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CHAPTER 16

RECEFTION OF. RADIO=FREGUENCY PULSES

INTRODUCTION

1, Genersl

In radar equipments the transmitted RF pulse possesses a more
or less rectangular waveform; (Fig. 652). After transmission and
reflection frGa the target the pulse returned to the equipment has
approximately the same shape but is very much weaker, The ideal
receiver should be capable of receiving the weskest possible reflected
pulse without distorting its shape or in-
troducing any noise.

In Chap. 15 it has been shown
that unavoidable noise power is generated
in any receiver and it is this noise RADIO - FREQUENCY
power vwhich ultimately limits the ‘ OsCILLATIONS
sensitivity and fidelity of pulse recept- 1" H
ion., A compromise design must be ‘1‘ Hli
V‘
1 H‘f‘

1

adopted and it is therefore inevitable
thet careful attention is given tc the
problem of noise when radar receiver
design is under consideration.

l

. . Fig. 652 - Radie-frequency
Clearly the maximum possible puls tanguler
sensitivity should be secured in the ® of rec waver

receiver, asnything less than this

wasting treansmitted power, and it is

therefore usual to find that radar

receivers have sufficient maximum gain to produce saturation or near-
saturation outputs from inherent noise alone,

The distortion of the RF pulse in the receiver is important
for two different resaons :~

(1) If the Range difference to two separate targets
corresponda to a time intervel greater then half the
duration of the transmitted pulse, then the target echoes
are received separately ; otherwise the two responses
partially coincide, The resolving power’ in distance
ig therefore limited by the. duration of the emitted
pulse, and any increase of pulse length due to recelver
distortion will reduce this resolving power, i.e. there
will he a losas in Range discrimination.

(1) An attempt is made .to keep ¥he leading edge of the
reproduced pulse as abrupt as possible, partioularly
when measurement of this leading edge is used for the
determination of Range. Any loss of steepness of this
edge due to distortion in the receiver results in a
ocorresponding loss of accuracy of Range measurement.

In a radar equipment, the direct signel from the neardby
transmitter produces extremely large voltages in the receiver, These
voltages, which may persist for a time considerably longer than the trans-
mitted pulse, usually render the receiver insensitive to signals. This
effect is known ss Paralysis, and unless it is minimised or overoome the
receiver will be incapable of responding adequately to signals from
targets at close range.

The receivers in normal use in radar employ the Superhetero-
dyne principle. An arrengement, shown in Fig.653, consists of RF Amplifiers,
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Chap 16, Sect.1,2

a Mixer (Frequency Changer)
and Local Oscillator, IF

i Fre RADIO- INTERMEDIATE-  VIDEO -
(Int?n.ned.:l.ate quency) FREQUENCY FREQUENCY  FREQUENCY
Amplifiers, e Detector, AMPLIFIERS AMPLIFIERS  AMPLIFIERS

2 N t ]
and Video Frequency FROM AERIAL 5 M":‘ER ! '

Amplifiers. The radio - i i
frequencies in normal
use in rada.;’ lie in the
range 30 Mc/s. to 10,000 5
Mc/s. It has not yet been :gglttmoa/' DETECToR
found possible to produce
useful Lification at
freqmn?,ﬁs greater than Fig. 653 - Block diagrem ef superhetere-
about 700 Mc/s.; hence, in dyne receiver.

Radar receivers operating

at frequencies greater than

this, the RF Amplifiers

are omitted. TIdealised waveforms of the pulse to be expected at differen
stages of the receiver are shown in Fig. 65.4.

TO DISPLAY

OSCILLATIONS AT RADIO
~ FREQUENCY
AT POINT A

OSCILLATIONS AT
" INTERMEDIATE

AT POINT 8 eelfff——— FREQUENCY

AT POINT C —-IL

——> TIME

Fig. 654 ~ Idealised waveferms of pulse at
various points of the superheteredyne
receiver shown in fig. 653.

2. Fourier Anslysis

The signal which is transmitted and received by Radar equip=-
ments is ideslly a rectangular-shaped RF pulse (Fig. 652) of short duration
( '1/20 to 10 microseconds), The Bandwidth of the receiver which is
required to receive such pulses without undue distortion can be calcu-
lated,

Consider the succession of
pulses shown in Fig., 655. If these
are exactly similar in shape and are N '
repeatid at regular intervals of 3 f
time () they cen be analysed as a i
Fourier spectrum consisting of a |
number of sinusocidal components of ¢-0
different amplitude, frequency and
phase. In the case ander considera- TFige 655 = Successioen of
tion, assuming that one pulse is rectangular pulses,
located symmetrically about an axis
representing zero time, the components have a cosine variation, i.ee,
the instantaneous value of each is a maximum at zero time, The Fourier
series corresponding to the waveform of Fig. 655 is thus :-

o
S

e

L }
L £

1
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Chap 16, Sect. 2

V=28, +a cos wt + a, 0os 2Wt + .n3 €08 3Wt ¢ eevasesto infinity

where Ww= 2T F. teessecasvevssrsscracscene (1)

There is thus a steady camponent of value a,, & component of

amplitude and of frequency equal to the repetition frequency of the
pulses (f ental component, or first harmonic), together with an
infinite number of components which are harmonics of this frequency.

If each pulse is of amplitude o and duration tp, calculation
shows that the value of the steady component is thP » the emplitude aj of

the fundamental is 2¥ sin X Ptp and the amplitude ap of the nth harmmonic
R

B
KA

ainn‘l’s’Ftp.

Hermonics of such-an order that n T Fip is equal to a multiple

of T have zero amplitude, These camponents have freguencies L, 2,
t 1

3, etc.,, and their positions on the emplitude spectrum are hw'!l;n P
tp ’
respectively as the first, second, third, etc., zeros. A typical
amplitude spectrum, for pulses of one volt amplitude, one microsecond
duration and of repetition frequency 4OC per second is shown, as far as
the third zero, in Fig. 656, In theory the spectrum covers an infinite
range of frequencies. Since %p = 1 microsecond the zeros are spaced
1 Mc/s. apart, the individual
components being separated
by 400 ¢/Se, i.€., by
the repetition freguency
of the pulses. There

AMPLITUDE OF
FOURKER CTOMPONENT

are thus 2,500 components Z{’Ftr“f’ '0" N
between zero frequency and 6%, 10 ﬂ.\wn‘,“ SPACING, BETWEEN COMPONENTS. = F = 400 ¢/s
the first zero of the 1 |

1

spectrum, so that a large 28 164
scale is required if the

ipdividual components , 2ep s,{;"f
are to be represented, as =2500F = 5000F =7500F
they should be, by dis-
crete lines. Fig.656 - Spectrum of recurrent rectangular
pulses with a repetition period = 3500 X
It is shown pulse duration.

in the Standard Service

Manuals ( see BR 230 .

{ Admiralty Handbook of Wireless Telegraphy, Vol 1I ) Sec. N para. t5,
and AP 1093 Chap. XII para, i4 for a more detailed analysis) that a
continuous =zinusoidal oscillation of frequency fp, amplituie modulated
at a frequengy f, behaves as though it were composed of three sinusoidal
components of constent emplitude and of frequencies fo, fo + fm and £g -
fp respectively, This simple example is illustrated in Fig. 657,and
the equation of the modulated wave is ;-

~ A : '
v= (Vo +¥, ooswyt) ocosw ob
A 4 N 4 AN
=V oosw t+ 3V cos (wWy+wp)t +3 vV, o8 (W, -

W)t

W'here wo =2 X fo m&wm =2 U fm. PRI IEPICOLIPPLEISIEPCEIPRIS (2)
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Chan. 15, Sset. 2

The three components
are known as the carrier, upper v
sideband and lower sideband }

respectively., The amplitude FREQUENCY = £

spectrum is shown in Fig. 658. _{1}\___ ________ .

It shouid be noted that the A 1 NIz =37 - -— FREQUENCY = £,
carrier smplitude ¥V is equal I’ib_‘ T

to the average value of the
modulated carrier, and the
amplitudes of the sidebands are A CONTINUQUS OSCILLATION WHICH IS AMPLITUDE - MODULATED.
each equal to half the emplitude
of the modulating oscillation.

Fig. 657 - A centimeus oscillatien

when the moduwlation which is amplitude-medulated.

envelope is not a pure sine wave
it may be analysed into 2
Fourier series and each harmonic
in this series will give rise
to its own pair of sidebands,
The greater the number of
harmonics in the modulating
waveform the more numerous are

the sidebands and the wider is £; ““““““ I ““““““““
the spread of the frequency —Be———— ool e 7
spectrun on each side of the Lel (/o";{n) % (ﬁ*fm)
carrier,

It has already been

shown that a succession of /

: Fig. 658 ~ 1itude spectrum of the
pulses (Fig. 655) can be con- q‘,'um.-:zhtea uzl.mtion showmn
sidered as consisting of sinu- in fig. 657.

soidal components (Equation (1)).
Hence if the svccessive RF
pulses shown in Fig. 659 are
exactly similar in shape, are repeated at regular intervels and are Ooherent,
i.e., they are the result of amplitude modulation of a continuous sinusoidal
oscillation, the equation representing these pulses will be :-

vz 00sWoy (8p + 8 COBw T + ag 008 2wt + a5 cos 3w + covesecoes)
where W = 27TF
= ao cos wot occ.oo.oo.'---(c&rrier)

+3a cos (W, +w)t + % &y o8 Wy ~w)t (first sidebands)

+ % 8y cos (W, + 2t + § &, cos (W, - 2w)t (second sidebands)

+

% a5 008 (Wo + 30t + % a5 cos (3, = 3u)t (third sidebands)

+ etc. 0000000800000 ¢0000000000000 0 (3)

The carrier amplitude is therefore¥Ptp and the sidsband auplitudes
¥ sin A Mp, ¥V sin2 ﬂ’Ftp, Y_ sin3 T, etc. If the pulse

X PX 3N

recurrence frequency is 400/sec. a.nd.Aﬁhe pulse duration 1 microsecond as
before, the amplitude spectrum for ¥ = 1 volt and £, = 500 Mc/s. is shovm
in Pig. 660.

The cha;nges which take place in the amplitude spectrum in the
transition from the recurrent pulses of Fige. 655 to the recurrent coherent
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Chap. 16, Sect, 2

RF pulses of Fig. 659 may now
be seen, The steady compon-
ent of magnitude VFtp becomes
the carrier component having
the same peak amplitude, whilst
each of the hamonic components
of Fig., 656 splits into a pair
of sidebands of half the
amplitude and symmetrically
disposed with respect to the
carrier. Given Fig. 656 it
is thus possible to derive

Fig, 660 by this simple process.

In practice the RF
pulses received by radar equip-
ments are not repeated at
exactly equel intervals of
time, and successive pulses are
likely to be slightly different
in duration and amplitude,

Also such pulses are usually
not coherent in the sense
described above; i.e., the
radio-frequency oscillation
starts afresh in each pulse and
there is no phase linkage fram
one pulse to the next., The
effect of these variations in
duration, amplitude and radio-
frequency phase is to "blur®
the spectrum sco that it no
longer consigts of discrete
frequency camponents, without,
however, altering its general
nature,

CARRIER FREQUENCY

il —»‘V J—ﬁ
° | -

|

el l
(. t
bo !
fo—F —

Pig, 659 - Recurrent redie-frequency
Plheﬂo

AMPLITUDE

SPACING BETWEEN
COMPONENTS = F =400 CfS

Fig. 660 - Amplitude spectrum of
recurrent EF pulses with a repetition
period = 2500 x pulse duration,

It has been shown that the periodic train of pulses shovm in
Fig. 655 consists of sinusoidal components of frequencies ¥, 2F, 3F, etec.
As the repetition frequency is reduced the components thus became

correspondingly closer in frequency;

at the same time the amoplitude of

each is reduced. In the limiting case of a single pulse the components
become indefinitely close together, thus forming a continuous svectrun,

while the eamplitudes are vanishingly small,

However it may be shown that

the relative amplitudes of the components are still given by the envelope

of Fig. 656,

This argument applies equally well to the RF pulses of

Fig. 659 and is the basis of the Fourier Integral treatment of the

single RF pulse.

In radar, single RF pulses are not used, the recurrence fre-,

quency seldom being less than 400 c/s.

However, the amplitude~frequency

spectrum is more accurately portrayed as a continuocus or "White" spectrum
rather than one compogec of discrete harmonic components, for the [ollowing

reasons -

(i) As already remarked, the pulses are not coherent, there
being no phase linkage between successive tranamitted

pulses.

(i1)

The trensmitter frequency is liable to vary by 2n amount

sufficient to blur the spectrun completely.
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Oheps 16, SO, 3

E.G., suppose the recurrence frequency is 1000 c/s. For a centimetre
equipment a random frequency-variation of 1000 c/s between successive
pulses is not unlikely. Hence the positions of the harmonic components
of the spectrum are completely random.

(iii) The pulse width t, and recurrence frequency F, and

therefore the envelope of the amplitude-frequency spectrum,
are liable to random variations.

3, Distortion of RF Pulse During Amplification

As described in Chap. 7 Sec. 8, in order to amplify satis-
factorily RF pulses of the type shown in Fig. 652 an RF amplifier must
exhibit amplitude~frecuency and phase-frequency characteristics of the
types shown in Fig. 34l. These characteristics are drawn in an idealised
form in Fig., 66l,, and a comparison with Fig. 660 shows that with such
characteristics the higher order sidebands are inevitably removed in the
amplifier. The wider the pass band the more accurately is the pulse
envelope reproduced; but at the same time the noise is increased, and it
is therefore necessary to adopt a compromise, the exact nature of which
depends on the requirements of the particular radar applicatione

In the first
instance we may calculate
the response of an
idealised band-pass
amplifier, possessing
characteristics such as
those shown in Fig. 661,
to & succession of co-
herent RF pulses. The
response of such en
amplifier to one of these
pulses is illustrated in
Fig. 662.

AMPLIFICATION

The input
pulse is shown at (a), /
while (b) and (c) show fofd fo fofe
the shape of the output *
pulse for bandwidths of oPREQuENeY U REQUENGY |
2 and 8 respectively;

) o
(b) therefore corresponds PHASE SHIFT ¢

to the inclusion of all |
the sidebands of Fig. 660 |
as far as the first zero :
on each side of the !

5y

. i
carrier; in (c) the side- } g ; /
bands between the fourth foffd jo forfd 4
zeros are included., The { |
leading edge of the re=- - +

produced pulse is curved
and the convention of
Fig. 663 is adopted for

estimating the delay time Fig. 661 = Amplitude and Phase-Shift
and time of rise., If characteristics of idealised band-pas»
the input voltage v; were amplifier.,

sinusoidal, of frequency
f,, the output would have
amplitude ¢, = Iml 94

This amplitude is used as
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Chap 16, Sect.

a reference level when the input

voltage is in the form of a RF pulse,
and the point
X is taken when the pulse amplitude
The tangent

A

also of amplitude §;,

has risen to & |m 9.

at this point intersects the zero

and m| {. levels at P and Q res-
vectively, The time difference

between these two points is taken
to be the time of rise tr of the
reproduced pulse, and the delay
time tg is taken as the time
difference between X and the lead-
ing edge of the input pulse,

#ith these definitions
it may be shown that :-

(1) t3= 1_x (slope of
phase charactegistic of Fig.661)-

(2) tp= 1 , where B is the
bandwidth, 2f': {Fig. 661).

(3) the oscillations at the

top of the pulse of Fig. 662 (c)
have a frequency of B c/s.
2

The response of the
idealised amplifier discussed
above is in the main close to
that of a practical amplifier,
i.es, the delay, time of rise and

frequency of oscillations are much the same in the two cases.

_..zf-?__.,

RF PULSE
(ASSUMED TO BE ONE OF A
SUCCESSION OF COHERENT PULSES)
vo

SHAPE OF REPRODUCED PULSE WHEN
BANDWIDTH = Z,;t
P

SHAPE OF REPRODUCED PULSE WHEN
BANDWIDTH =°/t
f

Fig. 662 - Distoertien eof a RF pulse
by an idealised band-pass amplifier.

However, in

practice, each successive pulse may be treated as distinct from those pre-
ceding it, since the pulses are not coherent, and if this is done it is
obvious that no oscillations due to this pulse can occur before t = O,
i.es, there can be no output before the input is applied.

Investigation into
the transmission properties of
practical eamplifiers shows that,
if the amplification character=-
istic displays shaerp cut-offs,
the phase-shift characteristic
is excessively non-linear at
the extremities of the pass
band.. As a consequence,
pronounced oscillations
(overshoots) occcur during and
after the time interval of
the reproduced RF pulse;

(Fig. 66i(a)). 1In radsr
systems, the overshoots, in
so far as they constitute
deviations from a true rect-
angular shape, should be

————————— Q ot —— -
H .
1 7
! i
X ¢
A ] --.‘--{-—
] ]
' | to/m
’ . :

¥
° Pl tr ]

Pig, 663 - Delay-time and time of
rise of repreduced pulse.
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Chap. 16, Sect. 3,4

avoided. This is particularly
importent in systems in which
the target is indicated by a
change in the brilliance of the
trace on the (RT. The effect
of such overshoots on the dis-
play can be minimised by the
processes of Pulse Limitation
and Clamping (see Chaps. 9 and
12). If the amplification
characteristic of ‘the amplifier
displeys gradual cut-offs, the
phase-shift characteristic is
not excessively non-linear,
and the overshoots are compa~
ratively amall in amplitude;
Fig. 664(b). In general,
however, for a given pass band,
a more gradual cut-off in the b
amplification characteristic (®)
means a slower rise in the

leading edge of the reproduced

pulse,

%

Fig, 664 - Repreoductien of a
4. The Effect of Noise rectangular RF e by a RF
- amplifier with (a) sharp cut-eff

A11 radar receivers and (») gradual cut-eff,

possess inherent noise voltages

which are in general of random

amplitude and phase throughout all frequencies. Since the noise energy
present in a given circuit is in most cases proportional to the bendwidth
over which the circuit is responsive, the RMS value of the rioise voltage
is proportional to the square root of the bandwidth. The phase character-
istic does not enter into the calculation of the average nolse power since
the phages of the noise voltages are purely random and therefore their
effect, averaged out over an interwal of time, is the same regardless of
the phase-shift characteristic of the circuite The noise voltages are
emplified with the signal and produce on an A-type display the typical
picture already described in Chap. 15 and illustrated in Fig. 642 In
general, if the amplitude of a received pulse, applied to the deflecting
plates of a (RT, is less thsn that of the noise voltages, it cannot be
seen through the nolse. This limits the meximum Range at which the
equipment can detect signsls. To increase the maximum Range, and to msake
the indication of signals more reliable at all ranges, it is clearly
degirable to reduce as far as possible the noise voltages relative to the
sigal wltages.

Suppose that a RF pulse of duration {p is applied to a circuit,
the amplification of which msy be kept constant as its bandwidth is varied.
Starting with a narrow bandwidth the noise voltages will be amall, but the
rate of rise of the leading edge of the reproduced pulse will be so slow
that the pulse will not have sufficient time to build up to its full
amplitude (Pig. 665). As the bandwidth is increased the amplitudes of
both pulse and noise increase also but the ratio of pulse to noiee increases
at first, passes through a maximum and then decreases; (Fig. 666).

The optimum condition, B = B_, depends to some extent on the type of
display used, the recurrence frequency, etc.; for optimum detection of
small signals on an A-display, B, is usually chosen between L and 2,

tp 5y
If it is desirable in a radar equipment to make accurate
range measurements or to discriminaste between closely neighbouring echoes,
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Chap. 16, Sectek,5

faithful reproduction of the pulse

shape is of greater importance'than

optimum signal/noise ratio, and the WiDE BAND
bandwidth used in such equipments

may be as great as 10 . Naturally

.
this accuracy of pulse reproduction is
obtained only by a sacrifiice of maxi-
mum Range, A useful working compro-
mise between fidelity of pulse shape
and accuracy of Hange measurement ia to
ehoose & bandwidth of about twics the

* R ENVELOPE

opticum, i.e,, an equipment tragsmit- oF REDUCTION ﬁpa&%u; E;D::Lfr m EF:FST
ting a 1 microsecond pulse wilk have a
receiver bandwidth of about 2-4 Mc/s.

NARROW BAND

The choice of pulse Pig. 665 = Envelepe of reproduced
duration will again depend on the pulse shewing effeet of reductien
purpose of the equipment. For of Bandwidth at cemstant gain,

any given pulse length tp the band-

width for optimum signal/noise ratio
is proportional to 1 so that a
t

$%
relatively long pulse implies a A OLTACE VARWATION
narrow bandwidth with a correspond~-
ing reduction in noise. The use CURVE 1 SIGNAL

of & long pulse of the same peak
power will therefore lead to an
improvement in signal/noise ratio
and an extenwzion of maximum Range.
In general, .early warning equip-
ments have fairly long pulseg and
narrow receiver bandwidths but

poor disorimination, whereas for
good Range discriminstion the Mg, 666 = Variatien of signal

pulse is short, the receiver band~- anl neise eutput veltages with
width wide and the Renge limited. bandwidth of circuit.

CURVE @I NOISE

5¢ The Superheterodyne Principle

I% has been stated that radar receivers normally employ the
superheterodyne principle. This is used in order to obtain the necessary
high gain with stability., Purther, on centimetre wavelengths no useful
signal frequency amplification is possible, so-that a change of frequency
is essential. At the ssme time, selectivity is not a problem as it is
in communications working, and the receiver bandwidth is determined solely
by pulse fidelity and signel/noise considerations and not by the necessity
of avoiding interference from transmissions on adjacent channels.”
Similarly, the choice of the intermediate frequency is not dictated by
second—-channel interference problems. This is not to say that radar
receivers are immune from interference, but such interferencd is of a
specialised character andisnot removed by merely restricting receiver bande

widthe

The effect of the frequency-changer is to shift the pulse
spectrum of Fig. 660 so that it is no longer centred about the signal
frequency but about the intermediate frequency, the relative emplitudes and
positions of the sidebands remaining unchangeds The congsiderations
discussed above in connection with the bandwidth of circuits designed to
pass RF pulses apply equally well to circuits used for emplification at the
intermediate frequency., In fact it is in the IF amplifier that the
necessary bandwidth is obtained; the signal frequency circuits, owing to
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the higher working frequency are ususlly much more flatly tuned. This
corresponds vith normel cormunications practice.

The necessity for amplifying a short XF pulse and “he cone
sequent wide bandwidth needed restricts the choice of the intermediate
frequency. For a given bendwidth and tuning capacitance the gein of a
RF amplifier is-independent of the mid-band frequency so that stability
considerations suggest the use of a low value of IF: on the other hand
there must be a sufficiently large number of IF cycles to Wfill in" the
pulse envelope. At least 20 cycles are needed for this purpose, so that
for the accurate reproduction of 1 microsecond pulses an IF of at least
20 Mc/s. would be needed, Longer pulses could be dealt with at correspon-
dingly lower frequencies, e.ge a S-microsecond pulse could be handled by
an IF amplifier working on 4 Mc/s. Where accurate reproduction of the
pulse shape is not required a smaller number of IF cycles can be
tolerated, as few as 5 cycles per pulse being satisfactory in some cases,

A further advantage of not using a high IF is that certain
sources of noise are thereby svoided; (see Chap. 15 Sec. 10},

The output from the IF amplifier is applied to the detector,
the output of which should ideally consist of a rectified pulse having
the seme shape as the envelope of the IF pulse, Since all sideband
components up to B on each side of the carrier have bdeen retzined in the

2
IF amplifier the output from the detector may be analysed into a frequency
spectrun extending from zero up to an upper limit of B ¢/s. For distort-
ionless detection these components should be 2
maintained with correct relative amplitudes and correct relative vhase.
However, the detector must always incorporate same filter device to remove
the residual intermediate frequency components, together with hammonics
which are inevitably produced in the detection process, The higher the
IF chosen the easier it is to filter out the unwanted IF components and
their hermonics without introducing smplitude or phase changes in the
frequency range O = B c¢/s. The choice of at least 20 IF cycles per

2

pulse enables this to be done without difficulty.

Similarly the video-frequency stages following the detector
should reproduce the output of the latter without distortion; i.é. the
video stages should have uniform amplitude/frequency and linear phase/
frequency characteristics up to at least B ¢/s.

2
6. Typical 200 Mc/s Radar Receiver

The following are the details of a typical radar equipuent:-

El Signal frequency : 200 Mc/s.
2) Intermediate frequency : 45 Mc/s.
(3) Pulse length : 3 microseconds. (There are thus 135 IF

cycles per pulse.)
(4) IF bandwidth B = 3 Mc/ss. (With this velue of 10,

accurete reproduction of the pulse is obtained, the
time of rise of the leading edge being 0°33 micro-
seconds. )

(5) Video amplifiers : Amplitude/frequency characteristic
flat up to 2 Mc/s. (Since only sidebands up to
1+5 Mc/s. on each side of the carrier are passed
by the IF amplifier the video amplifier need only
handle frequencies up to le5 Mc/s., but the
extension of the video freguency range beyond that
actually required improves the amplifier character-
istics. In particular, the phase characteristic
tends to become excessively non~linear at the upper
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Chap 16, Sect. 7,8

end of the range; with 2 Me/s. upper frequency limit
this non=linear portion is outside the band of
frequencies handled by the smplifier.)

INFLUENCE OF NOISE FACTORS ON RF AMPLIFICATION

7. General

In Sec. 4 some of the more general problems relating to noise
in receivers are discussed, showing how unavoidable noise sets an upper
limit to the maximum Range obtainsble with a radar equipment, In this
section we consider in greater
detail how noise affects the design

of RF amplifiers and of valves Rx

used in such amplifiers. The temrm VWA B o
Radio Frequency will be taken to v (B:N“L";::: 0 "
include both Signel Frequency and by ¢
Intermediate Frequency. The effects Lo

of noise in Frequency Changers will
be dealt with in Secs. 24~28.
Pig. 667 - Block diagram of

8. The Ideal RF Amplifier ideal ¥F amplifier.

In an ideal RF amplifier all the valves and circuits would be
campletely free of noise and the signal/noise ratio at the output of such
an amplifier would depend on the aerial alone, Consider the block diagram
of Pig, 667, the amplifier being considered to be free fram noise and to
have idesl smplitude/frequency and phase/frequency characteristics over
an adequate band-width B. The output impedance of the aerial, its
radiation resistance Ry (see Chap, 17 Sec. 11), and the input and output
impedances of the amplifier, Ry and

s are assumed to be pure resist-
apnces over the bandwidth B. The
input circuit is shown in Fig. 668.
During the pulse the si power
present in R, will be my ¢ times
the signal power present in R
where m{ is the amplification.
Similarly the noise power in R,
will be m 2 times the noise power
in Ry associated with the band-
widtl{ B since only those frequency Pig. 668 - Imput circuit of
components of noise lying within ideal RF amplifier.
the pass band can affect the outw
pute.

Ry (NOISELESS)

Let vg be the mean square signal voltage in the aerial
during the pulse. The signal power Pg is then given by

R
Ps= [ e ;;2- D R RN X ) (1).
Ry +Ry)"
Similerly, the noise power P,, is given by
R
P, = ¢ e TSR ETTTIYTTRLPIRELE (2).
(Ry + Ry)?

where vn2 is the mean square noise voltage in R, associated with the
bandwidth B;
i.e.’ vnz = mBRr = KRI., IR RN RN R R RSN RN RN AR ) (3),
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where K = LKTB.

The ratic of noise/signal power at the input is thus

Pn/ KRr/__ '
Ps= v2 esrsevevrRerr sreretetero s PO OPRRLELES ()-I-),

8
which is also the noise/signal power in R.. This ratio (4) is independ-
ent of Ry so that the signal/noise ratio in an ideal amplifier is independ-
ent of the aerial matching conditiouns.

9. The Practical RF Amplifier: Noise Factor

In an actual smplifier Ry is noisy and there is also noise
in the walves and other components, the net result being that the ratio
of noise/signal power in the output is h:.g,her for a real amplifier than
for an ideal one. This deterdioration is expressed by the Noise Factor
F which is defined as :-

p - Noise/signal power in output of real emplifier ..... (5),
Noise/signal power in output of ideal amplifier

F, being in effect a power ratio, may be expressed either as a pure number
or in decibels; e.ge P = 4 or F = 6 db.

In order that the noise factor of an emplifier may be as low
as possible careful consideration must be given to the design of the
first stage. Since the signal and noise outputs of this stage in
particular are amplified together by all succeeding stages it is clearly
desirable that the noise/signal ratio at the first grid should be as low
as possible,

Consider the circuit of Pig, 669 in which an aerial of resist~
ance R,. 1s shown inductively coupled to the first tuned circuit of the
ampllfler by a perfect transformer, of turns ratio l:n. Ip practice the
transformer will not be perfect, the circuit will not necessarily consist
of lumped inductance and capacitance and some reactance may be present in
the aerial, These differences will not, however, invalidate the argument
which follows; they will merely camplicate the mathematics without
affecting the generel conclusions.

10. Input Circuit Coupling with Noiseless First Valve

In communications practice where noise is not the limiting
factor the turns ratioc n is usually chosen to give maximum s:.gnal at the
gride This condition is obtained when the aerial resistance is matched
to the dynamic resistance Ry of the tuned circuit, i.e. when

n*Rp <> > b S
— -3 " VpeGr 26 T6g
nz'V: < < ‘P
—0 Tl
) (b)
Fig. 669 = Input cirouit of Fige 670 - Bquivalent signal circuits
firet stage of amplifier, of Pig. 669,

n2 R = Rd P A I B AII T TSI TP T IONSNSLI NS BELIAIISETOESIAVYSSRETDS (6)
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The equivalent circuits of Fig. 669 are shown in Fig. 670, the current
circuit (b) being the easier to work with when noise calculations are re—
quired, since the use of conductances instead of resistances leads to a
simplification of the algebra. tYr is the Transferred Aerial Copductance

and is equal to 1 ° - Gr, From Fig. 670 (b) the mean square signal
nz RI‘ n2
valtage at the grid is
vZ = n?, v2 @2 1
5§ *sttr e T g !
(46p+63)? .

L S > —
-~ . 4000040000900 090920000000 7
(t6r + Gq)? Vs @

and this is a maximum when tGr = Ga, This is the same result as that
given by equation (6), in tems of conductances instead of resistances,

It is now possible to see how the coupling between aeriel and
tuned circuit needs to be modified when noise is present, Considering the
noise in the tuned ciraiit slone, i.e. assuning for the moment that the

valve is'noiseless, the mean square noise voltage 'Tr'j':z at the grid within
n

the band-width B is found from the equivalent circuit of Fig. 671. It is

V2 o= K GG e ) (8)
na (t6r + Ga)2

Dividing (8) by (7), we obtain

o 2
ni_ = K (4G, Gq) ()
sVic 1% - Gp ;g
but for the ideal amplifier
nviz = KR = __K___ ¥oseevsvconcavnasn (10)
2 Y2 T
from (4).
Kﬂl
-0 —(~—0
K4Gy §:tsr G4 KGq KyGr EE tGr EEGﬂ KGq
-0 -0
Fig. 671 - Equivalent noise Fig, 672 = Equivalent noise circuit
cireuit of fig, 669 (valve of fig, 669 with noisy valve,

assumed noiseless).
By definition, the noise factor F is the quotient of (10} and (9) so that

F= 0+ % _ 4, L G
Gy ey

.0.0"0..!"'........'.' (ll)
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It follows from (11) that there is no optimum coupling from the noise

point of view, the value of F decreasing asymptotically to unity as t°r
increases. For the matched condition,-in which maximum signal is obtained
et the grid, the noise factor F is equsl to 2. This ocondition should now
be awided and the transferred aerial conductance made as large as possible.
The signal naturally suffers but the all-importent ratio of signal-to-
noise is improved.

In RF amplifiers used in radar receivers it is customary to
connect resistors in parallel with the tuned circuits to obtain the neces-
sary band-width. In the case of the first tuned circuit this should not
be done, for such & resistor would increase the dynamic conductance G4 of
the tuned circuit and thus incresse the noise factor; (eguation (11)).
The demping imposed by the transferred aerial conductance is usuelly
sufficient to give an adequate band-width.

1l. Input_GCircuit Coupling with Noisy First Valve

As an introduction to the effects of valve noise it will now
be assumed that shot and partition noise are present in the first stage,
The circuit of Fig. 671 is then modified by the inclusion of the valve
noise generator between the circuit and the grid; (Fig. 672). Since
this generator is a purely fictitious one, i.e. there is no resistance
of value R, anywhere in the circyit, it cannot be transformed into an
equivalent cwrrent generator and similerly there is no advantage in ex-~
pressing the equivalent noise resistance as a conductance, The mixture
of current and woltage generators and conductances and resistances of
Fig. 672 not only simplifies the algebra but also emphasizes the dist-
inction between resistances which represent energy losses and those which
are merely convenient mathematical devices for representing noise magni-
tudes, .

It follows from Fig, 671 and 672 that the mean square noise
voltage at the grid in the latter case is

ST - - Gitci- +Gd)2L +ER, ... (12)

The signal voltage is unchanged by the introduction of the additional
noise generstor so that the mean squsre signal woltage is

= _.—.G_I;__t_c.-z-'—.—. v! €8 V8809020000000 e00 e (13)

— ]
s¥i (t%r + Ga)2 s

as before.
Dividing (12) by (13) and then by (10) we obtain the noise factor :=-

! = Ga (£% + Gdf
F = ‘1 + tG‘r + tur . Re FEXIXI XXX RY X } (ui-)

It is now found that there is an optimum value of Gp, giving a minimm
noise factor. If (14) is differentiated end the derivative equated to.
zero the optimum value of tCr is found to be :-

1
t6r (opt) = Ga// =I5

? Wherex=G'd Re XXX (15)
and the minimum noise factor is :-

F = l + ZC + 2, / X + x2 seeoseerctensnissnernssssee (16)

It follows from (15) that the best value of tOr is always greater than that
required for matching (t°r = Gd) since L + X is always greater than unity.
x
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The noisier the valve, the greater the value of x and the smaller the
optimun tGr. In the extreme case where the valve noise over-rides the
circuit noise, (15) reduces to tér = Gg, which expresses the obvious
conclusion that when valve noise predominates the best signal/noise ratio
is obtained when the signal at the grid is a maximum,

F 8
With a given value of df s b T #6 Mcia
equivalent noise resistance Ro R o)/
the variation of noise factor s / s
and band-width with tGr is shown | /
in Pig. 673. Curve F(I) shows : )
the change of noise factor with ‘4 roas
tGr when valve noise is abasent, \ / BAND WIDTH
while curve F(II) shows the 3 S - 3|3 d#oown
corresponding case in whioch Re= ‘\ >4///‘
1400 ohms, & value which is 2 l 2
appropriate to a CV1091 valve. D ¢
Tt will be noted that & trans- ! \
ferred aerial conductance which N yan !
is slightly greater thangthe 4 T
optimum is needed in the latter ! .
case to give'a band-width of © of oz o3 o4 os 7
4 Mc/s, the deterioration in MILLIMH O
nolse factor due to this being
only 0-15 db, When other oL Ce ppr
sources of damping which have MID- BAND FREQUENCY =45 Mcfs
80 far been meglected are CURVE 1 Rg: O
taken into account the band- CURVE I Rg= MOOn
width is more than adequate Fig. 673 - Noise factor and band-
wk.xi;m the noise factor is a width of circult of figs 672.
ml UWile

We may use the curves of Fig. 673 to compare the noise factors
wnder matched and optimum conditions. For the matched aerial F = 3+62 db,
whereas the minimum noise factor is 2436 db, This improvement of 1.26 db
is equivalent to a 34% increase in transmitter power.

12, Effects of Transit Time and Cathode Lead Inductance

It has been shown in Chap. 7 Sec. 25 that at high frequencies, when
the time of transit of an electror through the valve becomes an appreciable
fraction of the input cycle, energy is absorbed from the input circuit.
Alternatively it may be said that the walve has a finite input conduct=-
ance due to transit time, This transit time input conductance Gy is
effectively in parallelwith the tuned circuit, casu ng both a loss of
signal and an increase in bandwidth, As stated in Chap. 15 Sec. 10, the
mean square noise current at the grid within the frequency band B due to
transit time only (Induced Grid Noise) may usually be taken as

siﬁ =~ \ l"ldrBllP'&'t 0...0.'...0‘..0.00.!DOIII...ID..(I?)

30 that the trans'it time input conductance is about five times as noisy
25 an equal physical conductance at the same temperature. The effect of
transit time in the valve on the circuit of Fig, 669 is to add the noisy

-0 r - ' : ' —(" )0

o Vel % €6 {5t K,G, & Ors, s &
ABKGi
0
‘ i , 4 0

Fig. 674 - Equivalent signal Fig., 675 - Equivalent noise
circuit of fig. 670(b) with cirouit of fig. 672 with
addition of trensit time con- addition of transit time
ductance. (induced grid) nuise.
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transit time conductance in parallel with the tuned circuit, giving the
equivalent signal and neise circuits of Figs. 674 and 675 respectively,

Vhen transit time noise and shot noise are ceubined as in Fig.
675 it is not at once. clear that the linear addition of mean square
voltages is walid, since such addition is strictly true only for ran-
dom independent events auch as neise contributiens frem twe distinct
sources, Now transit time and shot noise are net independent, beth
being preduced by the same electron stream; however, a mere detailed
study of the frequency spectrum of the noise shews that for any given
component of this spectrum the transit time and shet noise are effect-
ively in phase quadrature, at lesst for the small transit angles
normally encountered in practice, The mean sguare voltages may thus
be added linearly to give the tetal effect,. just as if they were pre~
duced by independent sources,

In any valve eperated with its cathode neminslly esrthed
(grounded-cathede circuit) it is essential to have a certain length ef
lead between cathode and earth, if only te prevent undue cenductlen of
heat from the hot cathode to the seal threugh the glass. This cathede
lead pessesaes inductance which affects
the input impedance of theo stage.

Referring te Pige 676, if Ix is the

inductence of the cathede lead and G‘k
the grid-cathede capacitance, then

it has been shown in Chap., 7 Seec, 25 1P —
that the input cenductance is : =~ cgk
O = w2 Ix « Ogx Gy wA3E T .

A A NN RALEZ R A A NS X (18)'. q

This is the conductance which is
in parallel with the imput circuit

at the detied line PQ of Fig. 676. - t circuit of
The inmput cireuit to the left of ng«m, stage showing
FQ may be replaced by a current cethode 1ead inductence.

generater in parallel with the
output cenductanse Go so that the equinlent sigml circuit is that of

Pige 6776

I% is new necessary te consider what neise generater (if any)
should be associated with conductance Gg. A distinotien must be made
between the shet neise and partition neise which have hitherte been
lumped together in a single nolse generuter, since the shet noise cur~
rents are present in the cathede lead whereas the partitien neise cur-
rents are nots (See Chap. 15 Sec, 15)s If the frequensy spectrum of
the shot noiss is censidered, any one compenent of this spectrum will
produce a voltage across (Pig. 676), and will thus e injected inte
the series circuit formed Ig, c‘k and the imput cirouite A cen-
sideretion «f the amplitude of the resultant current shews that the
voltage developed acress Cgie produces negative feedback of the neise
ard that the magnitude of this feedback is carreet if the shot noise
generator is placed a8 in Fig. 678 and the imput conductamce Gy is°
noiseless., The neise present in the circuit to the left of PQ in
FPige 676 is represented By the current genereter ;{%" and RP,the

partition noise generater,is placed in ite usual pesition,since such
neise is not subject te feedback,

Suppese that for the moment partiition nolse is neglected;
then the mean square sigml voltage at the grid (Pigs 677) is:

1

a L ——— .O....‘..l..‘..'..(19)’

2 | iz
s i‘s (G:p . GK)Z
while the mean square noise voltage (Pig. 678) is:
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's Go

Fig. 677 - Equivalent signal Fig. 678 - Edulvalent moise circwt

—— 2
nv2 = IE-‘%’ 1 KR G° .......‘(20).

"G+ e? | (Gor cg?

The noise/signal ratio is therefore:

? _ iinE + K_R.s Gs -o.o.vt-occoo-o-ooooco-0.0(21),
:‘ﬁ ;i-g iis

which is independent of G'rK and is therefore the same as if Gy were absent.

Since the current genmerator of Fig. 678 includes the effect of transit time
it follows that the inverse feedback due to cathode lead inductance affects
all sources of noise except partition noise.

It should be remembered that the conductance G, of Figs. 677
and 678 is made up of the transferred aerial conductance, the dynamioc
conductance of the tuned circuit and the transit time conductance; in
fact the portions to the left of PQ are a condenged representation of
Figs. 674 and 675 respectively. The complete circuits are thus as showm
in Figs. 679 -and 680.

From Fig. 679 the mean square signal voltage at the grid is :-
! Z

l'2 - e2

, where G = t%r + G4 4 Gt + Gk

200000000408 0300000200080000 (22),

and the mean squaie noise voltage (Fig.680) is

?; K(tGr+Ga+h.'8Gt)+KRs (tGr+Gd+Gt)2 + K
62 ’ a2

Fp

$ 9250600600000 P st NCS (23)0

The noise factor is given by i~

F=1+ _5a + 48 & L’CGr+Gd*G't)2.RS+~G2 « Ry
r +Cr G e

000"...-0000.ong..oo.o... (24)0
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Equation (24) shows that the conductance

affects the noise

factor only by its presence in the total conductance G in the last term,
and this tem is the one involving the equivalent partition noise resistor

Rpe

The curves of Fig. 681 have been calculated for a CV1091
va.lye at a frequency of 45 Mc/s, the appropriate values being :-

2.2 2 G
n. Vs-tGr‘C) tr

—o

Fig. 679 - Equivalent signal
clrcuit of fig. 674 with addition
of conductance dus to cathode
lead inductance.

Gg = 005 millimho
Gy = 0045 "
Gg = 0-065 ®

K(Gr

I\
N

KG4

Fig. 680 - Equivalent noise
circuit of fig. 675 with addition
of noiseleas conductance due to
cathode lead inductance.

Rs =

Bp

400 olms
1100 ohms

Total C = 13 pF.

Owing to the iﬂcreased damping due to Gt and Gy the matched condition is

now given by ;-

t6r = Ga + Gt + GK .......;..,...................... (25),

i.e. t6r = 016 millimho, and,
the noise factor for this power
match is 5°14 @b, The minimum
noise factor is L4+28 @& and :his
is obtained for t6r = 0-5 mjlli-
mho. The band~width at the
minimum noise condition is 8+4
Mc/s and this should be compared
with the simple case of Fig.673.
The wider band is meinly due to
the increased tOr needed to give
minimum noise factor, but is
also partly due to the greater
demping caused by the finite
input conductance of the valve,

13, Operation at Higher
Frequencies

The input conduct-
ances due to transit time
and the inductance of the
cathode lead both vary as the
square of the frequency so that
if this frequency is increased
from 45 Mc/s to, say, 180 Mc/s,

d¥
¢

F

]
1
\ e MATCHED

B/

: CONDITION
r |

/

.-

B =
s |BAND WIDTH

/

AT

3dépowN
6

o-

5

MILLIMHO

Fig, 681 - Noise factor and bandwidth
of circuit of fig. 669 including
effects of transit time and cathode
lead inductance,
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‘both conductances are increased by a factor of 16, Gy at this new
frequency thus becomes 0+72 millimho and Gg 104 millimho, Assuming

that it is possible by suitable circuit construction to keep the dynamic
conductance of the tuned circuit at about the same value althoughthe
fiequency is increased, this dynamic conductance will be so much less +han
the input conductance of the valve at 180 Mc/s. that it will have little
effect on the noise factor and bandwidthe.

Zf (24) is differentiated and the result equated to zero the
transferred aerial conductance for minimum noise factor is found to be':-

g2 o (St Ga)2Bs + (%6 4 Ga 4 OK)? Rp 4 408 Gt 4 Ca
By + Rp

eccsnsscscsnccnrtacsrte (26)0

Neglecting G3 and using the values for Gy and Gy previously quoted viz:

0+72 and 1°04 m:.'l.l:mhosrespect:.vely , the optimum velue of tCr ia 2° 1,
millimhos and the substitution of this in (24) yields the value 10+8 db
for the minimm noise factor. This is about 2 db better thun the
experimentel figure for the OVIO9L at 200 Mc/s.

It is possible to calculate the contribution of partition
noise to the noise factor, If it were practicable to eliminate partition
noise, Rp would be zero in (24) and (26) and the optimum values of tCGr
and F would then become 3-1 millimhcsand 6+0 db respectively., Partition
noise is thus responsible for a 5.8 db loss in signal/noise, i.e. a
virtusl waste of 74% of the transmitter power, This fact leads to two
possible lines of development: (i) the redesign of the pentode to reduce
the partition noise as much as possible; (ii) the use of a sultable
triode as & RF amplifier instead of a pentode.

Considering the first alternative: the higx noigé factor
of the pentode is due to two interdependent causes: (1 the presence of
pertition noise; (2) the negative feedback due to inductance of the
cathode lead which favours partition noise. In the CV1136, the CV1091
type of construction has been retained but the cathode is taken to four
pins in the base instead of one. Bach of these multiple cathode leads has
about the same inductance as the single lead of the V1091 so that the
effective cathode lead inductange is only about one quarter., At the
same time the screen current is reduced by aligning the grid and screen
wires, thus reducing the partition noise; (see Chap. 15 Sec. 9). The
equivalent partition noise resistence is thereby reduced to zbout 500 ohms
insvead of 1100 ohms for the V1091, In practice, however, the CV1136
does not give the improvemnent in noise factor to be expected theoretically.
Measurements have shown that the input conductances of the two valves are
not substantislly different, and the improvenent, which is about 1 db
at L5 Mc/s and 2 db at 180 Mc/s, is largely due to the reduction in
partition noise., These are average values, and owing to production
tolerances it is not unususl to find a particulsr CV1091 which gives a
lower noise factor than a particular CV1136.

4t frequencies of the order of 200 Mc/s the inductances of the
screen and g*id leads become important; the inductance of the latier,
for example, is approaching series resonance with the grid-cathode capaci-
tance so that the input impedance of the valve as seen from the pins is
lower than that actually present at the electrodes. The simple circuit
of Fig. 669 thus needs to be replaced by a fairly complicated network and
the noise factor is no longer amenable to easy celculation. This accounts
for the discrepancy of about 2 db between the calculated and measured noise
factors of the CV109) at 180 - 200 Mc/s and also,possibly, for the relative-
ly small difference between the CV1091 and CV1136.
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The presence of the screen lead inductance means that the
screen is losing its effectiveness since its potential may no longer be
regerded as constant, and in general the pentode ceases to be a useful
amplifier above about 200 Mc/s.

1k, The Grounded-Grid Triode

It has already been noted that the elimination of partition

noise would bring ebout a considerable improvement in noise factor. A
triode has no partition noise but cannot be used in the conventional
grounded-cathode circuit owing to the feedback which would occur through
the grid-anode capacitance. If, however, the triode is used in an
inverted amplifier or grounded-grid circuit, the grid will, if a suitable
valve construction is adopted, act as an electrostatic screen between the
input and output circuits (Fig. 682).

It has been shown in Chap. 7 Sec. €0 that the input admitt-
ance of such a stage is

prl

yl .—R—a—ﬁ;—, 90500 00s0errrs00erIReeREIORIOERTTSY (26),
where
is the amplification factor
Ry is the anode slope resist-
ance
and Z¢ the load in the anode circuit.

Qver the pass band of the amplifier
the anode load mey be regarded as a
pure resistance R[ so that the input

admitbtance is thus a pure conduct-
ance of wvalue FROM oig E ke
AERIAL b d
Ge = E'l‘l "'00'(27)- g
* Ry, + R
a * &

Fig, 682 -~ Input circuit of
The signel circuit is therefore as grounied-grid stage.
shown in Fig, 683 and is the ssme as
Fig. 679 with G; replacing CK. A
typicel value of G3 is 5 millimhos and the effect of this in parallel
with the. tuned circuit is to produce such heavy dsmping that bandwidth is
no longer a problem.

The shot noise currents flow through the input circuit and
thus produce negative feedback voltages across it. These voltages are
developed across a resistance so that the mechanism is different from that
of the inverse feedback produced by cathode lead inductance in the circuit
of Fig, 676. The result is the same, however, and it is found that the
equivalent circuit of Pig. 6§0 is spplicable to the grounded grid triode
if G is replaced by G; and the partition noise generator amltted (Fig.

684). KRy
—
nif“f,(? 6 $6¢ S St G kG, ©r 5 G, G,
KGg 4-8KG,
Fig. 683 = Equivalent sigml Fig. 687 - Equivalent noise
cireuit of fig. 682, cirouit of fig. 682,
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The noise factor of the stage is obtained from (24) by putting
Rp = O, and the optimum value of tOr is likewise cbtained from (25).
This has already been done in the discussion of the contribution of partit-
ion noise to the noise factor of a CVIO91 at 180 lic/s. The results
were: tUr = 31 millimhogsend F _ 6 db., Thus if the transit time con-
ductance is the same in the two cases (a not unreasonable assumption) a
grounded grid triode gives the same noise factor as a pentode without
partition noise. The replacement of a pentode by a grounded grid triode
at 180 de/s would thus lead to an improvement of 5+8 db in sigpal/noise
ratio, in other words, the virtual loss of 7.4% of the transmitter power
would be eliminated.

In all the preceding discussions on noise factor the noise
generated in stages other than the first has been neglected.s Just as it
is posgible to represent the shot and partition noise of the first stage
by an equivalent noise generator at the grid, even though these are
produced in the anode circuit, so it is equally possible to represent all
noige generated within the amplifier band-width by subsequent stages by
a fictitious noise generated at the first grid., It is merely necessary
to assipn to this generator a mean square voltage which will produce the
same noilse power in the ocutput load, The second stage of the amplifier
vill be the most important so that the mean squere voltage of the
equivalent noise source at the first grid is defined as KRy This
generator will be in series with the partition noise generator in Pig.
680 and will replace it in the corresponding equivalent cireuit for the
grounded grid triode, Fig. 684 is thus modified to Fig. 685 by the
addition of this extra noise source.

The exact value to be assigned to Ry, will of course depend
on the gain of the first
stage as well as the
noise generated by the
second ,and following
stages. A numerical
example will illustrate
this and emphasgise the .G G, Gq 6, G
difference between a v G 48KG,
pentode and a grounded ¢ )
grid triode as the first ’ . ‘ ¢ O
stage., At 45 Me/s a i
typical value for Ry Pig. 685 - Modification of fig. 684 By
s 10 olms;  in the the addition of equivalent mcise generwtor

case of the CV1O91 this
is in series with the for subsequent stages,

1100 ohms partition
noise generator and ig thus merely equivalent to increasing the latter

by about 1¥, an entirely negligible amount. On the other hand, in the
grounded grid triode the signal and noise generated in the first stage
are so reduced by the high degree of negative feedback that noise gene-
rated in the second stage begins to become important.

KRg KR,
v

Re-writing ejuations (24) and (26} for the grounded-grid
tricde we obtain :-~
F=1+G'li+l_,.'8G"b+('GGr+Gd+G‘b)2.RS+G2 . Ry
tG; tE;: tGr tGZ‘

."..06.'.;'.'0 (28),

where G-:tGr+Gd+Gt+Gie
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and G2 _ (Gt + Ga)? Rg + (Gt + Ga + Gi)z R2 + 4°8 Gt + Ga ..... (29).
RS + Rz

The low value of R2 is to a large extent offset by the high value of Gy
occurring in its Goefficient. The variation of F with tCr is plotted in
Fig. 686 for the two cases Ry = O and R, = 10 olms, the other values being:-

Gg

Gy

Gy

These are
typical of the CV66
which is similar to the F
OVIO9L and CV1136 in conpimion i
external appearance,

005 millimho
0+05 millimho

R

5 millimhos,

Referring 5
to Fig. 686, owing
to the high input "
conductance at the \
cathode the value of "
tGr for the matched Fo3 k
condition is 5el -
millimhos and it is 2
essential to have a
considerably smaller
value than this for
minimum noise factor.
This should be com- - > (G
pared with Fig. 681
for the CV109l. MILLIMHO
The improvement in
noise factor between
the CV66 and CV1091
is almost exactly 1 )
dbg  without the. PFig. 686 ~ Variation of noise factor of
noise produced by cireuit of fig, 682 with transferred
the second stage the aerial conductanoce,
improvement would be
0°75 db greater.

.~
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A8 the frequency of operation is increased all stages of the
emplifier become more noisy, so that not only does G; increase but R, also.
It is therefore not to be expected that a grounded grid triode will éver
give a performance comparable with the theoretical pentode without parti
tion noises At 180 Mc/s the CV66 has a.noise factor of sbout 7 db com-
pared with 10.8 db and 6 db calculated for the V1091 with and without
partition noise respectively. At frequencies of the order of 600 Mc/s it
is no longer possible to thinkof valve and circuit as separate entities;
they must be designed together as a composite whole and every effort must
be made to keep the electrode clearances to an absolute minimun in order
to prevent transit time noise rising to an inordinate value, It should
e remembered that the transit time conductance for any given valve
increases by nearly 200 times between 45 Mc/s and 600 Mc/s. Valves such
as the (V88 and (V153 which are grounded-grid triodes specially designed
for high frequencing warking give noise factors of about 10 db at 600 Mc/s.
Typical curves illustrating the variation in minimum nolse factor with
operating frequency for four valves are shown in Fig. 687. The circuit
arrangements for different frequéncies and the noise factor of the receiver
as a whole are further discussed in Sec. 3l.
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FREQUENCY OONVERSION (MIXING)

15, General
Some rea;sons
for employing the super-
heterodyne principle in "ms:gmmn
radar receivers are given 1.
in Sec, 5 These may be . cvies
restated and amplified as / y
follows :- ?
/ [ AFET ] /
4
(i) When 10 / /
centimetre
waves are s Cveés /

employed / g
no useful ) /
signal 6
frequency // / /
amplifi- Vg / y
cation is
possible 1 ) /
-
[¢} 5

so that
there is
no alter-
native to
the super-

gle;zz ‘i’gﬁe Pig. 687 - Variation of noise factor
2

and the with operating frequency.

mixer must

of necessity

be the first

stage in the receiver,

100 200 500 700 f
Me

(31) It is much easier to obtain the necessary pass band
characteristics if the emplification takes place in a
fixed frequency or pre-tuned amplifier, This is normal
communications technique butthere is an even greater
necessity for maintaining constant amplifier performance
in radar reception (see Sec, 37).

(11i) The problem of selectivity, so important in communications
work , is considerably simplified by conversion of the
signal to a lower "intermediate" frequency. However, in
radar the question of distinguishing between two closely
geparated signal frequencies does not normally arise,

Such interference as is experienced in radar vorking
is usually of a different nature and is not dealt with
in this chepter.

The higher the carrier frequency the greater the problem of
obtaining amplification while maintaining stability. From this point
of view it is advantageous to introduce the freguency converter at the
earliest possible point in the receiver. However,the actual position
occupied by the converter or "mixer® has to be considered from the poini
of view of obtaining the maximum signal/noise ratio in the receiver as a
whole; (see Sec. 2).

It is intended to deal here with the basic principles of

frequency conversion within the freguency range in which conventional
valve structures (e.g. opehtode, hexode) are used, Great detail will not
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be entered into since such frequency converters have no extensive radar
application and the subject is dealt with in many standard works. It does,
however, form a useful introduction to the basic principles of the Two-
Pole Converter (diode, crystal) which can be used at much hi her fre—
quencies, Neither pentode nor hexode mixers are camonly employed in
Service radar receivers operating on a radio freguency higher than 50 ic/s,
since they are too noisy to use unless many stages of RF amplification
have preceded the mixer stage. Triodes are usable as single~input mixers
at frequencies up to about 200 Mc/s » but because of their large input
capacitance they are replaced at higher frequencies by diodes, Diode
mixers are cammonly used for signal frequencies frowm 50 Me/s - 500 ke/s.
The input capacitance and cathode lead inductance of diodes prohibits
their use in the centimetre band; neither can be reduced indefinitely
while sufficient emission is maintained, and ultimately crystal mixers
must be employeds Although these are relatively inefficient frequency
converters they are the only type which present sufficiently small input
capacitance to the RF signal while still possessing a workable value of
conversion efficiency.

16, Fundamental Principle of FPreouency Conversion

The underlying principle of frequency conversion is to feed
into the mixer (a) the incoming signal and (b) an output from an un-
modulated Local Oscillator, jiee., an oscillator situated in the receiver.
The output from the mixer contains a number of freouencles one of which
is the required intermediate frequency.

In order to introduce into the output volitage or cwrrent
frequencies which are not present in the input, the mixer must be a device
which is effectively non-linear. For example, suppose that thesignal
voltage Vg applied to the mixer may be represented by ;=

A
vs = vs COSLOS t 9809900802000 000sBRcRGRRESRTN (1)’

and that the local oscillator voltage v is given by

A
v. = ¥V

o o OOSOJO t P SPIEIANICIICTICEPCOIOIPIREPOIEBTOTIIPNOSIES (2)'

If these are added together the result is

Vo= Vg o+ Vo=T, coswg t + Go 0osW t aseees (3),
which is the voltage that would result if the signal and local oscillator
output were applied in series to the mixer. Now let a resultant current

i flow in the mixer output circuit as a result of the voltage v at the
input; then if the mixer is linear,

i= bl v (Tmere bl is a Constant)oo-.ou--o-nooooco-o (Li-)

or i:bl QS coswst'FbI Go wswot wWeososeersssncen e (5),

showing that the output contains components of two frequencies only,
namely, the signal and local oscillator frequencies, no new frequency

having been produced.

The simplest non-linear case that may be considered is the
addition of a term involwing v2 to (4), i.e.

i =b, vs+by, vZ (where by is a constant) ........ (6).

Substituting fram (3), we obtain

656



Chap. 16, Sect.16

i = by (¥ coswgt + T, coswgt) + by (¥ cosws?t +
ooswgt)?

and, after expansion, i;his may be put in the form

i.= 9 ?. ooswsta-bl?o cosw %

A A
+% bZ (,,52 + V°2)
*1 by T2 008 2wgt + Lby 9,2 cos 2wt
2 2
+ 2 b2 GS Go . cosws‘b . coswot sesrsosssesnsensse (7).

The linear temm in (6) gives sIgnal and oscillator freguency
capponents as before. The quadratic term gives rise to :-

(1) a DC component;

(2) second harmonic components of signal and oscillator
frequencies;

(3) & product term (the last in (7)) which on further

expansion gives

b, I ¥, cos (ws “Wo)t + by Fs ¥ cOs (ws +0)) £,

and therefore represents components of two new frequencies, vhich are
respectively equal to the difference and sum of the signal and oscillator
frequencies. (1) and (2) might have been expected, since a non-linear
device 1s to some extent & rectifier, while operation on a curved
characteristic always gives rise to harmonios. The terms involved in

(3) are those fundamental to the frequency-changing process, the difference
term usually being chosen for IF amplification. If equation (6) is
extended further to include terms of higher order in v, viz -

v=b1v +b2 72 +b3 vj “'b)_‘_v}‘i".' eesed ) esvcevesv (8)

the output current will include not only signal and oscillator frequencies
and their second hermonics but also a whole series of "mixing™ components
of engular frequencies & (mws & nu)d) where m and n may take independently
any integral values from zero upwaerds., If the signal isAof v;::y,small
amplitude compared with the local d:sc;'n.llator input (i.e, Vo> "s) the only
mixing components of sppreciable smplitude are those for whichm = 1, i.e.
those of anguler frequencies * (ws * nwo). n = 1 gives the sum and
difference frequencies which can be called "first order" mixing components,
vwhile the frequencies for which n = 2, n = 3, etc., may be called "second
order", "third order", etc., respectively.

For a signal frequency f s local oscillator frequency f,, and
“intermediate frequency f5 there is thus a general relation,

fgtnf, =% f

giving N £ . A
f0= ___S___t___i:l___ eeveossssecscotonsrnte (9)-
n

Thus for a signal frequency of 200 lMc/s and an IF of 45 Mec/s possible
values for f, are =
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a) 155 or 245 Mc/s (1st order mixing);
b) 77-5 or 1225 Mo/s (2nd order mixing);
¢) 51°7 or 817 Me/s (3rd order mixing);

etce

So far nothing has been said gbout the relative efficlencies
of the different orders of mixing. This will depend upon the character-
istic of the mixer, but in general it may be said that the efficiency falls
off -considerably with increasing order. (The efficiency can be roughl,
defined here as the IF output current for a given signal voltage input.

In practice therefore it is usual to employ first order mixing,although

in some cases higher orders are.used, For éexample, it may not be con-
venient to use an oscillator with a sufficiently high fundamental fre-
quency to make first order mixing possible. Alternatively the LO fre-
quency might be reduced in order to provide a wide tuning range, since

the change in frequency of the nth harmonic is n times the change in the
fundsmental frequency. (A relatively wide tuning range is more easily
obtained at lower frequencies, since the effects of stray capacitance, lead
inductance, etc, are less important.)

Non-linear devices are readily available in the triode, pen~-
tode or hexode which have curved mutual characteristics. The analysis of
frequency conversion with such devices is comparatively straightforward
provided that it is assumed that the input impedance is infinite and that
there is no coupling or interaction between input and output circuits.
The inherent difficulties of the problem of the two-pole converter arise
from the fact that in this case these assumptions are no longer valid,

HT ‘G

(PRETUNED TO 1F)
IF OUTPUT

]
)
]
LOCAL t
:;'I:::p:l;L g g g‘iﬂunon i
: i
Ve "} fl Yy
O -0 GRID CURRENT
STARTS
Fig. 688 - Pentode as single
irnput mixer. Pig. 689 - Mutusl characteristic

of pentode of fig. 688,

17. The Single-Input Mixer

4 simple frequency converter ( sometimes known as a Single~
Input Mixer) using a pentode is shown in Fig, 688. The temm Single Input
is used to denote the application of both signal and oscillator voltages
effectively in series between the cathode and one other electrode, in this
case the control grids The mutusl characteristic is shown in Fig. 689
and it is assumed that the working point never runs the valve into grid
current nor beyond cut-off, i.e. it always lies between A and B on the
characteristic.

The analysis is simple if it is assumed that the characteristic
between A& and B is parabolic, so thet the anode current for any given
value of grid-cathode voltage A is given by 3~
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ia = ko (Vg-' 0)2 2000000000000 00c000c0cany (10)

vhere V, is the cut-0ff voltage. Bias of value Vg is applied to the

valve so as to bring the mean position of the working point sbout half way
between A and B. The instantaneous grid voltage is then

'V'g = Vg + QS coswst + GO ooswot secosnecsssves (11).
It is conyenient to write
Vg:Vg-tV..........-........-...............-.. (12)
A A
where v = vs C-Oswst + vo msmot P T T X ] (13)9

end if Vg + v is substituted for vg in (10) the result may be written in
the form i~

ia=b°+ bl" 4 hzvz seeResIsLORNTEBERIIERIROORIOIRETY (lll-)n

Bquation (13) is identical with (3) while (14) differs from (6) only by
the presence of the constant term b,, representing the direct current at
the bias point. The resultant anode current is therefore obtained from
(7) merely by adding b, to the right hand side, and as before the anode
current® contains first order mixing components. . Since the anode load
presents an eppreciable impedance at one frequency only, in this case the
difference frequency, the voltage developed at the anode consists almost
entirely of the component at this frequency.

A useful’ concept in mixers using valves of the conventional
type is the Conversion Conductance G which is defined as :-

‘Gg = Peak value of TP current in anode circuit
peak-value of signal voltage applied to the valve

This corresponds to the mutual conductance when the valve is used as a
'straight amplifier., Comparison of (10) and (14) shows that b, = k
while the amplitude of the IF camponent is by %y §, so that the
@nversion conductance is

G‘c = ko Go PR PP E P I I TI NI OISO IS IIEINTITTI SO RN (15)'

Clearly the best conversion is cbtained when the oscillator input voltage
is the maximum possible which, if the working point is not to move be--
yond the limits AB, is, V, ~ Vg, so that the mhximum possible conversion
conductance under these conditions is

G’c = ko (Vg" Vc) locao.-.b...o.l.o"ollb"b’.l.l.(l6).
From (10) the mutual conductance G, at the bias point is
%=2k0 (Vg—Vc) SPsscorTaless e neIEYTYTSIOISSIRIESTS (17),

g0 that the process of conversion has only half the voltage efficiency of
straight emplification. The figure of one-half naturally holds only
for a parabolic characteristic under the stated operating conditions,

but the general result is true for any single-input mixer, namely, that
Go is always less than G, for the seme valve and the same mean anode
current.

In practice the mutusl characteristic is not parabolic, also

the working point may move beyond cut-off, so that the relation between
i, and v involves terms of higher degree than the second, viz =
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i, = b + byv + bov? & bavd 4 B 4 ieely eeevenn. (18).

Under these conditions higher order mixing components sre
present in the anode circuit.

The disadvantages of single-input mixers are well known. The
oscillator voltage must be sufficient to swing the working point between
the limits of the mutuzl characteristic otherwise conversion is inefficienk
If the limits are exceeded grid current flows and damps the signel input
circuit; hence the local oscillator input voltage is critical. Coupling
may occur between the signael and oscillator circuits through the grid-
cathode capacitance, causing interaction between the two tuning controls.
The use of a multi~electrode valve with independent application of the
signal and local oscillation to separate grids which are electrostatically
screened from each other minimises this objectionable tendency as well as
eliminating any chance of grid current damping the signal circuit. Such
a system may be referred to as a Douple~Input Mixer,

18, The Double-Input Mixer

An example of a
double~input mixer is shown in —onT
Fig. 690. The signel is
usually fed to the first grid LOCAL OSCILLATOR
and the local oscillation to NPT
the third; in some mixers these
feeds ere interchanged,

In considering SICNALE
the operation of this mixer INPUT
it is essential to examine the o -0
implications of the term
“effectively non-linear®. Pig, 690 = Typicsl double-imput mixer
The mixing action does not cireati t.

depend on curvature of the

mutual characteristics connect~

ing anode current with either first grid voltege (vy) or third grid
voltage (v,). These may be ideally nepresented by straight lines;

(Fig. 691) If instead of the one characteristic of Fig., 691(a), a set
is teken for different values of third grid voltage, the results are
approximately as shown in Fig. 692. The characteristics are all straight
lines with a common -cut~off voltage but their slope depends on the voltage
applied to the third grid. It is thus possible to write

= Gl (Vl - lvc ) R Ry rry e (19)5

where G;, the mutual con- _ 1
ductance referred to the -

first grid, is a parameter (v;consmant)
depending on v,, and 1V,
is the cut-off voltage.
The simplest variation in
Gl which may be considered

is linear, i.e.

(v, CONSTANT }

G =4 (vq - 3V,)...(20)
vhich combined with (19) Pig., 691 = Ideal matwmal characteristics of
Slves double-input mixer,

i

a=A. (vl:‘ivc) (v3 -Bva) *PeBscsssesReEBRIEIRRE S (21).
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Setting v_ and vy constant in twrn 1dAll give the linear relations expressed
graphically in Figs. 691 (a) and (b)., Both first and third grids carry
bLias in addition to their respective oscillatory inputs, so that :-

. A
= vj + vO Coswot R R N R R R R P Y T ] (22),

v
3
with a corresponding equation for vye

Substitution in (21) and subsequent rearrangement yields the
equation for the anode cwrrent in the form -

, ~ N £ [a) £ A A t
1y = &) + 8y Vg coswgl + azv, cosw,t + a, v, Vg cosws® coswt

The last term of this equation gives rise to the two first order mixing
terns :-~

2

Thus, although both mutual characteristics are linear, frequency changing
occurs.

A A
L 2y ¥, Vo cos ws —9,) t + %_ 2y, Gs 90 cos (g +u)t eesee(24),

There is no paradox
in this. With a single input
mixer there are two variables
only, i, and v, and the
relation betweé’n them is re~
vresented by a curve drawn in
two dimensions, i.e. the’
mutval characteristics If fzf,mcnusmc
this characteristic is straight,
no freguency conversion cccurs;
if it is curved, frequency
conversion takes place, In the
case of & double-input mixer % '
three varisbles are involved,
i, vy and v3 s and the relation

‘a

Pig, 692 « Variation of i, - 121

between them can be expressed by
a tlree-dimensional greph, i.e, characteristic with vy,

a surface, The equation of

this surface is thet of (21),

and although lines drawn on it for constant velues of vy and v, are
straight the surface itself is curved, If the surface were plane,

equation (21) would be replaced by one of the form:~
ia =P+ q_V:L * I'vj s esUrIavRevEr s EventOIRIRIRIATTE (25),

which would give no frequency-changing ocmponents. The term “non-~
linear® as applied to a characteristic should thus be used in its more

general sense when double-input mixers are considered.

The mutual conductence G referred to the first grid may be
defined as the partial differential coefficient ¥i, (v5 constant) and

5oy

partial differcntiation of the planar characteristic equation (25) gives
Gl == q_ = cons‘ban‘b 2840400 cRROs0 0t RIOOLORARRSS (26).
Differentistion of (21) will of course give (20) which expresses the

variation of slope Gl with v3. Thus it may be said that for frequency

conversion to take place the mutual conductance Gl must be varied at the
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oscillator frequency. That this applies equally well to the singlewinput
mixer can be seen from Fig., 689 where the working point swings at the
oscillator frequency between the limits A and B, i.e. between one point
where the mutusl conductance is low and another where it is high.

From (24) the conversion conductance G for the double~input
mixer is 1 a) Ve which again depends on the oscillator amplitude, Under

the conditions assumed here the maximum Gc is obtained vhen the third

grid voltage just swings between zero and cut-off. The variation of, G
with time is then as shown in Fig. 693 and this may be called Class 4
Operation. : :

Ge GC

Qt
Fig. 693 ~ Class A operation Pig. 694 - Class C operation of
of doukle input mixer, double-drput mixer,

It is found that a larger conversion conductance can be
secured if the valve is driven beyond third grid cut~off during the
oscillator cycle. This may be called Class C Operation, and is illus-
trated in Fig. 69ks In this case the variation of Gy with time is no
longer sinusoidsl, but since it is periodic at the oscillator frequency
it may be expressed as a Fourier series :-

G = go + & 008Wot + g 08 2Wob + g3 005 3Wot + 4. .o (27)
With this substitution, (19) becomes
ig = (8o + g coswt + gy cos 2Wgt + gz cos 3wt + eoseee)

(v1 "'lvc + GS wsmst) esvsss00ss000 (28),

where Vi is the bias on the first grid., When (28) is expanded it contains
product terms of the form :-- .

gnes cosWt o cos nipt; (n=1, 2, 3, etc.).

n = 1 will give the first order mixing components, n = 2 the second order
and sc on, With n = 1 the conversion conductance for first order mixing

is found to be :-

Gc = '1_- gl 00 0P IEN I LI EIIPIINPITINENIONSECEISEITIOIEORITOS (29)-

The value of g depends on the bias end the amplitude of the oscillator

voltage applied to the third grid. If this bias is obtained by clamping
at this grid (see Chap. 12), so that the third grid voltage never rises
appreciably above zero, the first order conversion conductance varies with
the amplitude of the oscillator veltage in the manner shown in Fig. 695.
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For increasingly
higher orders of mixing the
conversion conductance falls
off rapidly unless the o )
oscillator voltage is of
very large amplitude,
leasurements taken under
typical operating conditions
with a reasonable value of
oscillator voltage gave
relative values of 12, 6 and
1 for the conversion con-

ductances for first, second ° P
and third order mixing re- °
spectively.
19. The Two-Pole Converter Fig.605_ First order mixing : varia-
tion of conversion conductance with
Conventional amplitude of oscillator voltage,

frequency converters are not

in general suitable for

radar equipments operating at signal freguencies sbove about 200 Mc/s.
For conversion at these frequencies the conversion element is s diode or
a crystal; di.e. a two-pole converter,

The problem of analysis of the two-pole converter is consider-

ably complicated by the fact that the signal frequency input, local
oscillator input, converter elememt and IF output load are all in geries.
There may also be a steady voltage source in the circuit to provide bias;
this is shown as a battery in the basic circuit of Pig. 696. The
assumption of independence of input and output no longer holds, but in
order to reduce the problem to manageable proportions it is necessary to
make certain simplifications, namely :=-

(1) +the signel is derived from a circuit the inpedance of
which is zero at all frequencies not close to the signal
frequency, where it may be regarded as resistive;

(2) the impedance of the IF circuit is similarly resistive
close to the intermediate frequency and zero for all
other frequencies;

(3) the effective local oscillator voltage is assumed to be
injected from a sowroce of negligible impedance at all
frequencies;

(4) the amplitude of the appljed local oscillator wvoltage is
very much greater than the amplitude of elther the signal
or IF voltages;

(5) the susceptance of the converter element is zero.

The above assunptions naturally limit the general application of the

analysis, but to a first approximation they appear to give a satisfactory
explanation of the oonversion process. The equivalent circuit is shown
in Fig. 697; it should be remembered that Rs exists only for the signal

frequency and R; only for the intermediate frequency.

Suppose that the oscillator voltage is applied without any
signal; +then there will be no voltage drop across Rg, which is effective

at the signal frequency only. Since there is no signal input no IF
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A c
DIODE OR CRYSTAL 2.1 T
RJ, i
SIGNAL INPUT UJ’ 1/‘_?/ 0{ -
IF LOAD { ! p’
OSCILLATOR INPUT % ! :
y J! 4 M
.. 8 ias  ©
BIAS
Fig. 696~ Fig.697.
Basic circuit of two~-pole Equivalent circuit of two-
converter. pole converter.

component is present in the circuit so that no voltage is developed across
Rie The waveform of the current through the converter element is then

obtained by the ususl construction of Fig. 698. One cycle only is shown
in this figure; several cycles are drawn in Fig. €99. If the equation
of the converter characteristic is :-

iﬂ. =f (V) 08000000000 ET eIPR0CEtetsosriestsldossss (30),

and the voltage v at any instant is

‘a
;
vt <
—°
; I
\ i :
|
.
| ;
! )
TIME

Figd.698 — Current pulse in converter circuit when oscillator
voltage and bias only are applied (one cycle only
shown),

Vs VO + Go wswot €0es 00 0PI IEIERIEITOEINEIRYROIEOD (51)9

the instantaneous current is
i& =f (VO + co Wﬂwot) e0sserctssrsRteEIEPEEOVORS (32)0

This is the equation of the current waveform of Fig. 699(a) and can be
expressed in the form of a Fourier series i~

i =TI, + I 08wyt + Ip 0o 2wyt + I3 008 3wt + eeeee(33),

where the coefficients Iy, I3, Ly «.se otcs, can be calculated given the
characteristic equation (30) and V, and Qo_
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og ' f —f ]_,mar.
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|| Lo Time

Fig.699 _ Variation of current (¢, and conductance (b) for
two-pole mixer when osci.lstor voltage and bias
only are applied.

The conductance of the converter element is defined as :=-

G = E& = f' (v) IR R R YR AN R R RSN Y (51}-),
dv

and therefore the instantaneous conductance is, from (31) and (34)

G =2 (V, + V5 008W4t) eecueienncceescnnnciacioone (35).
This also may be expanded as a Fourier series :-

G = Gy + G cOBWqt + Gy 008 2wt + G5 008 3Wat + «oees(36).
The instantaneous conductance is plotted against time in Fig, 699(b).

It is now necessary to consider what happens when the signal
input is applied. Firstly, the signal voltage gives rise to a current
in the converter circuit, (Fig. 697),vwhich, since the converter clement
is a non-linear device, consists of a DC component together with funda-
mental snd harmonic components of the signal frequency. There is a
voltage dr"op across R, due to the fundsmental component only, so that the
voltage vg actually applied to the converter is of smaller smplitude
thsn the open circuit signal voltage vge The applied signal voltage may

thus be written :~

A
Vé = Vé w’w't B ECEICIININICPICRISCEOSIOCELIOGOOLIOI BRI OY (57)-

Secondly, the presence of signal and oscillator voltages implies fre-
quenay conversion so that there is an IF component in the circuit which
produces a voltage across R;. Let this voltage be vy so that 3=

Vi - Gi w.wit B PV OIS IIVSCIITEPVEIBPSsebOsse Rt ene (38)0

The difference & v between the instanteneous voltage applied to the con-
verter in the signal and no-signal conditions is thus i-

Sv = 9' aoswst -v

8 . OOSWit sssvesesstosvsrevto e (39)0

685



Chap. 16, Sect. 19

Mhen the instanteneous voltege is altered by a small smount § v the result-
ant change in currentd i, is from (34) s~

Sil = GSV (A A R A A R A R R A A R A2 A R R R R RN R RN Y YR X N I (14-0)9

50 that the current when the signal, as well as the oscillator voltage,
is applied is

ia = f (7) + GSV LA R R RNy (zil)l

£(v), G and§v are given by (33), (35) and (39) respectively; therefore,
on substituting, we obtain :-

ia = IO L Il mﬂwot + 12 co8 2(001: + Ij coO8 3mot +* eevsvcsevcrconne

+ (G’o + Gl 008(001: + G‘2 co® zwot + Gj cos jwot + 0.0-...0.0.)
A A
(v; wswst -'Vi co'wit) (AR X AR YN NEEEEE RSN IS NNEERERN SR Y X (1'2).
If this is expanded, the only termsof interest are those giving the signel

freguency and intermediate frequency currents, end for first order mixing
these are :=-

(G, + Gy cosw_t) (9; cosw t = G:l. COBW, ) cacevecnnacccecss (U3).
Sincew; =w  -w,, rearrangement of (43) gives the amplitude
ig of the signal frequency current :-
i =6, v, - %_ PPN T3
and the smplitude 2, of the intermediste frequency current :-

/jti :% Gllv\‘é-Go Qi sssseersOREIEOIIRTIEOETIRYOETRPOITTTYOSBTE (45)0

To (44) and (45) must be added a third relation :-
A
Gi = Ri.j-l €008 0080000000080 000000000008800aRR0Te (146)0

These three equations enable the performance of the mixer e¢lement to be
determined completely, but it should be remembered that the simplicity of
the relations is apt to be misleading. G and Gy must be obtained by
Fourier analysis, and this cannot be done unless the characteristic
equation of the element, the bizs and the amplitude of the oscillator
input are all known. pfer nth oxder mixing it is easy te show that the
only difference in (44) amd (45) is the substitutien of G, for Gq:

Despite the mathematical complication of a camplete solution,
some genersl results may be obtained, If (44), (45) and (46) are solved
for 'is and 1, the results are :-

’j\-s g GO = -J; ——G-:I-'E-Ei———i c' sesssevseverarviee (2..7)

b 1 ,G R s

|+

)
]
] | o

G1 o)
v’ ; SeevetoonBIBIIOEBIOIRIOSR (l’B),
14 G Ry .

but the input impedance of the mixer at the signal frequency, i.e. the
impedance seen when "looking in" at AB of Fig. 697 is ’v‘-;/?s and this is
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given directly by (47). Its value will thus depend on R, the load

resistance at the intermediate frequency. Similarly it mey be shown
that the IF ocutput impedance, i.e. the impedance seen "looking back™ into
CD depends on R_, the mpeda.nce of the signal frequency source. This
is implied in (EB ) where % 7; is seen to be proportional to ! and this in

turn depends on thesignsl frequency voltage drop across Rg.

Although the mixer element is non-linear, equations (44),
(45) and (46) are all of the first degree so that it is possible to apply
the concept of equivalent circuits to the mixing process. It is import-
ant to note that this holds only for smwall signal inputs (see equation
(40)). It is found that the same equivalent circuit holds for both
signal and IF, viz, that of Fig. 700; (Gz and Gi are the conductances
of the signal end Ili.’ cirauits respectlvely) In this cirouit the
generator Ve must be considered to be at the signal frequency when the

input sigml current is being calculated and at the intermediate frequency
for determining the IF output Yoo

current. Its magnitude is A A&

the sasme in both cases.

Sinoe the mixer os (So-ds1) (Gts) 394
draws current from the signal
source it is preferable to %
define the conversion process
in terms of power. For a & °
given value of §, the IF Fig.700.

power delivered to G is a Equivalent circuit of two-pole mixer.

meximum when both G and Gg

are esqual to the characier-

istic admittence of the T -section sttenuator between AB and D; (See
Chep. 3 Sec, 4). The formula given in Chap. 3 Sec, 7 for the character-
istic conductsnce reduces, after the appropriate chenge of symbols, to

Gg = Gy =/ G2 =~ %Glz eserescesecssssseccsscre (10-9).

This matched condition does not necesserily give the best signsl/moise
ratio in the receiver, so that a more general approach to the problem is
scmetimes degirable,

For the signsl frequency, the part of the circuit to the
right of AB in Fig. 700
mey be repleced by s

single conductsnoe (Gy) A <
or resistance (Ry) giving
the signal frequency #s Ry _
equivelent circuit of Ry R
Fig, 701(a). Similarly, % "
by Thevenin's Theorem, ¢

[} -}

when the IF is being
congidered the part to
the left of (D may be
replaced by a generator vy .

Fig.701 -
in geries with the out- ! , . .
put resistance Ry giving Equivalent circuits of two-pole mixer.
the IF equivelent circuit
of Fig, 70L(b). The peak
signal end IF currents in

SIGNAL FREQUENCY INTERMEDIATE FREQUENCY
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these two circuits are ?.. and ?'i respectively, and the Power Conversion
Loss of the mixer mey be defined as.10 log A db, where

A = _Power in signel frequency equivalent circuit
Power in IF equivalent circuit
2o
=313 (Rs + Bx)
T &+ R
(Several alternative definitions exist, usually implying a matched

condizion, The definition given sbove covers all thege and has the ad~
vantage of being of general application).

O T - ) P

The value of A will always be greater than unity but may
approach it in certsain ceases, Referring to Pig. 700, if the conduct-
snoe (G, - 1 Gy) of the shunt arms could be reduced to zero then the two

2

equivalént circuits of Fig. 701 would become identical and the power in

each would be the same. Unfortunately it is not possible to reduce the

difference between G, and 1 G, to zero without at the same time making
2

them zero individually so that the series axm of Fig., 700 also becomes
zero, There will thus be no IF output unless Gy is also zero, i.e., the
dynamlc resistance of the IF load circuit must be infinite, Thus, while
100% power conversion is theoreticslly possible, it is unattainable in
practice, the position being anslogous to the case of the Cless C smpli-
fier, which can theoretically attain 100% efficiency but only if the loed
impedance in its anode circuit is infinite.

At this point it is convenient to treat the diode and crystal
separately, there being important differences between them which will be
emphagised by the exsmination of each in twrn,

20. The Diode Mixer

A possible circuit for a diode mixer is shown in Fig. 702.
Iy snd Gy form the anode load of the RF stage and Iy is tepped for
connection to the diode, There is thus a step-down auto-transformer
between the RF anods and the diode imput. The local oscillation is
injeoted into the tuned circuit through the small capacitance Gy, and it

is sssumed that the IF is low enough to permit an oscillator voltage of
adequate smplitude to be applied to the diode by this means, T is the
IF output trans-
former 9 05 being

cormected across the

primaxy to bypass the ANODE OF

signel and oscillator RF STAGE®

frequency currents

and their harmonicse.

The battery of Fig.

45 has been replaced

by the resistor Ry,

shunted by C,, the c

bias being produced §9&AL—4

by the mesn diode

current flewing

threugh R, . o . . . it
By If the Fig, 702 - Diode mixer circul

behsviour of this

ciraiit is anslysed

GRID OF
FIRST
IF STAGE

|
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it will be found that,for a given input to the grid of the RF stage,
maximum voltage at the grid of the first IF is secured whem both input
and output circuits are matched to the chsracteristic conductance of the
N-section of the equivalent circuit of Fig. 700. The position of the
tapping point on Ig and the turns ratio of the IF trsnsformer T will
therefore depend on-the value of this characteriatic conductance,

As s numeriocal
example of the design
considerations the aimple
case of a linear diode will N
be exsmined, Ths diode
may be supposed to haws s
constant conductance G, in

the forward direction and
zero conductance in the
reverse direction. Ths
current waveform of Fig.
699 will then become a
succession of peaks of a
sine wave while the varis-
tion of conductance dur- o
ing the gycle will be
represented by a square

wave, In Fig. 703 snode Fig.703.-

current and conductance Modified form of fig., 699 for the case

are shown plotted against of a linear diode.

the phase sngle © of the

oscillator voltage, If

the conduction sngle of

the diode is 2¢ then all the relevent qusntities may be expressed in terms
of @ as a parameter. The results are :-

20> 92wyt

Mean diode current I, =1 ¥, (sin ¢ - ¢ cos @) G, .c...(51).
Bias voltage = Vp = RZ _{a_

= To 008 F cevectesceccccscscnsassascassens(52)
Go 8% G4 esccescccacssesscorscvcscessssasses (53)
6122+, sn g cevessrcerccrvonorcornccnen-- i)
&

G =1
° 3

(Gg - %-Glz)% = (f - 'inz mi ees0s000se00000000000 (56),-

These relstions apply whether or not theTesection is properly terminated.
If in addition this oondition is assumed, the four resistauces R, R.» Ry

G.
T
= 'G% W' sin ’)} ®0esces0tcr0ssvssvensosree (55)
Gs
T

snd R; of equation (50) are all equal and the conversion loss-factor A

is then simply the ratio of the squares of the signal and IF currents.
Dividing (47) by (48) send putting B; equal.to the characteristioc resist-

anoce, the walue of A is found to be :-

N~ oy w2k

2
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2
= éj + ¥ d - ’in g g
sin® ¢
It follows from (51) and (52) that @ is independent of the smplitude ¥,

of the local oscillator voltage and depends only on the bias resistance Ry.
This is a natural oonsequence of the assumption of a linear diode charscter-
istice The values are tabulated below for two values of @: 30° and 60°,
the conductances being given in micromhos.

eeesevsseserenvrnveee (57)n

g =30° g = 60°
Go 333 667
& 636 1070
G, ~ % G 15 132
ve3 -1 of 98 345
L
A 1-8, 3458
(2+64 ab,) (5-54 ab, )
Ry 29-2 kA1 2°3 kN

The inarease in power conversion efficiency by decreasing the
conduction angle 2¢ from 120° to 60° is well brought out by the above
table, At the same time it should be noted that the characteristic con-
duoctance has decreased from 345 micromhos to 98 micramhos so that higher
impedsnce circuits asre needed to take adventage of the increased efficiency.
It mgy be difficult to design these, particularly the signal frequency
circuit, especially if this frequency is high, and this fact, rather than
the operating conditions of the diode, may limit the obtainable power
oonversion efficiencye.

When the diode characteristic is non-linear, as it is in
practice, the conduetion angle is no longer independent of the amplitude
of the oscillator voltage and the relations taking the place of equationa
(51) to (57) are more complicated functions of @, Once the circuit has
been designed it is easential to keep the operating conditions constant.
If the oscillator input varies, the matching is upset and the efficiency
falls off, The eagiest quantity to measure is the mean diode current, and
a jack is comnected in series with the bias resistor Ry, so that a meter
may be plugged into the circuit. For any given circuit there is a
definite mean current, and provisiop is made for varying the coupling be-
tween the oscillator and mixer so that this current can be obtained,

21, The Effect of Diode Capacitance and Lead Inductance

In the foregoing enalysis it has been assumed thet the diode
can be represented by a non-linear conductance, the capacitance between
the electrodes being neglecteds 1In a practical diode this capacitance
will not be negligible and will become increasingly important as the
frequency is raised, There are two effects to be considered, 1In the
circuit of Fig, 702, provided 05 and C; are large compared with the
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capacitance of the diodé they have very little signal and oscillator voli-
age developed across them and thus the diode capacitance is of little
consequence from the point of view of potential division in the gerieg
circuit between the tapping on the RF coil and earth, Hence, this series
circuit will, at the signal frequency, be a capacitance practically

equal to the capacitance of the diode, end since this is connected across
part of the signel circuit it may, if too large, limit the dynamic
resistance which may be cbtained, This will cause a loss of gain in the
RF stage.

A more important effect is that
of the inductance of the leads to the diode
electrodes, so that, in effect, the valve La
constitutes a network such as that of
Fige 704. Even if in the circuit of
Fige 702 the leads between the diode and
the other circuit camponents may be made
s0 short that their inductance is neglig- 1
ible, the leads inside the diode bulb are
atill present. A series resonant circuit
may then be set up and the digde will
present a low impedance to the tapping on Tig.704% -
13, making it difficult to develop adequate Effective diode circuit
signael voltage at the diode, Reduction showing lead imductances.
of the capacitance of the diode raises the
series resonant frequency and extends the
useful range of the diode.

Cak

The static characteristic of a diocde may be reasonably well
represented by the three-halves-power relation :-

ia =k (V + b) 3/2 PreesaBsucas s tICstasRsomaETEese (58)’

where b is a quantity depending upon contact potentials. For a planar
diode with negligible initial electron velocities, the constant k is
given by :-

k= 2’311- . 10-6 -3? 0008000 P0Q00CPEITREEPIOIOPEIIRNOLSY (59)

where a = emitting area of the cathode in an?,

4 = cathode/anode spacing in om. i, and v are in amps, and
volts respectively.

The capacitance (in pF) is given by :=

Cak= 8‘85 . 10—2 . % I R R Y YR N R Y (60)0

It is importent to hewe as high a value of k as possible since this gives
high values of Go and Gy and enables.the power conversion to be mein-

teined at high frequencies., At the same time,’ for the reasons stated
above, Cgk should be kept as small as possible, Comparison of (59) end
(60) shows that for a given value of k, halving the spacing between anode
and cathode enables the area of the cathode to be reduced to one quarter,
C,x thus being halved, The best diode will then be one with .a very

small spacing and a correspondingly small cathode areaes The effect of
lead inductance may be overcome by constructing the diode so that it may

be built into, and therefore form an integral part of, a coaxial line
circuit. A drawing of the (V58 diode, which has been designed on these

principles, is shown in Fig. 705,
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22. The Crystal Mixer

The crystal "valve", used
primarily as a frequency converter for
centimetre wavelengths, is shown in
section in Pig. 706. The rectifying
contact is made by placing a pointed
tungsten "whisker" on a smooth silicon
surface, the direction of electron
flow being from the tungsten to the
silicon, During menufacture the
position and pressure of the tungsten
whisker are adjusted to give a good
"front-to-back ratio" and also a
specified forward resistence,

Finglly wax is inserted into the , ]
crystal capsule through a hole in the F:8.795 . CV 58 diode.
ceramic holder. Its functions are

to prevent displacement of the tung-

sten wire from the silicon and to

prevent the ingress of moisture.

mA Ar
8
BRASS
TOP CAP
é
CERAMIC HOLDER
TUNGSTEN 4
WHISKER HOLE FOR WAX FILLING
SILICON
SLICE 2.
4 3 2 1 ! _
BRASS PIN o voLTS
2
. pan
Fig.706 -
Section of crystal capsule 6

Fig.707 - Static characteristic of crystul.

The static characteristic of a typical crystel is shown in
Fig. 707 and the difference between this and the corresponding curve for
a diode is at once apparent., The presence of reverse current modifies
the current snd conductance waveforms of Fig, 699 to those of Fig. 708,
the value of G,, the mean conductance over the oscillator cgycle, being

increased, while Gy is decreased. The conductence of the shunt arms of
the X -network of Fige 700 is therefore increased while that of the series
arm is decreased, both changes leading to a fall in. conversion efficiency.
This is particularly so when the oscillator voltage at the coystel exceeds
one or two volts, causing the reverse current to increase considerably.
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It is therefore to be
expected that an optimum
oscilletor input of
fairly small smplitude
gives meximum conversion
efficiency. 1In fact it 4y
is necessary to use an even
smaller oscillator input

in order to achieve the

optimm signel/noise ratio,

80 that in practice the

maximum conversion efficiency

is never reached; (see Seec. 27).

[+

Mixer circuits
for use with crystals sare
of two general types, co-
axial line and waveguide, and
these are shown diagrammat-

[+]

These designs are made APvignl . .
Modified form of fig. 699 showing
possible by the experimental effect of reverse current.

fact that the resistive

component of the RF imped-

ance of the crystal does

not vary greatly from one

crystal to another., In

the coaxial type of mixer

circuit the orystal acts

as the termination of the )

line, the stub being connected at a fixed distance from the crystal. The
reactive portion can then be tuned out by the stub adjusiment a0 that the
input line is correotly terminated. In the waveguide type of mixer

/STUB
< V2 TO LF
V774 AMPLIFIER
,C
TO IF - —
AMPLIFIER SICNAL AND PISTON
QSCILLATOR - o
SIGNAL AND OSCILLATOR IRPUY
TRUY —
Fig,709._ Pig. 710 - )
Diagrammatic sketch of coaxial Diagrammatic sketch of waveguide
mixer circuit. mixer circuit,

circuit the crystal is placed across the guide parallel to the electrio
field, the guide dimensiona being ‘chosen 20 that the resistive component
of the RF impedance is matched to the wave impedance of the guide, The
reactive component is tuned out by adjustment of the piston behind the
orystel. The RF by~pass capacitance C is in both cases of the "built-
in® type, a dielectric washer or metal flange providing all the cepacit-
ance that is required,

It is essential that the match between the crystal and the
input line or guide should be as good as possible. Any mismatch causes
partiel reflection at the termination so that part of the signal energy
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is reflected back to the aerial and rersdiated, producing a falling-off in
performance of the equipment,

23. Effect of Crystel Capacitance

Physical investigations of the phenomenon of crystal recti-
fication indicate the existence of a Boundary Layer of the order of 10-° cm.
depth just within the silioon blocks This layer is responsible for the
rectifying action, as it is only therein that the property of non-linearity
occurse It msy be shown thet there results an effective capacitance
associated with this boundary layer which is termed the Contact Capacitance,
The presence of this inherent capacitance in direct association with the
rectifying layer limits the high frequency performance to be expected from
a crystal mixer,

An equivalent cirouit

for a crystal is shown in Fig. 711. RY

Ry, is the boundary layer resistance Ao [ a .
which is small in the forward and oo | SO, 7 -
lerge in the backward direction,

end this is shunted by the bound- —it

ary layer capacitance Gy. Rg,

the Spreading Resistance, is the Fig.711_

apart from the boundary layer.

R, includes the resistance of the

tungsten whisker and also the

contact resistanoce between the

point of the whisker and the upper surface of the boundary layer. L is
the inductence of the whisker. The problem of orystel design is thus to
keep the value of G, mall without at the same time increasing the total
offective series resistance, Development of arystals for highsr frequenc-
ies proceeds along these lines. '

. Owing to the wery smell oontact area necesgsary to give a rea-
sonably low value of G,,crystals are easily demeged by overload, which
produces heat at the point of comtaoct and destroys the rectification
property. Unlike the diode, which récovers from a momentary overload,
the crystal is permanently dsmaged. For this reason great care should be
taken in handling crystals; they should not, in particular, be exposed
to stray RF fields, but should be kept in a metel box when net in use.

24. Noise in Frequengy Couverters

In the frequency converter using conventional types of mixing
valves (triode, pemtode, hexode) the study of noise follows the same lines
as that already given for RF smplifiers in Secs, 7-1lL, With diode mixers
the approach is again along similar lines, but owing to the interdependence
of input and output circuits the frequency converter and the subsequent
IP stage must be considered together ds one composite whole, The same
is true of crystel mixers with the added oomplication that the locel
oscillator comtributes to the noise, this contribution becoming increasing-
ly important asz the frequency is rsised. The various types of frequency
converter are considered in twme.

25. Noise in Triode, Pentode end Hexode Mixers

Since the grid and anode circuits of the valve are tuned to
widely different frequencies it is possible to use a triode as a frequency

converter without instebility occcurying. The anode load may be taken to
be a pure resistance over its pass-band B so that the ratio of signal to

noise power in the output of the converter is equal to the ratio of the
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mean square sighsl and noise currents in the anode circuit. Thepe may
be represented by equivalent signal and noise generators in the grid
circuit as in the case of the RF amplifier, there being only slight mod-
ifications to the argument owing to the frequency conversion process.

A simple analysis will be given for the shot noise only. The mean
square short—circuit noise current in the anode circuit due to shot noise
is given by 3=

12 = 2T%, LB sececeecenrereccacccnccsccasacaces (1)
where " 2 = space charge reduction factor.

e = electronic charge in colambs.

[]

I, = anode current in amps.

B = band width in cycles/sec,
In the case of a straight emplifier this noiué current may be considered

as produced by a fictitious noise generator at the grid of a noigeless
valve, the magnitude of the generator voltage being given by

2 1
vnz = L*Q—Z_I_Q_L SsecscscsesssrsRB RS EETOTED (2)0
Gn

In the case of the frequency converter, I, and T 2 both vary at the

oscillator frequency and can no longer be treated as constants, The
mean squere noise current must therefore be obtained by averaging the
expression (1) over the oscillator cycle. Although the effective
components of the shot noise are those lying within the IF pass band,
the fictitious noise generator at the grid may be considered to be at
the signal frequency if the mutual conductance Gn is replaced by the

conversion conductance Gp. Equation (2) then becames :-

2¢ B
vg = 'Eg— . (rn2 Ia) eaeessscsssessssnsssas (3),

and the equivslent shot noise resistance-Rg is therefore given by :-

Ry = 2238 , 35— (%)
8 *SPvCBeIPIITIGITBTOICTISIOIINITLIEOIRTDSY .
KGcz T Ia)

This can be caloulated if the variations of I 2 and I, with grid voltage
are knowne

The mean squere noise current in the ‘anode circuit of a
pentode due to both shot and partition noise, is given by :-

—— Ia r2 T .
i% = 23 B Ia_ (_i—-_a) Ceevevsancsevetseoe (5)9
Ip+ Ig
where I s is the screen current.e If it is assumed that the ratio of anode

to screen currents is constent during the oscillator cycle and equel-fto m
(e not unreascneble assumption) equation (5) then becomes :-
1L+ml2

2 =2eBI
a (l+m

in

) cececerceccercsssse (6).

This must be averaged over the osclllator cycle and the result divided
by KGg to give the equivalent noise resistance R,.
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Equation (6) may be re-written

;‘2_ = 2eBI E m 3;-. :2r22 ; s9secevevesnesves (7),

n

where I is the total cathode cwrrent (I, + Ig).

& hexode operates with a cathode current which is practically
constant, the third grid controlling the division of current between
second grid (screen) and anode, I andI"2 may therefore be token as
constant while m varies at the osciliator frequenqy. It is then found
that the average value of (7) taken over the oscillator gycle is consider-
ably higher than either (4) or (5). That this should be so follows from
first principles since one method of reducing partition noise is to
increase the ratio of anode to screen curremts; (see Chap. 15 Sec. 9.).
Anything which reduces this retio, such as the spplication of a negative
voltage to the third or imjector grid, therefore increases partition
noise.

From the above arguments it would be expected that a pentode
frequency converter would be noisier than a triode and a hexode noisier than
a pentode, and this in fact is found to be the case, "It is found also
that a given valve is noisier as a frequency converter thanas a straight
amplifier, the mean anode current being the same in both cases; +this is
mainly due to the lower value of G, oompered with G;. The table below
gives comparative figures for the CV6ED valve &~

OPERATION G G EQUIVALENT
(MITLIMHO) | (MIILIMHO) | NOISE RESISTANCE
Straight
Amplifier 9+0 - 720 51
Frequency
er - L4e2 1N

(Triode

Connected)

Frequency

Changer - . 5 kL1
(Pentode 3-8 35

Connected)

Hexode valves have much higher equiwvalent noise resistances, the 6847,
for exsmple, giving a value of 220 k{l.

The actusl noise factors obtainable in frequency changers of
the conventional type are not of vitel importence as these are elways
used after a signal frequency amplifier where the signal level, and with
it the noise produced in the first signal frequency stage, has been raised
to such a value that the noise oontribution of the mixer itself is of
little accounte What is of importence is the numbér of signal frequency
stages needed to do this, which can be decided only if the noise factor
of the mixer is known., ' With careful design a triode freguency changer
can be made to have a noise factor of about 11 db at 200 Mc/s; this
should be campered with 7°6 db and 5+6 @ for the CV66 e2nd CV88 respect=
ively operating as straight amplifiers at the same signal frequency;

(see Sec. 14).
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26, Noise in Diode Mixers

¥hen discussing the noise present in a diode mixer oircuit
(see Fig. 702) the mixer and the first IF stage must be considered to-
gether. The noise fluctuations in the anode circuit of this stage are
then due t¢ the following causes :-

(1) the noise current in the smode circuit of the last
RP stage; this includes the inherent noise of this
stage together with that generated in the earlier stages
and in the aerial, and subseqiently amplified.

(2) The thermsl noise of the tuned circuit feeding the
diode,

(3) The shot noise in the diode itaself.

(4) The thermal noise in the IF circuits coupling the diode
to the first IF stage.

(5) The shot, pertition and transit-time noise of the
first IF stage.

I% is possible to derive equivalent circuits for the cam-
bination of dicde mixer and IF staege by methods similar to those adopted
for the RF amplifier in Secs. 7 - 14, but the process is more complicated
and only a .general outline is given here.

The factors which may be ‘adjusted to give the best signal/
noise ratio in the IF output are :=

(1) The coupling between the signal frequency circuit and
the diods.

(2) The operating conditions of the diode; i.e, blas
resistance and local oscillator input.

(3) The coupling between the diode and the IF stage.

At the frequen-
cies at which diodes are F
used as mixers it is always
possible to obtain a gain a8t
in the signal frequency 22
stages which is sufficient 20,
to over-ride the noise
contribution of the mixer,
‘80 that, having chosen
the operating conditions
of the diode, factors (1) 2
and (3) are then adjusted 0
to give maximum signel
output, This leads to
the metched oondition
which is discussed in
Sec, 21. The overall
noise factor of the come -
bined diode and IF steges %0 70 00 200 300 300 7001000 2000 ¢
can then be celculated ¢fr Fig.712
measured, It has been Variation of noise factor with mean
found that for any given diode current.
bias resistor (Ry of
Fige 702) there is an
optimum amplitude of the

N e > &
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oscillator imput. This is shown in Fig. 712, in which the noise factor
for a blas resiagtor of 5 k. is plotted against mean diode current for
a CV58 diode followed by a CV1091L IF stage, the signal frequency being
600 Mo/s and the IF L5 Mc/ss The high value of noise factor for low
diode currents is due to the high conversion loss for low oscillator in-
puts. As the oscillaetor voltage is increased the conversion loss falls
but the shot noise of the diode becomes increasingly important as the

_mean current rises, For high mean currdnts the increase in shot noise
more than counterbaleances

the decrease in conversion "g
loss. OHMS
10,000 ~

There is also 7,000
a best value of bias | \
resistance, which becomes 3000 \
smoller as the frequency h
increases; (Fig. 713). 3000 \
Thig reduction in Ry is 2poc \
necessary to offset the
increase in the suscept- \
ance due to the diode 100G
capacitance, «When both 700 N
oscillator input and X
bias resistance have 509
been adjusted to their \
optimum walues the result- 300
ant minimum noise factor 200 \
veries with frequency
in the manner shown in \ .
Figs 7l4e The CV58 100! { £
diode hae been used at 700 300 500 700 (000 2000 3000 000 s
frequencies up to 3,000
Mc/s in applications Fig. 713
where its greater freedam Diode mixer: variation of optimum bias
from overload demage i3 resistor with signal frequency.

more important than the
lower noise level of the

crystel. For this ) .
diode the average noise factor is about 4 db higher than for a crystal,
but manufacturing tolerances for the diodes are less rigid, variations

between different diodes being H

greater than in the cese of

crystals. dbz+ T A
22 — —J{

270 Noise in Crﬂtal Mixe'rs 20 1 !

In radar :: | { o

receivers designed for P

centimetre wavelengtha it 14 ot

is not practicable to 12

amplify at the signal 10

frequency 80 that the .

mixer must be the first .

stage in the receiver.

Crystels are almost in~ 4

variably used, and the 2

signel~to-noise ratio >

of' the receiver, and 200 300 300700 [000 2000 3000 -

therefore the overall Fig.714 .

performance of the Diode mixer: variation of minimm noise

equipment, depend to a

very great extent on factor with signal frequency.
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careful design of the
crystal and associated
circuits for minimum
noise,

With the
diode, two factors
have to be adjusted to
give the best per-
formence; +the bias
regigtor and the OSCILLATOR INPUT
amplitude of the local
osclliator input.

With the crystal it

is found that no bias .

resistor is needed, Fig.715.
the only verisble Basic circuit of crystal mixer and IF
therefore being the stage.

local oseillator input

which, as in the case

of the diode, is most

conveniently repre-

sented by the mean

rectified current .

which it produces. The crystal is assumed to be matched to the oocaxial
line or waveguide as described in Sec. 22, so that all the signal power
received by the serial is fed imto it. The crystal then acts as a
generator at the intermediate frequency, feeding the grid of the first
IF stage through a step-up transformer (Fig. 715)s It cenm, in other
words, be regarddd as replacing the aerial of Sec. 9. The aerial -
resistence (Fig. 669) must then be replaced by the IF output impedance
of the crystal, i.e. by the resistance Ry of the equivalent IF circuit
of Fig, 701(b). There will of course be some susceptance in shunt with
this due mainly to the RF bypass capacitance C of Figs. 709 and 710 but
this will be accommodated by the tuning of the grid circuit of the IF
stage.

SIGNAL AND
—_—

Owing to conversion loss in the crystal the power developed
in the equivalent IF circuit is less than the signal power Py fed into
the crystal. In fact

P, =4 vy2
(By + Ri)
‘Where vy, Ry and RB; refer to Fig. 701(b) and A is the conversion loss-
factor as defined by equatiom (50) of Sec. 19. Ry is the load on the

orystal imposed by the IF input cirouit, snd includes the dynamic’ con=
ductance of the tuned circuit, the transit time oonductance and the in=-
put conductance of the IF valve due to inductance in the cathode lesd,
The equivalent imput circuit for the IF stage is therefore obtained from
Fig. 679 by the simple replacement of vs by vy, and % by tGy,it being
remembered that tGy now refers to the transferred IF output conductance

of the crystel; (Fig. 716).

cevevecssncscssscsscsvansse (8)

When the nolse circuit is considered a complication arises
owing to the fact that the noise output of the crystal is higher than
that corresponding to the thermal noise in a resistor R.y, i.e,

,g > LkTB. Ry
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We mgy therefore write

_-=x. k Bl
" 4 k T B.Ry

L x(xT)B. Ry nZF;,G§<) 6, gsd Gy Gy
'....'..;.... (9),

where x is called the
Noige Temperature .
Ratio of the crystal. ng'? 16 — . . : . o
Equation (9) shows that Equivalent IF input circuit ol fig. 71i0.
an ohmic resistor of

value Ry would have to

be raised from room

temperature T to a

higher temperature xT' in order to generate the ssme noise as the crystal.
The equivalent noise cirouit of Fig., 680 must therefore be modified by
increasing the noise current generator representing the aerisl noise by
the factor x giving the circuit of Fig. 717, These equivalent circuits
have been drdwn assuming that the first IF stege is a pentode, but’ the
case of a grounded grid triode in this position may be dealt with in a
precipely similar manner.

Before pro- i g
ceeding to a discussion
on the overall noise
factor of the crystal
and first IF sl?;e it “Q &
is necegsary to examine
the factors controlling
the noise temperature
ratios The sources

of noise are t- Fid.?l?- _
Equivalent noise input circuit of fig. 715

N

4°8KG,

O

(1) noise generated in the aerial system and fed into the
crystal with the signal;

(2) noise generated in the crystal itself;

(3) noise produced by the local oscillator and fed into the
orystal with the locel oscillation.

F¥or the present (3) is neglected. Aerial noise also is unimportant, as,
owing to the high conversion loss of corystals, only a fraction of this
nolse power is developed in the equivelent IF circuit, and measurements
have not shom any detectable contribution of aerial noise to the noise

temperature ratio,

The problem of the noise generated in the crystal itself is
not fully understood, The mechaniam of thermal agitetion in the barrier
layer is much different from that in a hamogeneous metel, and further
complication arises becauge the conditions in the crystal are varying
rapidly as the working point is moved up and down the non-linear
characteristic by the local oscillator input. There appears to be no
correlation between the static characteristic of the orystal and the
thermel noise generated in it, and when the question ia approached
practically by taking measurements of conversion loss and noise tempera-
ture ratio there is agein no correlation, since a low conversion loss
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does not imply a low noise temperature ratio.

The IF output conductance, conversion loss and noise temperature
ratio all depend on the mean orystal current To * Experimental results
for an average.crystal operating on about 10,000 Mc/s are shown in Figs.

718 end 719.

Sy z lomc‘r A
it MHO"O { 20 100
LIMHOS
74
1 \
3-0 / \\ /.Z‘ 90

1'o / 70

o o5 -0 r5 zo0 40 s o5 e} I z-:o 7
mA
mA
Fig.718. Fig.719 — .
Variation of IF output conductance Variation of noise temperature
of crystal with mean crystal ratio and conversion loss with
current. mean crystal current.

28, local Oscillstor Noise

‘The local -oscillator used in a radar receiver operating on
centimetre wavelengths is ususlly a klystron, end this type of velve
produces, in addition to the desired oscillation of frequency fo, random

noise which is most intense at frequencies close to f,, The amplitude

spectrum of the output of the Klystron is indicated in Fig. 720, The
smplitude of the noise relative to the desired oscillation is, of courss,
very much smaller than is shown in the figure. To understend how this
noise is produced, consider the double rhumbatron klystron shown dia-
gremmaticslly in Fig. 721. The' )
local oscillator (Sutton Tube)
is of the reflector, or single-
rhumbatron type, but the mech-
anism of noise production is
similar and the explanation is |, oesinen osciLLaTion
more eesily followed with the
double-rhumbatron type. ~ The
operation of both double-

rhunbatron and reflector type A
Xlystrons is explained in \\ NoisE
Chap, 8 Secs. 21~23. o wf’

The mechanisa of = 7o === f

noise production is as follows.

The electron beam entering Fig.720-

the buncher at A is not uni- Amplitude spectrum of output of
form but is intensity modu- klystron local oscillator.
lated in a random manner due

to the shot noise fluctuat-

jons of the emission from the

cathode, The buncher then
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acts as a cafcher for the shot
noise fluctuations and noise
current will thus be induced

in it in a manner similar to BUNCHER CATCHER
that in which induced grid noise
currents are set up in a
negative-grid triocde, These
noise currents are relatively
large since the electrons are
travelling at Jiigh speed, and
it is due to them that kKly-
strons are too noisy to be

used with advantage as

emplifiers for small signal Fig.72l-
voltages. Double~rhumbatron type of

klystron.

The noise voltages
generated in the bmncher mod-
ulate the velocity of the
main electron stream and thus
sppear in an amplified form in the catcher. Further amplification is
provided by the regenerative coupling between the rhumbatrons. The shot
noise fluctuations have an-smplitude gpectrum which is wpiform over all
frequencies but the rhumbatrons are frequency-selective and respond only
to frequencies near resonance, i.e. close to fo. The resultant noise
voltages are therefore largest for frequencies close to f,, the amplitude
felling off rapidly as the frequency separation from f, increases, The
general nature of the emplitude spectrum is thus as shown in Fig. 720.
As would be expected, the frequency spread of the noise voltages depends
on the selectivity of the rhmmbatrons, high-Q rhumbatrons giving a amall
spread and vice versa.

The output circuit of the mixer is tuned to the intermediate
frequency and therefore it 1s necessary to consider only those local
oscillator noise components, which, after passing through the crystel,
produce an output lying within the pass-band of the IF amplifier, If
£, is the frequency of the locel osolillator, f3 the intermediate
frequency and B the band width of the IF smplifier, then the effective
locel oscillator noise components are those lying in the two frequency

ranges.
(1) fo - fi.t B

and (2) £, + £y B.

N Nof

It is these which give IF outputs by first order mixing with the local
oscilietion. The noise produced by mixing between the individusl noise
components themselves and between noise components and signsl is
negligible, The relevant frequency bands are shown in Fig. 722.

From what has been said of the fundemental cause of klystron
noise it follows that it is essentially a selectivity problem and any
factors leading to a low degree of selectivity increase the contribution
of locel oscillator noise to the noise temperature ratio. The two most
importent are =

(1) a low=Q rhumbatron
. £+
(2) " a low velue of 2 /p .
It is therefore not surprising that local oscilletor noise is very small

at 3,000 Mc/s8 and becomes increasingly importent as the operating
frequency is raised. At 10,000 Mc/s, with an IF of 45 Mc/s, the a7
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and CV129 klystrons produce

a very small amount of
oscillator noise, but with

the W720 about half the noise
temperature ratio of the 27T onse
crystal is due to the local / \
oscillator, average values of J \
x being 1*5 for the CV129 and / \
3.0 for the CV720. The

higher value for the CV720

is due to the smaller dimens-

ions of its cavity, which -
thus has a lower Q.

Another point of
interest with the CV720 arises
from its use in AFC circults
(Chap, 8. Secs. 49-53) where ' Fig.722_
a certain amoumt of control '  Amplitude spectrum of output of
over the oscillation fre- local oscillator showing noise
quencgy is obtained by cemponents producing IF noise in
variation of the reflector mixer output,
voltages Measurements
show that if too great a
frequency variation ia
attempted by this means the
noise temperature ratio x
rises sharply, causing a o
serious deterioration in the
signal/moise ratio of the
equipment, Typicel results /
are shown in Fig. 723. \

\
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-
’

~
o
4

S

i
.

b
"

i

—«r-‘---.._.\\‘
X . =
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At a frequency s \
of 24,000 Mo/s most of the
noise.output of the crystal k
is due to the local
oscillator, noise tempera-
ture ratios up to 10 being
common., The camparison o .,
between results at this -20 ° +20  +40 ’I'{a
frequency and at 10,000 Me/s)
Mc/s is shown in Fig., 24,
which also showa the Fig.723 -
improvement 1in nolse tempe- Dependence of noise temperature ratio
rature ratio consequent on on change of frequency preduced by
the use of a high IF with a waristion of reflecter wolts (90-wolt
corresponding increase of " mode of CV 720).
fi/£,.  The 24,000 Mc/s '
curves of Fig, 72 are drawn
for two different values of
crystal current, the higher
value of crystsl current glving the higher nolse temperature ratio, This
is to be expected, since ‘increasing the local oscillator imput to the
crystel also increases the noise input,

/

With a general tendency towsrds imoreasing operating fre-
quencies attention has been fooused on methods of reducing the local
oscillator nolse, Amongst the methods suggested are ;-

(1) the use of a high-Q rlimbatron cavity in the local
oscillator.

(2) the use of a high value of IF.
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X
lo
s
\n\
\
S—lI
© — | F
0 40 60
Meh

Fig.724 . Dependence of contribution of local oscillator
noise on intermediate frequency,

Curve I: 10,000 Mc/s. Mean crystal current = 0.5 mA
Curve II: 24,000 Mc/s. Mean crystal curreunt = O,25mA
Curve III: 24,000 Mg/s. Mean crystal current = 0.5 mA

(3) filtering the local oscillator output by means of a
high-Q cavity between oscillator and mixer.

(4) eliminating one of the noise-frequency bends of Fig,722,
One of these conteins the signal and cannot be removed,
but the "second channel® can be cut out by suitably
positioning the TR cell; (see Sec. 34).

(5) the use of two mixers in a balanced .ciréuit. The signal
outputs are made to add while the noise outputs due to
the local oscillator are in antiphsse and are therefore
cancelled,

29, The Overall Noise Factor of Crystel Mixer and IF Amplifier

As degoribed in Sec. 27, in centimetre receivera it is
assumed that the feeder is matched to the crystal so that the aerial
resistance Rp of Sec, 8 is replaced by the mixer output resistance Ry of
Sec. 19; (see equation (50) of that section and Fig. 701(b)). For'en
ideal centimetric receiver we assume that 21l the signal power is
supplied to the IF circuit, i.e. that there is no conversion loss, and
that the only noise present is that due to thermsl noise in Ry.

The equivalent signal and noise circuits for the actual
receiver are given by Figs. 716 and 717,

From Fige 716 the mean square IF voltage at the first grid is
given as :-

2 .02
= n2 vy tGy where G = tGyI+G'd,*Gt+GK""..O(lo)

684



Chap 16, Sect. 29

Fram Fige 717 the mean square noise voltage at the first grid
is given as :-
(% + Ga + G&)?

2 4-139

K(x.. Gy + G5 + 48 Gy) X
= *
62

2000008000 000s00000000 (l&)o

Hence, for the actual receiver,
2P g% K (x.tBy + Ga s 4+8 Ot) + K Rg (45 + Ga 4 Op)2 K Rp G2

A nz:z;—tc;%

R R R RN R RN Y] (12).

For the ideal receiver described above, two modifications to the equivalent

cirauits are necessary.

(1) PFig. 716. Since there is no conversion loss the mean
square signel voltage must be incressed by a
factor A.

(i1) g, 717. Since the only noise present is thermal
noise in R, (Pig, 701(b}) the noise generator
X, 4ly must’ be replaced by Gy, and the other noise
generators must be suwppressed.

‘These modifications are illustrated in the equivalent circuit
of Fig. 725. Hence, for the idesl receiver, after making these altsra~

tions to equation (12] we obtain :-

Fig.725 . Equivalent IF input circuit
4 of ideal receiver with
iimmm) crystal mixer.

<

>

P; v _K
=5 - tGy—.—- F) ®eccscsstscasssesee (13)-

By definition, the noise factor F is the quotient of (12) and (13), viz:-

F=A{x+.cj.'_ + 48 G¢ +(tGy+Gd+Gt)2.Rg +-(£-RP
Oy Ty Gy Gy

0..!.0!.!.'.".0..OOOOOIOQCIQ.J (11-)-)-
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If the noise factor Fy due to the IF amplifier alone is
required, it cen be obtained directly from equation (24) of Sec., 12 om

making the sppropriate substitutions.

The result is :-

G.

Fi=1+__(:’_¢1 + 480 + (8 + CGa+ Gt)2, Ry +12_ « By
G,
t

tG& 7y

Sy

y

PPV GCODPCIIESISIOSIORISPIUOSIOSOGOOIOBTE (15)-

A comparison of equations (14) end (15) shows that

F=A {Fi +x—1} onu.._.-'uo.'.‘o'oon-o...c't-.' (16)l

This result is a particular case of a general theorem for the overall
noise factor of several amplifiers or other networks in cascade,
If ¥y, Fyy ===y Fn are the noise factors of the individual networks;

and M3, My, -———---—, M, the power smplification ratios, the overall

noise factor is given by

F=F + F2-1 4+ Fs5-1
¥ ¥ M

+ eessscees +

Fp -1

T A

ceess (17).

In the perticular case of equation (16), Py, the noise factor for the

crystal itself, is Ax, and Mj = 1 , while Fp = Fye
A

With these sub-

stitutions (16) is the same as (17) for n = 2.

When (15) is differentiated to find the optimum tranaferred
crystal IF output conductance {Gy, the walue obtained depends on neither

A nor x, for A is merely a multiplying constant and x disappears on

differentiation.

The minimum overall noise factor P is thus obtained

by designing the coupling transformer betweem the mixer and the first
IFP stage for a minimum value of Fy.

Since the IF output
conductance of the crystal is a
functien of the mean crystal
current (see Pig, 718) it
follows that the optimum twrns
ratio will also depend on the
mean crystal current, Once the
best operating cenditiens have
boon sattladnft is therefers

essential te maintain the
correet value of mean crystal
current when the receiver is in
operation. Failure te do so
xay cause deterieration in per—
formance,

Values of A and x for
an average 10,000 Mo/s erystal
sre given in Fig, 719. If
theso vilues axrc substituted in
equatien (16) the results ef
Fig. 725 are ebtained. Twe
alternative values of P, 3 &b
and 5 db, have been used in
calculating these curves, The
minimm is due te exactly the
same csuse as the mimimum in
the cerrespending curve

15
af
14 \
\‘__,J—-
13
12 \I\ t
n
) os 1o 15 20 ‘.0
Fig.726-

Overall minimum noise factor of Ir
amplifier and crystal of fig. 720,
FaA(F; + x- 1)
Curve ItFy = 2(3ab)
Curve II: Fy = 3+16(5db)



Chap 16, Sect. 29,30, 31

for the diode (Fig. 712): for small mean crystal currents the conversion
loss is high while for large mean currents the crystal noise increases
in greater proportion than the decrease in conversion loss.

RADAR RECEIVERS
30. General

In a superheterodyne receiver amplification is obtained in
three ways -

(1) in the wignal frequency stages;
(2) in the IF stages after frequency conversiom;
(3) in the video stages after detection.

The amplitude of the output from the video amplifier depends
on the type of display used. This emplifier must have a band-width
sufficient for reasonable pulse reproduction and a gain high enough to
give the required output with the given input from the detector.

The detector output, although it is not critical, must lie
within well defined limits. A diode is normally the most usual form
of detector and this must have a small resistance load if the pulse-
shape is to be preserved. Under these conditions the detection
efficiency is lower than that common in communicetion receivers, and the
non-linearity of the rectification characteristic at low input levels
is more pronounced. With a typical diode (e.g. CV1092) the peak out-
put should not fall much below 1 volt if sensitivity is not to suffer,
On the other hand it is not possible to obtain large outputs fram the
diode without producing overloading in the IF stage preceding it. With
the bandwidths camuonly used the anode loesds of the IF stages must be
low (see Chap., 7) and unless the camplicetion of a larger last IF valve
is indulged in the detector output beging to be non-linear beyond about
10 volts (peak). The useful output from the detector is thus sbout 5
volts (peak) and the video amplifier is designed to give the requisite
output to the displey for this value of input.

It is then necessary to decide how much of the pre-detect-
ion gain should be provided by the signal frequency amplifier and how
much by the IF amplifier. As a genersl rule the lower the frequency the
easier it is to obtain emplification and meintain stability; moreover,
the tuning of the IF amplifier is preset, whereas the signal frequency
stages must have provision for varying the tuning to follow alterations
in the operating frequency. It is thus desirable to introduce the mixer
at the earliest possible place in the amplifier chain, The only reasom
for using signel frequency emplification at all in redar design is the
fact that the noise factor of mixers is in general higher than that of
signel amplifiers, If it were possible to produce a mixer with a noise
factor as low as that of the signal emplifier the latter oould be dis-
pensed with, producing a considerable simplification of the receiver,

31, The Overall Noise Factor of a Receiver

The overall noise factor of a crystal mixer followed by an
IF amplifier ig dealt with in Sec. 29. The diode and IF smplifier
combinstion also ds studied in Sec. 26 and the general problem of RF
emplifier noise in Secs. 7-1h. In these sections it is assumed that the
amplifier stages are linear and the problem is approached by a comparison
of the signal and noise powers present at different poimts. Since signel
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and noise are statistically independent sources their mean square values
are directly additive, thetotal power then being the sum of the respect-
ive signal and noise vowers. It is thus possible to define the overall
noise factor of the receiver by comparing the signal and noise powers

at the output of the IF amplifier with their values at the aerial or
crystal; for although a fundamentally non~linear response is an essential
feature of a mixer, nevertheless the mixer equivalent circuits have been
shown to be representable to a first approximation by linear circuit
elements; (Secs. 15 - 29). Such a simplification is not possible in
the case of the video detector, where we -are concerned primerily with the
envelopes of the signal and noise voltages, and a power concept is not
directly applicable, It is therefore common practice to quote the over-
all noise figure of the receiver as referring tc the output of the IF
emplifier, From this the minimum received signal power for a "just
detectable” signal can be estimated, it being assumed that "just detect-
able" means equality of signal and noise power at the IF output. A
further complication is introduced ‘by the display since it requires a
much larger signal to noise ratio at the detector input to produce a
clearly defined echo on a PFI than on an A-display. The standarc of
equal signal and noise powers at the IF output will tend to under-
estimate the receiver capabilities on a type A-display and to over-
estimate them if a PPI is used.

32+ The Nymber of Signal Frequengy Stages

When smplifier stages are operated in cascade it is possible
to deduce the overall noise factor if the noise factors of the individual
stages are known. Fig.727 shows a block disgram of a receiver with the
two signel frequency stages preceding the mixer, the latter and the IF
amplifier being regarded
as one unit in accord-
ance with Secs. 20—29- AERIAL
The overall noise factor .
up to the IF output is

then :- & P MIXER 10
N, ANO O
F2 - ] :“l";:é;AEL SSI'?A(:EL IF STAGES DETECTOR
F= F]_ + W
Fs -1 Fig.727- )
s o eeeeea(l) Block diagrem of receiver with two signal
M1 M2 frequency stages.

(see Sec.-29).
where Fl and 34 sre the noise factor and power smplification respectively
of the first signal frequency stege, F, and M, refer similarly to the
second signal frequency stage and F3 ig the overall noise factor of the
mixer and IF stages.

As the first numerical, example. consider a receiver operating
&t 30 Mc/s (about the lowest radar frequency). Let F) and Fp be 2
(i.e. 3db) while F; is 16, these being reasonsble values for V1136
welves followed by a diode mixer (see Figs, 687 and 714). The power
emplification of each signal frequency stage is taken to be 10 so that
the overall noise figure from equation (1) ia

F= 2+L +.]_-'§__ = 2'25 eeIsNeseesIIRERCLOIOIOIRIEESIROIRRERS T (2).

10 100
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The number of signal frequency stages has been chosen arbit-
rarily and it is imstructive to examine how the noise factor changes as
the number of these stages is altered., With no signal stage the noise
factor would, of course, be that of the mixer end IF stages,i.e., 16.
With only one signal stage the mixer is now the second stage so that the
last term in (1) is omitted and F, replaced by F3 giving

E=2+1-2 = 3'5 I EE RN Y RE RN NN PR A NRT RN R Y Y N (5)-

10
With three signal stages,

P=a2+¢ !-_ -* ;_ + 1:2 = 2‘125 ss0s000ss0s0e (l})-
To 100 1000 ,

These figures are tabulated below : (Table I)

Number of signal _ Noise factor F

frequency stages Ratio db.
0 16 12.0
1 3¢5 5ed
2 2.255 3.5
3 2,125 3.3

Two points should be noted: (i) the large improvement
(66 @) produced by the use of only one signal frequency stage (ii) the
very smell improvement (0+2 db) when the mumber of such stages is in~-
creased from two to three,

4s the second numericel example a signal frequency of 200 Mc/s
is chosen, agein with OV1136 signal smplifiers preceding the diode fre-
quency converter, From Fig., 687 the noise factor of each signal fre-
quency stage is 11°2 (10-5 db) whereas the noise factor of the diode has
not increased appreciably. Assuming that by suitable circuit construct-
ion the power amplification can be maintained at its original velue of 10,
the variation of overall noise factor with the number of signal frequency
stages is given in table ITI.

Table II1
Number of signal Noise factor F
frequency stages Ratio db
0 16 12-0
1l 127 11-0
2 12+ 10-9
3 12-3 10+9

 The improvement in noise factor resulting from the use of one
signal frequency stage is now only ldb and the further improvement when
more steges are added is negligible, It is clear that the use of (V1136
valves at this frequency is of doubtful benefit, the additionel compli-
cations of such stages not being balanced by any substantial increase in
signal/noise ratios This is , of course, due to the high noige factor
of the CV1136 itself and it must be replaced by a valve of lower noise
factor if a substantial improvement is sought, The CV66 has a noise
factor of 7-6. db at 200 Mc/s (Fig., 687) which gives overall noise
factors of 8+6 db and 8+0 db for ome and two stages respectively.

At higher frequencies, say 600 Mc/s, valves such as the CV83
must be used (See Sec. 13). The noise factor of this valve is 10db at
600 Mc/s while that of the diode has risen tol3+k & (Fig. 714). One
signal frequency stage will then give an overall noise factor of 10-8 db
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which is reduced by only 0°3 db if a second stege is added. It is there-
fore sufficient to use one stage preceding the mixer.

33+ Receiver for Metre and Decimetre Wavelengths.

* The technique employed in the design of radar receivers causes
them to fall into two general classes according to the operating frequency;
(1) up to 600 Mc/s (11§ above 3000 Mc¢/s. The upper limit of range 21)
spproaches the limit of usefulness of valve amplifiers and conventional
type oscillators, while the use of waveguide. and cavity resconators is not
practicsble much below the lower limit of range (ii) as they would have
to be large and cumbersome., There is a further natural subdivision at
about 200 Mc/s, for this represents not only the upper limit of the use-
ful range of the pentode but is also the frequency at which conventional
lwmped circuits must give way to coaxial lines in which inductance and
capacitance aere distributed. While the use of cosxiel line circuits below
this frequency is theoretically edvwantégeous, their use is again precluded
on the grounds of excessive bulkiness, Some details of receivers for
frequencies up to 600 Mc/s are tabulated below (Table III). These illus-~
trate the points which have been studied in the preceding paregraphs.

TABLE ITT
Operating | Number of Velve type Type of | Valve type
Receiver | fregquency | signal freq.f used in tuned used in
¥o/s steges signal smp. | circuit mixer
A 2060 3 pentode Jumped hexode
B 55-81, 5 pentode lumped diode
o] 176 2 pentode lumped | pentode
b9 212 2 triode Junped pentode
B jo212 2 pentode coaxial | triode
P jl 600 1 triode coaxial | diode

3h4e Receivers for Centimetre Wavelengths

As signel frequency amplification is not practicable at
frequencies of 3000 Mc/s nd upwards, the first stage in a receiver oper-
ating at such frequencies is of necessity the mixer. A poasible arrange-
ment of the signal frequency unit of a receiver operating at about 10,000
Mc/s is shown in Fig. 728. The mixer must be located in the ssme box
as the magnetron if a long and cumberscme waveguide connection between the
TR circuits and the mixer is to be avoided. The IF output impedence of
the mixer is of the order of 300 ohms (see Seec, 22) apd this should be the
impedance presented at the connection to the tuned circuit at the grid of
the first IF stage.

It is therefore not TRANSMITTER BLOCKER

possible to use a "

long length of cable t;f MAGNETRON
to connect the mixer

to this stage, for AL~

the characteristic

impedance of such ~-RECEIVER PROTECTOR

a cable ig never far v

different from 80 INPUT FROM Oo—> HEAD }-——»;EMAINING
ohms and with such oscILLATOR MXER ] wipiice IF STAGES
e mismatch at the

mixer end a con~ Fig.728.

siderable susceptance Block layout of signal frequency unit of
would be present at 10,000 M¢/s receiver.

the connection to

690



Chap 16, Sect. 34, 35,36

the IF tuned circuit., It is also impracticeble to use a step-down
transformer at the mixer end of the cable since the extra losses present
in such a tramrsformer would be an additonal source of noise, It is
therefore standard practice to split the IF amplifier into two parts, the
first stege or stages being situated close to the mixer and conuected to
it by a few inches only of screened cable, These stages are called the
Pre-smplifier or Head Amplifier (see Fig. 728). The remaining IF stages
are located in the main amplifier wnit. Matching transformers or other
devices are used, normally at both ends of the cable connecting the head
amplifier to the receiver unit, the additional noise introduced by plac-
ing them at this point in the amplifier chain being negligible.

The first stege in the head smplifier is'critical from the
point of view of signsl/nolse ratio (see Sec. 9). Earlier receivers
used a pentode in this stage, but more recent developments, particularly
the production of crystals with lower noise temperatures, have enabled a
substantial improvement to be obtained by the use of grounded-grid or
neutralised tricdes in head smplifiers.

35+ The IF Amplifier

* The gain of this smplifier should be sufficient to give
full output from the detector on inherent noise alone, and this gain is
eaglly calculated.

Consider the case of an IF smplifier with a pentode first,
stage following a crystal mixer; the mean square noise voltage —vz—
n

at the grid of this valve is given by equation (11) of Sec. 29.

a2 =K (x. 48+ Gas 180) + kR (40 s Gay O )% 4w,
2 2
G G

08 s0CeNROONINRGRIRGRNORS (5),
2

where x is the noise temperature ratio and tGy the transferred IF output
conductance of the arystal, the remaining quantities being as defined im
Secss 10~12., Substituting the sppropriate velues for the V1091 from
Sec. 12 for an IF of 45 Mo/s and a crystel noise temperature ratio of
1+5, the equivalent RMS noise voltage at the grid is fou.gd to0 be 15°6
microvolts. A voltage emplification of the order of 10° will thus be
needed to give full detector output. It is therefore usual to find
about 5 stages in the IF amplifier proper, which, together with the

two stages in the head amplifier, give a total of 7 IF stages.

The above argunent applies only to receivers for centimetre
wavelengths. At lower frequencies part of the required amplification
is obtained at the signal frequency esnd the number of IF stages may
then be reduced to 4 or 5.

The smplifier itsel? calls for little comment but it should
be remembered that the neceasity for providing an overall voltage
amplification of about 106 at a frequency as high as 45 Mo/s involves
very careful screening and the use of elaborate decoupling and filtering
circuits in the supply leads. The required bandwidth is obtained either
by staggered tuning or coupled tuned circuits or by a cambination of the

two (see Chap. 7).
36, Manual gein comtrol

The gain of the receiver is varied by changing the gain of
the IF amplifier by one of two usual meshods:
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(1) The voltage applied to the screens is kept constant
end a variable negative voltage applied to the control

grids.

(2) The control grids are kept at fixed potentials of sbout
~1+5 volts and the screen voltages are varied,

The latter method is to be preferred since it is found that
the change in input impedance of a RF amplifier valve is less marked
vwhen the mutual conductance is altered by varying the screen. voltage
than when the alteration is produced by a veriation of the control grid
potential. Since the combined soreen owrrents of the controlled valves
may exceed 10 mi the screens may be fed from the cathode of a Gein
Control Valve, which is simply a cathode follower, the grid potential of
which is detemmined by a potentiometer across the HT supply. By this
means the use of a heavy duty potentiometer to supply the screens is
awided,

“Vhen strong sigials are being received the gain control
must be set near the position for minimum gein, and if the last IF
stage were controlled it would be difficult to secure adequate output
without overloading at the input. This stage is therefore operated with
fixed electrode motentials. Gain control is not normally used on
signal frequency amnlifiers or IF head amplifiers as the operating
conditions of these must be kept fixed if the optimum noise factor is
to be maintained.

37- A.G- C-

sutonstic gein control (AGC) is applied to commumication
receivers for the purpose of stabilising the carrier amplitude at the
detector, This is accomplighed by the standard method of rectifying
the output from the last IF stage, filtering out the modulation frequency
components and -epplying the resultent steady voltege (which must be of
negative polarity) to the control grids of some of the signal frequengy
end IF valves, This method is suitable only when a continuous cerrier
is being radiated and cannot be applied to a radar receiver where the
received signal consists of very short pulses of RF energy.

In radar reception it
is the pulse amplitude at the dis-
lay that must be stabilised and
it is also essential to use some
method of pulse selection so that
AGC is operative only with respect
to one particular echo. Fig. 729
shows a typical A-type display
with the trensmitter pulse (A) and
five target echoes (B to F). One
method of determining range is o
set the echo required, for example Fig729._

D, with its leading edge on the A=type display showing trans—
vertical cross-wire, the range ‘mitter pulse (A) ard five target
being read from the setting of the echoes (B to F)-

X-shift potentiometer, To ensure

consistent range measurement the

amnlitude of D on the screen must

be stabilised by AGC, the resultant amplitude being oampletely independent
of the mumber and amplitudes of other target echoes which may be present,

The AGC voltage is obtained fram a peak rectifier operated
from the output of the video amplifier, a gating circuit being used to
ensure that only the required echo is passed to the AGC rectifier, The
circuit of o typicel AGC system is shown in block diagrem form in
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Fige 730; the gate. .

valve circuit is B el o B D e R e B 2
given in Fige 731 and  INPUT
the relevant waveforms

in Pig, 732. There

are two video stages
between the detector S aarhsE
and the cathode-ray T AMPLIFIER
tube, a third stage

(VIDEO 3 of Fig. 730)
" being used to feed the
AGC system. The out-
put from the detector
is of positive polarity Fig.730_—

s0 that positive Block diagram of AGC system.

pulses are fed from

the VIDEC 3 stage to

the gate circuit, The

output from the time-

base generator is fed to the gate pulse generator which produces a short
positive pulse as the spot passes across the centre line of the tube,

the duration of this pulse being not much greater thsn thet of a received
echo. The pentode gate valve (Valve 2 Fig., 731) has its osthode held
positive by virtue of the current through R; and Ry and its current is
normally cut off at both control and suppreswr grids. The tranamitter
break-~through pulse A and the received echoes B, C, E and F carry the
control grid above cut-off, but no voltage is developed at the anode as
the anode current is cut off at the suppressor grid. During the gating
pulse the suppressor is at cathode potential and the pulse D applied to
the control grid produces a negative-going pulse at the anode which is
passed to the AGC peak rectifier. If no target echo is received during
the gating pulse the sensitivity of the receiver rises until the ihherent
noise passes through the gate valve and operates the AGC rectifier, thus
stabilising the height of the "grass" on the tube., Valve 1 of Fig.731
is a clamping diode, preventing the suppreasor from going positive with
respect to the cathode (Chap. 12).

RD_VIDEO
AMPLIFIER

GATE
PULSE
GENERATOR

SAWTOOTH
VOLTAGE

FROM
TIMEBASE
GENERATOR

AGC
PEAK
RECTIFIER

< HT+
®
TO AG.C
F:‘;MG = PEAK RECTIFIER
GATIN o_l
LSE . . .
GENERATOR e @ seom viceo 3 F1g.731_ Circuit of gate valve.

Rz

T —

O
VALVE | VALVE 2
VIDEO 3
fF outpur
[
. Pt
Fig.732. — CATING PULSE
'l
Waveforms of gating circuit. I_I CENERATOR
oUTPUT

CATE
VALVE

l , OUTPUT

- —— -
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38. Paralysis

The radar receiver is highly sensitive and is usually placed
close to the powerful transmitter; in fact, with common T/R working
the two are connected to the seme aerial. A very large signal is thus
received during the transmitter pulse and may result in a loss of
receiver sensitivity for some little time after this pulse has ceased,
the reception of echoes from nearby targets thus being rendered difficult
or impossible, This temporary paralysis may cccur in either grid o
cathode circuits or in both, but it is convenient to consider the two
cases separately,

(1) Grid parelysis

A positive voltage egpplied to the grid of any valve causes
grid current to flow, and if the coupling is suitable, bias may be de-
veloped, In Fig. 733 the large voltage produced across the anode load
of wvalve 1 during the transmitter pulse causes the grid of valve 2 to
draw grid current, with the result that this grid is left negatively
charged at the end of the transmitter pulse. This negative charge
leaks away at a rate determined by the time constant C, Rg of the coupl-

ing circuit. Valve 2 is thus biased back at the beginning of the time-
base sweep, or the current may even be cut off, so that the receiver
sensitivity is reduced below its normal value and may not have re-
covered completely before the spot on the cathode ray tube has reached
the end of its travel. The circuit of Fig. 73k is free from this
defect, for elthough the condenser C, is charged during the tranamitter
pulse the resistance of the tuned circuit to direct currents is so low
that no appreciable bias voltage is developed across its The charging
and discharging of Cq now produce chenges in the mean ancde voltage of
vaive 1, which do not affect the receiver sensitivity to any marked
extent.

O HT O HT
Re

VALVE | VALVE 2 VALVE | VALVE 2

h 0

RBEE

—
> T ~ -
Fig.733. Fig. 734

Coupling circuit producing Coupling circuit free from
grid paralysis. grid paralysis.

The circuits of Figs. 733 and 734 show automatic bias for
the amplifier stages. When fixed bias is used, in order to give manual
gain control by vaeriation of the screen vpltage, as in Fig. 735,paralysis
may be produced by the charging of the bias decoupling condenser G,
which must discharge through the decoupling resistor By before the grid
can return to its normal potentiel. 1In this case paralysis may be
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cured by connecting a large condenser, say 10 microfarads, across G-

The resultant capacitance is not charged to any apprecisble extent by
the flow of grid current during the transmitter pulse, and while the mean
rectified current must flow through R and thus produce a voltage drop
across it, this is very small. G, which for 45 Mc/s. has a value of
about 0<00l microfarad, must be retained, as electrolytic condensers are
not effective for RF by-passing.

HT4VE

(i1) Cethode paralysis r o

GAIN
CONTROL
VOLTAGE

During the
transmitter pulse the grid
receives a very lerge signal
and rectification tekes
place in the anode circuit
a3 well as the grid circuit,
the mean cathode current - SiGNAL
rising well above its normsl
value. The cathode by-pass L
condénser, Cy of Pig., 734 ww L —vE

: v 1 AAAA r AAAA SUPPLY

then charges, and at the end : WV WW——0
of the transmitter pulse the

cathode may be sufficiently ]

positive for the valve current Fig-735- ]

1o be cut off. Even if this Oowpling circwt for fixed
does not hapren the sensite biag,

ivity is reduced until the

cathode has returned to its

normal working potential,

OuUTPUT

]

AAA.

L3 BIAS SUPPLY

(9 (b) (©)

Fig.736 .. Circuits for eliminating cathode paralysis

Cathode pmlyﬁs may be dealt with in one of three weys. :-

(1) The time-constant of the cathode circuit may be made
so short that at the end of the transmitter pulse the
cathode returns very quickly to its normal potential.
In Pig. 736 (a), vhich is suiteble for en IF stage
operating at 45 Mc/s., the by-pass condenser of 0-001 uF
is suffiocient for thorough decoupling of the cathode
at this frequency, while the time constant Ok Bx is

only 022 microsecond.

(2) 1If the IF is considerably lower the by-pass condenser
must be increased with a corresponding increase in the
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time constant, which may then become too long. In
this case the RF by-pass condenser is shunted by a
large electrolytic condenser (Fig. 736(b)), which
prevents the cathode potential from rising to any
appreciable extent during the transmitter pulse.

(3) As an alternative.to (2), the time constant mey be
kept low by decreasing the bias resistor, the
additional current required to maintain the required
bias being obtained from a separate bias supply
(Pig. 736{c)). This system is rather wasteful in
current, since the bias supply must deliver a con-
siderably greater current than the normal cathode
current of the valve (nine times as much in the case of
the circuit of Fig. 736 (c)).

39, Receiver Suppression

If the large signal produced by the transmitter pulse ocan be
prevented from reaching the receiver paralysis cen be avoided, At first
sight, the simplest method is to short-circuit the input during the
tranamitter pulse but this presents some difficulties, A mechanical
relay is not sufficiently rapid, and ell electronic switches have appreo—~
ieble wltage developed across. them by e large signel. With common T/R
working such electronic switching is, of course, adopted, but the break-
through from the transmitter pulse is still able to cause peralyais.

The most
satisfactory method of
overcoming these diff-
iculties is to "suppress" PRIMING
the receiver during the PULSE
tranamitter pulse, In
many redar equipments a 20
microsecond Priming pulse
is used, the trailing
edge of which coincides
with the siart of the
transmitter pulse (Fig.
737)e This priming
pulge is inverted to
- glve negative polarity,
passed through a suit-
eble delay circuit and 1s
then applied es a
suppression pulse to the
suporessor grids of some
of the signal frequency or
IF stages of the receiver,
thus rendering the latter
inoperative during the
transmitter pulse.

TRANSMITTER
PULSE

SUPPRESSION
PULSE

‘
)
!
t

L
L0, Anti-Clutter Gein DELAY
Cor;‘:ro Fig.737- Waveforms of simple suppression
= circuit,

The signals
teceived from nearby ob-—

jects are very much i
stronger than those received from objects which are more distante If the

gain of the receiver is increased 80 as to receive the latter, the former
may be strong enough to saturate the receiver and may even produce
peralysis (Fig. 738). It is therefore desirsble to have some means of
varying the gein automatically as the spot moves across the screen, the
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gain being low at the beginning of the trace and reaching meximum as the
spot moves to the end of its

travel, Instead of the gimple

square~pulse suppression waveform

of Fig. 737 a more complicated

waveform such ag that of Fig.739

is applied to the suppressor

grids to give automatic variation

of gain with range, After the

transmitter pulse has ceased the

voltage on the suppressors does

not immediately rise to zero as

in Fig. 737 but rises instead to

a value just sbove suy_’gressor

During the time-base sweep the
voltage rises exponentially to
zero, the gain thus increasing
along the time-base sweep.
There are three variables which
have to be adjusted for best

Fig. 738 A-type display showing saturation
produced by echoes from objects
at close range.

results t-
(1) the suppressor voltage
at A,
(2) the time-constant
of the exponent-~ PRIMING
ial rise AE, and PULSE

{3) the delay time.
SUPPRESSION
PULSE

i

]

t

!

Of these the first is usually i
preset, the last two being i
:

[}

1

1

'

under the control of the
operator. ¥hen the controls
are correctly adjusted all
echoes from comparable objects

are received at about the same } oeLar

amplitude, the appearance of

the screen being roughly as in Fige739 =~ Waveform of suppression pulse
Fige 7T40. It will be noticed that providing swept gain.

as the gain increases along the
time-base sweep the noise level
rises alsoc.

With a FPI
display the setting of the
bemporel gain control
differs from that needed
with an A-type display
since, even with equal
echoes, the painting of
the PPI is more intense
nearer the centre. By
the use of the controls
the suppression waveform
may be adjusted to give
a reasonably uniform Fig 740 . a- . .
painting of targets, at g7 A-type display with swept gain
all rangese.
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