corresponding positive
pip appears on the screen current waveform.



If now a resistor is placed in the screen lead
the resultant screen voltage waveform will be
the same as that of the screen current but
inverted and it will be seen that this will
have a nearly flat-topped positive-going portion
during the run-down. If this is applied to the
grid of the cathode ray tube the beam will
be turned on during run-down (i.e. during
the time base sweep) and will be blacked out
during the remainder of the cycle. Some
squaring of the screen waveform is usually
needed before using it in this manner so that
there is no brightness variation during the
sweep.

]
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Fig. 158,—Circuit and waveforms of suppressor

triggered Miller time base

Use of anode-catching diode

285. In order to get good linearity of run-
down and good bottoming of the anode it is
essential to keep the anode load high, and this
may unduly prolong the flyback time.

286. A considerable reduction in this time
may be obtained by the use of an anode-
catching diode (fig. 158). The HT supply is
increased to 300 volts and the cathode of the
diode is taken to about 2/3 HT. Considering
the waveforms of fig. 156 it will be seen that
at A, when the suppressor is at —100 volts,
the diode is conducting, the current through it
and the anode load being 0-45 mA. The run-
down now starts from 200 volts, the initial
drop at the grid being to —1-8 volts. At the
end of the run-down the drop across the load
is 295 volts, the anode current 1-43 mA and
the grid voltage —1-35 volts.

287. During the flyback the anode is rising
to +300 volts on the time constant CRg,
but it can rise only to +200 volts before the
diode conducts and prevents any further rise.
In one time constant (i.e. CRy) the anode has
risen to 63%, of the HT voltage, i.e. to 189 volts,
and will therefore reach 200 volts very shortly
afterwards. In fact, for all practical purposes,
the flyback time may be taken as CRy and the
use of the diode has therefore reduced this
time by a factor of 5.

288. Since the charging of C stops as soon
as the anode is caught by the diode, grid current
ceases and the grid returns rapidly to zero.

Variation of run-down time and amplitude
289. From equation (v) the run-down time T
is given by:—
Var
\Y%

This was calculated on the assumption that
the run-down started from Vmr. When an
anode-catching diode is used, the rundown
starts from the voltage to which the cathode
of the diode is taken, say, V. The run-down
time is then
A\ .
T = v - CRg covriniiieiecennenn, (vi)

Clearly, any one of the four quantities on the
right-hand side may be changed to vary the
time of run-down.

T = . CRg

290. The amplitude of the sweep is of course
the total change of anode volts during the run-
down, and this is most easily varied by taking
the cathode of the anode-catching diode not
to a fixed potential but to a potentiometer
across the HT rails. This will also vary the
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time of flyback, but if a fixed resistor is included
between the top of the potentiometer and
HT+ so that the cathode of the diode can
never be taken to a voltage greater than 2/3 HT
the flyback time will never exceed CRp.

300

®

Fig. 159.—Two methods of controlling
amplitude duration of run-down

291. Referring to equation (vi), if the run-
down time is to be independent of amplitude
the ratio %— must remain constant as V' is
varied. Two possible circuit arrangements
are given in fig. 159. In (a) Re is returned to
the potentiometer P2, the setting of which
varies the ratio % and hence the run-down
time. Since this ratio depends only on the
setting of P2, the amplitude control P1 may be
varied without affecting the duration of the
In fig. 150 () the matio o
is made equal to unity by returning Ry to the
cathode of the anode-catching diode. The
run-down time is then varied by making Rg
variable.

run-down.,

292. Example.—It is required to design a
Miller time base to fulfil the following
requirements .—

(i) Amplitude variable from 100 to 200
volts.

(ii) Duration of run-down 500 to 1000
microseconds.

(iit) Flyback time not to exceed 50 micro-
seconds.

For good bottoming Ry is taken as 220K.
Then CRy1 must not exceed 50 usecs.

C 50 x 10-¢
P S 320 X 108
A suitable value would be 200 pF.

= 227 pF.
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Choosing the circuit of fig. 159 (a) the
minimum run-down time is obtained for
% = 1, so that

500 x 103 — CRq

which gives Ry = 2:5 M.

For the maximum run-down time :,i = 2 or
V = -;— V’ and the voltage to which Ry is
returned must therefore lie between V' and
% V’. The variation of the potential of the

anode-catching diode (amplitude control) is
similarly restricted. The complete circuit is
shown in fig. 160.

+300v

27K

224

* BRI GHTENING P‘.MJEI;-
Fig. 160.—Complete circuit diagram of
Miller time base

The output impedance of the Miller valve

293. One very important advantage of the
Miller time base circuit is its low output
impedance, a property which is extremely
useful when it is desired to feed fast time
base sweeps to the CRT plates.

294. To show that the stage has a low output
impedance, proceed as follows:—

Suppose that during the run-down a small
voltage change AV is applied to the anode
from some external source. Since grid and
anode are connected by the capacitor C, this
voltage change is also applied to the grid,
causing a change in anode current equal to
gn AV. This incremental anode current
must be drawn from the source which causes
it, so that the source must “look into” a

T AV or g—}n But the impe-~
dance into which the source looks is by

definition the output impedance of the stage,

resistance of



and this output impedance is thergfore

. 1
resistive and of value —, the same as that of
m

a cathode follower.

295. In practice, the output impedance of a
VRI1 used in a Miller time base is somewhat
higher than a similar valve used in the con-
ventional cathode follower circuit, since the
Miller stage works at a lower anode current
and therefore in a region where the mutual
conductance is low Even so, the output
impedance is not more than some 500 ohms.

BALANCED OUTPUT STAGES

296. It has been seen in para. 258 that if
the mean potential of the deflector plates of
an electrostatically-deflected CRT varies, then
the electrostatic fields used to focus the
electron beam are disturbed, and deflection
defocussing occurs. Such variation of the
mean potential is produced when the deflection
of the beam is obtained by applying the
deflecting voltages to only one plate of a pair.
The remedy is to apply waveforms of equal
amplitude, but opposite polarity to both
plates. Such waveforms are known as para-
phase or balanced waveforms. Their use has
the further advantage of doubling the deflection
of the beam.

ourpuTi ouTPUT2
Vi v2

AA e

—

1H

Fig. 161.—Paraphase circuit

297, Circuits producing paraphase wave-
forms may be termed balanced output stages;
the paraphase circuits and the long-tailed pair
are representative.

298. Fig. 161 shows the paraphase circuit.
V1 is a normal resistance loaded amplifier, the
output of which feeds one deflector plate.
V2 provides the phase-inverted output to
the other plate, and to allow for the amplifica-
tion of V2, its grid is fed from VI via the
voltage divider R1, R2, Equality of output is
obtained by making

Rl

R R A2 = 1, where A2 is the

numerical gain of
V2.

V1 and V2 are shown as triodes for simplicity,
but will usually be pentodes because of their,
smaller Miller effect. If the circuit is used to
provide paraphase time base voltages, V1 will
usually form the time base generator.

299. Disadvantages of the simple paraphase
circuit are as follows:—

(1) The operation of the circuit depends on
the value of A2, which varies with the specimen
and the age of the valve V2.

(i) Distortion is produced by non-linearity
of the valve characteristics. This may be
reduced by omitting the by-pass capacitors in
the cathode circuits, i.e. by introducing
current negative feedback.

(iif) Capacitance in shunt with the outputs
can cause distortion of the waveforms (para.
162).

These disadvantages are overcome to a large
extent by the use of the floating paraphase
circuit.

Fig. 162.—Floating paraphase circuit

Floating paraphase

300. Fig. 162 shows one form of the floating
paraphase circuit in which triodes are again
shown for simplicity. The output of V1 is
fed to the grid of V2 via R1, C¢ and R, and
the phase-inverted output at the anode of V2
is fed back to the grid via R2, C¢, and R,.
The input to V2 is thus derived from both
outputs, and by proper choice of R1 and R2,
equal outputs may be obtained.

Vai sV Vg2

) R?
VozaV

Fig. 163.—Voltage dividers of floating
paraphase

301. Conditions for balanced outputs are
determined thus:—It is assumed that Ry is
much larger than Rl and R2.

(i) If Val rises by V, and V,2 falls by the
same amount, as in fig. 163, then relative to
Val, Va2 falls by 2V. The potential divider
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R1, R2 causes Vg2 to fall by =——== Ri + ) 2V with

respect to Val. Since Vgl rises by V, the

actual Vg2 rise is
R1

Vorerr Y
R2 — Rl
" R2+RI1 v
(ii) If the numerical gain of V2 is A2, then
R2 —R1
A2 -————R2+R1V—V
R2—RI _ 1
R2 +-R1 =~ A2
RL_ A2-—1
R2  A2+1
-2
- A2 +1

(i) From this expression it can be seen
that if A2 > 1,

Rl = R2

Va1 Va2

Yoz
Fig. 164.—Voltage dividers with equal arms
Inequality of outputs if RI == R2 = R
302. If the outputs are as shown in fig. 164,

then the change of Vg2 is the mean of the
output changes,

that is Vg2 rises by %‘ (Val — Va2).

As before, 1
2. 7(Val — Va2) = Va2
therefore
Val g, 2
Va2 A2
303. Example.—

For a VRI1 pentode, gn = 5 mA/volt, If
the anode load of V2 is 33K, then A2 = gn R1

= (5 x 10-%) X (33 x 10%)

ie. A2 = 165.
Vol ., 2
Ve = 1+ gz = 101
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Thus if A2 is large, and Rl = R2, then the
ratio of outputs is approximately unity, and
is almost independent of A2, i.e. of V2 and Ry.2.
Consequently it is customary to make R1 and
R2 equal.

<
Ry S ” QRiz

VWA ¢ A"vav 4iv
vi |z

Fig. 165.—Output impedance of floating
paraphase

Output impedance of V2

304. The output impedance may be derived
by calculating the current drawn from a
source of voltage which raises the anode
voltage of V2 (in this case by, say, 1 volt).

We shall assume that
Rl = R2 (= R, say),
R > Ril
and R <€ Rg
e.g. R = 220K, Rl = 22K, Ry = 2:2M.

305. From fig. 165 it may seem that when
Va2 is instantaneously raised by 1 volt, then
the voltage at point A rises by approximately
1-yolt. This sudden rise is transferred by
the C¢ Rg coupling to the grid of V2. If V2
is a pentode, then the anode current of V2 rises
by 1 .gm where gm is the mutual conductance
of V2. The output impedance, Z,, is the ratio
of the applied voltage change to the current
change produced.

Zo = - 1 volt
1 . gm amps.
Zo = 3 ohms.
gm

Example—
For the case of the VR91 considered in the
last example
2

Zo = g—;-m Ohms

Z, = 400 ohms.

306. This low output impedance reduces the
effect of stray capacitance on the output wave-
form of V2. If V1 consists of a normal
pentode amplifier, it will normally have a
fairly high output impedance; however, should
V1 form a Miller time base, its output imped-

ance will be low (g—l‘) and neither output
m
will be appreciably affected by strays.



307. The voltage negative feed-back from
anode to grid of V2 makes the output of V2
very linear. Capacitors (50-100 pF) may
be used in place of the resistors R1 and R2
as the cross-coupling components.

Sh RL
——ain it S
L\Vv2

1

Fig. 166.—Basic circuit of long-tailed pair

Long-tasled pair

308. The basic circuit of a long-tailed pair
is shown in fig. 166. Triodes or pentodes
may be used; triodes are shown in the diagram,
but it is assumed for simplicity of analysis
that pentodes are employed.

309. To understand the general operation,
suppose that the input causes Vgl to rise;
1:1 then rises, causing Val to fall. Also, the
rise of I,]1 through Rg raises Vg. Since the
grid of V2 is tied to earth, this rise of Vx is
equivalent to a fall of Vg2, which makes I32
fall and Va2 rise. Thus Va1l and Va2 move in
opposite directions. The action is, however,
complicated by the fact that the rise of I,1
is accompanied by a fall of 1,2, both currents
affecting the voltage Vk.

310. The ratio of the outputs can be obtained
in the following way. Suppose that the input
to V1 changes so that Vg rises by 1 volt (fig.
167). This is equivalent to a I-volt fall of
Vgr2, which causes 152 to fall by gm2, where
gm2 is the mutual conductance of V2. But
the increase of total cathode current (Iz1 + Ia2)
through Rx required to produce a 1-volt rise

of Vg is —1~ Hence 1,1 must have increased

Rk
by (—I:—K + 8u2 ) . The ratio of the current

changes is therefore
I.2 gm2 1

n =
R—K+8m2 1+

I.1 1

gm2 Rk

311. This ratio approximates to unity if gm2
and Rk are large. Increase of Rk reduces the
effective H.T., causing the maximum undis-

torted outputs to fall; a compromise must

therefore be made. The ratio of %”—? does not
a

depend on the characteristics of V1.

|

Fig. 167.—Current changes in long-tailed pair

AAAA.
VW

+ Rk

-0l

312. The value of Rg chosen from the above
considerations will usually provide too large
a bias if the circuit is arranged as in fig. 166.
This may be avoided by returning the grids to
suitable positive potentials derived from resis-
tance chains R1, R2 and R3, R4 across the
H.T. supply (fig. 168).

Wre

Ih

Fig. 168.—Typical long-tailed pair

Balanced shift control

313. The long-tailed pair can be provided
with a balanced shift control by varying the
grid potential of V2, balanced movements of
Vsl and V,2 being obtained because an input
to V2 produces a similar effect as an input to V1.
The outputs must be D.C. connected to the
deflector plates and the normal shift circuits
omitted.

LINEAR TIME BASE CIRCUITS FOR
ELECTROMAGNETICALLY
DEFLECTED TUBES

314. In order to produce a linear time base
electromagnetically, the magnetic deflecting
field must vary linearly with time, and the
deflecting coils must therefore carry a current
varying in a similar manner. The coils may be
approximately represented by inductance L in
series with a resistance Ry, and the equivalent
circuit of a valve with the coils as anode load
may then be taken as in fig. 169.
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Fig. 169.—Equivalent circuit of stage-feeding
coils

315. Consider that a uniformly rising current
1 flows in the circuit (top waveform of fig. 170).
The voltage developed across Ra by the flow
of current i through it equals iR, and therefore
also rises uniformly. The voltage Vi equals

Lg%; during the period in which the rate of

Lo di,
change of current with time a s constant, VL
is therefore a constant voltage, rising instan-
taneously to this value at t = O. Vry equals
iRy, and therefore rises uniformly.

The generator voltage 1V required to produce
the uniformly rising current is given by

— uVg = Via + Vi + ViL
and is of the pedestal shape shown in the

bottom diagram of fig. 170. The required
grid input Vg will have the same shape.

316. Pentode method—If we use a pentode
with a very large Ra,

Vra > Vi 4+ Vi

e ‘qu == V_Ra,
and consequently the required grid input is a
linearly rising voltage. A current of 50-100
mA through the coils is necessary because of
the magnetic field strengths required, so a
power pentode or tetrode must be used. The
Ra values of power pentodes and tetrodes are
relatively low (20K), but may be effectively
increased by means of current negative feed-
back. This type of feedback is most easily
introduced by the use of an unbypassed
cathode resistor. The employment of negative
feedback has the additional advantage of
reducing the distortion produced by the valve
due to the curvature of its characteristics.
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Fig. 170.—Waveforms for fig. 149

Fig. 171 shows a suitable current, the input
“0 which may be supplied by any linear voltage
time base generator.

DEFLECTOR
COoILS

O IMF
INPUT
(LINEAR WOLTAGE RISE)

NEGATIVE
FEED BACK

Fig. 171.—Typical tetrode output stage

-317. Pedestal wvoltage method—In general, an
output stage of any value of Ra may be used,
provided that the correct pedestal voltage input
is applied. A cathode follower type of output
stage is frequently employed, because the
voltage negative feedback in such a stage
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Fig. 172.—Cathode follower output stage

reduces the distortion due to the valve. Such
a stage is shown in fig. 172 and its equivalent
circuit in fig. 173. This equivalent circuit
resembles that of fig. 170 with the exceptions

that (i) the output impedance él— of the cathode
$i13

follower replaces Ry, and (i) the generator
voltage is the required input Vs. The required
input is therefore the sum of the voltages
across the three circuit elements.

318. Example:—
gm = 5mA/V
L = 100mH
Ry = 300 Q
Linear current rise of 50 mA in 100
usec.
(Vmax) —1 = imax : ‘1—
gm gm 1
— -3 —_—
=50 x 10 xs——x 0=
= 10 volts
di
YL -t de 50 10-3
X
_— -3
= 100 X 10 x‘——lo0 < 108
= 50 volts

(Vmax)RL': imax * Ri,
= 50 X 10-% x 300
= 15 volts
Waveforms of the above voltages together with

that of their sum, i.e. the required input, are
shown in fig. 174.

Pedestal waveform generator

319. If a square triggering waveform is
applied to the circuit of fig. 175 then a pedestal
waveform output with an approximately linear
top may be obtained. The triggering waveform

CATHMODE FOLLOWER cous

Fig. 173.—Equivalent circuit of cathode
follower output stage

___/ 1|ov v bm

sov Vi

_

B / j va

25v

Sov

IOQMSEC.

Fig. 174.—Cathode follower waveforms

should be of sufficient amplitude to cut the valve
on and off; the treatment may be simplified by
regarding the valve as a resistanceless switch.
The stages in the operation for the particular
values shown in the figure are as follows,
waveforms being as shown in fig. 176.

(i) Initial conditions: Valve switch on,
C uncharged.

.. Vo =0,Ve =0, Vg2 = O.
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Fig. 175.—Pedestal waveform generator

(i) Valve switched off. C cannot charge
instantaneously.

.. Vgl = Ve2 = 300
R2

1
= &+ 300
= 50V.
.. Vo = Vg -+ Vg2
=0 4+ 50
= 50V.

i.e. Vo jumps from 0 to 50V at the instant the
valve is switched off.

(iii) C charges through Rl and R2, say to
30V.
Vel + Ve2 = 300-30
= 270
1

-. Vg2 =€-270

= 45V
. Vo =30+ 45
= 75V.

(iv) Valve switched on, Vo = O. C cannot
discharge instantaneously. Since V¢ + V2=
Vo = 0, Vg2 = — V¢

= — 30V.
i.e. VR2 jumps from 445V to —30V when the
valve 1s switched on.

(v) C discharges through R2 and the valve,
V¢ and Vr2 returning to zero. Vo remains at
Zero.

Self-capacitance of deflector coils

320. The growth of current in the deflector
colls is affected by their self-capacitance. This
effect becomes of importance in the case of
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high speed scans for short range displays, but
these further complications will not be dis-
cussed.

ov
cfo -]

8OV e

ov

ov

Fig. 176.—Waveforms for pedestal waveform
generator

STEP-DOWN
TRANSFORMER

Fig. 177.—Push-pull output stage with step-
down transformer

Push-pull output stage, with step-down
transformer

321. It has already been stated that a heavy
current varying from say 50-100 mA is required
in the deflector coils, and this large current
variation may cause the HT voltage to fluctuate.
The difficulty may be overcome by using a
push-pull output stage, as shown in fig. 177
for tetrode feed; for the valve current wave-
forms are then paraphase and the total current
is steady. Ifthe coils are fed from the secondary
of a voltage step-down (i.e. current step-up)
transformer, then the current drawn from the
supply is reduced, and a slight variation of the
drain has negligible effect on the voltage.



Application of shift

322, So far methods of producing a eurrent
waveform which will deflect the electron spot
linearly across the screen of the CRT have been
considered, but no mention has been made of
the starting position of the trace. The deflection
from the centre of the screen of the spot at the
start of the trace is determined by the current
flowing in the deflector coils at this instant.
In general, this starting position will not be
suitable, but a shift can be applied to the trace
by passing an additional steady current
through the deflector coils. The circuit used
is shown in fig. 178. It can be seen that both
time base and shift currents pass through the
deflector coils. The permeability of the
transformer core would be reduced if a DC
current were to flow in the secondary; the
large electrolytic capacitor C, which passes the
time base current, blocks the shift current
from the secondary. The large choke L passes
the steady shift current but prevents the
varying time base current flowing into the
shift circuit.
2000MF SHIFT CONTROL
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Fig. 178.—Application of shift current
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Fig. 179.—Range amplitude display

RANGE AMPLITUDE DISPLAY

323. Fig. 179 shows a range amplitude display;
a time base waveform is fed to the X deflector
plates to give the horizontal sweep, and the
signals are fed to the Y plates to give vertical
deflections. Since the time base sweep starts
at the instant at which the transmitter fires,
the transmitter pulse appears as a large
deflection at the beginning of the trace. The
separation between the transmitter break-
through and an echo gives a measure of the
time taken for the pulse to travel out to the
target, be reflected and travel back to the

receiver. This time interval can be used to

.determine the range of the target. In practice,

the time base is calibrated to give this range
directly.

324. Tt is necessary to prevent signals which
are received during the flyback period of the
time base from being displayed; otherwise
signals from targets at a distance greater than
the range corresponding to the length of the
forward sweep of the time base would appear
to be from targets at much smaller ranges.
Therefore a “bright-up” or “black-out” wave-
form is applied to the grid or cathode of the
CRT; a square waveform of appropriate
polarity (fig. 180), is used which switches on
electron current during the forward stroke,
and cuts off the tube during the flyback period.

TIME BASE
WAVEFORM

SQUARE WAVE
APPLIED TO

GRID

SQUARE WAVE
APPLIED TO
CATHODE.

Fig. 180.—Bright-up or black-out waveforms
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Fig. 181.—Effect of DC restoration
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325. In the absence of signals the spot moves
uniformly across the screen, but when a signal
is applied to the deflector plates the spot moves
much more rapidly, causing the signal to be
less bright than the undeflected parts of the
trace. This can be overcome by applying a
fraction of the signal voltage to the grid of the
CRT to increase the brilliance for the duration
of the signal.
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Fig. 182.—Input circuit to signal deflector
plates
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Fig. 183.—Input circuit to deflector plates
for balanced signals

DC restoration

326. If the signals are applied to the Y
deflector plate through a long CR coupling, as
in fig. 181 (a), then the level of the trace will
depend on the number and amplitude of the
signals being received. For suppose that the
signals shown in fig. 181 (b) are applied to the
plates; then the waveform across R will have
its mean level at the voltage to which R is
returned, namely the shift potential. In this
case the undeflected parts of the trace are at a
level determined by a voltage differing little
from the shift potential. Now let the signals
received be increased to the number shown in
fig. 181 (c). The mean level of the applied
signals is lower, and consequently the un-
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R
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R TO LIMITATION
i VOLTAGE COMNTROL
@
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deflected parts of the trace are at a higher level
than in the previous case. This movement of
the trace can be prevented by connecting a
DC restoring diode across the resistor R as
shown in fig. 182. The diode restores the upper
level of the signal waveform to the shift
voltage, so that the base line is held at a
position corresponding to the shift. A suitable
circuit to use when balanced deflecting voltages
are required is shown in fig. 183.
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Fig. 184.—Intensity modulation

INTENSITY MODULATION OF CRT

327. In display systems using intensity modu-
lation the presence of an echo is shown by a
bright spot on the screen of the CRT. Generally
the brilliance is turned down so that in the
absence of signals the trace is just visible,
After amplication signals received from targets
are fed to the grid of the CRT to increase the
brilliance.  Unless suitable precautions are
taken, the brightness of the spot varies with
the signal strength, which depends on the
range of the target. This variation of brightness
makes the detection of weak signals more
difficult. If the gain of the receiver is turned
up to make the weak echoes brighter, then the
strong signals are also amplified, resulting in
brilliance defocussing of the echoes from
nearby targets. This defocussing is prevented
by not allowing the amplitude of the signals
applied to the grid of the CRT to be greater
than the optimum value.



328. The mean level of the positive signals
fed to the grid of the CRT via a long CR
coupling varies with the number and amplitude
of the signals, and so at the grid the signals
rise from a voltage level varying with the input.
This level is stabilised by connecting a DC
restoring diode across the resistor R. Having
thus fixed the lower level of the signals at the
voltage to which the grid is returned, their
amplitude can be limited to the required
value, say 6 volts, by connecting in the circuit
a diode limiter with cathode held 6 volts
positive with respect to the anode of the
restoring diode. A suitable circuit for feeding
signals to the grid is shown in fig. 184 (a),
V1 being the restoring and V2 the limiting
diode. Fig. 184 (c) shows the DC restored and
limited signals applied to the grid. These
signals are of equal strength with the exception
of the very weak signals having insufficient
amplitude to reach the limiting voltage.

329. As in the case of deflection modulation
(para. 323), a black-out waveform is applied
to either the grid or cathode of the CRT to
cut off the tube during the flyback.

PLAN POSITION INDICATOR (PPI)
DISPLAYS

330. Ina PPI display the presence of a target
is indicated by a bright spot on the screen.
The distance from the centre of the screen to
the spot is a measure of the range of the target,
and the bearing is indicated by the particular
radius on which the spot appears. A radial
time base rotating in synchronism with the
aerial system is employed, so that when energy
is sent out from the transmitter in a particular
direction, the time base is then sweeping along
the radius corresponding to that direction.
Now the energy is transmitted in a beam of
finite width, and so a target is illuminated not
momentarily but for the whole time that the
beam is sweeping through it. Consequently
the response on the CRT cannot be a point,
but will take the form of an arch subtending
at the centre of the screen an angle equal to
the angular width of the beam.

Electrostatically deflected PPI

Production of rotating radial time base

331. The rotating radial time base is produced
by applying appropriate voltage waveforms to
both the X and Y deflector plates of an
electrostatic CRT.

332. Take the radius, OA, drawn vertically
upwards from the centre of the screen, as
reference direction (fig. 185). A time base

sweep along OA is obtained by applying a
positive going sawtooth voltage waveform to the
Y1 deflector plate, the other plates being held at
zero. Similarly a sweep of equal length along
the radius OB, perpendicular to OA, is
obtained by holding X2 and the Y plates at
zero, and applying the same waveform to the
X1 plate. For sweeps along OA’ and OB’
negative going sawtooth voltages must be
applied to the Y1 and X1 plates respectively.

Fig. 185.—Analysis of radial scan
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Fig. 186.—Time base waveforms for electro-
static PPI

333. A radial time base sweep of the length r
along OC, where angle AOC = 0§, may be
regarded as the resuitant of two time base
sweeps, one of length r cos 0§ along OA and



This leaf issued in reprint
March, 1948

the other of length r sin 6 along OB. Thus
if the sweep along OA (or OB) is produced
by a voltage sawtooth waveform of amplitude
V, then similar waveforms of amplitudes V
cos 0 and V sin 0 must be applied to the Y1
and X1 plates respectively to produce a sweep
of the same length along OC. In fig. 185,
f is an acute angle, but the above results hold
for all values of 6, a negative valve of V cos 6
or V sin 0 indicating that a negative going
waveform must be applied to the appropriate
plate. Thus, if 0 lies between 90 deg. and
180 deg., then V cos 0 is negative and V sin 0
positive, so that a negative going sawtooth
waveform is required for the Y1 plate and a
positive going waveform for the X1 plate.

334. The waveforms required to give a
radial time base, which rotates at uniform
speed, are sawtooth waveforms with amplitudes
varying sinusoidally with time and in quad-
rature. Fig. 186 shows one complete cycle of
the waveforms applied to the Y1 and X1 plates.
The bright-up waveform required for applica-
tion to the grid is a square waveform of the
same period as the sawtooth, and phased as
shown in the diagram. A representative time
base is also shown in each quarter cycle. For
the sake of simplicity only a few time base
waveforms are shown in the diagram, whereas
a time base is started each time the transmitter
fires. The H2S, Mark II PPI display has
about 670 time bases during each revolution
of the scanner, and therefore the angle between
successive radial sweeps is about } deg.

335. In the above discussion it has been
assumed that the sawtooth voltages rise from
zero; if this is not so then the time base
sweeps will not start from the centre of the
screen. The sweep can be made to start from
the centre by applying the necessary shift
voltages to the plates.

336. The rotating radial time base can be
produced as described above by applying
sawtooth waveforms to only one deflector plate
of each pair, but in order to prevent the types
of distortion discussed in para. 255 onwards
it is necessary to apply balanced waveforms
to each pair of plates.

Magshp

337. A magslip is employed to produce the
sinusoidal variations of amplitude of the time
base waveforms used in an electrostatic PPI
display. The magslip is essentially a trans-
former having a rotating primary winding (the
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rotor) and two stationary secondary windings
(the stators). The stators are at right angles
to one another as shown in fig. 187, so that
when the rotor is making full coupling with
one stator it makes zero coupling with the
other. The outpyt from the first stator is
then at maximum and the output from the
second is zero. Suppose that the rotor lies

ROTOR <4 X
20-6! STATOR
1
:
A U o
Y

STATOR

Fig. 187.—Magslip

Fig. 188.—Output from stator

so that its axis makes an angle 6 with the axis
of the stator feeding the Y plates and an angle
(90 — 6) with the X stator. Now if a sawtooth
voltage waveform is fed to the rotor, then
primary current will flow and produce a
magnetic field varying with the input voltage.
Since the flux linkage of this field with the Y
and X stators is in the ratio cos 6 : sin 0,
then sawtooth voltages with amplitudes in this
same ratio will be induced across the stators.
By driving the rotor, in synchronism with the
aerial system or scanner, sawtooth outputs
with amplitudes varying sinusoidally with time
but in quadrature are obtained from the
stators. Synchronism with the scanner may

" be achieved either by direct gearing of the

rotor to the scanner, or electro-mechanically
by using selsyn motors,



338. The output from one stator of a magslip
is shown in fig. 188. Note that the mean level
of each time base is at zero. This means that
the time base voltage does not start from the
zero level, and so the trace does not start from
the centre of the screen. Several ways of
ensuring that the trace starts from the centre
have been devised, but only the method
employing clamping circuits will be discussed
in detail. The stator outputs are clamped by
a special type of D.C. restoration circuit, each
time base sweep being made to start from the
same voltage level

+100V
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Fig. 189.—Diode clamping circuit
Diode clamps

339. Fig. 189 shows a circuit using two double
diodes, e g. VR54, which will clamp the output
of one stator to any desired potential. Anti-
phase trigger square waveforms, related to the
time base as shown in fig. 190, are fed via the
long CR circuits CIR1 and C2R2 to the rails
A and B respectively, R1 being returned to
-+ 100 volts and R2 to —100 volts. The point V
is held at the clamping potential, which is
zero if the trace is required to start from the
centre of the screen. The diodes V2a and V2b
DC restore the trigger waveforms so that
during the flyback period, rail A is held slightly
positive and rail B slightly negative with
respect to the clamping potential, and during
the forward stroke rail A is well negative, rail B
well positive. Thus all the diodes are con-
ducting during the flyback, but are cut off
for the period of the forward stroke.

340. The time base output from the stator
is applied through the capacitor C to the
point X, from which the clamped output is
taken. Assuming that the circuit has reached
a steady state by the end of the flyback period,
the potential at X is the mean of the two rail
potentials, i.e. approximately the clamping

potential.  Since the diodes are cut off
throughout the forward stroke, the voltage
variation at X is the same as that of the input
to the capacitor C, but starts from the clamping
potential. At the end of the forward stroke the
diodes are brought into conduction by the
trigger waveform, and the rails A and B are
again brought to potentials approximating to
the clamping potential. The capacitor C
rapidly discharges through the diodes Vla and
V1b, so that the point X quickly returns to the
clamping potential. The circuit has now
returned to the initial conditions; the above
operation is repeated for successive cycles of
the time Base waveform.
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TRIGGER
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Fig. 190.—Waveforms for diode clamping
circuit

341. The amplitude of the trigger waveforms
must be greater than that of the time base
sweep, to ensure that neither of the diodes
V1a and V1b is brought into conduction during
the forward stroke. Thus for the waveforms
shown in fig. 190, the anode of Vb is being
taken positive by the time base sweep, say
from zero to 4100 volts, and so the trigger
waveform should take rail B to a potential
higher than 4100 volts, in order to hold the
cathode voltage positive with respect to the
anode.

342. By duplication of the circuit consisting
of the capacitor C and double diode V1, both
stator outputs may be clamped simultaneously
to the same voltage.

Triode_clamps

343. The clamping action described above
can also be produced by the circuit shown in
fig. 191. A double triode such as the 6SN7 is
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often employed in this circuit. The waveforms
are similar to those shown in fig. 190, ignoring
the second trigger waveform.

344. A trigger square waveform with its
negative going portion corresponding to the
forward stroke of the time base is applied to
the grids of V1 and V2 via the coupling circuit
CIRl, Rl and the cathode of V2 being
returned to the clamping potential. DC
restoration occurs due to the diode action of the
grid-cathode space of V2, so that both grids
are held at the clamping potential during the
flyback, and well negative during the forward
stroke. Thus if the circuit reaches a steady
state by the end of the flyback period, then the
anode current flowing in V2 (the grid-cathode
voltage of which is zero) must all be drawn
through V1. To allow current to flow in V1
its grid can only be slightly negative with respect
to its cathode, i.e. the point Y. Consequently,
the potential of point Y is very nearly the
clamping potential.
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Fig. 191.—Triode clamping circuit

345. The time base output from the stator
of the magslip is fed through the capacitor C2
to the point Y, from which the output is taken.
The amplitude of the trigger waveform is made
great enough to cut off the valves during the
forward stroke, and so during this period the
voltage variation at Y is the same as the output
from the stator, except that it starts from the
clamping potential.

346. At the end of the forward stroke the
triodes are brought into conduction, and C2
discharges through the valves, so that Y rapidly
returns to the clamping potential.  This
operation is repeated for successive time base
cycles.

““Balanced” time base waveform

347. Some of the newer radar equipments
dispense with clamping circuits by employing
a “balanced” time base waveform as shown in
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fig. 192. The time base has an overswing
flyback which is so controlled as to make the
forward stroke start from the mean level.
When this time base is fed to the rotor of the
magslip, the forward stroke of the output from
either stator will always start from zero, and
therefore no clamping is required. The
circuits employed are rather complex and so
will not be discussed.
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Fig. 192.—Balanced time base waveform

Electromagnetically deflected PPI

348. Electromagnetic CRTs give a better
brilliance and focus than electrostatic tubes,
but heavy currents (50-100 mA) are required
in the coils to give the requisite deflections.
This disadvantage has tended to restrict the
use of electromagnetic tubes to ground equip-
ments, although increasing use of such tubes
is now being made in airborne equipments.

349. Two methods of obtaining a rotating

radial time base for an electromagnetic CRT
are described below.

_
7

Fig. 193.—Mounting of single pair of
deflector coils

AXIS OF
coiLs

AXIS OF
TUBE

(1) The first method employs only one peir
of deflector coils; the required time base and
shift currents (para. 314) are passed through
the deflector coils, which are mounted with
their common axis perpendicular to the axis
of the tube as shown in fig. 193. The radial
time base is rotated by revolving the deflector



coils around the neck of the tube in syn-
chronism with the scanner. Fig. 194 shows the
time bases produced for three different positions
of the coils.

(ii) In the second method the required
currents flow in two pairs of deflector coils
which have their axes perpendicular to one
another and to the axis of the tube. The
problem is very similar to that of the electro-
statically deflected PPI where time base
voltages are applied to two pairs of deflector
plates. Thus, to produce a time base inclined
at an angle 0 to the axis of one pair of coils, a
current I sin 6 must flow in this pair and a
current I cos 0 in the other pair of coils. The
time base is made to rotate by applying current
time base waveforms with amplitudes varying
sinusoidally and in quadrature to the two pairs
of coils.

3

&

Time bases produced for different
positions of deflector coils

Fig. 194.

350. As in the case of the electrostatic PPI
it is necessary that the currents flowing in
both pairs of deflector coils start from zero
so that the time base starts from the centre of
the screen. Since it is impracticable to use
clamping circuits for current waveforms
“balanced” waveforms are employed, i.e.
current waveforms of the same form as the
voltage waveforms shown in fig. 192. The
circuits required to produce these “balanced”
current waveforms will not be discussed since
they are extremely complex.

CALIBRATION

351. In CRT displays using a linear time
base and indicating the reception of a signal by
deflection or intensity modulation, an estimate
of the range of a target can be made. However,
accurate measurecment of range can only be
made if some scale is provided, graduated in
intervals of time. It is convenient to calibrate
this scale so that ranges cau be read directly.

352. A time base may be calibrated either by
deflecting or brightening the spot at the
required time instants as in fig. 195. In some
displays signals and calibration markers appear
on the screen simultaneously, so that the range
of a target can be estimated directly from the
position of the signal response relative to the
calibration markers. In other displays the
calibration markers and signal responses can
only appear separately on the screen, and it is
usual to employ a graduated range scale fixed
on the tube face. The time base controls are
adjusted when the calibration is switched on
so that the calibration markers are lined up
against the corresponding graduations of the
range scale. It can be seen that calibration
necessitates the production of short pulses (or
pips) at constant time intervals.

FTTTTT77TT

DEFLECTION MARKERS SPOT MARKERS

Fig. 195.—Calibrator displays

353. Example

Calibration markers are required at 5 mile
intervals,

The velocity of electromagnetic waves is
186,000 miles per second.

The time taken for an electromagnetic wave
to travel 5 miles out and 5 miles back is
therefore

2 x seconds

5
186,000

.
186
The required pulse repetition frequency is
thus 186 Kgjs.

milliseconds

§ a

o
i

1 sHorT e bl
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Fig. 196.—Calibrator circuit

Simple calibrator

354. Fig. 196 shows a simple calibrator, and
fig. 197 the, waveforms obtained at various
points. The time base trigger square waveform
switches on and off the triode V1 and this
shock excites the tuned circuit into oscillation.



This leaf issued in reprint
March, 1948

The resonant frequency of the ringing circuit
is made equal to the required pulse frequency

(186 Kc/s for the above example). The -

damped oscillations produced at the anode of
V1 are then fed to a squarer pentode V2,
biased at zero volts so that symmetrical square
waves are produced. Differentiation of the
square waves by the short CR circuit produces
positive and negative pips, but the diode V3
eliminates the positive pips. The final output
is a series of negative pips at the required p.r.f.

355. Note the use of a triode for V1 so that
the ringing during the flyback is heavily damped,
for V1 is conducting and introduces a low
resistance, R,, in parallel with the tuned
circuit. This ensures that there is no residual
oscillation at the start of the forward stroke,
and so the ring is locked to the start of the
time base.

356. The simple circuit described fails to
produce a calibration pip at the start of the
time base, but this can be overcome by a little
modification.
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Fig. 197.—Calibrator waveforms

Crystal controlled calibrators

357. If precision calibration is required then
crystal controlled oscillators are.used. The
frequency of such an oscillator is generally
higher than is required for calibrators; so the
crystal oscillators are made to control circuits
known as dividers. These give output fre-
quencies which are sub-multiples of the input
frequency.
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STROBE CIRCUITS

358. Some displays incorporate a device
known as a strobe, which enables the operator
to select any required portion of the time base.
The operator may need the strobe just to
“mark” the position of a particular target, e.g.
by lining up a bright spot against the front
edge of the pulse, or by depressing a small
portion of the timie base centred about the
required signal. Sometimes more detailed
examination of this portion of the time base is
required, and then a strobe time base is
employed to give an enlarged picture of the
selected time interval, either on the same or
another cathode ray tube.

Fig. 198.—Strobe waveforms

359. In order to select a portion of the time
base, it is usual to generate a strobe pulse, i.c.
a pulse which occurs at tome time after the
start of the main time base, the delay being
controlled by the operator. When an expanded
picture is required, this pulse is used to trigger
a strobe time base circuit. The relation of the
strobe pulse and time base to the main time
base waveform are shown in fig. 198.

Strobe circuit

360. A block diagram of a simple strobe
circuit and its waveforms are shown in fig. 199.
A short positive pulse with leading edge
coincident with the firing of the transmitter
triggers the flip-flop. The output from the
second anode is a square waveform, and this
provides the variable delay required for the
strobe. Differentiation is produced by a short
CR circuit; the strobe pulse is then generated
from the differentiated waveform by the pip
eliminator and pulse shaper stage. The strobe
time base is obtained by using the strobe pulse
to suppressor trigger a Miller time base circuit.
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Fig. 199.-—Strobe circuit and waveforms

THE SUPER-REGENERATIVE
RECEIVER

361. The super-regenerative receiver or
detector, often known as the quench receiver,
found for many years its main applications in
amateur radio circles. It was introduced into
certain radar equipments, such as beacons and
IFF (Identification Friend or Foe) sets, where
portability was required and quality could be
sacrificed. Very high amplification (up to
50,000 times) is obtained at frequencies where
amplification by other means is almost un-
attainable; and this is achieved with a very
small number of valves. The frequency of
operation in radar applications is of the order
of 200 Mc/s.

362. The super-generative detector is a valve
oscillator operating at the same radio frequency
as the required signals. The term super-
regeneration refers to the employment of an
unstable circuit; quenching is the rapid
switching of this circuit between an oscillatory
and non-oscillatory state. Various methods of
quenching and the choice of the quench
frequency will be discussed later. Itis sufficient
for the moment to state that the quench
frequency is much less than the radio fre-
quency. The signal is fed from the aerial into
the tuned circuit of the oscillator. During the
periods in which the detector is oscillatory,
osciliations of large amplitude are built up in
the normal manner. That is to say, some form
of initial disturbance sets the process in
operation, and oscillations commence to build
up, until the amplitude of the oscillations

reaches some steady value. The time taken to
reach this steady state depends upon the
strength of the initiating disturbance, being
short for a relatively strong disturbance such
as the received signal, but longer when th
build up is started by the very slight noise
disturbance present in all circuits. Thus the
power available from the detector depends
upon the signal strength at the start of each
period of oscillation. The extremely high
amplification associated with the super-
regenerative detector is obtained because an
extremely small signal controls the energy of
each burst of oscillation.
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Fig. 200.—Build-up and ‘decay of oscillations
in super-regenerative detector

363. The operation of the super-regenerative
detector will be examined stage by stage, as
shown in fig. 200, which is a qualitative rather
than a quantitative diagram.

364. In stage I, the valve is non-conducting
and therefore the circuit is in a non-oscillatory
state, Nevertheless, there is still a very small
oscillation in the tuned circuit picked up from
the aerial. Three cases are shown; namely
where this oscillation is due to (i) noise, (ii) a
weak received signal, and (iii) a strong received
signal. It is assumed in (if) and (iii) that the
detector is tuned to the received signal. If this
is so then quite a strong oscillation (relative to
the noise level) is developed in the tuned
circuit; but if the signal is not in tune then
the voltage developed is negligible.

365. Stage II is a transition period in which
the valve has been brought into conduction,
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but not sufficiently to allow self-oscillation.
Nevertheless the valve does provide some
regeneration, causing some build up of the
oscillations picked up from the aerial, though
this is only appreciable if the signal is in tune.
In fact this stage plays an important part in
determining the selectivity of the receiver, and
should not take place too rapidly, otherwise
the build up of oscillation is negligible.

366. The circuit is self-oscillatory in stage 111,
and a strong oscillation is built up from the
level attained at the end of stage II. With
suitable quenching, noise builds up to a
fluctuating amplitude, whilst the signal attains
a larger amplitude. Two modes of operation
are possible according to the strength of the
received signal and the length of the period of
oscillation. If the amplitude of oscillation does
not reach a maximum or saturation level, then
the mode is said to be linear; but if saturation
occurs then the mode is termed logarithmic,
and this gives an automatic volume control
action (A.V.C.). The fairly high build up of
noise when no signal is present is a noticeable
characteristic of the super-regenerative receiver.

367. Stage IV is, like stage II, a transition
period in which the valve is conducting, but
not sufficient to keep up the oscillation. The
amplitude of oscillation therefore decays
slightly, but the effect is of little importance.

368. In stage V the valve is not conducting
and the oscillations die away fairly rapidly,
since tuned circuits of high Q are unattainable
at the high frequencies used. Usually the
length of this period is sufficient to allow the
amplitude to decay to the level being picked
up from the aerial, before the next period of
valve conduction commences. Then the cycle
of operations repeats.

369. As in all receivers, it is now necessary
to extract the information contained in the
modulated radio frequency carrier signal, that
is a second detector is required. Fig. 201 shows
the waveforms obtained when the modulation
takes the form of short bursts of radio frequency
waves; again of necessity in qualitative rather
than quantitative form. The output from the
super-regenerative stage is a series of short
bursts, at intervals depending upon the quench
frequency. The second detector, probably a
diode, eliminates the radio frequency, but as
shown there is still evidence of the quench
frequency. This is unavoidable because of the
need of a video range of frequencies. The
second detector is followed by video amplifier
and output stages.
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Fig. 201.—Detection of output from super-
regenerative stage

370. It is now appropriate to consider
quenching in more detail. The general method
is to cause the valve in an oscillator circuit to
switch on and off; this was assumed in the
stage by stage description of the operation of
the circuit. This switching may be inherent
in the oscillator itself, that is the oscillator is
self-quenching. The operation of such a
“squegging” oscillator is very similar to that
of a blocking oscillator. Radar super-
regenerative receivers usually employ a separate
quench oscillator; an obvious and common
method of switching the valve providing
regeneration is to feed on to its grid the output
of the quench oscillator. The amplitude of the
quench should be of the order of 50 volts.
The quench waveform and frequency are
determined from the following considera-
tions:—

(i) If the quench frequency is too low,
then the output from the second detector has
a bad shape, because the quench frequency
gets through the detector with ease.

(ii) Stage II must not be too short, as
previously explained. This consideration puts
an upper limit to the quench frequency, and
also means that the waveform should not have
a very fast switching edge during stage II.

(iii) If the logarithmic mode is desired,
then stage IIT must be of sufficient length;
this also imposes an upper limit on the quench
frequency.

371. Example

For reception of 5 usec. pulses at a radio
frequency of 200 Mc/s, a suitable quench
frequency is 300 Kc/s. A sine waveform at this
frequency is easily obtained; and the bias
arrangements should be such that the radio
frequency stage is self-oscillatory for about



one-third of the quench cycle. Fig. 202 shows
the type of display obtained under such
conditions. Quench is getting through the
second detector giving a “mush” on top of the
pulse, and the “grass” growing on the baseline
is due to the build up of noise.

Jo

Fig. 202.—Quench mush
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Fig. 203.—Block diagram of super-
regenerative receiver
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Fig. 204.—RF stage and detector

372. The block diagram of a super-
regenerative receiver is shown in fig. 203,
whilst fig. 204 shows a possible circuit for the
radio frequency and detector stages. The
oscillator shown is of the ultra-audion type,
i.e. uses the interelectrode capacitance of the
valve, and includes a small tuning capacitor.
The detector is fed through a small capacitor,
and is a diode with a load of appropriate time
constant. The other stages are not shown in
detail, but may be assumed to be of normal
design.

PULSE MODULATION OF
TRANSMITTERS

373. The function of a radar transmitter is
the production of very short pulses of high
frequency radiation at regular intervals of time.
Considerable power is required for the

duration of the pulses, but because radiation
only occurs for a small fraction of the total
time the average power is quite low.

374. Example
It is required to find the average power of a
transmitter of peak power 200 K watts, giving
1 usec. pulses at a p.r.f. of 400 ¢/s.
The power during a pulse=200 KW.
The period of a 400 c/s waveform is 2,500
usec., therefore the average power
1
T 2,500
= 80 watts.
Now a mean power of 80 watts may be obtained
with reasonable heat dissipation, but the peak
power is determined by the available cathode

emission and the breakdown voltages of the
oscillator.

x 200 KW.

375. The type of oscillator employed for the
transmitter varies with the frequency of
operation.

20-60 Mc/s conventional valve oscillators.

100-600 Mc/s tuned lines with conventional
type valve, modified for V.H.F. working.

3,000 Mc/s and above, magnetrons and
klystrons.

376. Pulse modulation is achieved by switch-
ing on the oscillator for a time equal to the
required pulse length, and by switching the
oscillator off until the start of the next pulse.
The transmitter therefore radiates short bursts
of oscillations at the required p.r.f. If a triode
oscillator is used, modulation may take two
forms:—

(i) grid modulation, by applying a positive
pulse to the grid of the triode.

(ii) anode modulation, by switching the
H.T. supply to the oscillator.

There are many disadvantages associated with
grid modulation, and so anode modulation is
more often used. In fact for magnetron
oscillators grid modulation cannot be used
because of the absence of a grid. The anode is
earthed, and “anode” modulation is achieved
by switching the negative voltage supply to
the cathode of the magnetron.

377. Grid modulation will not be discussed;
anode modulation will be further described
for the two forms:—

(i) Series switch modulation.

(i) Spark gap modulation in conjunction
with delay networks. Thyratrons (gas-filled
triodes may be used instead of spark gaps).
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Series switch modulation

378. Fig. 205 shows the basic circuit of a
series switch modulator. The tetrode modulator
valve is normally cut off by the negative
voltage to which the grid leak resistance R
is returned; there is then no high tension
supply across the oscillator. A positive trigger
pulse drives the grid of the modulator positive
with respect to the cathode. The modulator
valve then conducts hard; most of the high
tension voltage is dropped across the oscillator,
and only a small fraction of the high tension
voltage is taken by the modulator.

NES BiAS

Fig. 205.—Series switch modulation

379. Very high voltages are in use, and the
modulator valve must be capable of bearing
these voltages without breakdown; a wide
electrode spacing is thus indicated. On the
other hand during the pulse the modulator
should have a relatively low voltage across it,
and yet should be able to pass the heavy
current of the oscillator, this consideration
points to fairly close electrode spacing.
Another factor governing the electrode spacing
is the maximum interelectrode capacitanee
which can be tolerated, since such capacitance
slows down the edges of the trigger pulse, and
consequently the edges of the transmitter
output pulse.

380. Tetrodes are used since they have a
small input capacitance and yet provide a
heavy current. Two or more valves may be
used in parallel, but even so the heavy loading
of these valves makes very careful design and
handling a necessity. The advantage of a
hard valve switch is its ability to operate at
high pulse repetition frequencies. A dis-
advantage is the high voltage supply required;
also much of the power provided is lost by
heat dissipation in the modulator valves.

Pulse transformers

381. If is often necessary to pass a pulse
through a transformer, and by careful design
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of the transformer this can be done without too
much distortion of the pulse. Pulse trans-
formers may be used:—

(i) for matching purposes and for stepping
voltages up or down,

(ii) for phase reversal.

Use of pulse transformers in conjunction with
hard valve modulators

382. In order to distribute the weight equally
in the aircraft, it is often necessary to separate
the oscillator and modulator valve circuits of
airborne equipments, the oscillator for example
being placed in the nose close to the scanner
and the modulator further down the fuselage.
The two units are connected by a cable, which
must be terminated in its characteristic
impedance to ensure that the pulse shape is
not unduly distorted. In the circuit shown in
fig. 206 pulse transformers are used to ter-
minate the cable correctly. T1 is used to
match the impedance of the oscillator when
conducting to the cable. The matched cable
will not in general present a suitable impedance
for direct connection to the modulator, and so
T2 is inserted at the input end of the cable.
The characteristic impedance of the cable is
normally less than the impedance of both the
modulator and the oscillator when conducting;
T1 is therefore a step-up and T2 a step-down
transformer. Consequently the voltage across
the cable is very much less than that applied

to the oscillator.
éLow 'E;';IiLg g I é osciLLATOR

Fig. 206.—Use of pulse transformer

SWITC WiNG
PULBR

383. Example

Impedance of a magnetron oscillator when
conducting = 900 ohms.

Characteristic impedance of cable = 100 ohms.
Amplitude of pulse across magnetron = 12 KV
Therefore step-up ratio of T1

900
100
=3
Voltage across cable = % % 12 KV
= 4KV,



384. It is usual when a pulse transformer is
used for matching purposes to use an auto
transformer, i.e. a tapped inductance. This
has two advantages:—

(1) an auto transformer is less bulky,

(ii) insulation is easier.

INPUT

OUTPUT

\_—

Fig. 207.—Distortion produced by pulse
transformer

Overswing diode

385. Even with the most careful design some
distortion is produced by pulse transformers.
Fig. 207 shows the more important features
of the output pulse obtained for a perfect input
pulse; the back edge is shown as a simple
damped ring, but in practice may be rather
more complex. If such a pulse is applied to a
magnetron, oscillations occur during the main
pulse; there is also the possibility of con-
duction during the peak Q. This difficulty
can be overcome by placing a diode with
protective resistor across the magnetron as in
fig. 208. The diode conducts during the
positive excursion P, and so damps this over-
swing to a considerable extent. This reduction
of amplitude of the peak P ensures that the
amplitude of the following half-cycle is too
small to cause the magnetron to conduct.

MAGNETRON

{a) cimeuir “
[T ]

() WAVEFORM

Fig. 208.—Overswing diode

Driver stage

386. This unit provides the positive pulse
required to trigger a hard valve modulator.
The voltage amplitude of this pulse may be
as much as 1,000 volts, for not only does the
grid base of a modulator valve approach this

figure, but also the grid must be sent well
positive to produce the maximum attainable
valve current. Heavy grid current flows, and
50 the driver must have a low output impedance
for this large positive excursion to be achieved.
A further advantage of this low output
impedance is the rapid charge and discharge of
the input capacitance of the modulator, so
that there is little loss of steepness on the
edges of the trigger pulse applied to the grid
of the modulator.

ouTPuT
rmllT_' 'E‘_
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Fig., 209.—Possible driver stage

387. Fig. 209 shows a possible driver using
a heavy current tetrode, triggered by a negative
pulse obtained by one of the methods described
in para. 195 on. Thus for most of the triggering
cycle the grid-cathode voltage is approximately
zero and the tetrode conducts hard, but for
the duration of the pulse the valve is cut off.
The output from the anode is therefore a
positive pulse suitable for triggering the
modulator valve. Since conduction occurs
practically throughout the cycle the valve
dissipation is excessive.

HT+
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Fig. 210.—Driver stage employing pulse
transformer

388. The valve dissipation can be reduced
by using the phase reversing property of a
pulse transformer, as shown in fig. 210. The
driver valve is now normally cut off, but is
brought into heavy conduction by a positive
trigger pulse. The anode voltage is therefore
a negative going pulse, fed to the primary of a
pulse transformer. A positive pulse output
is taken from the secondary. The transformer
may also be used to step up the voltage
amplitude of the pulse.
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Fig. 211.—Trigatron

Use of spark gaps for modulation

389. The second method of anode modulation
employs a spark gap as a switch for the high
tension supply to the oscillator. A triggered
spark gap, or trigatron, has been developed for
this purpose; its electrode structure is shown
in fig. 211, The two main electrodes are
termed cathode and anode; a third electrode,
the trigger, projects slightly from the anode.
The electrode assembly is about 1 inch long,
and is enclosed in a glass envelope about 4
inches high. A mixture of 97 per cent. argon
and 3 per cent. oxygen at a pressure of 3
atmospheres is enclosed in the envelope; this
slight amount of oxygen is introduced to give
rapid de-ionisation of the gas.

390. During the quiescent period the anode
is at earth potential, the trigger at about 4300
volts, and the cathode at about —4 KV (this
voltage provides the negative high tension
supply for the oscillator). These voltages are
insufficient to break down the gap. The gas
is ionised by sending the trigger electrode to a
high positive potential, say 12 KV, and the
gap is arced. The opening of the gap is more
difficult, and will be described later.

iy
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Fig. 212.—Trigger circuit for trigatron

Trigger circuit for trigatron

391. A trigger circuit for applying a quick
voltage surge to the trigger electrode is shown
in fig. 212, and the waveforms produced in
fig. 213 A hard valve of the modulator type,
e.g. a CV57 tetrode, is normally biassed
beyond cut-off by returning its grid to a negative
potential, but a 20 usec. positive pulse input
to the grid allows heavy conduction for the
period of the pulse. The leading edge of this
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pulse shocks the tuned circuit on the screen
grid into oscillation. The period of the ring
1s made 27 usecs. so that after 20 usecs. three-
quarters of a complete oscillation have been
completed and the screen voltage is well above
the high tension level. The choke in the anode
circuit causes a sudden drop of anode voltage
when anode current is switched on by the front
edge of the 20 usec. pulse. After 20 usecs. a
heavy anode current is flowing because of the
high screen voltage; and therefore when the
valve is cut off by the trailing edge of the input
pulse the back e.m.f. of the choke causes the
anode to rise to a very high voltage, usually
about 12 KV, this being sufficient to trigger
the spark gap.

- 20)SEC,.

INpUT
ser
SRID. ) £ S—
[ 1.3
HTP et
ANODE J

Fig. 213.—Waveforms of trigger circuit for
trigatron

Use of delay network to open spark gap

392. A voltage surge applied to the input
terminals of a delay network is transmitted
along the network, arriving at the far end after,
say, a time T. If the network has an open-
circuit at this end, then the voltage surge is
reflected in phase without loss of amplitude,
and then travels back along the network. Thus
after a total time of 2T a second voltage surge
appears at the input terminals, the two surges
being of equal magnitude and in the same
sense.

393. Associated with a delay network is a
certain resistance known as the characteristic
or surge impedance; this resistance will be
denoted by Z,. Its two main properties are:—

(i) If a sudden change of the voltage across
the input terminals of the network occurs, then
the current flowing into the network also
changes suddenly, and the surge impedance,
Z,, is the ratio -

change of voltage
change of current




(i) If a delay network is terminated at
either end by its characteristic impedance, Zo,
then a wave travelling towards that end is
completely absorbed by the termination and
no reflection occurs.

b— peLa b
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Fig. 214.—Trigatron modulator circuit

394, A modulation circuit using these prop-
erties of a delay network is shown in fig. 214.
Obviously when the trigatron is open the delay
network is charged through the resistance R
to a voltage of —4 KV. During this fairly slow
charging process the delay network may be
regarded as approximately a capacitance G,
equal in value to the total capacitance of all the
sections in parallel. The circuit for this stage
is shown in fig. 215; the charging process is
exponential with time constant CR.

]
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Fig. 215.—Charging circuit
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Fig. 216.—Equivalent circuit with trigatron
closed

395. Suppose that the delay network has been
fully charged when the trigatron is triggered.
The gap is arced, and the trigatron may be
regarded as a short-circuit. A negative voltage
surge appears across the primary of the pulse
transformer, and induces a similar surge in the
secondary causing the magnetron to conduct.

It is found advisable for optimum working
of the circuit to match the magnetron into the
delay network, i.e. the turns ratio of the pulse
transformer is chosen so that the impedance of
the magnetron during conduction, as seen from
the primary side, is equal to the characteristic
impedance, i.e. Ri, = Zo. The equivalent
circuit now holding is shown in fig. 216.

396. Typical values of the resistances are:—
RL and Zo = 109 ohms.
R= 10 K.

R is considerably larger than the other two
values and may be regarded as an infinite
resistance or open circuit. The voltage surge
across the primary of the pulse transformer is
therefore due to the discharge of the delay
network into the resistance Ry. Let the value
of this surge be —V volts, i.e. the voltage across
the oscillator jumps from 0 to —V volts, and
the voltage across the network from —4,000 to-
—V volts. The corresponding current jumps
are in magnitude,

v d 4,000 —V

R Zo
Now each of these expressions represents the
discharge current of the network, and therefore,
since Ry, = Zo,

V = 4,000 -V
ie. V = 2,000

Thus the voltage surge across Ry, is half of the
negative high tension voltage.

TRIGATRON ARCS

Q
VOLTAGE ™
ACROBS DELAY. 2yl t . |
NETWORK
ax .

PRIMARY [ m——
VCLTAGE OF

PULBE

TRANSFORMER _2 kv, - -

Tae” ch.

Fig. 217..—Waveforms of trigatron modulator

397. The voltage surge which travels down
the delay network is also half of the high tension
voltage. Now after time 2T this voltage surge
arrives back at the input terminals, and has the
same amplitude and sense. No further
reflection occurs since Ry, terminates the delay
network in its characteristic impedance. Thus
after a time 2T the voltage across both Ry, and
the trigatron have fallen to zero. The trigatron
becomes de-ionised, and the gap opens. The
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delay network is now charged through R, and
the above process repeats when the trigatron
is next arced. The waveforms are shown in
fig. 217.

398. In practice the turns ratio of the pulse
transformer gives a step-up of the 2 KV pulse,
and the pulse applied to the magnetron has
sufficient amplitude to cause the magnetron to
conduct.
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Fig. 218.—Resonant choke charging
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Fig. 219.—Resonant choke charging circuit

Resonant choke charging

399. A serious disadvantage of resistance
charging of the delay network is that the
amplitude of the pulse produced across the
primary of the pulse transformer is only half
the applied HT voltage. The pulse amplitude
can be made equal to the HT voltage by
employing “resonant choke charging”. The
resistor R is replaced by a choke L in series
with a “hold off *-diode (fig. 218). The charging
circuit may now be represented by fig. 219,
the diode, which is shown as a switch, being
closed. The charging of C through L is
oscillatory and analysis shows that C will
charge to twice the applied voltage, i.e. to
—8 KV (fig. 220). If the half-period of this
oscillation finishes at the instant the trigatron
is arced, then the delay network will discharge
from —8 KV. The discharge of the network
is the same as for the resistance charged line,
but. for a pulse of amplitude 4 KV is produced
across the primary of the pulse transformer.

400. The diode is only required when the
line is completely charged some time before
the trigatron gap is closed, since in the absence

K (1093F)
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of the diode, oscillatory discharge of the line
through L would occur.  This discharge
current is in the direction to flow through
the diode, and the line is held charged until
the trigatron is closed.
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Fig. 220.—Resonant choke charging waveforms

Constant current charging

401. If the time between successive trigger
pulses to the trigatron is made less than the
half-period of the LC oscillation, then it can
be shown that after a few cycles, the delay
network will charge from zero to 8 KV in each
charging period. In this case, the delay line
just completes its charge at the instant when
the trigatron gap is closed, the charging current
being approximately constant and always
flowing in the same direction (fig. 221). For
this reason a diode is not included in the
circuit when ‘“‘constant current charging” of
the delay network is employed.
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Fig. 221.—Constant current charging
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CHAPTER 2

RADAR AERIALS

INTRODUCTION

1. In this chapter the chief types of radar
aerial systefins are surveyed, but the underlying
theory of aerials and of transmission lines is
not dealt with fully. A fuller introduction to
aerial theory is given in Chapter XV of A.P.1093
—R.AF. Signal' Manual, Part II (Radio
Communication). Transmission lines and wave-
guides are described more fully in Chapter 3
of A.P.1093F.

2. A radar equipment requires aerials from
which to radiate the pulses of high frequency
power generated by the transmitter, and also to
collect power from the scattered radiations
returning from the target. Aerial systems are
also responsible for providing measurements of
angles of bearing and elevation.

3. The relatively simple appearance of the
aerials of radar equipments, as compared with
the other constituent units, tends to give a
misleading impression of their actual importance
It is largely true, however, that a radar equip-
ment is “‘designed around” the radiation pattern
of its aerial system.

4, In particular, the form of radiation
pattern determines the forms of display that
can be used as well as the degree of accuracy
that can be achieved in measurements of
bearings and elevations.

Transmission lines and wave-guides

5. The power from the transmitter has
always to be conveyed in some way to the
transmitting aerial, and similarly the return
signal must be conveyed from the receiving
aerial to the receiver. To do this it is necessary
to employ either transmission lines or wave-
guides. Transmission lines are used for the
longer wavelengths, but for ultra short waves
the attenuation of transmission lines is
excessive, and it is necessary to use guides.

6. There are two types of transmission
line in common use:—

(1) twin or balanced line, consisting of two
parallel wires separated by a distance
which must be small in comparison
with the wavelength,

(2) concentric or unbalanced line; consist-
ing of two coaxial cylinders.

Both types of line act as guides to electro-
magnetic waves which travel along them with a
speed approximating to that of light.

7. Waveguides are simply hollow metal
tubes which carry electromagnetic waves in
much the same way as speaking tubes carry
sound waves. They are usually of either
rectangular or circular cross-section. Whereas
transmission ' lines will carry waves of any
wavelength, there is an upper limit to the wave-
length of the waves that can be carried by a
guide. This limit depends on the type of guide
used and on the way in which the waves are
launched into it, but it is generally true to say
that the cross-section of the guide must have
dimensions comparable with the length of the
waves that it is to carry. Thus for waves longer
than about 10 cms., guides are too large and
unwieldy, and lines are invariably used.

8. A full treatment of the theory of trans-
mission lines and waveguides is given in Chapter
3 of this publication. As, however, it is neces-
sary to refer t0 certain properties of feeder
systems in this Chapter, a brief outline is
given here.

9. The most important parameter of a
transmission line is its characteristic impedance,
which can be defined as follows. Suppose that
any type of transmission line has input ter-
minals A B; and consider the line to extend to
infinity. If a fluctuating voltage is applied to
the terminals A B, electromagnetic waves will
travel along the space surrounding the con-
ductors, and these waves will be accompanied
by current and voltage fluctuations in the
conductors themselves. It can be shown that
the ratio of voltage to current is always constant
no matter what the frequency of the applied
voltage oscillations may be. In other words, this
infinitely long line acts as an impedance.

10. If the line has no loss, that is, if the
conductors have no resistance in themselves,
there is no dielectric loss due to faulty insula-
tion, and no loss due to radiation. Then the
characteristic impedance is a pure resistance,
and its value depends only on the dimensions
of the line, If, on the other hand, the line has
loss, the characteristic impedance is partly
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reactive; but since all lines used in radar are
virtually loss-less, the reactive part is always so
small that it is negligible.

11. When a finite length of line is terminated
by a load of some kind, for example, an aerial
array, the electromagnetic waves and their
associated current and voltage waves will in gen-
eral be partially reflected from the termination,
and only part of the available power will be
absorbed in the load. Only one termination
will absorb all the incident power: namely, a
terminating load which is a pure resistance
equal in value to the characteristic impedance
of the line. Such a load is said to “match” the
line.

12. If the load is not matched into the line,
the presence of the reflected waves alters the
ratio of voltage to current at the input terminals,
so that the input impedance is no longer equal
to the characteristic impedance. When a line
is used to carry power from a generator to a
load, unless the load is eqyal to the characteristic
impedance, it is usually necessary to employ
some device to match it artificially so that none
of the energy is reflected back. There are
various methods of matching loads into lines,
details of which can be found in text books
and reports on the subject. In radar it is
necessary to match the transmitting aerial into
its transmission line and also to match the
receiver into the line from the receiving aerial.

13. For some purposes it is usual to employ
lengths of line which are deliberately mis-
matched at their termination. Two particular
cases of this may be mentioned here since they
are used so widely. If a length of line is ter-
minated by a short circuit its input impedance is
not necessarily zero, as might at first sight be

A.P.1093F, Vol. I, Chap. 2

expected, but is dependent on the length of the
line. If the line is a quarter of a wavelength
long its input impedance is, in fact, infinite. If
the length is somewhat less than a quarter
wavelength the line behaves as a pure inductance
and if the length is somewhat greater than a
quarter wavelength it behaves as a pure capaci-
tance. A line terminated by an open circuit,
on the other hand, acts as a capacitance if it is
less than a quarter wavelength long, as a short
circuit if it is exactly a quarter wavelength long,
and as an inductance if its length is somewhat
greater than a quarter wavelength.

14. Many radar equipments use the same
aerial array for transmission and receptiion.
This is usually accomplished by spark gap
switches, which consist of a suitable network of
quarter-wave lines terminated at various points
by spark gaps. When the transmitter sends out
a pulse a high voltage 1s developed and the gaps
break down, so that the lines are short-circuited
at certain points. The network is so constructed
that this automatically switches the transmitter
through to the aerial and disconnects the
receiver. When the transmitter is not radiating
the spark gaps are open-circuited, and the aerial
remains switched through to the receiver.

15. Most of the facts about lines stated
above apply also to guides. Although a guide
consists of only a single conductor, it is still
possible to define a quantity known as the
characteristic impedance, which is a measure of
the ratio of the amplitudes of the electric and
magnetic fields in the waves travelling down the
guide. If the guide is not correctly matched at
its terminaton the waves will be partally
reflected. Consequently matching precautions
are necessary just as they are with transmission
lines.

SIMPLE AERIALS

16. The simplest aerial is the half-wave
aerial (frequently called a dipole). This is
merely a metal rod cut to a resonant length of
%, where 4 is the operational wavelength of the
radar device. Since, in radar, the wavelengths
used are always less than 14 metres, the half-
wave aerial is usually of a convenient size. The
half-wave aerial may be fed from a transmission
line as shown in fig. 1 (a). Here the aerial is
bisected; the halves are separated and are
artached to terminals of a transmission line
which supplies power in the form of current

associated with a relatively small potential
difference across the gap. A standing wave is
excited on the aerial with a current maximum
at the gap and virtually zero current at the
ends. The input impedance of the aerial at the
gap has a small value, with a resistive component
of about 73 ohms and a reactive component of
about 42 ohms in series.

17. Alternatively, the aerial is not bisected
but fed at one of its ends by attaching it to a
point of high oscillating potential in the standing
wave pattern on a transmission line. Fig. 1 ()
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92. In practice, however, when the direction
of a target is too far from the line of shoot the
return signal may be so weak that it cannot be
seen even though it still lies in the main beam;
in other words the equipment cannot detect
echoes over such a wide range of directions as
those included between OZ and OZ!, and the
effective width of the beam is less than the
angle between the two zeroes. It is usually
considered, as a working rule, that the effective
beam width of an aperture is the width of the
beam measured, not from zero to zero, but from
half amplitude to half amplitude.

93. In order to see what this means more
clearly, consider the aperture first as a receiving
system. Suppose that a distant target carries a
transmitter working on the same frequency as
the radar equipment, and that the aperture
receives some of the radiation from this trans-
mitter. If the whole aperture is rotated so that
the maximum of its polar diagram passes
through the target, the signal received will be
greatest when the target lies in the direction QN.
When the target is in any other direction OX the
received signal will be reduced in amplitude

X
by a factor equal to oN'

94. Now, with an actual radar equipment,
the target does not carry a transmitter of its
own, but scatters radiation which it receives
from the equipment. As the beam sweeps
round, the energy received and rescattered by
the target will vary, and the ratio of the ampli-
tude of waves scattered when the target is in
the direction OX to that when the target is in

the direction ON will again be Thus,

ON’
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in rotating from ON to OX, the amplitude of
the return signal will be reduced on two
accounts; first, because the signal received at
0).4
on 2
second, because the sensitivity of the receiver
has also fallen in this ratio. Thus the resultant
return signal will be reduced by a factor

OX OX (OX\®

ON”*oN * |oN) -

the target is reduced in the ratio

95. It is, therefore, possible to draw a
second type of polar diagram for an equipment
which gives the overall change in amplitude
with direction, and which is actually the product
of the transmitting and receiving polar dia-
grams. Such a diagram is called a performance
diagram.

96. In the case of the aperture just con-
sidered, half amplitude on the polar diagram
corresponds to quarter amplitude of the return
signal. In the same way the ratio of amplitude
of the side lobes to that of the main lobe is
reduced in the performance diagram.

97. The performance diagram has two
meanings, similar to those which characterised
the polar diagram:—

(1) it is a measure of the variation of
amplitude return signal with direction
from a target at constant range, and

(2) it is a measure of the variation of the
square of the range of a target with
direction when the target moves in
such a way that its signal to noise ratio

SPECIAL AERIALS

98. There are several types of beamed aerial
systems which fall outside the scope of the
preceding discussion, and some of these are
worth a brief mention.

Cosec 0 aerials

99. In certain types of airborne equipment
working on centimetre wavelengths, it is
necessary to illuminate the ground below with a
narrow beam of radiation in the way shown in
fig. 31 (a). A narrow strip of ground ABCD
extending from the point A beneath the aircraft
to a distant point C which may be on the
horizon, receives the radiation from an aperture

NN

(&)

is constant.
p
Q ® ¢
[+
™)
(b)

Fig. 31—Cosec 0 aerial
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the distant point and the resultant amplitude
will be larger. If, on the other hand, x is equal
in length to one wavelength the reflected waves
will be behind the direct waves by one and a
half waveiengths, one wavelength due to extra
distance travelled plus a half wavelength on
reflection, so that they will be out of phase at the
distant point and will cancel.

113. As ¢ and x increase the resultant signal
varies, thercfore, in the way shown in fig. 35 (a).
Since the earth is considered here as a perfect
reflector, the direct and reflected waves will be
of the same amplitude and will exactly cancel
at certain angles of elevation. Along the surface
of the ground, where « and x are zero, there will
be no path difference between the two waves,
but they will be exactly out of phase owing to
the reversal on reflection, so that at zero angle
of elevation there will be no signal.

114. The number of lobes in the polar
diagram depends on the height of the aerial
and on the wavelength, and is equal, in fact,
to the number of quarter wavelengths contained
in the height of the aerial. Thus the shorter the
wavelength and the higher the aerial the more
lobes there will be in the complete diagram, and
the smaller will be the angle of elevation of the
first lobe above the ground. The number of
lobes is, in practice, usually large, and the
angle of elevation of the first maximum o, in
fig. 35 (a), is given by the approximate formula:

Qg == 47*hL
where 4 is measured in metres, h in feet, and
@0 in degrees. The first minimum ON’, is at an
angle of elevation of about twice this value,

1y, 04
namely, 94 .

115. Suppose now that the horizontal aerial
at A is replaced by a horizontal slot, which
radiates in the same way as the aerial. The
waves will now be vertically polarised, and it
can be shown that they will again be totally
reflected but will not suffer any phase change on
reflection. This leads to a polar diagram of the
same type as that in fig. 35 (@), but with the
maxima and minima interchanged, as shown in
fig. 35 (b). Thus the surface of the earth is now
illuminated. As before the number of lobes
depends on the height and the wavelength, and
this time the angle of elevation of the first
minimum ON is given by the approximate
formula:—

Qg = 47“1/_;‘
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ao being measured in deg., A in metres and h in
feet.

116. A resonant slot has been taken as the
source since its action is simpler than that of an
aerial. In practice, however, the source of
waves will usually be an aerial; and if an aerial
is to give vertically polarised waves its axis must,
of course, be vertical. If such an aerial is
mounted with its’centre at a height h above the
earth, it will not itself radiate equally at all
angles of elevation, but will give maximum signal
horizontally and no signal in directions verti-
cally upward and vertically downward. The
amplitude of the radiation in the direction OX,
fig. 35 (¢), will, in fact, vary with ¢ in a manner
given by the half-wave aerial polar diagram in
fig. 9. Thus the ground reflection lobes will
vary in amplitude in the way sho.wa in fig.
35 (c).

117. It can be shown that they are enclosed
by an envelope X’Y’OYX and that this envel-
ope is the shape of the polar diagram of a half-
wave aerial, in free space. The position of the
minima will, however, be unchanged, and the
angle of elevation of the first minimum will still
be given by the same formula. A vertical slot
would have had a similar effect in the case of
horizontally-polarised waves.

Reflection from a dielectric

118. For waves of very high frequencies the
surface of the earth acts not as a perfect
conductor, but almost as a perfect non-
conductor of electricity. It is necessary now,
therefore, to give a brief account of the reflectioa
of waves from a non-conducting dielectric.
Reflection of this type is often met in ordinary
optics, well-known examples being the reflection
of light from the surface of water or glass. The
problem of reflection of electromagnetic waves
from a dielectric earth is, in fact, exactly similar
to that of light waves reflected from any trans-
parent medium. It will again be necessary tc
consider the cases of horizontal and vertical
polarisation separately.

119. Consider the case of a horizontal aerial
at a point A (fig. 34), and suppose now that the
reflecting surface is a dielectric whose electrical
conductivity is zero. The waves which fall on
the reflecting surface will now suffer only partial
reflection and will be partly refracted, travelling
down into the earth in the direction YX". The
reflection coefficient which is usually given the
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126. The transition between these two
states depends on the conductivity and the
dielectric constant of the material forming the
earth’s surface, and, therefore, since the sea has
a much higher conductivity than has rock or
soil, it is different for sea and for land.

127. It is possible to define a frequency
known as the critical frequency fc, below which
the material forming any part of the earth’s
surface behaves as a conductor and above which
it behaves as a dielectric. This critical frequency
is considerably higher for sea than for land, as
is shown below.

Critical Critical

Jrequency (fc) wavelength

For sea 900 Mc/s. 33 cms.
For land 1-8 Mc/s. 170 metres

Thus land for reflection purposes invariably
behaves as a dielectric at radar frequencies,
while the sea, for all except centimetre waves
behaves as a conductor.

128. The transition between the two states is
not so sharp as may be imagined from the
foregoing description. Thus, while at fre-
quencies considerably greater than the critical
frequency the earth behaves as a dielectric and
at frequencies considerably less than the critical
frequency it behaves as a conductor, at fre-
quencies ciose to fc the conditions are more
comiplicated and need not be described here in
detail. .

129. It is true, however, to say that the
reflection coefficient is still less than unity and
the Brewster angle effect is still observable at
frequencies far below fc. At these low fre-
quencies, the Brewster angle depends not only
on the dielectric constant but also on the
frequency, and in practice its value can vary
very considerably for waves of different lengths,
so that it may occur at any angle of elevation
between zero and 30 deg. It always occurs at
lower angles of elevation, however, for higher
frequencies.

Choice of polarisation

130. The plane of polarisation of the waves
used in a radar equipment may make a con-
siderable difference to the performance of the
equipment, and it is now necessary to discuss
briefly some of the more important factors on
which the choice of polarisation depends.
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131. The reflection of waves from a target
depends very largely on the dimensions of the
target and the wavelength of the waves, but it is
generally true to say that in practice the waves
are reflected better if their plane of polarisation
corresponds to the direction of the principal
lines of the target. Thus, an aircraft or a ship
generally presents a |silhouette which is long
horizontally and short vertically; and, on thz
whole, these reflect horizontally-polarised waves
better than waves which are vertically polarised.
Towers and tall buildings on the ground, on the
other hand, reflect vertically-polarised waves
best.

132. Thus for ground equipments designed
to detect aircraft and shipping, horizontal-
polarisation will on the whole give better results.
In aircraft equipment which is designed to
detect buildings and coastlines, however, these
advantages of horizontal polarisation are not so
obvious.

133. It is found that if vertically-polarised
waves are used on such equipments as CHL and
AMES Type 11, a large amount of scatfer is
returned from the sea. This scatter is more
troublesome during stormy periods. It is
considerably less noticeable if horizontal polar-
isation is used, and for this reason vertically-
polarised aerials are seldom employed on these
stations.

134. One of the principal problems in all
ground equipment is that of gap filling. In the
polar diagram shown in fig. 35 (a), for example,
there are a number of gaps, one at ONY, and
others at different angles of elevation, and if the
transmitting and receiving aerials of a station
have polar diagrams of this type they will fail
to see a target whenever it disappears into one
of these gaps. The usual methods of gap filling
will be mentioned later, but it will be clear
from what has been said that by using vertical
polarisation some of these gaps will be filled or
partially filled, as they are in fig. 36 () and
36 (c).

135. The most complete gap filling occurs
around the region of the Brewster angle, and
if this is not at too high an angle of elevation,
it may be advantageous to use vertically-polar-
ised waves for this purpose. Most types of
ground equipment wish to look at targets at
low angles of elevation, however, and the Brew-
ster angle may be too high for useful gap filling.
If the earth were a perfect conductor, of course,
the use of vertical polarisation would ensure a
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lobe includes both direct and reflected waves.
When o is zero and the lobes are complete,
the power-gain along the axis of the lowest
lobe, which is also the largest lobe, is increased
by a factor of four. For partial lobes when o
is not zero the increase in gain is less than this.

Additional phenomena of propagation

145. The effect of ionospheric reflection,
and the part it plays in ordinary broadcasting
in the propagation of electromagnetic waves
round the curved surface of the earth, is well-
krown. It will appear at first sight that the
ionosphere would enable radar waves to pass
beyond the optical horizon, but this is not
generally true, since waves of shorter wavelength
than about 10 metres are not usually reflected
by the ionosphere under normal conditions. At
CH stations, however, the ionospheric reflection
leads to a phenomenon known as long range
scatter which consists of a mass of permanent
echoes returned from distant points on the
earth’s: surface by waves which have been
reflected by the ionosphere.

146. This type of scatter usually occurs at
ranges between 2,000 and 4,000 miles, the
precise range depending on the atmospheric
conditions, and increasing at times to 8,000
miles. For this reason it is necessary to use a
very low pulse-recurrence frequency on CH
stations, so that scatter will be returned during
the blackout period and will not be seen on the
following trace.

147. The usual pulse-recurrence frequency
employed is 25 cycles per second, so that the
time between consecutive pulses is 40 milli-
seconds. The trace takes two milliseconds to
complete its journey across the tube, so that the
biackout time is 38 milliseconds, and is suffi-
ciently long to allow for the return of any
long-range scatter up to a range of 4,000 miles.
Under phenomenal conditions, when the scatter
is returned from longer ranges than this, it is
possible to reduce the pulse-recurrence fre-
quency to 12-5 cycles per second.

148. Since the minimum range of the
scatter is always of the order of 2,000 miles, it is
possible to have a number of stations working
on the same radio frequency provided that they
transmit in rotation, the second station trans-
mitting immediately the trace of the first has
completed its journey, the third transmitting
immediately the second trace has completed its
journey, and so on. In this way it is possible to
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fit in some eight or ten stations so that the black-
out period of the last has commenced before the
long-range scatter begins to return from the
first. All the scatter is then received before the
first station retransmits.

149. Stations working on shorter wave-
lIengths than CH are not troubled by long-range
scatter, although they may experience other
phenomena included under the general heading
of scatter. Spurious echoes often appear, for
example, and may remain for some considerable
time amounting to hours, or may disappear
after a few seconds.

150. Any local discontinuity in the dielectric
properties of the atmosphere may give an echo.
"Thus a meteorite entering the earth’s atmosphere
ionises the air as it passes downwards, and this
ionjsation may persist for some time and be
seen by a radar station. Scatter due to a
meteorite usually appears as a well-defined echo
at a range of about'80 miles, which disappears
after some ten or twenty seconds. Echoes have
been received from ionised clouds, and even
from large flocks of migrating birds.

151. Although the waves used in radar
cannot usually travel round the earth’s surface
by reflection from the ionosphere, it is often
possible to receive echoes from objects below
the optical horizon. This happens for a number
of reasons. First, if one takes into account the
curvature of the earth in calculating the positions
of the maxima and minima of the ground
reflection Jobes, it can easily be shown that the
lobes tend to “droop”, or bend downwards.
This drooping is more pronounced in the lower
lobes, as, if the first lobe is at a very low angle of
elevation, it may bend round beyond the optical
horizon.

152. A second reason for the drooping of the
lobes is the refraction of the waves in passing
through the atmosphere. The upper layers of
air are less dense than the lower strata, and also
contain less water vapour; consequently the
waves travelling through are propagated in a
curved path rather than rectilinearly. This
effect may be very marked with certain vertical
distributions of temperature and water vapour,
and large prominent echoes may be seen from
hills many miles away.

153. At very short wavelengths the variation
in refractive index of the air over the surface of
the sea may cause the first few hundred feet of
air to act rather like a waveguide. The waves



after reflection from the surface of the sea are
bent round to be re-reflected again and again,
so that surface vessels can be seen far beyond
optical range.

Limitations to performance of ground
equipments

154. It has been seen that with any ground
equipment there will always be gaps in the
vertical polar diagrams of the transmitting and
receiving aerials due to the effect of ground
reflection. The lowest of these gaps is at zero
angle of elevation, which means that any target
at ground level or a short distance above the
earth’s surface will not be seen by the equip-
ment. The angle of elevation of the lowest
lobe can, however, be reduced indefinitely by
either raising the aerial or reducing the wave-
length, so in practice it is possible to see down to
almost indefinitely low angles, and certainly to
detect very low-flying aircraft and surface craft
on the sea. The higher gaps in the polar
diagram are more troublesome, however, and
if complete coverage is to be obtained, they must
be filled in some way.

155. One method of gap-filling has already
been mentioned. If vertically polarised arrays
are used, the higher gaps are partially filled,
but this is only useful for certain frequencies
and heights of aerial, antl has for many purposes
a number of serious disadvantages.

156. The usual method of gap-filling is to
use a second aerial at a different height above the
ground. If the heights of the main aerial array
and of the second array are correctly chosen, the
maxima of the ground reflection lobes of the
lower array will correspond with the minima
of the lobes of the higher array. Thus by
switching from one array to the other it is
possible to see a target at all angles of elevation.
This method does not, of course; fill the gap at
the earth’s surface, and: there is still 2 minimum
angle of elevation below which the target cannot
be seen.

157. Another method of filling the higher
gaps is to use two apertures or separate arrays
of aerials one above the other, but instead of
switching from one to the other in the way
indicated above, to reverse the phase of either
the upper or lower array. The combined polar
diagram of the two arrays when they are fed in
antiphase has maxima which corresponds with
the minima of the combination when the two
apertures are fed in phase. Thus by switching
from phase to antiphase the gaps can be filled.
In this case, again, the lowest gap still remains.

158. With certain beamed arrays used for
shorter wavelengths, partial gap-filling can be

obtained by tilting the beam at a small angle «,
to the horizontal. The polar diagram will then
be similar to that shown in fig. 38 (b), so that
there will be no angle of elevation for which the
amplitude is zero.

159. It is possible, of course, to fill gaps
completely, using a beamed array, by tilting
the beam sufficiently to reduce the ground
reflection lobes to zero as in fig. 38 (a). In this
case, however, the low cover will be lost since
the amplitude at low angles of elevation will
be very small.

160. The low cover can only be obtained
by this method if the beam is sufficiently narrow,
but then the high cover will be lost, and to
obtain complete coverage with a very narrow
beam it must be swept continuously up and
down over the range of angles of elevation
required. With a wider beam the permanent
tilt required for partial gap-filling must not be
so great, that the lowest ground reflection lobe
is reduced in size; otherwise the amplitude at
low angles of elevation will be too small.

161. Gaps due to ground reflection appear
both in the polar diagram of the transmitting
aerial and in that of the receiving aerial. Thus
in order to obtain relatively gapless coverage it
is necessary to mount both of these aerials at
the same height above the ground, since if the
two are at different heights their polar diagrams
will not be similar and the final performance
diagram will be very “gappy” indeed. In most
of the later types of ground equipment this
difficulty is automatically overcome since
common transmitting and receiving aerials are
used in any case.

162. In siting a ground radar station it is
necessary to take into account not only the
clevation of the aerials, but also any peculiarities
of the surrounding country. Thus it is often
possible to achieve good gap-filling by siting
a station on the crest of a long slope down to the
sea, so that at low angles of elevation there are
two reflected waves, one being reflected from
the slope and one from the surface of the sea.
The probability of these two waves and the
direct wave interfering in such a way as to
cancel completely is very small, and at all low
angles of elevation there will be some resultant
signal.

163. Again, if a station is to be sited on the
top of a cliff, it is possible to find an optimum
distance from the cliff edge at which the aerials
should be situated so that the best use can be
made of the diffraction or bending of the waves
as they pass over the cliff edge.
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DIRECTION FINDING

Ground equipments

164. In order to define the position of a
target on a map it is necessary to know not only
its range but also its bearing from the station.
Ground radar equipments are, therefore,
usually able to measure bearing or azimuth as
well as range.

A

R[‘_‘F 2 ° ¥ .

LINE OF SHOOT

Fig. 39—Crossed dipoles

165. The earliest method of measuring
azimuth (0) is still used in the CH type of
station. The transmitting array of such a
station is not very highly directional, but flood-
lights a wide area in froat of the station, so
that even if a target is a long way off the line-of-
shoot it will still receive a sufficiently strong
signal to return a good echo to the station.

166. The receiving system consists essen-
tially of a pair of horizontal centre-fed half-
wave aerials shown in plan in fig. 39. These
aerials are set at right angles, one, the x aerial,
having its axic perpendicular to the line of shoot
of the transmitter, and the other, the y aerial,
having its axis parallel to the line of shoot. In
the target lies in the direction OX from the
station, the returning waves will set up an
alternating voltage in both the x aerial and the y
aerial. The amplitudes of the two voltages will
not be equal, however, but each will depend on
the angle § between the direction OX and the
line of shoot. The way in which each varies
with 6 will, of course, be given by the half-wave
aerial polar diagram.

167. It is possible to find the angle 0 by
measuring the ratio of these amplitudes. A
goniometer is employed to measure the ratio.

This instrument consists essentially of two coils
set at right angles, the one being connected by a
transmission line to the x aerial and the other in
the same way to the y aerial. Thus in the gonio-
meter there will be two high-frequency alternat-
ing fields at right angles, one directed along the
axis of the x coil and proportional in amplitude
to the voltage set up in the x aerial, the other
directed along the axis of the y coil and pro-
portional to the voltage in the y aerial.

168. A third coil, known as a search coil,
set between the other two coils, can be freely
rotated. A voltage will be induced in this coil
owing to the fluctuating magnetic field, and
as the coil is rotated this voltage will vary. The
signal picked up in this way is fed to the receiver.
The search coil is rotated until no voltage is
developed in it; that is, until the signal entirely
disappears from the display tube. The ratio
of the voltages of the aerials can be ascertained
from its position.

169. There is an ambiguity in this method of
direction finding, since if the signal arrives from
the direction shown as YO in the diagram this
direction differing by 180 deg. from the direc-
tion X0, the ratio of the signals will still be the
same. In order to resolve this ambiguity a
reflector is placed behind the crossed aerials.
This reflector consists of two lengths of con-
ductor joined in the centre through a relay R
which is controlled by a press button on the
receiver. This relay is normally open and the
reflector is not operative. To discover whether
an echo is in front of the station or behind it,
the operator closes the relay. If the response
is from an aircraft in front of the station the
amplitude of the echo will then increase, while
if it is from an aircraft behind the station the
amplitude will decrease.

170. 1n this method of measuring azimuth a
number of serious inaccuracies arise. These are
partly due to unavoidable faults in the apparatus,
the most serious of which is probably attenua-
tion in the feeder system; and partly due to hills
and other peculiarities of the land in the
neighbourhood of the station which change the
direction from which the waves reflected from
the ground approach the aerials. These errors
vary from one azimuth to another, and are very
difficult to estimate theoretically. In practice
it is necessary to find the error at different
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Modern methods

194. As mentioned above, the classical or
ground reflection method of height finding is
unsatisfactory and the need for a more precise
and reliable method was appreciated from the

first.

195, As the limitations of the classical
method are attributable to its use of the ray
reflected from the ground, the obvious remedy
is to employ an aerial system that produces a
high degree of beaming in the vertical plane.
The aerial must also be able to tilt to any
required angle so that the beam can search in
elevation to restore the vertical coverage lost by
the beaming. The angle of elevation is then
that of the beam axis at which the aircraft
response is greatest.

196. The realisation of the method awaited
the development of radar on the shorter wave-
lengths of 50 centimetres and 10 centimetres,
since the vertical dimensions required for aerials
on the longer wavelengths are prohibitively
large.

A.P.1093F, Vol. I, Chap. 2

197. The first equipments using this
principle were actually operated on a wave-
length of 11 metres. They comprised a vertical
stack of 56 dipoles mounted along a CH wooden
200 ft. receiver-tower. This equipment was
called VEB (Variable Elevation Beam), and was
very cumbersome.

198. The next height-finding equipment
(DMH) operated on a wavelength of 50 cm. It
employed a large netting paraboloidal reflector
30 feet long vertically.

199. The most recent and very satisfactory
equipments, classed as CMH (Centimetre
Height) operate on a wavelength of 10 centi-
metres and employ a cheese aerial with its long
dimension (15 ft.) in the vertical plane. This
aerial produces a fan-like beam 1} deg. in
breadth vertically and 10 deg. broad in azimuth.
The mirror is tilted to scan in elevation and
can be rotated to search on any azimuth. These
equipments are more fully described in
A.P.1093C, Chapter 4. and A.P.2525W.

POWER GAIN OF AERIAL SYSTEMS

Mathematical aspects of polar diagrams

200. Suppose that an aerial system is placed
at O (fig. 8) and that the radiation is examined
over the surface of a large sphere with O as
centre. In general there is a direction ON in
which the field possesses its greatest strength.
Let the field strength at N be E,.

201. The field strength E at another point P
on the sphere at the same distance r from O as N,
depends only on the latitude 6 and the longitude
@ of P, and 1s glven by the equation—

E=Ef(6, ¢
where the function (6, ¢) of the latitude 6 and
longitude @ is the mathematical representation
of the polar diagram of the radiator. Clearly,
£(6, ¢) equals unity when 6 and ¢ are each equal
to zero in fig. 8, but is elsewhere less than or
equal to unity.

Power carried by electromagnetic waves

202. The electromagnetic wave travelling
outwards across the spherical surface carries
power away from the radiator O. To estimate
this power, a theorem of electromagnetism
called Poynting’s theorem is employed.

203. According to this theorem the average
flux of power across an area S square metres
perpendicular to the direction of propagation

of the wave whose field amplitude is E volts
per metre is—

E?
240n
Thus the flux across an element of area dA sq.

metres at P is—
2

2407
and the flux of power W over the whole spherical
surface is—

_ [B2dA  Ee |
W= J2407z = 24074 £2(6, p)dA

watts,

Ed 2r
= BT | 0, ) cos 0.d0d g watts
= m . » @) COS P W .
T2
(since dA = 1% cos 6 dO dg).

204. Suppose the polar diagram to be un-
beamed so that equal fluxes of power E2° 4((1)A
stream across all elements of area dA i irrespective
of position in the surface of the sphere. Then
the total power passing across the sphere
becomes—

E,?

Wo = m X 4ar® watts.



A source radiating #sotropically in this fashion
is called an Isotropic Radiator. It is a fictitious
source unless the radiation is everywhere un-
polarised.

205. To produce a field E, at range r equal
to the maximum field E, of the actual radiator
at the same range, the isotropic radiator requires
power W, and the actual radiator power W.
The ratio Wo/W is defined as the power gain,
G, of the actual radiator, with respect to the
isotropic radiator as standard. The isotropic
radiator is wasteful of power if maximum field
strength in the wanted direction is the criterion.

206. As—

S Eo?
Wo = 4ar m
and—

W = E | 9, o) cos 6 d0 dp
2407 g :

Then, G = W,/W
_ 4r __ Eo’r?
¢= W= 506
ff £2(8, @) cos 6 d6 dg

so that the power gain G is determined in
principle by the function £f(8, ¢) which repre-
sents the polar diagram. Thus if f(6, ¢) is
completely known from calculation, or by
experiment, then G, in principle, can be
obtained from the formula above. :

207. Some typical values for the gain of
simple aerials are:—

(1) Hertzian oscillator—(E = E, cos 6)
G=15
(2) half-wave aerial—

cos ﬁsin@)
(E:Eo (2 . G= 163

cos O

(3) Uniformly illuminated aperture (large
enough to give marked beaming) of
area A....coooovnvvnnnnnnee. G = 4nA/2?

Maximum field strength at range r
208. As—

_ Eo’r?
V= %G
Eg — 60WG  where rE, is in volts, and
- 1 W in watts.

Then, knowing the power gain G of the aerial
system, one can easily find the field strength E,

produced at range r when power W is radiated
from it.

209. Note, also that field E,, and therefore
the field E = Ef(0, ¢) in a specified direction, is
inversely proportional to the distance r from the
source whatever the nature of f(0, ¢). As, for
example, the maximum field strength E, at a
distance of 10 kilometres from a half wave aerial
radiating a power of 60 kilowatts is calculated
as follows—

If G = 1-63; r = 10% metres; W = 6-10% watts

60 x 60 x 10°
2
Eo* = 10*

Eo = 604/0-163 = 24 volts per metre.

X 163

Receiver and aerial noise

210. The value of the power gain G of an
aerial in transmission can also be employed
to compare the performances of aerials in
reception. It may be deduced from the reci-
procity theorem that the powers delivered by
different aerial systems in reception and into
matched loads, are proportional to their power
gains G when the same plane electromagnetic
wave is incident on them along the directions
of best reception.

FACTORS GOVERNING MAXIMUM RANGE OF RADAR l'ZQUlPMENTS

Noise

211. In any radar equipment with a display
tube of the conventional type in which the
echoes appear as deflections of the trace, the
trace is subject to random “noise” fluctuations
along its entire length.

212. These disturbances originate partly
in the aerials and partly in the receiver, and
their amplitude sets a limit to the range at
which a target can be detected, since if an
echo becomes too small it will be lost amongst
them.

213. For this reason it is usual to measure
the amplitude of the signal received from a
target in terms of the noise amplitude, and to
express it as a signal-to-noise ratio, S/N. Thus,

S /N“Ampﬁmde of the signal appearing on the tube
Amplitude of the noise fluctuations on the tube

_ Signal voltage applied to the tube
" Noise voltage applied to the tube

. Signal power
o Total noise power at input
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214, It is conventionally supposed that
when the signal-to-noise ratio is unity the target
is at maximum visible range, and that when
the amplitude of the signal is less than that of
the noise, the echo can no longer be detected.

215. Since the noise voltage sets a final limit
to the range of the station it is advisable to
enumerate various sources of noise, and to see
the effect of reducing the total noise. These are
as follows:—

216. Noise due to dry joints—Dry joints
and faulty connections both in the aerial and
feeder systems and in the receiver will give
rise to noise. This can obviously be remedied
and need not be further discussed.

217. Thermal agitation or Fohnson noise.—
This is due to the thermal agitation of the
electrons in the material of the conductors.
When a current flows through a conductor this
thermal agitation sets up between its ends a
random voltage variation, the magnitude of
which depends on its resistance and its absolute
temperature. The noise voltage produced in
this way in the HF stages of a receiver is
independent of the frequency to which the
recetver is tuned, but is proportional to the
width of the frequency band to which the
receiver is sensitive.

21S. Shot noise.—NMoise is produced in
valves owing to the “shot effects”, or uneven
emission of electrons from the filament. It
occurs &t &ll frequencies and cannot be wholly
elizzinated. Like the noise produced by thermal
agitation in the conductors, it is proportional
to the bandwidth over which the receiver is
worki.g.

219. Partition noise—In a screen-grid valve
some electrens are picked up by the screen and
some by the anode, and the ultimate destination
of any individual electron is purely a matter of
chance. This introduces an extra random
element in the arrival of electrons at the anode
and gives rise to a new kind of noise. Unlike the
two previous types of noise it not only depends
on the bandwidth of the receiver, but also on
the absolute frequency, and increases as the fre-
quency becomes higher. Attempts have been
made to reduce the partition noise by specially
designed valves, of which two types may be
briefly mentioned here.

(1) In the beamed tetrode and pentode
valves the effect is reduced by beaming
the electrons through the screen grid.
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It would also be possible to eliminate
this effect by using a triode, but un-
fortunately in an ordinary triode the
anode/grid capacity causes feedback
which renders the use of such a valve
impossible at high frequencies.

(2) In the grounded grid type of triode,
however, this difficulty is overcome
by earthing the grid and applying the
signa] to the cathode. This type of
valve is often used in the first stages of
amplification.

220. Aerial noise.—Some noise will always
occur in the aerials. It is thermal in origin and
is present at all frequencies. Its magnitude
depends on the bandwidth of the receiver. A
second type of aerial noise may also.appear. It
is due to atmospheric disturbances of various
kinds, and is much less pronounced at higher
frequencies.

221. 'The various sources of noise may be
considered as natural ‘“jamming” sources of
power that tend to mask the legitimate signal.
Since the fluctuations of noise potential are
random, the noise powers may be added to give
the total noise power. It is customary to pretend
that all sources of noise operate at the input grid
of the first valve, and the equivalent total noise
power is usually estimated on this basis. The
limit of detection may be assumed to have been
reached when the signal power delivered by the
aerial is equal to the total noise power. The
signal-to-noise ratio is then unity.

Pulse and band width

222, In an infinite train of sinusoidal
oscillations of constant frequency f cycles per
second and of uniform amplitude, only one
frequency f is present. If, however, the ampli-
tude of the waves varies periodically the wave
train can be analysed into two or more trains of
different amplitudes and frequencies. In other
words any amplitude modulated wave may be
regarded either as a single wave train of fixed
frequency and varying amplitude or as a series
of superimposed wave trains, each of which has
uniform amplitude and frequency, although its
frequency differs from that of the other wave
trains in the series.

223. In radar there is a particular applica-
tion of this principle, since the transmitter is
radiating not continuously but in short pulses.
Suppose that a radar pulse consists of a burst of
waves of frequency f. This pulse can no longer



be considered as a train of waves of the single
frequency f as it could if its duration were
infinite; the very fact that it continues for a
finite time causes it to contain frequencies on
either side of the frequency f, and it is possible
to analyse it into an infinite number of super-
imposed wave trains whose frequencies vary
from some lower limit (f — Af) to an upper
limit (f 4 Af) as indicated in fig. 45. The
frequency f is known as the carrier frequency
and the total range of frequency, 2Af, is known
as the band width.

INT ENS\TYT

—

~af 3

{2) The side of the pulse was not suf-
ficiently steep to give great accuracy
in range finding.

227. In order to overcome these two dis-
advantages, it is necessary in precision equip-
ment to use pulses which are both narrower and
steeper sided. This means increasing the band
width of the pulse. To obtain an exact repro-
duction of the pulse shape on the display tube,
and for the echoes 1o be well defined, the
receiver must be sensitive to the whole range

CARRIER FREQUENCY,

—= FREQUENCY.

Fig. 45 —Power/frequency graph

224. The band width of a pulse is deter-
mined by its duration, and the band width
associated with any steep-sided pulse measured
in megacycles is of the same order of magnitude
as the reciprocal of the duration of the pulse in
microseconds. Thus a one-microsecond pulse
has a band width of the order of one megacycle,
while a fen microsecond pulse has a band width
of the order of 100 kilocycles.

225. The band width associated with a pulse
also depends on the steepness of its sides, a
steep-sided pulse having a wider band than one
of the same duration whose sides are not so
steep.

226. The earliest types of radar equipment
were designed primarily to give early warning of
the approach of enemy aircraft. In such equip-
ments long range was of primaryv importance,
and it was usual to employ a fairly wide pulse
(10 to 15 microseconds, for example, on CH
stations), so that the band width was small.
Such stations fulfilled their purpose very well
indeed, but it is impossible to use them for
precision work for two reasons:—

(1) The pulse was so wide that the systems
had very low resolving power. The
echoes from two aircraft at almost the
same range would be seen super-
imposed on the tube,

of frequencies carried by the pulse. Thus
increasing the accuracy and discrimination
means increasing the band width of the
receiver. This in turn means increasing the
noise, since the amplitude of the noise depends
on the bandwidth. Referring back to para. 214,
it is seen that the increase in noise decreases
the maximum range. Thus extra accuracy and
resolving power can only be obtained at the
expense of range.

228. It is clear then that in designing radar
equipment the opposing claims of range on the
one hand and accuracy and resolving power on
the other hand must constantly be borne in
mind. In early warning equipments such as CH
and CHL, accuracy is sacrificed for long range,
while in equipments such as GL and Al the
maximum range is very short, but ranges can
be measured with high precision.

Maximum range of detection

229. Consider the aerial system of a beamed
radar device comprising a transmitting aerial
whose power gain is Gr and a receiving aerial
with power gain Gy;. Let the aerials be directed
so that an aircraft at range r miles lies on the
axes of the aerial beams. When power Wy
watts is transmitted the field strength E in the
wave incident on the aircraft is given by—

B _ 60WiGr

r P
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This field excites oscillating currents in the
aircraft which reradiates a scattered wave. The
scattered wave has a polar diagram, conse-
quently, the field strength in the scattered wave
that reaches the receiving aerial depends on the
aspect presented by the aircraft to the radar
equipment.

230. Suppose that the aircraft is always
approaching the station, so that a head-on
aspect is presented. The field strength Eg at
the receiver, of the scattered wave, is propor-

tional to Fri' Then—

SEA
Ba=—1
where the coefficient of proportionality, s, is
the aircraft scattering factor for the head-on
aspect.

231. The flux of power in the scattered
wave, at the receiver is Eg?/2407 watts per sq.
metre, and the power collected by the receiving
aerial is proportional to this flux and to the
equivalent absorbing area Ag of the aerial. If

we put Gg = 4”12 then the power absorbed
is proportional to A2Gg.

232. Thus, the.power Wke delivered to the
receiver by its aerial system—
WR oC Z.zG’REB,z
s? GR E Azlz
o« — 05—
*GrGrWra?
m i —
rt
233. Let the equivalent noise power intro-
duced in effect at the receiver input be Wx.
Then the limit of detection is assumed to be
reached when Wy —= Wy, the signal-to-noise
ratio then being unity. Note that it is possible
on occasions to “see” the signal inside the noise
with signal-to-noise ratios somewhat less than

unity, but it is convenient to adopt the above
criterion for the operational limit to detection.

234. The maximum range of detection
Tmax then occurs when Wi = Wy with the
aircraft in the beams of both acrials. It follows
that, where rp,, is the maximum possibie
range of detection for an aircraft in head aspect
with the scattering factor s,

We
rmax oc (WI;) 0-25 (GTGR) 025 (Sl) 05
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This expression enables us to discuss the
influence of the respective parameters in
maximum range of detection.

Transmitter power

235. 1If, keeping other factors unchanged,
an attempt is made to increase range by in-
creasing transmitter power, then 1., in-
creases in proportion to the fourth root of the
transmitter peak power. For instance, in order
to double the range the transmitter power must
be increased by a factor of sixteen. Conse-
quently, it is seldom possible to achi:ve a
spectacular improvement in range by this
means.

Noise power of receivers

236. A reduction in noise power Wy has
the same result as the same proportional
increase in transmitting power. Consequently
considerable improvements in over-all per-
formance are obtained when attention is paid
to the correct design of the receiver system to
render the noise power Wy as small as possible.

237. Suppose that by correct design of
input circuits and of first valve the noise is
made as small as practicable; yet it still remains
to determine the most suitable band width for
the receiver. Since the noise power Wy is
proportional to the band width, an improvement
in signal-to-noise ratio can be made by decreas-
ing the band width of the receiver. The pulse,
however, possesses a spectrum whose width in
cycles per second is given by 2/T where T is the
duration of the pulse in seconds, so that if the
band width of the receiver is made too narrow
the pulse shape will be impaired by rejection
of important frequency components.

238. To restore the pulse shape the pulse is
lengthened so that its spectrum falls within the
receiver band width. The precise balance
struck between band width and pulse length is
determined by the particular operational use for
which the radar equipment is designed.

239. In early warning equipments such as
CH it is important to make ry,, as great as
possible. Consequently, a large signal-to-noise
ratio at long ranges is the design criterion.
Such equipments, therefore, employ narrow
band receivers and transmit relatively long
pulse lengths, whose narrow spectra fall within
the band width. Offsetting the gain in long-
range detection, however, there is a loss in
resolving power in range, since the long pulses



occupy lengths of 2 or 3 miles of the time base.
Thus range accuracy and resolving power,
which is the ability to distinguish echoes at
nearly equal ranges, are poor. Thus long-range
detection and good range discrimination are
mutually exclusive in a single equipment.

240. In equipments designed to assist gun-
laying, long-range detection is less important
than accurate measurement of range. In such
equipments steep narrow pulses are radiated
and wide band receivers are employed. The
noise power is, therefore, increased and 1.,
reduced.

241. It is technically simpler to produce
short and steep-sided pulses on wavelengths of
several centimetres than on the longer radar
wavelengths, consequently centimetre wave
equipments are superior to earlier equipments
where accuracy of range as well as of angular
measurement is important.

Scattering factor

242. The scattering factor depends on the
wavelength of operation compared with the
aircraft dimensions, and also, as already
mentioned, on the aspect of the aircraft. In
general, laige aircraft such as four-engined
bombers give stronger returns than small air-
craft such as fighters. It is roughly true that
when the wavelength is very small compared
with the aircraft dimensions, as with centi-
metre waves, the scattering factor s is propor-

tional to —i—, and sA is therefore independent of
the wavelength 4.

243. When the wavelength 4 is about double
the span of the aircraft then s is roughly pro-
portional to 4, and when 4 greatly exceeds the
span s is roughly proportional to 44,

Aerial power gain
244. We suppose that our aerials are re-

presented by equivalent uniformly radiating
and receiving areas At and Ag.

Then:—
4z A = A
GR = _i‘z_'T and GR = }72—5
and
W, -
Fonax OC (WJ\?_) 025 . (ATAR)*25 - (%) 05

Thus with aerials of fixed dimensions the
maximum range at centimetre wavelengths
increases as A is reduced, since s does not
change rapidly in this region.

245. At a fixed wavelength, using centi-
metre wavelengths, the maximum range in-
creases with aerial surface. The formula shows
that if the geometrical forms of the areas Ar
and Ap are preserved while their linear
dimensions are increased, then 1., is directly
proportional to the linear dimensions of the
acrials. Consequently, it is more profitable,
when space is limited, to use a single large aerial
with common T/R, than two separate aerials.

246. The use of common T/R is the uni-
versal practice adopted for airbornme centi-
metre wave equipments. Since the single aerial
in common T/R has at least double the
diameterof the two separate aerials that could
be installed in the same radome (perspex cover
for a scanner), the range I, of the equipment
is double at least.

247. In centimetre wave ground equip-
ments, such as GL, separate aerials are some-
times employed for transmission and reception.
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CHAPTER 3

TRANSMISSION LINES AND WAVEGUIDES

INTRODUCTION

1. At radio frequencies, when the wavelength
is fairly small, wires connecting different parts
of a circuit must be short. If this iS not so,
the connecting wires themselves become circuit
elements and may also give trouble by radiating.
When it is not possible to make connecting
wires short—as, for example, in the connection
between transmitter and aerial or between
aerial and receiver—a specially designed con-
nection has to be used which will not radiate
appreciably and which will join up the two

(b)

Fig. 1.—Coaxial and twin wire line

parts of the system as if they were effectively
close together. Such long wire connections
are called transmission lines and take the form
either of a twin wire line or a coaxial line
(see fig. 1). At centimetre wavelengths, a
waveguide may be used; this is a hollow pipe,
usually of rectangular cross-section but occa-
sionally circular, see fig. 2.

2. In considering the transmission of power
by a transmission line, it is simplest to regard
the line as having distributed inductance and
capacity and to treat the problem from the
circuit or filter view point, working out the
voltages and currents at points along the line.
Waveguides cannot be easily treated in this
way as there are 1.c obvious “go” and “return”

paths in a wave guide, and the waveguide has
to be investigated from the point of view of
an electromagnetic field which travels up the
inside of the pipe. However, transmission lines
can also be regarded as a kind of “waveguide”
forming a track or rails along which power is
guided from one point to another in the form
of an electromagnetic wave. In order to
achieve a uniform treatment of the subject,
both lines and guides will be investigated as
far as possible from the field point of view.
Since, however, circuit concepts are more
familiar than field concepts, they are used as
required to help the argument when the field
method is difficult.

(b)

Fig. 2.—Waveguides

Steady electric field

3. The steady electric field is most familiar
in the case of a parallel plate condenser whose
metal plates are connected to a battery. This
is shown in fig. 3. The plates are taken to be
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Fig. 3—Electric field in condenser

one metre square and one metre apart. The
battery voltage is V volts. Edge effects are
neglected; if necessary, guard rings may be put
round the edges to eliminate distortion of the
field. The difference of potential between
the plates is V volts and there is a charge g
coulombs on each plate given by
q = KoV
where K, is the capacity of the condenser in
farads. Proceed to calculate K, thus:—
K, — area of cither plate
™ 4 X spacing
_10% x 102
T T4 x 102
2

4r

centimetres (or electrostatic
units)
1 microfarad = 900,000 centimetres
Hence 1 farad = 9 x 10! centimetres.
102 10-¢
+ Ko = i Xox 10T — 367 1arads.

This enables one to obtain the charge on the
plates in terms of the voltage.

4. Now consider the space between the plates
to be filled with electric field. Electric lines of
force start on the positive plate and go over to
the negative plate. Since the difference of
potential between the plates is V volts and
their distance apart is one metre, the electric
field, E, is given by

E = V volts/metre.
We can now relate the electric field between
the plates with the charge on the plate

q = K E

E = /K, volts/metre,

couLomss
ER SQUARE
METRE. +

Fig. 4.—Electric field near metal plates

Finally one notes that the electric field is
perpendicular to the metal plates,

5. Now consider a large flat metal sheet, not
necessarily part of a parallel plate condenser,
Let there be charge on the surface of the metal
sheet. Then we take over the results of the
condenser and say that there must be an
electric field E standing perpendicular to the
sheet (see fig. 4). If the surface density of
charge is q coulombs/square metre, then the
electric field is given by

E = gq/K, volts/metre
where K, has the value 10-%/36x. After the
lines leave the surface of the metal sheet they
may bend over or behave in any manner, but in
the immediate neighbourhood of the sheet
they must stand perpendicular to it.

Fig. 5.—Magnetic field in solenoid

Steady magnetic field

6. The steady magnetic field is most familiar
in the case of a solenoid with current passing
through its turns. If the solenoid is fairly
long, the magnetic field is appreciable only
inside the solenoid. Outside, the lines are
sparsely distributed in space, while inside
there is a uniform steady magnetic field
(see fig. 5). The strength of this magnetic field,
H, depends on the amperes flowing and on
the number of turns per unit length, i.e.

H= In/
where 1 is the current, n the total number of
turns and / the length of the solenoid. In order

to get a more convenient expression for the
magnetic field, consider a solenoid one metre
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long, consisting of a single “turn” and carrying
a current i amperes (see fig. 6). Then the
magnetic field, H, inside the solenoid is given
by

H = i amperes/metre.

I METRE —_—

L

Fig. 6.—Single turn coil

7. Note also that the magnetic field hes
parallel to the surface of the metal in the inside.
If we now imagine the metal rolled out flat we
obtain a strip one metre wide carrying a
surface current i amperes. Above the sheet is
a magnetic field H equal to i amperes/metre
(see fig. 7). Generally, if we have a large metal
sheet carrying a current on its surface, then
there will be a magnetic field lying parallel to
the sheet and perpendicular to the direction of
the current. If the current per metre strip of
sheet is i amperes/metre then the magnetic
field is 1 amperes/metre.

< |[METRE —p

Fig. 7.—Magnetic field near metal plate
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TRANSMISSION LINES

Parallel strip transmission line

8. The fields in the twin wire and coaxial
transmission lines are a little complicated and
it is convenient to consider initially a more
simple type of transmission line in the form of
two parallel metal strips (see fig. 8). The
height of a strip is b metres and the distance
apart is a metres. An A.C. generator is attached

—

=

——t—

Fig. 8.—Parallel strip line

at the beginning of the strips and pushes,
alternately. positive and negative charges on
to the strips. These charges appear to move
down the strips with the speed of light
(i.e. 3 X 10% metres/second). It is, of course,
unlikely that charges could move as fast as
that. Rather it would seem that the electrons
in the thickness of the strips are sucksd out to
the surface or repelled as required so as to
give the appearance of charges moving along
the strips. If the line stretches a long distance
from the generator so that one is not worried
about the ultimate destination of the charges,
the position, after a little time, will be as
shown in fig. 9 where one is supposed now to
be looking down on the edges of the strips.

A - DIRECTION OF WAVE

A

ERE

+ <.

B A

Fig. 9.—Fields in strip line

One can then fill in the associated electric and
magnetic fields. The electric field arises from
the charges on the surfaces of the strips and is,
of course, perpendicular to the surface. The
magnetic field arises from the currents on the
surfaces of the strips. “Current” really means
“rate of movement of charge”. All the charges,
are moving to the right. A positive charge
moving to the right means an electric current
directed to the right. A negative charge



moving to the right has to be considered as
equivalent to a conventional current moving
to the left. One thus obtains magnetic fields
perpendicular to the plane of the paper and
directed as shown in fig. 9. The electric field
is in the plane of the paper. The whole pattern
moves to the right with the velocity of light,
The distance BC between points in the same
phase is a wavelength.

Relation between E and H

9. Since the electric field, E, arises from the
charges and the magnetic field, H, from the
motion of the charges, one sees that E and H
are related. If E is increased, H increases in
proportion. The fact that E and H cannot
have unrelated arbitrary values is an important
property of an electromagnetic wave. In order
to find the relationship, take a short length of
transmission, such as the portion AB in fig. 9,

— A e
% /
+Q -

4

1

Fig. 10.—Section of strip line

of length ! metres. This is shown in fig. 10.
Let the charge, at any instant on one of the
plates be Q coulombs. The charge, g, per
square metre is

q = Q/(bl) coulombs/metre?,

Hence, the electric field E is given by
E = q/K,
= Q/(blKo)
= Q _ 36z

B X 5o volts/metre.

The current, I, along the strip is the charge
passing in one second. The speed of movement
of the charge is 3 X 108 metres/second. Time
-for charge to move length / metres is

/(3 x 10%) seconds.

Q x3x 108
="

Hence, amperes.

This current is spread over a strip of width b
metres. The current, i, per metre strip is

P = QX3 x108
~ bx!
Hence, the magnetic field H, is given by

amperes/metre.

_Q
B=r
Dividing, one finds
E/H = 120n
= 377 (approx.).
The ratio E/H has the dimensions volts/
amperes, i.e. ohms. So, the number 1207 is
dimensionally ohms. The equation is analogous
to the circuit relation
VI =Z
and therefore 1207z ohms is sometimes called
the “wave impedance”.
Denoting it by Z,,, we can write

X 3 X 108 amperes/metre.

EH = Z,
with  Z, = 1207 ohms.
E

PROPAGATION
DIRECTION.

H (ouT oF PAPER)

Fig. 11.—Relationship between vectors for
plane wave

10. This relation is also true for any simple
plane wave, such as the wave at a large distance
from a transmitting aerial. Note that E and H
are at right angles to one another and to the
direction of propagation (see fig. 11). A
right-handed corkscrew rotation of from E to H
would make it advance in the direction of
propagation. Also E and H oscillate in phase,
reaching their maximum values at the sage
time and place.

Characteristic impedance
11. The relation between E and H, namely,
E/H = 1207 does not involve the dimensions

of the strip transmission line. If, however, we
consider V and I the dimensions come in:—
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V = E X a volts

I = H X b amperes

\L__E a

1 _'I-T b
=120n><%—ohms.

This is called the characteristic impedance of
the line and is usually denoted by Z,. It is the
ratio of volts across the line to current flowing
at the point, ‘when a single wave is travelling
up the line.

Power carried by wave
12. Since the power is not supposed to leak
away, it will be sufficient to calculate it at the
input to the line, We then have for a strip line,
using r.m.s. values,
Power =V X I
=EXaxHXb
= EH X ab watts.

13. We regard the power as carried by the
wave and since ab is the cross-sectional area
of the wavefront, we see that the power, S,
carried per unit area of wavefront is

S = EH watts/square metre.

This can also be expressed in the form
S = E?%/Z,, watts/square metre.

Sometimes S is called the Paynting vector, after
Poynting who discovered it. The energy is
carried by the magnetic field and by the
electric field. It can be shown that the electric
and magnetic energy in the plane wave are
equal.

Example.—A transmission line consists of two
parallel metal strips 3 cm. wide and 1 cm.
apart. If the spark over field is 30,000 volts/cm.
what is the maximum power the line will carry?

Epeax = 30,000 volts/cm.
= 3 X 108 volts/metre.
Erms = 2-12 X 10® volts/metre.

Power per unit area = E?/Z,,

2:122 x 1012 .
= 507 watts/metre
. 3 1
Area of cross-section = WO 100 metre?

= 3 x 10~ metre?
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2:122 x 3 x 1012 x 10-¢
1207

.*. Power =

_45x3
T 12xnw

= 3} megawatts.

x 108

Resistance of a thin film

14. To terminate a transmission line with a
resistance it is preferable to use a thin resistive
film rather than an ordinary commercial
resistor as used in circuit work. As we have
seen, the wave travelling up the line extends
over a considerable cross-section and, in order
that it may intercept the whole of the wave,
the resistance must extend over the same area.
Such a resistance might be made up from

-— O
1 / A

/)

OhMS,

Fig. 12.—Measurement of thin film resistance

graphite or mica or cloth impregnated with
aquadag. Take a thin resistive film of width
a and height b.  Attach long metal clips to the
edges of the long sides as shown (see fig. 12)
and connect to an ohm-measuring meter.
Then the resistance R of the film will be directly
proportional to a and inversely proportional
to b. Thus,

a
R——-ﬂ—b—OhD'lS

where @ is a constant. To find Q, put
a = b, i.e, choose a square film. Then

R =0 ohms

so that Q) is the resistance per square of material.



Non-reflecting termipation t¢ a trans-
mission line

15. On circuit arguments, the resistive ter-
mination which will absorb all the power
travelling up a line is simple; it is the charac-
teristic impedance, Z, ohms, of the line.
The proof is well known and simple. On
field ideas we must use a resistive film and an
elaborate arrangement is required. A resistive
iilm must be stretched across the line so as to
intercept the whole of the wave. Also the line
must be continued for a quarter of a wavelength
and short circuited with a flat metal plate
(see fig. 13). Currents flow in the film and

Fig. 13.—Termination of strip line

some wave leaks through into the quarter-wave
section. Owing to the metal shorting-plate,
the wave which leaks through goes up to the
plate, is reflected and arrives back at the film.
By the time it arrives back it has travelled 4/2
and the magnetic field of the reflected wave is
in antiphase with the magnetic field of the
primary wave at a point just behind the film*.
There is, therefore, no magnetic field just
behind the film, i.e. at D in fig. 14, which shows
the strip transmission line view edge-on. At C
we have the magnetic field H of the wave,
coming up from the generator. Thus a current
I flows in the strip of amount

I = Hb amperes.
SMarly* there is an electric field, E, across AB
giving rise to a potential difference V of amount
V = Ea volts.

If the film is to sustain this field system its
resistance R must be such that

R=V/I
_E _a
_—I__I‘ /\F

=120z % % ohms.

* The action of the i'4 short-circuit will be
clearer later on.

Comparing, we sec that its resistance Q per
square must be given by

) = 120z ohms per square
= 377 ohms per square,
Such a film will completely absorb the wave.

The value of R is the same as Z,, as would be
expected from the earlier arguments.

A

B—n/s —~

Fig. 14—Effect of 1/4 short-circuit

Characteristic impedance of coaxial and
twin wire lines

16. The field at any instant over a cross-
section of a coaxial line is shown in fig. 15.
The electrical lines, as usual, are perpendicular
to the metal surfaces. The magnetic lines are
parallel to the surfaces. As distinct from the
parallel strip line, the fields are not uniform
over the cross-section. The magnetic field is
strongest near the inner conductor since the
current density is greater on the inner than on
the outer conductor. Similarly the electric
field is stronger at the inner since the lines get
further apart as they diverge radially. How-
ever, at any little part of the cross-section, such
as indicated by the square in fig. 15, E and H
are at right angles and the field in the little

Fig. 15.—Field in coaxial lin.

square is similar to the field between iwo
metal strips. Thus each element would be
terminated without reflection by a 377-ohm
film. The characteristic impedance is therefore
obtained by placing a 377-ohm film over the
end of the coaxial. A simple integration enables
the value of Z, to be obtained. The resistance
across the element bounded by circles of
radii r and r + dr (see fig. 16) is:—
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dr
120x E ohms.

Thus the total resistance is
Iy

dr
Zo=60 ?

I
= 60 log, :—:

where r; and r, are the inner and outer radii.
respectively. Since
log. N = 2-3 X log,oN
we findZ, = 138 log;, (r,/r,) ohms.
This applies for air dielectric.

Fig. 16.—Element of resistive film

17. The case of the twin wire may be con-
sidered in the same way. The lines of electric
and magnetic field at a cross-section are as
shown in fig. 17. Here again the field is not
uniform over the cross-section but, over any
little area, E and H are at right angles and in
the ratio 1207z. A resistive film to absorb all
the power would in theory have to extend to
infinity since now the field is not confined.
In practice the film might extend as shown in
fig. 17. The calculation of Z, is in this case
more difficult and only the result is quoted:—

Z, = 120 log, (2D/d)
where D is the spacing between the centres of
the wires and d is the diameter of either wire.
This can be rewritten

Zo = 276 loglo (ZD/d) ohms.
In order to achieve a good absorption of the
power the resistive films have to be used with

aﬁl;netal short-circuiting plate =/4 beyond the
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Fig. 17.—Fields in twin lines

Short-~circuited transmission line

18. When a large metal plate sufficient to
intercept all, or nearly all, of the wave is
placed at the end of a transmission line, one has
to consider the effect on the wave., The
conditions at the surface of a good conductor
are:—

E perpendicular to surface, i.e. Eqngential = O
and H parallel to surface, i.e. Hygrma = O.
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Fig. 18.—Standing wave showing magnetic
field

19. Examine now the state of affairs at the
short-circuit at the top of fig. 18(a). The
electric field is lying tangential to the metal
shorting plate: this is a state of affairs which
cannot exist. The difficulty is overcome by
reflection taking place—or, one may say,
another wave is generated—and an equal
wave travels down the line away from the short
circuit as shown in fig. 18(b). This reflected
wave is of such phase that its electric field is
opposite to the electric field of the incident
wave at the short-circuit. Now it is noticed



that when one wishes to reverse the direction of
propagation of a wave one alters one of the
quantities E or H but not both. If both E
and H are reversed the direction of propagation
is unaltered; it is, expressed simply, as if one
moved to a point on the same wave distant
A/2 away. Hence, if E in the reflected wave
is the reverse of E in the incident wave then H
is the same in both waves. The situation is
therefore as shown in fig. 18(b). When the two
fields are added the result is as shown in
fig. 18(c). Note that the field is wholly magnetic.
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Fig. 19.—Standing wave showing electric
field

20. One now considers the fields a quarter of
a period later. In this time the incident wave
has moved up A/4 anc the reflected wave down
A4 The situation is therefore as shown in
fig. 19, and in fig. 19 (c) it is seen that the
field is now purely electric. The electric lines
of force have appeared in between the positions
of the magnetic lines in fig. 18(a). Half a
period after the time of fig. 18, the field will be
wholly magnetic but of opposite phase to fig. 18.
Three-quarters of a period after the initial
instant, the field will again be electric and so on.
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Fig. 20.—Line less than /4

Short-circuited line: special cases

21. If the line is less than A/4, then the fields
obtained from figs. 18(c) and 19(c) at times
t = o and t = T/4 are as shown in fig. 20.
There is more magnetic energy than electric
energy and the line tends to behave as though
it were a coil; it is inductive.

22, If the line is between A/4 and A/2, the
fields obtained from figs. 18(c) and 19(c) at
t = o and t = T/4 are as shown in fig. 21.
There is now more electric than magnetic
energy and the line behaves like a condenser.

23. Finally if the line is 1/4 long exactly it
will be seen that the electric and magnetic
energies are exactly equal, the electric and
magnetic fields are oscillating 90° out of phase
and the line is equivalent to a parallel resonant
L-C circuit.
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Fig. 21.—Line between 4/4 and 4,2

Termination of a transmission line by
any resistance

24, When a transmission line is terminated
in a resistance not equal to Z,, the fields or the
voltage and current in a single travelling wave
cannot be sustained by the resistance. As in
the case of a short circuited line, a reflected
wave is set up travelling in the opposite
direction but not now necessarily of the same
amplitude as the incident wave. Since resis-
ance is essentially a circuit concept we use
V and I in this section rather than E and H.
It will be recalled that‘in a travelling wave
we have the relation

V/I1 = Z, ohms.
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Fig. 22.—Relationship between currents
in opposite waves

However, if the wave is travelling in the opposite
direction, as in fig. 22(b), we must watch the
sign of 1. In fig. 22(a) at the point A the upper
wire is at - V/2 volts and the current is to the
right. In fig. 22(b) at A’, the upper wire is at
+V/2 volts, but the current is now to the left
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since the wave is in the opposite direction. If,
therefore, we wish to combine currents when
two such waves are superimposed, currents to
the right may be regarded as positive and those
to the left as negative. Then, the relation for
the voltage V and current I in the reflected

wave should be related by
V =-—Z,.
Vv, I
Z. v,I'— % R
V1"

Fig. 23.—Line terminated in resistance

25. Consider now a line terminated in a
resistance R ohms. As explained above, two
waves will be required in order that the voltage
and current at R will satisfy Ohm’s law, Thus
if V and I are the voltage and current at R
(fig. 23)

V=V4+V"

I =1T+41"
and V' =ZJ',V'=—2Z1".

Since Ohm’s law must be satisfied

V =1R.
Hence, R = VT
. Vl + V’I
- II + III
pe—nqg Zo (V + V”)_
(VI — VII)
Thus, RV' —RV" =Z\V' +Z, V"
V'R+Zy) =VR-Z,
\ﬁ’_ _R—-7Z,
V' R¥Z,

This formula gives the voltage reflection
coefficient for a line of characteristic impedance
Z, terminated in a resistance R.

R viev”
z, A ER
- MA - -

Fig. 24.—Voltage on resistance-terminated line

26. When R = Z, there is no reflected wave;
the wave is completely absorbed in the
resistance. When R = 0, i.e. a short circuit,
then V[V’ = — 1, indicating that the wave
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is reflected with a reversal of phase of voltage.
When R lies between O and Z, the wave is
partly absorbed and partly reflected without
reversal of phase of voltage. Similarly when
R lies between Z, and oo, the wave is partly
absorbed and partly reflected without change
of phase of voltage Consider then the latter
case, R > Z,. The voltage at R is the sum
of V' and V”. This is the maximum value
the voltage on the line can have. Now
measure back to A, a distance A/4 from
R (see fig. 24). The phase of the voltage of
the incident wave at A is 90° earlier than the
incident wave voltage at R. Also the phase of
the voltage of the reflected wave at A is 90°
later than the reflected wave voltage at R.
Since V' and V" are in phase at R they must
be 180° out of phase at A, and the voltage at
A is V' — V”, This is the lowest voltage on
the line. The ratio of maximum voltage to
minimum voltage is called the standing wave
ratio and is denoted by s. Hence,

s — V4V
V-V
Using a previous relation this becomes
s = &,
Z,

27. This relation is very important. It says
that if we measure the ratio of maximum to
minimum voltage along the transmission line,
and if there is a voltage maximum at the end
of the line, the line is terminated in a resistance
sZ, ohms, In the same way it is easy to argue
that if there is a voltage minimum at the end
of the line the termination is a resistance
Z,/s ohms.

Vin , Iin. Z, g R

U 7 S

Fig. 25.—Quarter-wave transformer

Input impedance to a line terminated in
a resistance

28. Let the line be 1/4 long and terminated
in a resistance R (fig. 25). The voltage and
current at R will be Vg, I given by

Vg =V +V”
IR p— II + III
\Y
and R = I—R
R



At the input the voltages V' and V'" as well as
the currents I, I”” will now be in antiphase if
in phase R, and in phase if in antiphase at R,

Thus Vin. =V —=V”
Im_ = II - I”.
Then 7 = Vm _ Vv — \711~
in. W - Il Ir/
II + I/I
_ 2
Z() VI + VII
IR Zoz.
— 2-x "9
=L'%" R

This is the “quarter-wave transformer” effect.
The resistance is, so to speak, turned into its
reciprocal or inverted with respect to Z,2
Similarly it can be seen that if the line is 4/2
long, the voltages and currents are the same
at the input as at the termination and then

Zn=R
i.e. the half-wave line acts as a 1:1 transformer.

Transmission line calculator

29. When the line is terminated in a resistance
but is not of length 1/4 or /2, the calculation
of the input impedance is very difficult.
Generally speaking the input impedance is
complex, there is a resistive and a reactive
term, If we have a small resistive termination
R which is less than Z,, and if the line is less
than A/4 then the input impedance contains a
resistive part and an inductive part. One can
see it is inductive since in the limiting case of a
short circuit the line would be inductive. As
the length of the line is increased until it
reaches 1/4, the impedance grows until it
becomes Z,2/R (quarter-wave transformer) and
is again non-reactive. Between 1/4 and 2/2
the impedance has capacitive reactance. This
variation is shown in the transmission line
calculator. (Refer to A.P.1093-E, fig. 185.)

30. The resistive axis is horizontal, positive
reactances are measured up and negative
reactances down on the vertical axis. In order
that the calculator shall apply to any line, the
resistances and reactances are supposed to be
normalised, i.e. divided by Z,. Thus, if the
terminating resistance is 25 ohms and the
characteristic impedance 50 ohms we call the
normalised termination

r = 25/50 = 1/2.

31. Ifthelineis 1/4 long, then the normalised
input impedance is 1/r, i.e. 2; or 100 ohms,
when multiplied by Z; again. Between lengths
0 and /4 the normalised input impedance lies

between 1/2 and 2 with a positive reactance.
The locus of these input impedances lies on a
circle as shown in fig. 26. Between A/4 and
A/2 the reactance X is negative. Each dot on
the circle indicates the length of line corres-
ponding to the input impedance represented
by the dot. In order that the calculator shali
dpply to any resistive termination, there are
many circles. When dots corresponding to the
same length of line are joined up they form
arcs as shown in fig. 27. They are often called
‘n’ arcs, since they express the length of line in
the form nA.

+ X

-X

Fig. 26.—~Circle of impedance

32. Examples on the transmission line calculator
Example—A transmission line of characteristic
impedance 600 ohms is terminated in a
resistance of 300 ohms. The length of the line
's 0-2A. What is the input impedance?

First normalise the resistance:—
r = R/Z, = 300/600 = 0-5.
Find the point (0-5, 0) on the diagram, i.c. the
point A in fig. 28. Travel round the circle

+X 2

~X

Fig. 27.—Impedance circles and “n” rcsa
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until the arc n = +20 is met, i.e. the point B
and read off the answer:—

Zin. = 152 + j0-65.
This is normalised. The value in ohms is

found by multiplying by Z,, i.e. by 600, and
one finds

Zin. = 912 4 j390 ohms.

Fig. 28.—Determination of input impedance

Example.—A transmission line of characteristic
impedance 600 ohms is terminated in a resis-
tance of 300 ohms. Find the input impedance
when the length of line is (a) A/8, (b) A/4,
(c) 3A/8 end (d) 4/2.
r = R/Z, = 300/600 = 0-5.

Find the point (0-5, 0) on the diagram and
travel round the circle until the arcs n = 0-125,

025, 0-375 and 0-5 are met, reading off the
answers:i—

(8) zin, = ‘8 4 j°6; Zin. = 480 -+~ j360 ohms.
) zin. = 2 + jO; Z;,. = 1200 4 jO ochms.
(©) zin. = -8 — j°6; Zin, = 480 — j360 ohms
and (d) zi,. = 5 + j0; Zin. = 300 ohms.
Note that n = 0-5 is the same as n = 0,
Example.—A transmission line of characteristic
impedance 80 ohms is terminated in a resistance
of 240 ohms. Find the input impedance when
the length of the line is (a) 4/8, (b) A/4 and
(c) 34/8.

r=240/80 = 3.
Find the point (3, 0). Its n value is n" = 0-25.

Add in succession -125, -25, -375 to n’ and
obtain the arcs n” = 0375, 05, 0-625.

O (1093F)
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Subtract 0, 5 as required and obtain n"” =
0-375, 0, 0-125. Go round the circle through
(3, 0) until these arcs are met.

@) zin. = 6 —j'8; Z,,. = 48 — j64ohms.
(b) zin, = 33 +j0; Z,,, = 27 ohms.
(€) Zin, = -6 +j-8; Zj. = 48 1 j64 ohms.

Example.—A transmission line of characteristic
impedance 600 ohms is terminated in a
resistance of 600 ohms in series with a condenser
of capacity 9 pfs. The frequency is 30 Mc/s.
What is the input impedance when the length
of line is (a) 4/8, (b) 4/4 and (c) 34/8?

X L _ 1
T 2afC 273 X 107 X 9 X 1012
= — 600 ohms
. R+jX 600 —j600 .
r+1x= .—;0] = 60(]) —1—-)1

Find the point (1, —1). Itsnvalueisn’=0-34,
To this add 0-125, 0-25, 0-375 obtaining
n'’ = 0-465, 0-59, 0-715. Subtract 05 as
required and find n"'= 0-465, 0-09, 0-215. Go
round the circle through (1, —1) until these
arcs are met.

(@) 2z, =04 —j0-18; Z;, = 240 — j108 ohms
(b) . = 0-5 + j0-5; Zip. = 300 + j300 ohms
(c) zin. = 2:05 + jl; Z,,., = 1230 + j600 ohms

33. Further examples on the transmission line
calculator

Example.—A transmission line is /8 long, of
characteristic impedance 300 ohms and short-
circuited at its far end. What is its input
impedance?

r+jx=0-+j0
Find the point (0, 0). Travel round the
“infinite circle” until the arc n = 0-125 is met.

Zin. = 0+l

Z;». = j300 ohms (inductive stub).
Example.—A transmission line is A/8 long, of
characteristic impedance 300 ohms and open-
circuited at its far end. What is its input
impedance? '
r + jx = 00 4 joo. “Find” the point (00, 00).
Its n value is n'= 0-25. Add 0-125 and obtain
n” = 0375 Go round the infinite circle,
coming up the negative reactive axis, until
the arc 0-375 is met.

Zin, = 0— ]1

Z;n. = — j300 ohms (capacitive).



Example—A transmission line of characteristic
impedance 300 ohms is 0-154 long. The input
impedance is resistive and equal to 900 ohms.
What is the impedance at the end of the line?
Zin. = % — 3. Find the point (3, 0).

Note its n value, n’’ = 0-25. Travel round
anticlnckwise corresponding to a length of line
0-125.., ..e. subtract 0-15 from 0-25 obtaining
n'=0-10.

Zger = 05 4 jO-6

Z.er = 150 4+ 180 ohms.

Example—A transmission line of characteristic
impedance 300 ohms is short-circuited at its
far end. The input impedance is 4 j600 ohms.
What is the length of the line?

Zeer =0+ j0
0 + j60C

Find the point (0, 0). Travel round the infinite
circle until the point (0, 2) is reached;
n==01772,

34. Deduction of terminating impedance
from standing wave measurements

Let the voltage standing-wave ratio be s and
let it be expressed as the ratio of maximum
to minimum, i.e. a number greater than unity.
At a point on the line where there is a voltage
maximum the line appears to be purely
resistive—the resistance being sZ, ohms. At
a voltage minimum the line is also resistive and
equal to Z,/s ohms. From these facts and
knowing the distance of a maximum or a
minimum from the termination one can deduce
the terminating impedance.

Example—The voltage standing wave ratio on
a line is 3:1. The voltage maximum is distant
0-4/ from the termination. Find the termin-
ating imipedance.

Impedance at voltage maximum = 3Z,
Normalised impedance at maximum = 3,

Find the point (3, 0). Note its n value,
n’ = 025, Travel round anticlockwise a
distance 0-44, i.e. subtract 0-4 from 0-25, This
cannot be done, so subtract from 0-5 + 0-25,
ie. from 0-75. One finds.n’ = 0-75 — 04
= 0-35.

Termination is (-8 — j1)Z, ohms.

35. Use of admittances

Impedances are not really convenient in
transmission line work. Ir is unusual, for

example, to connect a resistance and condenser
in series across a transmission line, forming an
impedance r + jx. Commonly one connccts
elements in shunt across the line, When
working with shunt elements one uses admit-
tances. The reciprocal of resistance is
“‘conductance”, of reactance is “‘susceptance’’
and of impedance is “admittance”. Let R and
jX be a resistance and reactance connected in
shunt (fig. 29). Their impedance Z is given by

1 1 1 1
Z RTIX"R™X
.. 1 1 1 .
Wrmnngz,G—KandB——)—(thls
becomes:
Y=G4jB,

so that shunt elements can be added if expressed
as conductance and susceptances. Note that
an inductive element, which is a positive
reactance, is a negative susceptance. Similarly
a capacitive element is a negative reactance but
a positive susceptance. The transmission line
calculator can be used for normalised admit-
tances in the same way as for normalised
impedances.

[ J
Fig. 29.—Shunt elements

36. Unfortunately the reactive axis on the
cartesian circle diagram (fig. 185, A.P.1093-E)
has been marked “inductive” and “capacitive”.
It would have been better to have called the
upper half “positive reactance” and the lower
“negative reactance”. In using the diagram
for admittances the upper half denotes
“positive susceptance” and the lower half
“negative susceptance”.

Elimination of standing wave on line by
stub (Stub-matching)

37. 1If a line is terminated by a normalised
impedance (or admittance) of unity, the power
is all absorbed at the termination and there is
no standing wave between the generator and
the termination; the standing wave ratio is
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unity. The method of eliminating a standing
wave by an inductive stub is indicated in the
following example:—

Example—Show how to eliminate a voltage
standing wave ratio of 3:1 on a transmission
line.

At a voltage maximum on the line the line
looks resistive—the normalised resistance being
3, since this is the standing wave ratio. Hence,
at a voltage maximum, the normalised con-
ductance is 1/3. Find the point (1/3, 0) on
the circle diagram. Travel round the circle
until the conductance is unity. The n value
is n = 0-168. The susceptance is + j1'15.
Thus if we move along the line from a voltage
maximum, towards the generator, a distance
0-1684 the line will have a normalised admit-
tance 1+j1-15 at that point, If the susceptance
311-15 can be cancelled out, by adding in shunt
a susceptance—jl-15, the admittance will then
be unity and there will be no standing wave
between that point and the generator. Let the
required susceptance be supplied by a short-
circuited stub applied across the line at this
point. Let the stub have the same characteristic

4---0168 A - -~
FROM GENERATOR i ~ ] [rerminaTion
4 VOLTAGE }

MAX IMUM

~-—01SA_ .

Fig. 30.—Stub match for 3:1 standing wave

admittance or impedance as the main line. A
short circuit is zero impedance or infinite
admittance., Hence find the point o on the
diagram. Its n value is n’ = 0-25. Travel
clockwise round the “infinite circle” coming
up the vertical axis until the point (0, —1-15) is
reached, Note the n value, n”’ = 0-363. The

required length of stub is
n” —n' = 0363 — 0-25
=0-1134.

The arrangement for matching out the 3:1
standing wave is therefore as shown in fig. 30.

Line with loss

38. Example.—A transmission line of charac-
teristic impedance 80 ohms is terminated in a
resistance of 240 ohms. The length of the line is
8-6 wavelengths and the loss of the line is 2dB.
Find the input impedance.
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Ziermin = 3 -+ 0. Find the point (3, 0).
n' =025
Subtract -1

n’’ = 0-35. Travel round until arc 0-35 is met.
This circle is marked 3dB. Add 2 and obtain
5dB. Travel in until 5dB circle is met.

Answer is:—
Zinput == 10— ]07
Zinput == 300 — ;210 ohms.

Fig. 31.—Coaxial feeder

RF. CABLES

39. Up to about 1,000 Mc/s the attenuation
in polythene cables is mainly due to losses in
the metal (“copper” losses) and the attenuation
varies as the square root of the frequency.
Beyond 1,000 Mc/s the dielectric loss begins
to become appreciable and at 3,000 Mc/s the
loss is about half dielectric and half “copper”.

“The dielectric loss varies directly as the

frequency and at very high frequencies
(10,000 Mc/s or more) it is the important
factor.

—Et
-—-~--H

Fig. 32.—Fields with inner removed

Loss in a coaxial and transition to wave-
guides

40. In an air-spaced coaxial line, the main
copper loss is on the inner conductor. At

high frequencies, the current tends to travel
in the surface of the metal (skin effect) and the



amount of metal available is therefore much
smaller on the inner conductor than in the
outer conductor. In addition, the inner
conductor is troublesome, since it requires
supports and these upset the transmission and
may give rise to sparking. The efficiency of
transmission can be much improved, therefore,
by -emoving the inner conductor. This gives
a single hollow pipe or waveguide. When
the inner vonductor is taken out the fields are
altered. The diagram fig. 31 shows, roughly,
the electric field at two points A and B, half
a wavelength apart. On removal of the inner
conductor, the cross section at A is as shown
in fig, 32, The electric lines are left “hanging
in the air”. They cannot join across since
they are in opposing directions. The only
way they can complete their path is by turning
round and extending down the pipe so as to
join with the electric lines at B, which are
also incomplete but pointing in the opposite
direction to the lines at A. The result is
shown in fig. 33. The magnetic iizes in the
coaxial form circles as shown in fig. 32. The
removal of the inner conductor merely causes
a slight change in the distribution of magnetic
field, there being no need to connect up with
the field at other parts of the pipe. The wave
in the pipe differs notably from the wave on a
transmission line in that the electric field has
both a transverse and a longitudinal com-
ponent; the magnetic field has only a transverse
component, Seizing on the fact that E has a
longitudinal component the wave is referred
to as an “E wave”

Fig. 33.—Circular waveguide

APPROACH TO RECTANGULAR
GUIDE

4]1. The twin wire transmission line gives

rise to difficulties at high frequencies due to
skin effect on the wires, in the same way as
the inner conductor of the coaxial causes loss,
By using metal strips instead of wires—i.e. a
twin strip line—the loss is considerably reduced
since there is now a large amount of surface

Fig. 34.—Magnetic fields on strip lines

skin in which the current travels. However,
the twin strip line (see fig. 34) suffers from
the disadvantage that it is not a screened line.
Thus in transmission it is liable to radiate,
especially at junctions, bends and such dis-
continuities. Similarly, in reception, it is liable
to pick up interference. The magnetic lines
forming closed loops outside the strips are
shown in fig. 34. In order to enclose the field
completely between the strips, metal plates
must be added at the top and bottom. The
oscillating magnetic field is unable to penetrate
these plates. It must, however, still form
closed loops. This is done by the magnetic
field, at one cross-section, bending over at the
top and bottom and joining up with the
magnetic field approximately 4/2 away (see
fig. 35). The electric field is less disturbed by
the addition of the top and bottom plates. It
is merely caused to concentrate more towards
the centre of the cross-section and be zero at
the top and bottom so that the condition
Etngentil = 0 is satisfied.  In fig. 36 there is
shown a cross section. This wave in the
rectangular pipe is a “waveguide mode”. It
is an ‘H’ wave since there is a component of
magnetic field in the direction of propagation.

Fig. 35.—Rectangular guide

Synthesis of H wave in rectangular guide

42, The previous qualitative approach does
not give sufficient information adequately to
explain some fundamental points on wave-
guides. A simple analysis can be made by the
method of Brillouin. Take two equal plane



This leaf issued in reprint
March, 1948

-===H

el <} 4 -4-=
PR gy iy iy Iy Sy Wi R
——,t -1~ e -

Fig. 36.—Cross section of guide

waves travelling with their directions of
propagation parallel to the plane of the paper
but in different directions in that plane (see
fig. 37). Assume H to be parallel to plane of
paper and E perpendicular to plane of paper.,
The full lines are wavefronts on which H
{and E) is a maximum or a minimum, while the
dotted lines are wavefronts on which H (and E)
are zero. This is indicated by arrows at the
ends of the wavefronts. When the two waves
are combined, by adding vectorially, the
‘magnetic field forms closed loops characteristic

A.P.1093F, Vol. I, Chap. 3

of the pattern already deduced for a rectangular
guide. The result of adding the electric fields
in the two waves are not shown in fig. 37.
However, they are fairly simple. The electric
field is zero at all points along lines such as
PQ, RS, TV. Half-way between PQ, RS, TV,
the electric field takes its maximum values at
the points where the magnetic field has its
maximum value.

43. Provided that the boundary conditions
are satisfied, metal plates can be inserted so
as to separate off desired portions of the field
pattern in fig. 37. Thus, two metal plates RS
and TV can be inserted separating off the
magnetic loops. The magnetic field is wholly
tangential at these metal plates and the electric
field at the plates vanishes. The wavefronts
in fig. 37 extend indefinitely perpeadicular to
the paper. To form a waveguide from the
portion enclosed between RS and TV, the
side walls have to be added as shown in fig. 38.
There is no difficulty in inserting these side
walls since the magnetic field is tangential
and electric field normal. The spacing, a,
between the side walls can be chosen to be any

P /\‘ / ﬂ ~ ’ Q

: 2 S
0 S e

T N

Fig. 37.—Synthesis of H, wave



value whereas the top and bottom plates must
be exactly in the correct positions to fit the
pattern. The wave shown in fig. 38 is an H,
mode. The suffixes 0 and 1 refer to the
number of cycles of variation in, say, the
electric field in moving along the x and y
directions (fig. 38). An H,, wave would be
obtained by enclosing two rows of magnetic
loops in fig. 37 by planes TV and PQ giving
the pattern shown as a cross-section in fig. 39.

A
! | |

- &

}

Fig. 38.—Fitting side walls

JRUON

a

Relation between wavelength in space
and in the guide

44. Referring back to fig. 37, the original
plane waves are shown moving down to the
right and up to the right. The waveguide
pattern, enclosed between RS and TV, there-
fore moves to the right and can be regarded as
a type of wave, i.e. an “H’ wave as explained
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Fig. 39.—Guide with H,, mode

previously. The loops of magnetic field are
marked alternately with anticlockwise and
clockwise directions so that a “wavelength”
is two loops and each loop is A,/2 where 4,
means “wavelength in the guide”. The wave-
length of the radiation in free space (wavelength
in “air”) is A, and the distance between two

Fig. 40.—Relationship between 13 and 12

of the full-line wavefronts in fig. 37 is 1,/2.
A portion of fig. 37 is shown separately in
fig. 40. UW and XY are two wavefronts
Aa/2 apart. AB is the distance between the
centres of two magnetic loops and is Ag/2.
BC is the height of the guide or distance
between the top and bottom plates RS, TV
and is denoted by b. Letangle CBD = 6 and let
AN be perpendicular to BD.

g -
7

RAYS
C
Fig. 41.—Rays of downgoing wave

In triangle ABN we have cos § = AN/AB

= AafAg.

In triangle BCD we have tan § = CD/BC
= A4/(2b).

Hence, sin @ = tan 6 X cos 0
= A./(2b).

Now sin% 0 + cos2 0 =1,

Hence 2,2/(2b)% + 2,222 =1

ie. 1/(2b)% 4 1/4,2 = 1/A,2

or 1/Ag=1/4.2— 1/@2b)2.

This equation enables A; to be calculated when
Aa and b are known.

ISP
R RAYS

6

Fig. 42.—Rays of upgoing wave

45. The interpretation of the angle 8 is also
interesting.. Previously in this treatment we
have been concerned with the wavefronts of
the two component waves. We may also
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consider these waves from the ray point of
view. A ray is at right angles to a wavefront
and rays can be drawn all along the wavefront
as desired. In fig. 41 rays are shown as arising
from the downward travelling wave and the
angle 0 (from fig. 40) is as shown. Similarly
for the upward travelling wave we obtain
fig. 42. Combining appropriate rays we obtain
the effect of a series of rays striking the upper
and lower plates at a glancing angle 6 and
being reflected each time they strike the plates
(fig. 43). This is the “bouncing wave” some-
times referred to and gives the interpretation
of the angle 0 in the equations.

Example—Find 6 and A, for a waveguide
measuring 2} in. X 1 in. when the free space
wavelength is 9-1 cms.

We have sin 8 = Aa/(2b).

The dimension b is 2§ in. and 2b = 5in. =
5 X 254 cm.

= 9-1/(5 X 2-54)
= 1/1-4
= 1/v/2
L0 =45,
tan 0 = Ag/(2b)
tan 45° =1
.0 =2b
= 5in.
= 12:7 cm.

Hence, sin 0

Again,

© &

Fig. 43.—Bouncing wave effect

46. This is the guide used in airborne ‘S’
band equipment. A bouncing angle of 45 deg.
is a convenient value to assume if one wishes to
design a waveguide to suit a given free space
wavelength. Note that the narrow dimension
1 in. does not enter in the calculation—as
already noticed, the distance apart of the side
plates is not critical.

Example.—Find ge for a 3 in. X 1 in. guide at
As = 10 cms. WA do not need to calculate
6 and the formula
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A1 1
(6 X 254)°

__1524* —10°

~ (10 x 15-24)2

_ 10x 1524

T 524 x 25-24

=132 cm.

Example—1in. X }in. guide at 4, = 3-2 cm.
To be done as an exercise.

Cut-off in a rectangular waveguide

47. The formule relating glancing angle 0
with 4, and b and guide wavelength, 44, with
As and b are:—

sin @ = 4,/(2b)

Ag

for an H,, wave.

Fig. 44.—Propagation well below cut-off

If A, is very small compared with 2b, then 6
is small and the rays do not bounce often
(fig. 44). At the same time 1,142 is large com-
pared with 1/(2b)2 and Az is approximately
equal to Aa. The wave almost behaves like a
wave in free space.

If As = 2b/4/2, thenssin 6 = 1/4/2, 0 = 45 deg.
and A = 2b = 4/24;. This is the usual sort
of condition for a waveguide in practice. The
“wavelength” in the guide is about 40 per cent.
greater than the wavelength in free space.

I

Fig. 45.—Propagation at cut-off




If Ao = 2b, then sin 8 = I, { -- 90 deg.
Ag = . In this case the rays bounce normal
to the top and bottom plates (see fig. 45) and
no power is conveyed down the pipe.

48, If 23> 2b,sin 0 > 1 and Ag is imaginary.
The wave cannot exist in the form of a travelling

wave moving down the pipe. The waveguide -

thus acts like a high pass filter; only high
fi. ,..encies or low wavelengths are transmitted.
The change from transmission to no trans-
mission occurs as the free space wavelength
passes through the value 2b. The quantity
2b is thus called the critical or cut-off wave-
length, since wavelengths higher than this will
pot propagate, The cut-off wavelength is
called A. and we have

Ao =2b.

The equation for 4, can then be written

Fig. 46.—Distortion from rectangular
to circular guide

49. In this form it is applicable to any wave-
guide for which 2. is known. Even when 14
1s greater than A, some energy goes into the
guide and falls off exponentially with distance.
This type of propagation above cut-off wave-
length is called an evanescent wave or an
attenuated wave. A detailed investigation
shows that there is no real flow of energy in
an evanescent wave. It is in fact ‘“‘reactive”,
magnetic field goes into the pipe and then
returns to the generator; a quarter of a cycle
later electric field is going in and then returning
and so on. The amplitude of these reactive
fields falls off exponentially with distance
from the generator.

Fig. 47—H,, wave in circular pipe

CIRCULAR WAVEGUIDES

H,, wave in circular pipe

50. Beginning with a rectangular guide carry-
ing an H,; wave, let the rectangular pipe be
gradually distorted into a circular pipe (fig. 46).
The wave pattern in the cross-section is also
distorted, the electric lines bending so as to
finish always perpendicular to the walls, and
the magnetic lines bulging out so to lie
parallel to the walls. Thus, the pattern of
figs. 36 or 38 becomes that of fig. 47. In
designating this H wave in the circular pipe
it is usual to refer the variations of field to
polar co-ordinates (@, r). Taking first the
angular variation consider a rod OA pivoted
at O and moved round (see fig. 47). Consider,
for example, the radial component of electric
field. In the position A, (see fig. 48) this field

-1 @A, Ag+1

As
(=]

Fig. 48.—Azimuthal variation H,; mode

is strong and directed radially outwards; at
A, it is zero; at A; strong and radially inwards;
at A, zero again; and so on. The field thus
varies like cos ¢ which is + 1, 0, — 1, 0 when
@ = 0 deg, 90 deg., 180 deg., 270 deg.
respectively. Taking the general expression
to be cos ng it is seen that in our case n = 1.
The first suffix in the designation is therefore 1.
For the second suffix we look at the variation
along a radius. Along the radius to A, the
electric field is strong at the centre and weakens
to the edge. This is regarded as one “variation”
of field and the second suffix is 1. The wave
is referred to as an H,,. It is, of course,
necessary to mention the fact that it is in a
circular guide so that the meaning of the
suffixes can be understood. The cut-off
wavelength for an H,, wave in a rectangular
guide is twice its height. So we would expect
that the cut-off wavelength for an H,, wave
in a circular guide would be about twice its
diameter or four times its radius. Accurate
investigation gives the value

Ae = 342 X radius.

E,; wave in circular pipe

51. This is the wave obtained by removing
the inner conductor from a coaxial feeder,
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Fig. 49.—E,; wave

and previously discussed. The field at a cross-
section is reproduced in fig. 49. There is no
angular variation in the field so that n = 0
in the expression cos ng. There is one radial
variation. Hence it is an E;;. Its cut-off
wavelength is given by 4. = 2-61 X radius.
The H,; wave has the highest cut-off wave-
length of all the circular modes. The E,,
comes next. If r were the radius of the pipe
and a free space wavelength of 3r were sent
into the pipe then an H,, wave would propagate
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but an E;; would be evanescent. Sometimes
circular guide with a radius equal to 4,/3 is
used to convey power in an H;; wave instead
of rectangular guide with an H,.

52. However, circular guide with H,; is never
used except in short lengths. Rectangular
guide is preferred. Referring to fig. 47, the
electric field is shown horizontally polarised.
But any slight ellipticity or curve or other
distortion would easily tend to slip the polari-
sation off the horizontal. There is nothing in
a circular guide to hold the plane of polarisation.
In a rectangular guide the polarisation is held
by the wide sides and since we usually wish
to know accurately the polarisation of the
wave at the end of the guide, rectangular—in
spite of being more expensive than circular—is
normally used.

CURRENTS IN WAVEGUIDES

Currents in walls of rectangular guide
carrying H,; wave

53. The guide has been investigated from the
field point of view but it is important to know

Fig. 50.—Currents in walls of guide

Fig. 51.—Transmission line with stubs

how the currents flow on the inside of the
walls of a rectangular pipe. The currents are
easily deduced by remembering that magnetic

Fig. 52.—Slots in walls of guide









to extra lines leaving and arriving at its surface.
There is thus additional electric energy or
capacity concentrated there and the iris acts
like a condenser, The equivalent transmission
line or circuit picture is shown in fig. 62.

o — - —_—

Fig. 62.—Analogue of capacitive iris

Fig. 63.—Inductive iris

60. Again consider the iris in fig. 63. It can
be seen that this iris will not greatly disturb the
distribution of electric field which is mainly
concentrated near the middle of the guide.
The magnetic loops in the guide will, however,
be distorted by the iris so as to form an
additional concentration of magnetic energy
so that this iris acts like a coil and is equivalent
in transmission lines and circuits to fig. 64.

61. The capacitive iris is not much used in
practice owing to its tendency to spark over
under high power and the inductive iris is
preferred.

| & v »]

L X1

o o )

Fig. 64.—Analogue of inductive iris

62. By putting an inductive and capacitive
iris together we obtain a resonant window
which is equivalent to a perallel tuned circuit
(see fig. 65(a) and 65(b)).

63. Various other types of iris, etc. will be
found in practice and it is easy to see that any
non-lossy obstruction or obstacle in a wave-
guide will, in general, sct as a reactance. For
example, a rectangular picce of distrene is

sometimes used. By altering its orientation
in the guide different reactive effects are
obtained and by sliding it along the guide the
point of concentration of the reactance may be
varied. For low power purposes a metal screw
passing through the centre of the wide face
provides a convenient variable reactance
(see fig. 66). It is capacitive if its length inside
the guide is less than A/4.

DN
\\\

(@)

W

()

Fig. 65.—Resonant iris
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Fig. 66.—Captive screw

Rotating joint using H; to E,; transformer

64, A rotating joint in a waveguide run must
clearly employ circular waveguide and in most
applications an E,; wave is used in the circular
guide. To generate this wave the rectangular
guide is brought in at right angles to the circular
guide (see fig. 67). As shown in fig. 68, the
electric field, of the Hy; wave in the rectangular
guide, expands into the circular guide and
creates some of the characteristic half-loops of
electric field for the E,, wave in the circular
guide. After travelling a little way up the
guide, the E; is fully developed. A choke
type of joint provides a convenient method of
obtaining a rotating joint in the circular pipe
and the wave may then be launched back into
a rectangular guide as shown in fig. 69. The
bottom half of the structure rnight be connected
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Fig. 67.—H,, to E,, transformer
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Fig. 68.—Field in transformer
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Fig. 69.—Rotating joint

to a transmitter and the top half to a rotating
mirror or scanner. It is important that the
same amount of power should emerge from
the mirror in all positions. This is ensured by
using the symmetrical E,, wave (fig. 70)
which “looks the same”, to the output
rectangular guide, from whatever orientation
(fig. 71). Unfortunately the E,, mode has a
jower cut-off wavelength than the H,, mode
in circular guides. Hence, some H,, is very
likely to be present in the circular pipe. This
mode is polarised as shown in fig. 72. Conse-
quently, the circular guide “looks different”,
to the output rectangular guide, in different
orientations, and for example, in position (1)
of fig. 71 no output would be obtained at all
with the H,, mode.
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Fig. 70.—Field in circular guide
with E,; mode

Fig. 71.—Variation of output plane

65. The H,, mode is filtered out by a metal
ring filter, placed centrally in the circular
guide (see fig. 73). The electric lines of force
in the Ey; mode (see fig. 70) are perpendicular
to the ring, the boundary conditions of the
wave are thus satisfied and the wave moves
through the ring without interruption. But
the electric lines of force in the H;; mode

@ T“'E
=
&2

Fig. 72.—H,, field

(see fig. 72) are not, in general, perpendicular
to the metal ring. A reflected wave is called
into play of equal amplitude to the incident
wave and of opposite electric phase, so that
the resultant electric field vanishes at the ring.
The ring thus reflects back the H;, wave. In
practice the ring is supported by a thin wafer
of good insulating material as, for example,
polythene.
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Fig. 73.—Ring filter

Bends

66. If a waveguide is bent round too sharply,
part of the wave is reflected back due to the
discontinuity. The minimum radius of curva-
ture which can be allowed is about 4,. When
it is necessary, owing to space considerations,
to bend sharply, a right-angle bend with cut-off
corner is employed (see fig. 74). This bend
can be in either the narrow dimension or wide
dimension of the guide. The distance d has to
be determined by the designers for each
particular guide size, but it is not very sensitive
to frequency changes. When correctly de-
signed, the cut-off corner gives rise to negligible
reflected wave.

Fig. 74—Right angle bend

Launching waves in guides

67. The most common case is the H,, wave
in a rectangular guide which has to be launched
from a magnetron. The magnetron has its
output in the form of a coaxial line and this is
brought in at right angles to the guide with the
inner conductor running about A/4 inside the
guide (fig. 75). This then acts like a little aerial
and generates waves whose electric vector is
perpendicular to the wide walls of the guide,
The field distribution set up inside the guide
by the probe will be very complicated. It can
be represented, so to speak, by a kind of Fourier
series, i.c. by the sum of a large number of
waveguide modes, of various amplitudes and
phases. Outstanding amongst these modes will
be the H,, mode since its electric field is
perpendicular to the wide walls and fairly

PERSPECTIVE

PLAN

I

Fig, 75.—Launching of H,, wave

evenly distributed across the centre of the
guide. All the modes will attempt to propagate
up the guide, but by making the guide suffi-
ciently small’ the higher modes will be
evanescent and will damp out leaving only the
H,,. Generally speaking, the idea is to generate
a field of which the required mode is a pre-
dominant part, and to attempt to eliminate
unwanted modes by adjusting guide dimensions
or by using filters. )

Y

o X

T

Fig. 76.—Common T and R aerial

68. Referring to fig. 75 a piston is provided for
matching purposes. If the piston is omitted,
the guide is closed A;/4 from the probe. At
high powers the probe sparks over and has to
be covered with polythene or terminated in a
large sphere; the wide dimension of the guide
is also usually increased to help to stop spark-
over.

COMMON T AND R

Use of common T and R

69. In the pulse method of radiolocation
(which is the method normally used) no
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Fig. 77.—1} metre common T and R switching

received signals are expected to be detected
when the transmitter pulse is being radiated
and there is no transmission during the
reception of echoes. The same aerial can
therefore be used for transmission and recep-
tion; this is termed common T and R. However,
owing to the high peak power of the trans-
mitter, the receiver would be damaged by
the transmstter pulse if the simple connections
of fig. 76 were used. Itis necessary to introduce
a device at X which will short circuit the line
to earth or otherwise during transmission, and
prevent the transmitted pulse entering the
receiver. It is usual also to have a device at Y
which will prevent the received signal entering
the transmitter, but this is not so essential since
the transmitter output circuit will not absorb
much received power and the device at Y
could be omitted in a “poor man’s radar”.

1} metre common T and R

70. The arrangement shown in fig. 77 is
typical for a ground station. Airborne sets
use the same principles but differ in detail.
Spark gaps are provided at e and f. These are
enclosed in glass envelopes with argon and
mercury vapour at } atmosphere pressure.

71. During transmission the gaps at e and f
spark over. The impedance of the gaps when
struck is of the order of a few ohms—effectively
a short circuit. The gap e prevents too much

transmitter power-entering the receiver. The
impedances of the gaps e and f are transformed
up to effective open circuits at ¢ and d by the
A4 lines. Thus, owing to the A/2 lines between
a and ¢ and between b and d, looking down at
a one sees an open circuit and also looking
down at b. The flow of transmitter power is
thus uninterrupted. The transmission lines ch
and dg across which the gaps are connected
have a wide spacing and high characteristic
impedance. This helps to develop the high
voltage necessary to strike the gaps. It also
gives a good A/4 transformation from c and f
to ¢ and d, so that the small impedance of the
gap when struck, is transformed up to as high
an impedance as possible (so as to be effectively
an open circuit). The limit in widening-out
the spacing of the lines is set by the fact that
they tend to radiate when too far apart.

72. During reception the gaps are open.
Looking down at d and also at b we see a short
circuit due to A/2 transformations from the
short at g. Looking to the right at b we see the
transmitter and it is thus effectively short
circuited at b. Looking to the right at a we see
an open circuit due to the 1/4 (or 34/4) line
a b with a short at b. Looking down at a we
see the receiver. The received signal from the
aerial therefore passes down to the receiver
and does not enter the high impedance seen
looking to right at a. The gap e is often called
the receiver gap, and f the transmitter gap.
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Waveguide common T and R

73. Ordinary spark gaps could not be used
across waveguides since in the non-sparked-over
condition they would present considerable
reactance, i.e. cause reflection of the wave.
The soft rhumbatron gas switch is used. A
rhumbatron is a metallic resonant cavity as
shown in fig. 78. It can be regarded as a
number of A/4 shorted transmission lines
arranged star fashion. During the inductive
part of the oscillatory cycle there is a strong
magnetic field at the outer part of the
rhumbatron. During the capacitive part of the
oscillatory cycle there is strong electric field
across the lips at the centre. The cavity is
tuned to resonance by shortening the lengths
of the “transmission lines” and this is done
rcughly in two or more places by screw
plungers. Inductive couplings is obtained by
a loop fig. 79; or by window coupling through
a hole in the side of the rhumbatron as shown
in fig. 80.

74. In order that the rhumbatron shall
spark over at the lips, the centre part must be
fitted into a glass envelope enclosing gas at
reduced pressure. Water vapour is used since

the discharge stops quickly in this gas as soon
as the transmitter goes off. In order that the
discharge shall start between the lips without
delay, an auxiliary discharge is run from the
keep-alive electrode (fig. 81). This auxiliary
discharge is outside the lips but close to them
and supplies ions necessary for prompt starting
of the main discharge.

COAXIAL
LINE

““—_J LJ

Fig. 79.—Loop coupling
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Fig. 80.—Window coupling

75. The soft rhumbatrons are connected to
a rectangular waveguide through windows.
Since the window is at the part of the rhum-
batron where there is magnetic field, the device
must be coupled to a part of the gmde where
there is also magnetic field, i.e. on the narrow
side where the Iongltudmal magnetic field is
strong. The arrangement is therefore as shown
in fig. 82.

KEEP - ALIVE
ELECTRODE [«—— (000 VOLTS

GLASS - METAL
SEAL

Fig. 81.—T-R cell
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76. When the transmitter is on, a discharge
occurs across the lips of the rhumbatrons.
This destroys the resonance and there can be
no large electric or. magnetic field inside the
rhumbatrons. There is thus no tendency for
magnetic field to enter through the windows
and transmission of power to the aerial is
undisturbed. The receiver is coupled into one
of the rhumbatrons by a loop, and no power
goes to the receiver. In fact, of course, a little
power enters the rhumbatrons to maintain the
discharge and a very small amount of power
goes to the receiver. There is also a “spike™
of power into the receiver at the beginning of the
transmitter pulse when the discharge in the
rhumbatron is building up.
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Fig. 82.—Waveguide T-R

77. During reception, the rhumbatrons
resonate and accept magnetic field from the
guide. Power flows from the aerial to the
receiver vig the rhumbatron and loop. The
rhumbatron near the transmitter, by inter-
rupting the magnetic field, prevents power
going into the transmitter. It acts like a short
circuit across the centre of the guide or an open
circuit 34,/4 away at the receiver rhumbatron.
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Fig. 83.—Equivalent circuit of
waveguide T-R

78. The action can probably be seen more
easily by replacing the guide by a parallel strip
transmission line with 4/4 shorting stubs as
in fig. 51. The window is represented by an
ideal transformer and the rhumbatrons by
resonant L-C circuits. This yields fig. 83.
During transmission the gaps are struck and
the L-C circuits are shorted. These shorts
are transformed to shorts at the end of the
A/4 stubs and give open circuits at a and b.
During reception the L-C circuit nearest the
transmitter is a high impedance and after
transforming gives a short at b and an open-
circuit looking to the right at a. Looking up
at a, the receiver is seen transformed up into
the L-C circuit through the ideal transformer,
and down through the 1/4 stub.

79. The rhumbatron near the transmitter is
often called the anti-T-R switch and the receiver
rhumbatron the 7-R switch.
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CHAPTER 4

CENTIMETRE VALVES

HIGH-FREQUENCY OSCILLATORS

Introduction

1. At high frequencies normal triode oscilla-
tors have definite limitations, the most im-
portant of which are, firstly, transit time of
electrons from cathode to anode, and secondly,
circuit limitations.

Transit time in triodes

2. At low frequencies the anode current is in
phase with the effective grid voltage, and
oscillations are maintained by feed-back from
anode to grid circuit. But at high frequencies,
the time which the electrons take to travel
from cathode to anode is comparable with the
period of oscillation. This means that the grid
voltage will change during the electron’s transit
with the result that the anode current is no
longer in phase with grid voltage. Thus, the
feed-back falls off and efficiency decreases.

Circuit limitations in triode oscillators

3. At low frequencies the inter-electrode
capacities and lead inductances are negligible,
but as frequency increases they become more
and more important. The diagram, fig. 1,
shows these capacities and inductances. The
frequency of oscillation depends on the in-
ductance and capacity of the tuned circuit
used:—

Thus, the maximum frequency will be ob-
tained when L and C have the smallest possible
values and that will be when there is no
external tuned circuit, z.e.:—

When L = LA + LG

. C,g—C
-LCAK

+6 K

T S

Fig. 2.—Ultra-audion oscillator

4. The ultra-audion is a type of Colpitts
oscillator in which the inter-electrode capacities
form part of the tuned circuit (see fig. 2). It
will oscillate at frequencies up to 200 Mcf/s.

5. The limitation of frequency by anode and
grid leads (L, and Lg) can be overcome to a
great extent by making them form part of a
transmission line system.

6. The input impedance of a piece of trans-
mission line varies with its length, as shown
in the graph in fig. 3. Thus, the coil and con-
denser of the tuned circuit can be replaced »y

f= ~—1: appropriate lengths of transmission line or
2/ 1LC Lecher bars.
SHORTED OPEN | :
|
/ /
INDUCTIVE I’ /
/
// //
// //
o z 3 — o LENGTH
s & 72 Ve % A 5% ngrc.
/ //
/
CATHODE CAPACITIVE / I/
Fig. 1.—Equivalent circuit / ]
of triode / |
|

Fig. 3.—Reactance of a transmission line
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7. Oscillators using Lecher bar tuning can be
used up to frequencies of 600 Mc/s, and a
diagram of one is shown in fig. 4. Here the
length of the line includes the length of lead
inside the valve itself, and the total length is
less than /4, i.e., equivalent to an inductance.
This inductance, which may be varied by
altering the length of line, forms the tuned
circuit along with the inter-electrode capacities
of the valve,

(¢) NORMAL T.P.T.G.
OSCILLATOR

(b) TUNED CIRCUITS RE-
PLACED BY LECHERS

Fig. 4—Lecher bar tuned circuit

8. To maintain oscillations in a tuned circuit
energy must be supplied to make up for
resistive and radiation loss. At frequencies
above 600 Mc/s Lecher bar tuned oscillators
become inefficient because so much energy is
lost by radiation from the unscreened Lecher
wires.

Use of special triodes at micro-wave-
lengths

9. Special valves have been designed which
use co-axial lines instead of parallel wires.
Since the HF field is confined inside the outer
conductor of the co-axial the radiation loss is
eliminated. In this type of valve the valve
itself fits into a co-axial line system as shown in
fig. 5. The external circuit consists of two
co-axial lines, one inside the other, formed by
three concentric tubes. The outer tube,
connected to the anode, and the middle one,
connected to the grid, form the anode-grid
co-axial, whilst the inner tube, connected to the
cathode, along with the middle tube, this time

Fig. 5.—Co-axi1! line oscillator
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acting as an outer conductor, form the cathode-
grid co-axial. The frequency of the oscillation
depends on the valve capacitances and the
inductances due to the lengths of lines. These
inductances can be altered by varying the
lengths of co-axial, and thus the valve can be
tuned by movable shorting pistons.

10. Valves using lecher bar tuning can be
used up to frequencies of about 600 Mc/s, i.e.,
wavelength of 50 cms. At frequencies above
that, there is too much radiation loss. Valves
using a co-axial system, as described above,
will oscillate at frequencies of 3,000 Mc/s,
1.e., wavelengths of the order of 10 cms.

New types of valves

11. Before these special high frequency
triodes were developed a completely different
type of UHF oscillator was designed. This
type of valve, which includes the klystron and
multi-resonator magnetron, has two charac-
teristics:—

(i) The tuned circuit is an integral part
of the valve itself.

(ii) Use is made of the fact that an
electron will travel a definite dis-
tance in one cycle.

The rhumbatron or tuned cavity

12. To increase the resonant frequency of a
tuned circuit it is necessary to decrease the
L and C of the circuit. If the coil is reduced
to one turn of wire and a small condenser is
connected across it, as in fig. 6 (a), then this
tuned circuit will resonate at a very high
frequency. But the losses will be very high
due to the fact that the loop is unscreened and
so will radiate. Also the skin effect at this
high frequency will be considerable.

13. If the circuit in fig. 6 (a) is rotated about
the axis ‘YY’, a solid figure is obtained as
shown in fig. 6 (b). This solid figure is, in
fact, made up of a large number (n, say) of
tuned circuits in parallel. Thus the total
inductance will be L/n and total capacity nC.

14. The solid figure, which is called a resonant
cavity or rhumbatron, will therefore have the
same resonant frequency as the tuned circuit.

. 1 B 1
= 272vVie
mJ%-nc vV LC
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(a) TUNED CIRCUIT

-

—————
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(b) RESONANT CAVITY
Fig. 6.—Rhumbatron

But, since the oscillations will now exist in
an enclosed space, there will be no radiation.
Again, since the current has a large surface
area over which to flow, the skin effect, i.c.,
resistive loss, will be reduced. Thus the Q of
the cavity which is defined as

Energy stored
Energy dissipated

is very high—of the order of 104

27 X

15. In a klystron oscillator a resonant cavity
of this sort takes the place of the tuned circuit
and is embodied in the valve itself,

16. To examine the electro-magnetic fields
which are set up in the cavity, take a section of
the cavity and assume that the condenser has
been charged by some means (see fig. 7). There
will be an electric field between the plates of
the condenser. The condenser is discharged
by a current flowing round the loop of wire
which, in turn, sets up a magnetic field. This
magnetic field is at a maximum when the
condenser has been completely discharged,
i.e., at time of zero electric field.

17. As in any tuned circuit, the inertia of the
coil keeps the current flowing after the con-
denser has been discharged, and the condenser
will be charged up again, this time in the oppo-
site sense. Thus the electric field will be
reversed, as will be the discharging current

+
(@) E FIELD MAX tm0
©
(6) H FIELD MAX _
o} E FIELD ZERO S t—=TM
©
(<) E FIELD MAX
H FIELD 2ErO s ¢ =T
+
®
(d) H FIELD MAX
® E FIELD ZERQ s ¢ =3TH4
®

Fig. 7.—Electro-magnetic fields in the cavity

flow, which gives rise to the magnetic field.
The whole cycle of oscillation can be seen in
fig. 7. Since, in fact, we are not considering
one turn of wire, but a solid figure, then the
magnetic lines of force will not exist outside
the cavity, but only inside and as closed loops
round the axis of the cavity.

18. The theoretical form of cavity, as
described above, has been slightly altered in
practice, mainly for manufacturing purposes.
Typical rhumbatrons are shown in fig. 8.

;;ED JL EH""""““'

PREFEURE  APFLIED

i ,

Fig. 8.—8- and X-band rhumbatrons

19. The frequency at which the cavity oscil~
lates depends on the values of the L and C
(see fig. 6 (a) ), that is to say, on the physical
size of the cavity, so that the frequency of the
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oscillations can be varied by altering the size.
S-band oscillators are tuned by means of three
tuning screws in the side of the cavity. One
of these is shown in fig. 8 (a). When these
plungers are screwed into the cavity, they are
decreasing the inductance and therefore in-
creasing the natural frequency of the cavity.
Conversely, screwing the pluingers out
decreases the frequency to a small extent.
A cavity whose natural frequency is in
the X-band is, of course, physically smaller
and is tuned differently, since tuning screws
would tend to be clumsy. Tuning is accom-
plished by applying pressure to the cavity by
means of a ring (see fig. 8 (b) ). As the top
and bottom plates are pressed closer together,
the capacity is thereby increased and the
frequency decreased.

20. In all cavities of this type the UHF energy
is taken out by means of a pick-up loop in the
side of the cavity. The magnetic loops of
force round the cavity thread through this
loop and induce currents in it. For maximum
coupling, the loop should be in a plane at right
angles to the magnetic field and parallel to
the electric field. Coupling can be reduced
by rotating the loop from this maximum
position, thus causing fewer magnetic lines of
force to thread through it.

Klystron oscillators

21. Oscillations are excited in a cavity by
allowing a stream of electrons in bunches at the
natural frequency of the cavity to pass between
the lips. Energy must be supplied to the
fields to maintain oscillation, and this is
effected by arranging that the electrons, as
they pass through the lips of the cavity, give
up some of their energy to the field. There are
two types of Klystron: (a) double cavity
klystron, and (b) the reflector klystron.

Double cavity klystron

22, Consider, as in fig. 9, a resonant cavity
along with an electron gun assembly. The
cavity is positive with respect to the cathode,
thus when electrons are emitted they are

=

Fig. 9.—Cavity and electron gun

A.P.1093F, Vol. I, Chap. 4

attracted towards the cavity and pass through
the lips of the cavity.

23. Now, if oscillations exist in the cavity
they will affect the electrons as they pass
through. For example, if at the instant when
an electron arrives at the cavity, the field is as
shown in fig. 7 (a), then the electron will be
travelling towards a positively charged plate,
and so its velocity will be increased. Simi-
larly, the velocity of an electron arriving half
a period later will be decreased. It must be
remembered that the charge is only inside the
cavity, 7.e., on the inner side of the plates.
An electron arriving at a time half-way between
these two would travel on with its velocity
unchanged, since there is no charge on the
plates at this time (see fig. 7 (b) ).

24. Suppose that the cathode-cavity is such
that all the electrons have a velocity ‘v’ when
they reach the cavity, and suppose that oscilla-
tions have been shock-excited in the cavity.
It has been seen that an electron arriving at
the cavity at time t=o (see fig. 10), will have
its velocity increased—by Avsay. An electron
arriving at t=T/4 passes through with its
velocity unchanged, .., v, and one arriving
at t="T/2 has its velocity decreased—by Av.

25. When the stream of electrons has passed
through the cavity, the velocities of the elec-
trons will have been altered. This is called
velocity modulation, and for efficient velocity
modulation the lips of the cavity must be close
together so that the field does not change
during transit time of electrons.

m
8 /
Ta\" \ 7o
\i/
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Fig. 10.—Relation between electron velocity
and time

26. Fig. 11 is a graph plotting the distance
travelled by the electrons after they have
passed through the cavity, against time. Thus
the slopes of the lines represent the velocities
of the different electrons. It can be seen that
at some distance d from the origin, i.e., from
the cavity, the lines cross. This means that
the electrons arrive in bunches at this point,
at the resonant frequency of the cavity, the
faster-moving electrons having caught up with
the slower-moving ones. This place where
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Fig. 11.—Time/distance curves for electrons

the electrons bunch together is called a bunching
plane, and there are a number of these planes,
three being shown in the diagram.

27. Now, if a second cavity, whose resonant
frequency is the same as the first, is placed at a
bunching plane of the first cavity, then the
electrons will pass through the lips in bunches
at its natural frequency and thus excite oscilla-
tions in it.

28. The first cavity, which causes the electron
stream to be velocity modulated is called the
buncher, and the second the catcher. There is
feed-back of energy from catcher to buncher
by means of pick-up loops or by coupling
through a hole, and thus fairly large oscillations
are built up. An electrode above the cavity
and slightly positive with respect to the cavity
collects the electrons after they have passed
through.

29. This type of klystron is called a double-
cavity klystron, and a typical example is shown
diagrammatically in fig. 12 (a). The pick-up
loop and tuning screws are as described above.
Both cavities must be tuned to the same
frequency. It has an output of approximately
10 watts CW or up to 100 watts if water cooled,
but its efficiency is very low, mainly due to the
fact that the catcher cannot be placed close
enough to the buncher for mechanical reasons.
It is not possible then to use the first bunching
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(c) DOUBLE CAVITY KLYSTRON
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() REFLECTOR KLYSTRON
Fig. 12.—Reflector and double cavity klystron

plane, bit some higher order plane must be
chosen. Now, as the electrons move away
from the buncher, they tend to interact and
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repel each other, thus demodulating the
stream, the result being that they no longer
bunch together so efficiently as they get further
and further away from the buncher.

Reflector klystron

30. The reflector klystron is the more common
type, and is mainly used as a local oscillator
or as a test set source since its power output is
of the order of 50—200 milliwatts CW.

31. This Klystron, illustrated in fig. 12 (b),
has only one cavity and an electrode called
the reflector which is at a highly negative
potential with respect to the cavity. Thus
there is a very strong field between cavity and
reflector. Again the electron stream is velocity-
modulated as it passes through the cavity.
After passing through, electrons meet the
retarding field due to the negative potential on
the reflector, and are gradually slowed down.
At some point the electron velocity becomes
zero, after which the electrons acquire a
velocity in the opposite direction and return to
the cavity.

32. A convenient analogy may be drawn with
stones thrown into the air, the force of gravity
corresponding to the retarding force due to
the reflector. Stones thrown upwards with
greatest initial velocity will go furthest up,
and so will stay longest in the air. A stone
thrown up later with a smaller velocity will
not remain so long in the air. So that by
arranging their initial velocities and difference
in time between their leaving the ground, they
can be made to arrive back at earth at the
same time.

33. Consider the three electrons indicated
in fig. 9, i.e., those whose velocities on leaving
the cavity are v+ Av, v and v—Av. The
first will go furthest towards the reflector
before being repelled back, and so will be in
the retarding space the longest. The third
electron, which leaves half a period later, will
be in the retarding space for the shortest time.
By adjusting the reflector voltage, it can be
arranged that these three electrons arrive back
in a bunch at the cavity.

34. Thus, in a reflector Kklystron, the electron
stream is velocity-modulated as it passes
through the cavity; we must assume that
oscillations have been shock-excited in the first
place. As they come back, having been
reflected, they are in bunches at the frequency
of the cavity and so will excite oscillations.
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35. But to maintain oscillations energy must
be supplied to the field from the electrons.
Now, if an electron is travelling in the same
direction as the field in which it is in, then it
will give up some of its energy to the field.
Whereas, if it is travelling against the field, it
will take energy from it. This can be seen
again in fig. 10. At A the field is downwards,
i.e., from cavity to cathode, and the electron
is moving upwards against the field. The
electron’s velocity has increased, therefore it
must have gained momentum at the expense of
the field. At C, the electron travelling in the
same direction as the field, has lost momentum
and so must have given energy to the field.

36. Thus, it should be arranged that, during
the time in which electron C is in the retarding
space, the field in the cavity reverses. So
that when this electron, in a bunch with other
electrons, returns to the cavity it is again
travelling in the same direction as the field.
1.e., downwards, and the electrons give up their
energy to the field. This means that the time
which electron C is in the retarding space must
be an odd number of half-periods, i.e., T/2,
3T/2,5T/2, etc. It can be arranged by correct
voltages on the various electrodes. In the
normal type of British manufactured klystron,
the cavity is earthed, the cathode at —1,600V
approximately, and the reflector at —2kV.
The reflector electrode is placed very close to
the cavity to prevent any demodulation of the
electron stream. The tuning controls and
pick-up loop are the same as in the double
cavity klystron.

—————————  REFLECTOR

——

x

* |
TLJ
1

PICK UP LOOP

}
CAVITY

Fig. 13.—American low voltage klystron

Low voltage reflector klystrons

37. American low-voltage reflector klystrons
are slightly different from those described
above, but they work on exactly the same
principle. The cavity is usually regarded as a
resonant length of co-axial transmission line,
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area, usually in the form of cooling fins, is
supplied, such that this wasted power in the
form of heat may be readily dissipated by air
blast. It is important that the temperature of
the magnetron anode be kept constant, since
thermal expansion will produce changes in the
physical sizes of the resonators, and subsequent
changes in frequency.
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Fig. 20.—Equivalent circuit of magnetron

Magnetron pulling and frequency splitting
56. A multi-resonator magnetron which
has eight resonators, each consisting of an
inductance L and capacitance C, is equivalent
to a single tuned circuit whose inductance is
roughly L/8 and capacitance 8C. Thus the
magnetron with its output loop can be repre-
sented as in fig. 20 (the negative resistance
across the tuned circuit representing the
electrons which supply energy to maintain
oscillations).

7. Any reactance connected across the ter-
minals T, and T, will be reflected back into
this tuned circuit and therefore alter its resonant
frequency. The magnetron transmitter has
the aerial directly coupled to its tank circuit,
the result being that its operating frequency
depends on the load into which the valve is
working.

58. Since most magnetrons are untuneable,
this property may be utilised by placing a
reactive stub near the valve output. As the
length of this stub is altered, different resist-
ances will be reflected back into the tuned
circuit of the magnetron thus varying its
operating frequency.
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59. The question of pulling becomes more
serious when the magnetron is connected to the
aerial by a long length of cable or waveguide.
If the aerial terminates the cable or guide in its
characteristic impedance, then no standing
waves exist and the magnetron will work
normally. But this termination is not easy to
obtain in practice, and, if the aerial is not
matched to the cable, standing waves will be
set up and a certain impedance will exist across
the terminals X and Y in fig. 21. This imped-
ance will have a reactive term which depends
on the length ‘7’ of the feeder.

E:f

5 T2

Fig. 21.—Equivalent circuit of magnetron and
transmission line

60. If /is less than quarter of a wavelength,
then the reactive term will be capacitative,
This capacitance presented at T,T,, after
being reflected through the transformer, will
appear as additional inductance in the L—C
circuit, thus decreasing its natural frequency.
If ] is between A/4 and A/2, an inductance as
presented at T,T, which, on reflection,
appears as additional capacity in the tuned
circuit thus increasing its resonant frequency.
The graph of operating frequency against
electrical length is therefore as shown in fig. 22
(full line).

61. So far, only the electrical length of the
line has been considered, and now the variation
of this electrical length with frequency must be
found. If the line is physically short—say
2-5 cms,, then at a frequency of 3,000 Mc/s its
electrical length is A/4 and very nearly so at
neighbouring frequencies. But if the line is
long (say 10025 cms.) at 3,000 Mc/s, its
electrical length is 10014, at 2,995 Mc/s it
is (100§—21)4, and at 3,005 Mc/s it is (100}
+ A

62. Thus, if the length of line is short, the
graph of electrical length of line against
frequency will be a vertical line (dotted line in
fig. 22), but if it is a long feeder, the graph will
be the dot-dash line, 7., electrical length
increasing with frequency.

63. Since the frequency of operation is a
function of electrical length of line and the
electrical length is, in turn, a function of
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Fig. 22.—Magnetron frequency

frequency, the magnetron will operate at the
point where the full curve is intersected by the
dotted line.

64. It can be seen that with a feeder length of
2'5 cms. there is only one operating point A, but
with a long feeder there are three operating
points, B, C, D. The magnetron will be

unstable and will tend to jump between these
three frequencies.

85. This effect of multiple frequencies is called

frequency splitting, and can be eliminated by

keeping the length of line as short as possible

iaiid also by having no standing wave on the
€.

CRYSTALS

Introduction

66. Since, at wavelengths of 10 cms. and
less, amplification is impossible at the signal
frequency, the first stage of the receiver is the
mixer, Most centimetric equipments use a
crystal as a mixer, and also as a low-level
detector. Crystals are also extensively used
as indicators for standing wave measurements.

Description of crystal

67. The type of crystal used is shown in fig.
23. The rectifying contact is made by placing
a pointed tungsten whisker on a smooth silicon
surface, when the electrons will flow from the
metal to the crystal. The tungsten wire is
held by the top cap and the crystal is mounted
on the bottom pin, Loss-free ceramic material
connects the top cap and pin.

TOP CAP — /
e

L CERAMIC
TUNGSTEN HOLDER
WHISKER —1

I HOLE FOR

SILICON SLICE WAX FILLING

BRASS PIN

Fig. 23.—Crystal
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68, The DC characteristic of a crystal is
shown in fig. 24. Thus if a battery is con-
nected across the crystal with top cap to
negative then current will flow through the
crystal depending on the applied volts. The
resistance of the crystal will be of the order of
2-300 ohms.

azs

Crystal Current (MA)

L o5 +0s +08
{' Adpled voitage

O C CHARACTERISTIC OF CRYSTAL

Fig. 24.—DC characteristic of crystal

69. But if the crystal is reversed only a very
small current will flow as the back resistance
is very high (over 3,000 ohms). The ratio of
the back-to-front resistance will give an
indication of crystal stability, although there is
not complete correlation between this ratio
and the performance of the crystal. The
back-to-front ratio should be greater than 10:1.
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Classification of crystals

70. Crystals are classified by (a) the waveband
over which they have been selected to operate,
and (b) their resistance to RF burn-out.

(i) S-band crystals have a YELLOW spot,
and X-band crystals a GREEN spot
painted on them.

(i) An efficient TR box should prevent
any of the transmitted pulse getting
through to the crystal. However,
in practice a ‘spike’ of energy from
the transmitter pulse does break
through the TR box before the gas
has had time to ionise completely.
The duration of the ‘spike’ is about
10-° seconds and the burn-out will
depend on the total energy in the
spike. The crystals are classified,
therefore, by the spike energy re-
quired to deteriorate the crystal by
a certain amount {2db). RED spot
crystals have a high resistance to
burn-out. ORANGE spot crystals
gave a medium resistance to burn-
out. Only one spot, the waveband
spot, is on crystals with a low
resistance to burn-out, the others
having two coloured spots.

Crystal mixers

71, It has been found that the resistive com~
ponent of the crystal RF impedance does not
vary much among crystals, although the
reactive component does. Thus it has been

1 e—— INPUT FROM GAS
CRYSTAL HOLDER swiren
(cover REmOVED) CRYSTAL { !
\ TROLITUL SPACER
// } i VARIABLE MATCHING
/ i i sTuB
{ Y L W/]
/Y, 74 y/a | S ~ - 3
ALY 1 N
2 N
577777777777,
N N
WH N S S
. / A . "
I
9y
-
OUTPUT TO T
IF AMPLIFIER cigkg‘#

Fig. 25.—S<band mixer



possible to design a crystal holder with only one
variable, to tune out the crystal reactance.

72. Fig. 25 shows an S-band crystal mixer.
The crystal fits into a co-axial line whose
length can be altered, thus tuning out the crystal
reactance. The input from the TR cell or gas
switch is fed on to the inner conductor by a
stub on one side, and the local oscillator
frequency, by another stub.

73. When these two frequencies, f; and f,
say, are applied to the crystal which has a non-
linear characteristic, a number of frequencies
are produced—f;3, .2, f;, + f,, f; — f,, etc.
A small trolitul capacity round the crystal
presents a dead short to the high frequencies,
but an appreciable reactance to the beat
frequency f, —f,. Therefore this IF can be
picked off across the trolitul condenser.

74. The X-band crystal mixer has the
crystal positioned across the guide so that the
resistive component of its impedance is
matched to the Z; of the line, and the reactive
component is tuned out with a backing piston
(see fig. 26). The crystal should be placed so
that the electric field in the guide is parallel
to the length of the crystal.

75. The local oscillator frequency is again

injected from the side and the IF output is
taken across a mica capacity.

Standing wave detectors

76. On both S- and X-band standing wave
detectors the crystal is fitted into a co-axial
line very similar to the S-band mixer. A
probe, which projects into the guide, is con-
nected to the inner conductor of the co-axial.
This probe picks up the RF voltage in the
guide, the crystal detects it, and the DC output
is taken off across a small capacity. Again,
the length of the co-axial can be altered to
tune out the crystal reactance.

77. The diagram of fig. 24 shows that a crystal
has a square law characteristic up to a crystal
current of about 20uA. Thus, in the detector
described here, the reading on the meter
connected across the mica capacity, is the
square of the applied voltage. If standing
wave ratios are to be measured, the square root
of the ratio of maximum to minimum meter
readings should be taken.

78. Care should be taken when handling
crystals as they will stand only a limited
amount of mechanical shock. They can also
be damaged by the passage of discharge cur-
rents when being inserted into unearthed
apparatus.

OUTPUT TO IF AMPLIFIER
WAYEGUIDE
CONNECTOR EBONITE WASHER
P MICA CAPACITY
'/ &
: : AN AN :ii \’ N
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]
' / ‘ i hsas:
X AN AN SN AN W A AN NN "
4 %
7
VARIABLE WAVEGUIDE
CRYSTAL CRYSTAL PISTON
CAPSULE HOLDER

Fig. 26.—X-band waveguide mixer

ATF/4937/1250/9/50



	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76
	Page 77
	Page 78
	Page 79
	Page 80
	Page 81
	Page 82
	Page 83
	Page 84
	Page 85
	Page 86
	Page 87
	Page 88
	Page 89
	Page 90
	Page 91
	Page 92
	Page 93
	Page 94
	Page 95
	Page 96
	Page 97
	Page 98
	Page 99
	Page 100
	Page 101
	Page 102
	Page 103
	Page 104
	Page 105
	Page 106
	Page 107
	Page 108
	Page 109
	Page 110
	Page 111
	Page 112
	Page 113
	Page 114
	Page 115
	Page 116
	Page 117
	Page 118
	Page 119
	Page 120
	Page 121
	Page 122
	Page 123
	Page 124
	Page 125
	Page 126
	Page 127
	Page 128
	Page 129
	Page 130
	Page 131
	Page 132
	Page 133
	Page 134
	Page 135
	Page 136
	Page 137
	Page 138
	Page 139
	Page 140
	Page 141
	Page 142
	Page 143
	Page 144
	Page 145
	Page 146
	Page 147
	Page 148
	Page 149
	Page 150
	Page 151
	Page 152
	Page 153
	Page 154
	Page 155
	Page 156
	Page 157
	Page 158
	Page 159
	Page 160
	Page 161
	Page 162
	Page 163
	Page 164
	Page 165
	Page 166
	Page 167
	Page 168
	Page 169
	Page 170
	Page 171
	Page 172
	Page 173
	Page 174
	Page 175
	Page 176
	Page 177
	Page 178
	Page 179
	Page 180
	Page 181
	Page 182
	Page 183
	Page 184
	Page 185
	Page 186
	Page 187



