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Foreword

The rapid pregress made in radar is associated with the considerable
expension that has taken place in its fizdd of application, as well as with
the uninterrupted :‘._ntmduction of new achievements derived from acience and
engineering. The dévelopmmt of radar, and the complexity of the tasks radsr
can perform, makes it necessary to modernize the means used to realize radar
inforrmation, and for the control of equipment and troops.

Gfficers engaged in the combat operation of radio frequency installations
and in the training of persormel, are aware of the lack of literature taking
a practical approach to their problan;, litersture that will increase their
qualificariona,

The purpose of this Handbook is to help officers to complete, and
expand, their special knowledge,

The first eleven, and the fourteenth chapters in the Handbook contain
information on the fundacentals of radar and on the installa:ions that make
up radar systems. The other chapterr discuss the installations in the systems
used for processing information, for control, and for communlicetions. The
examples cited in the Handbook are hypothetical in nature, and are presented
for purposes Of illustration only.

Chapter 1 was written by V. Ya. Tsylov, chapters II and VII by A, M.
Pedak, Chapter II and the second part of Chapter IV by Candidate of Techmical
Sciences, Docent F. R. Kholyavko, the first 'part of Chapter IV by Candidate
of Technical Sciences, Docent M. Z. W, Chapter V by Candidate of
Technical Sciences, Docent K. S, Labets and Ye. S, Batenin, Chapter VI by
Candidate of Technical Sciences I. K. Tregub, Chapter VIII by Candidate of
Technical Sciences B. I. Kurilin, Chapter IX by Candidate of Technical
Sciences, Docent A. S. Magdesiyev, Chapter X by Candidate of Technical Scie.n-
ces, Docent &. M, Rakovehuk, Chapter XTI by P, I, Baklashov, Chapter XII by
Candidate of Technioal Sciences, Docent V. G. Koryakov, Chapter XIII by.
Candidate of Technical Sciences, Docent L. L. Barvinsldy,. Chapter XIV by
Candiddate of Technical Sciences, Docent A. K. Krishtafovich, Chapter XV
by Doctor of Yechnical Sciences Ye. N. Vavilov, and Candidate of Technical
Sciences Yu. A, Buzunov, Chapter XVI by A. M. Mikhaylov, and Chapter XVII
by A+ 5. Kucherov,

Where whe significance of materials to be used was the sawe, the
authors gave precedence 1o new questious, and for this reason the Handboaok
does not include certazin types of information. Readers will be able to find
such information in the literature recommended in each of the chapters.
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Since the Handbook includes an extremely broad scope of questions a
great many open source Soviet and foreign publications were used in its
compilation, but a2 complete list would itake up entirely too much space.
We wish to express our deep appreciation to the authors whose works
helped us, in one way or another, in our work of compiling this Handbook.

Please address testimonials and comments concerming the Handbook to
Mascow, K=160, Military Publishing House.

The Authora
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Letter Designations

l. Designation of physical magnitudes

height of rectangular waveguide; value of measured magnitude
number of correctly used symbols

width of rectangular waveguide

flux density; susceptance

veloclty of propagation of radio waves; velocity of light in a vacuum
capacity; information reception rate; capacity of a communication
channel; dynamic error coefficient

diameter; distance

spot diameter

radar range, range to target; dynamic range; scale of range indicator
scale; coupler directivity

horizon range (refractim: taken into consideration)

electron charge; instantanecus value of electromotive force (emf)
electric field strength; constant veltage

ik real sensitivity of receiver to voltage

complex amplitude of electric field strength

high frequency

limits of frequency deflection (deviation)

low frequency

Doppler Ifrequency

pulse repetition frequency

modulation frequency

directivity pattern

real conductivity; anterna gain

directive gain

G{p) spectral density of noise power

b Flank's constant (6.6 « 105 joules/meter); height; altitude;
transistor parameter

H target altitude; magnetic field sirength; excess of signal over necise

I information content; current strexgth

Ia continuous anode current; pulse anode current

jbeam ~ cathode ray tube beam current deansity

k propertionality coefficient; gain factor; transmission coefficient;

mona o nom
S

Boltxmann's constant (1.387%4 - 1072 joules/degree)
traveling wave ratie

standing wave ratio

frequency shift(ing) coefficient

rhase shift(ing} coefficient
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K{w) transfer function

t length

L inductance

Ls length of scanning line on indicator screen

m amplitude modulation factor; test nuxber; integer

m. Trequency modulation index

M linear scanning scale; moment

n index of refraction; integer

n, antenna rpa

np pulse transformer transformation ratic

n{t) number of elements rejected in time t

N Teceiver noise figure; number of molecules (atoms) for the enexgy
level; nunber of elements in a system

Ntuma number of turns in a winding

Np nunber of pulses

P probability; reflection factor

H probability; power

PA total power inpui to antemma

L power radiated by radar set (transmitter)

Pp Pulse power

Po input power

PE power radiated by anterma

Prec min real receiver sensitivity

P;‘ec Ein 1imit of receiver sensitivity

P‘.a false alarm probability

Pc 4 probability of correct detection

Ptn transmitier noise power

Q quality factor; duty; réport numsbexr

Qlt) probability of failure

r R radius; resistance

R, antemna radiation resistance

Rg DC gemerator resistance

Re radius of the earth

R oad load resistance

Re r effective radius of the earth

Rnt equivalent noise resistance of an electron tube

ni internal resistance of a tube

R{r) correlation function

S tube slope

SA capture arc¢a of antenna

S9 gecmetric area (aperture) of the antemna

S area of ¢ore section
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signal spectral demsity

time

recovery time

discreteness of range scale aarkers

signal delay time

time to transmit one figure

periocd; absolute temperature

average recovery time

charge period

pulse recurrence period

modulation period

time to failure; period of natural oscillations
instantaneous value of valtage

voltage acruss the second anode of a cathode ray tube
voltage amplitude

peraissible voltage

incident wave voltage

breakdown voltage

rate of propagation of electrumagnetic waves

scope beam sweep speed

radial speed of target

wave phase velocity

probability of recovery in time T

volume

communication chammel capacity

signal volume

instantenecus value of energy

probability density for the magnitude x

random error in coordinate measurement

reactance; true value of measured magnitude; coordinate (of an
index. of a target)

cemplex conductance; coordinate (of an index, of a target)
established value for a regulated magnitude

impedance

circuit decay coefficient; transistor current gain factor;
phase change coefficient or '-‘nv:a nunber; target bearing; weight
factor

czivuth; wave decay coefficient in a transmission line; current
gain fsctor for a transistor

propagation factor (y = B + ja)

frequency tuning rate
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relative instrument error

range resolution

height resolution

resolving volume

bearing resolution

elevation resolution

measurement error

increment of magnetic induction

receiver pass band

deflection of X coordinate

radar azimuth search sector

radar elevation seareh sector

target eléva'tx‘.on; dielectric constant
efficiency

antenna efficiency

antenna feeder installation efficiency
wavelength; element failure rate (in a system)
wavelength in pipe

eritical {limiting) wavelength in pipe
permeahility: tube gain

signal-noise ratio

signal-noise ratio for optimum signal processing
classification factor

power flow density; direction finding capability
wave (characteristic) impedance

mean square €rror'; Dean square deviation from average service
life

target effective echoing area

mean square error in range measurement

mean square <ITor in azimuth weasurement
cireuit time constant; pulse duration

pulse length

alse length after compression

pulse delay time

channel occupancy time

signal length

duration of pulse cut-off (decay)

duration of pulse Iront

phase angle; reflection factor phase

coherent oscillator phase angle
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ep“ local oscillater phase angle

Do, c width of antenna radiation pattern im the horizontal plane at
the 0.5 power level

L) magnetic flux

[ angle of re!'rac:t:ioni dephasing

w angular frequency

4 resonant frequency

%

carrier frequency

2. abbreviated subscripts

a wnode

A anterma

b base, beat

in circuit (eisment) input
out circuit (element} output
g generaior

perc permissitle value
9 grid

< cathode

¢h channel

co collector

max maximum value
min minimm value
opt optimum value
a noise

thr threshold value
= sional

av average

st stable

est established
=p specific

T feeder, filter
b phase

sh shunt

sC scale

em emitter

el element

eq equivalent
eff elfective

m amplitude
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Chapter 1

Radar Fundamentals

1.1 Radar and Its Forus

Radar is that field of radio engireering that uses reflections, re«
radiations or self-radiations of electromagnetiic waves, to detect various
targets (objects), as Well as to measure thoir coordinates and movement pa-—
rameters.,

A radar target is understocd to mesn any material 6b;ject tapable of
detection, and its pesition and movement parameters measured by radar methods.

Radar can be sabdivided inte active, active with active response, semi-
active, and passive,

Active radar operation means the irradiation of a target b)" electro-
magnetic energy radiated by a radar antenna, and the reception of the energy
reflectced Lroem the target.

Active radar operation vith active response differs from the previcus
definition in that a responder, a transceiver, is installed on the target
and responds to signals from the radax.

Semi-active radar operation differs from active operation in that the
target is irradiated by a single radar {a radar lecated on the ground, for
example), but the reception and deiection of the 3ignals reflected froxz the
target are through the zedimm of another object (a rocket, for examplel.

Passive radar use xeans the reception of energy radiated from the target.

From the radio enpineering paint of view, the problem of detecting some
particular target reduces to detecting a signal radiated, or reradiated,. froz
that target against a backgrouna of a different type, of noise.

Any target irradiated by a radar becomes a source of secondary radiation.
The power of the secondory radiation depends on many factors, such as the
field strength created by the radar near the target, target parameters (di-
mensiens, shapes, and electrical properties), the position of the target
relative to the radar, polarization of the primary field, and wavelength.

Passive radio delection is based on the phenomenon of the radiation of
electromagnetic energy by any physical body, the temperature of which is
above absolute zero. Since all targets satisfy this condition, they can be
detected without preliminary irradiation.

Radar is based on the properties of radic waves to be propagated in a
bomogeneous medium on & straight line, and at comstant velocity. These
properties of radio waves are what make it possible *2 establish the direction
to the target, as well as the lemgik of the path over which they are propa-
gated. Radar is tberefore subdivided into radi¢ range finding and radio
direction finding. .
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Radio range finding is the Jdetermination cf range to a target by
measuring the length of the path over which rudi> waves are propagated to
the target and recturn.

Radio direction finding is the determination of the direction to the
target, that is, measuring the angular coeordinates of the target.

1.2 Kadio Range Findiung Methods

Determination of the range to the target (D)} involves the measurement
oI the delay in the reflected signal with respect to the main pfulse.

The main pulse (signal) is the pulse (signal) of high-powercd, high-
Irequency electromagnetic energy formed by the transmitter and radiated into
space by the antenng.

The instant at which the main pulse is radiated is taken as the origim
of the reading of the time ©f propagation I the radio wave.

The reflected signal (pulse) is the signad {pulse) of electromagnetic
energy reflccted from the target and received by the receiver.

The interval of time between the instant the main pulse is radiated and
the instant the reflected signal is received is called the reflected signal
delay time (z)

Ty " 2D/e. (1.1)

From whence

D = ct /2, (1.2)
where

D is the distance beiween the radar and the target;

c is the velocity of propagation o2 radio waves.

The real medium is not strictly homogeneocus, so the peth covered by
the radio waves will not be a straight line, strictly spezking, nor will the
rate at which the radic waves are propagated be stirictly coustant over the
entire propagation path. However, the relationships cited are correct for
the real medium as well if c is understood to be the average value for the
rate of propagation of the radio waves over distance D (c' 3-108 meters/secocd) .
(According to the last measurement, the speed of licht in a vacwmum is
c = 299792 * 0.4 km/seconc).

There are varicus methods of radic range finding, and these depend on
the method used to mcasure the time interval, td' such as pulse, Irequency,
phase, and frequency-pulse. Radar methoda differ in the same way.
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1.3 The Pulse Method in Radar

Let us consider the principle upon which the pulse radar functions by
using the bloek schemaiie shown in Figure 1.l. The elcctronie range finder
transmitter radiates superhigh frequency oscillations in the form of zain
pulses that repeat periodically. Reception of reflected pulses takes rlace
in the time interval betweern main pulses, Pulses received are fed freom the
receiver output to the indicator, where the interval of time between the be-
ginning of the radiation of the main pulse and the beginning of reception of
the reflected signal (1.1) is measured and, as a result, the distance to the
reflecting target is also established.

X
2 ' c

e o}
Pepefaonin | ﬂm pzumast
pedona”

" aemap £OmPOGLteD

Figure 1.1. Block schematic of a pulse radar.

A - transmitter; B - I-R switch; C — receiver;
D - synchronizer; E - indicator. .

Waere linear sweep is used in the indieator the relationship between the
besm deflection {{) and the measured range (D) can be establiszhed through the
formla

1= 1.rﬂ'l:d v, 2D/c = SD, (1.2)
where

Ve is the constant speed of the sweepn;

S= 2vg'c is the linear sweep scale.

Synchronization betweesn the pulse transmitter and the indicator, that
is, the instant the main pulse is radiated and the deginning of the indicator

sweep must coincide preciselya.

1.4 Pulse Compression Methods in Radar

Pulse emergy must be increased if radar range is to be increased

L) e
Ao Pp-rp, (1.4)
W is the pulse energy;

is the pulse powers

T ix the pulse length.
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As will be seen from the formula at (1.4), an increase in pulse length
will inercase the pulse energy. Increase in the pulse length degrades the
radar range resolation, but if special modulation of the radiated pulses is
used these pulses can be compressed by special processing in the receiver
to a length providing the specified range resclution.

Intrapulse linear frequency modulation and intrapulse phase shift keying
are such modulation methods.

The pulse-frequency sethod in radar

Figure 1.2 is a simplified block schematic of a radar using intrapcise

lirear frequency modulation.

A TUSPLL e D T Jidmeaneud L
YErpaLNe ROMUGmUTP
|

hJ

0 Tperenmux
B Curapomudomon 7 I ”

[ []

‘ F Louvometud ]
[ QURMTY
1

1
] Lssiinee - O |
c yezpaiceas ]._&_l;g emesmip !

Figure 1.2, Block schematic of a radar using intrapulse linear
Irequency wodulation.

A - transmitter; B - synchronizer; C - output; D -
antenna swiich; E = receiver; F = cozgressing filter;
G - detectur.

The transaitter orms long length, Zp, radar pulses. The IreqQuency

inside the pulse changes in accordance with a linear law
ke (1.5)
where

a is the rate of change in the frequency.

Figure 1.3 a and b shows the shape of the radar pulse and the law
governing the change in the frequency.

Signals reflected Irom the target are picked up by the radar receiver ama
are fed into a special conpressing filter. The compressing filiter is a delay
line, the delay time in which is linearly dependent on the frequemcy {fig. 1.3c).

In this filter the high freguencies in a pulse, which arrive earlier,
are delayed longer, while the low frequencies, which arrive later, are de—
layed for a shorter period of time. 7The result is that all the frequency
components of the pulse are displaced in time to the end of the pulse; the
pulse is compressed in time.

The degree of pulse compression is wholly dependent om the limits of
the change in the frequenciey in the pulse (the deviations in frequency)
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Figure 1.3. The principle involved in pulse compression.

a = shapes of radar pulses at the input and output of the
ceppressing filter; b - law governing the change in the
frequency of a radar pulse; ¢ — dependence of filter delay
time on the frequency.

A - 'rp; B ~ input; C - compressing filter; D - cutputj;
E - ‘rpc; F - td.
Pulse length at the filter output equals

Tool® l/fd. (1.8)

The pulse compression ratio is
k=T, £ (1.
P/Tpc = a po 7)
Pulse power at the output of the compressing f£ilter increasgses by a
factor of k, or

PP out = lch in® (1.8)

For example, compressing a pulse with a length of S00 microseconds by
a factor of 100 reguires a frequency deviation in the pulse of f 4 = 200 Mz,
and a rate of change in frequency a = 400 MHz/second. But if pulse power
at the input is Pp in = 1 microvelt, the pulse power at the filter cutput

will be P = 100 microvolt.
P out
A Jeprioacoun meospss e D o, . >
" % i ;
c T D
TanpCaesd .
peoam 2enomund? euRumERs

Figure l.4. Functional schematic of a compressing filter.
A —- transmitiing piezo-cesamic converter; 3 — receiving
piezo~ceramic converter; C - aluminum strip; D - bana-
pass amplifier.
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Figure l.5. Dependence of 1t a on frequency for a dispersion
ultrasonic delay line.

. - - -
a’ L “min” ¢ fmax'

A=

An optimum fil‘l.;én consist:':ng of an ultrasoni¢ dispersion delay line
with a correcting bandpzss amplifier across the output (fig. l.L), for
example, can be used Tor the compressing filter.

The ulirasonic dispersion c=lay line consists of two piezo~ceramic con-
verters of elecirical oscilliations into mechanical oscillations and an
aiuminam strip (fig. 1.41. The delay time of this uitrasonic delay line
with respect to the fraquency (fig. 1.5}, and within the limits of the Ire-

quency from rnin to T changes linearly with the frequency.

Intrapulse phase shift keying method in radar

A simplified block sclematic of, a radar with intrapulse phase shift keying

is shown in Figure I.5. The transmitter forms the main pulses with constant
irequency ond long duration -rp- These pulses can be split into equal seg=
ments, code intervals Tee Within the limits of each code interval is the
inizial phase of high=frequency ostillations.

Cmaotuzasonmri 6
AT, C CUNER
jpimcaiibdecrs ] H

A | Bwcono Yovavmeas ARDERHSIT
| Va:ﬂiul:;;;ll.‘ 1 MURANOCIT it KaAmymamep

I Apucanrun

o -
[ T T, TN
D CHyarouy
. 7 ouasmy
E

Cozraessannsn
Quingp

L .

F Buxoinse L

P

| Aer=xmep

Figure 1.6. Block schematic of a radar with iotrapulse phase
shift xeying.
A =~ HF oscillator; B = strobe amplifier with phase “o";
C - strobe amplifier with phasz "0"; D -~ code forming
circuit; E ~ synchronizer; F = ocutput devices; G = pover

amplifier; H -~ anterna switch; I - receiver; J -~ compressing

filter; K -~ matching filter; L - detector.



RA-015-68 i5

The length of the code interval, Ter is determined by the specified
range resolution, and the code interval sequence is established by the code
selecied.

The Barker codes, in which the initial phases In adjacent code inter—
vals equal v or O, and the numter oI code fntervals in the pulse can be
3, 4, 5, 7, 11, ete., car ba used, for example.

Figure 1.7 shows a simplified schematic of the ortimum processing of
vhase shift keyed pulses.

Figure 1.8a shows a signal consisting of seven code intérvals (n = 7).
The code intervals with initial phase O are conventianally designated by
the sign "+1" while those with phase m are conventionally designated by the
sign Y=1."

The signal is processed in a device, the circuit of which is shown in
Figure 1.7, in order to compress it. This device is connected to a delay
line with six cells (each of which has a time constant 'rc) and seven take—
ofls. All the take-olls are comnected to a summator through awmplifiers
with identical gain factors. Axplifiers with the "a" sign do pot change the
signal phase, but those with the "-a"™ sign change the phase by . All voltages
are summed in the summator, with phases taken into consideration. The os=-
cillations are fed from the summator output inte an optimum (matching) filter
Zor pulse length -rc. A Lowen 2odcgmay

‘e tt) 1
T 1T Ty | T Tt L,

]
3
£
4

crzeoesecant
2r 5y

F "'I'M
Figure 1.7. Schematic diagram of the optimum processing of phase
ghift Keyed pulses.

A - delay line; B= 4 : C = a; D - summator; E = matching
Silter for T o F - oufput.

The shape of the voltago after the summator and optimum filter is shown
in figures 1.8b and 1.8¢.

Table ! lists the'voltages fed frow the delay line take-ofls 1o the
summator, using the accepted designationas, as well as the resultant voltages.
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A - voltage Irom summator; B - code intervals; C - summed

voltagts
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Conversion of a phase shift keyed pulse.

Figure 1.3.

Vhen phase shift Keying is used the amplitude of the compressed pulse

2
no.

inereases Py a factor of n, while the power increases by a factor of

The length of the compressed pulse is shorter than that of the mailn pulse

by a facter of n.

1.5 The Frequency Method in Radar

The principle upon which the frequency radar operates is as follows.

1.9.

igure

F

in

The simplified block schematic is shown
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The voltage of an outgoing Ifrejuency modulated signal, ul (fig. 1.10a)
is fed inte the detector from the high frequency gemerator. Simultaneously
the receiving antenna supplies the reflected signal voltage u, {fig. 1.10b)
to the detector input. If the distance from the reflecting target, and its
elfective area, remain unchanged with time there will be ne additional
modulation (amplitude and frequency) of the oscillations during reflection.
Giveni these conditions, the reflected signal differs Irom the outgoing signal
only in amplitude. The magnitude of the time delay in the reflectad signal
can be established through the form:la at (1.1).

Nt
—— e =T
! |Jeoeod m,mm:a Fevepamap l sl
L 4 s s at ' i
I S eiegnl | 1 ;
| t
[ {
u b !
!

Figure 1.9. Block schematic of a frequemey radio range findera.

Al - transmitting antamma; Ay = receiving antennaj
B - audio oscillator; ¢ - Irequency modulator; D -
high-frequency generator; E = detector; F = frequency
weter; G = Intermediate-frequency amplifier.

Beats occur when the outgoing and reflected signals are added (rig.
1.10¢}). The resultant signal turns out to bBe both Irequency and amplitude
modulated. The nusber of maximums in the envelope ©f the resultant os—
cillation in unit time will depend on the rellected signal delay time, that
is, on the distance from tis reflecting target.

Now, if by detecting the resultant signal the envelops Is divided
(fig. 1.104) and after the necessary amplification is fed into a freguency
meter, its readings will correspend to the distance being measured. The
frequency meter zan be ealiorated in distance units.

The beat frequency in the case of lipnear frequency modulation equala

Fb = a « 2D/c, (1.9)
vhere

a is the rate of change in the frequency.

In the case of modulation in accordance with the law for a symmetrical

triangular curve (fig. 1.11)

Fy = Ifl-r2] = 4z F /e-D (1.10)

-y a is the frequency deviation;

F_ is the modulation frequency.
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Figure 1.10. Voltage curves explaining the operation of the freQuency
radioc range finder.

A = input; B - output.

Figure 1.11. Dependence of the modulus of the difference in the
frequencies of the outgoing aml reflected signals cm
time in the case of modulation in accordance with the
law for a symmetrical triangular curve.

The formula at (1.10) is correct for the condition li’l-i‘zl »F_.
For the case of modulation in accordance with a harmonic law

B, = |£,-2, | = |£, sin g /2 sin g (t-t D)}, {z.11}
where

t a is the delay time for the reflected signal.

As will be seen from the expression at (1.11), if there is harmonic
modulaticn and unchanged distansce, the beat fréquency will change periodically.
But the readings on the frequency meter (given adequate inertia in the meter)
will correspond to the average beat Irequency, as determined through the
formula at (1.10). '

The formula at (1.10) is approximate for cases of modulation with
respect to a symmetrical triangular curve and with respect to the harmonic
law, and yields discrete values that are muliiples of the modulation frequency.
The result is that the measured distance can differ from the true distance by
a magnitude ﬂ)o. and in the case of mecsurements of short distances &ven by
as zuch as 2D0, where
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D, = /it (1.12)
which establishes the accuracy of the frequency method of radio range
finding.

The foregoing is correct in its entirety for the condition that the
amplitude of the outgeoing signal does noi change with time. In point of fact,
because ©f the resonant properties of the transmitting and receiving antennas
and of the receiver input cirecuit, the frequency modulation is accompanied
by amplitude modulation as well. This causes the accuracy of -this particular
method tc deteriorate.

If the distance between the range finder and the target chanyes, the
law for the change in the frequency ol the reflected signal differs from
the law for the change in the frequency of the outgoing signal because of
the Doppler cifect.

Now the beat Irequency equals

¥ = p'd * FDl, (1.13)

ix the best frequency resuliing from the delay in the reflected
signal and established through the formula at (1.9);

F'.D is the Doppler frequency.

The Doppler frequency is

Fy = X <2v fc = 2v/1, (1.14)

£ is the radio range Iinder's carrier Irequency;
v is the tarpet's radial velocitiy, that is, the rate of displacement
of the target in the direction toward the radio range finder;
% is the wavelength.
Range to the target and the speed at which it is moving can be measured
Eaparately for the case of modulation in accordance with the law for the

symmatrical triasgular caxve {(fig. 1.12).
£ F > Fp,
Fd = FJ.lﬂ%-ﬂPl].i‘.iFQD, (1.15)
1
Fp = Fa=5(FI—IRD. (1.16)

Thus, by measuring the difference between Fl and Fz

can find the digtance to the target, as well as iis speed

(fige 1.12), we

D = cF /Ba, {1.17)

v, =cF d/zrc. (1.18)
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Figure l.12. Influence of the Doppler effect in the case of
modulation in accerdance with the law for the
symmetrical triangular curve.

1.6 The Phase Method in Radar
The simplified block schezatic of the phase radio range finder is shown

in Figure 1.13.
Its operating privnciple is as follows. Twe veltages, one frow the scale
frequency generator,

u = U sinlet + qg), (1.1%)
where
o is the ssale frequexicy;
%y, is the initial phase,
and one froa the cuiput of the receiver,
n, = F.’nzsin{u,s(t-ta) * %, =R = Pl (1.20)
where
%, is the delay in the phase of the scale oscillation in the radio
range findexr circuits;
s is the lag in the phase of the scale oscillation occurxing during
the reflection from the target;
ty is the reflected signal delay time,
are fed into the phase meter; P.
The difference in the phases of voltages o and uy erquals

Pasrs © Ws%a T Pr ¥ Pres” (2.2}

The &ifference in phase in the range finder circuits, as well as the
lag, éuring reflection, are constant and can be computed, or determined,
erperimentally. Then, measuring the difference’ ir the phases of voltages ul
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Figure 1.13. Simplified block schematic of a phase radico range finder.

A - scale Irequency generator; B - nigh-freqguency penerator;
C ~ phase meter; D = receiver; E = targer.

and Ysy the distance to the target can be established as

o cfzus ({Pdiff % Qr'ef)' (1.22)

If radio rsmge finding is to be ensured by the phase metbod there must
e reliable selection of the signal reflected from the target, the distance
to which pust be established.

The Doppier effect can usuaily be used to make the selection. Two trans—
mitters, operating on Ifrequencies LY and @ ure usually used. Found at
the receiver inpat {fig. 1.14) are the cutgoing signals witk freguencies @
mdﬁ, 28 well as the signals reflected frou the target with Irequencies
o+, and my2,, where ), = qi-szjc and Q, = mz’zv_jcmm Doppler frequen—
clies. s

From the cutput of the receiver the voltage is fed into tuwo bandpass
Tilters, one nf which passes the band of frequencies froom Q1 oin T Ql max?
the other thcse fmnzmtonzﬂax. Frequencies w and w, should be
selected such that the bands Indicated do not overlap.

If &y and o, differ litzle from each other, and 'Ql - nz, then

Do Sy e o200y -0) (1.23)
where

Pasyrp ™ (ml-uh)'aD/c is the difference in the phases of volzages

uy and ) received by the receiver.

As wel see, the distance in the case under consideration can be estab-
lished by measiring the difference in the phases of the oscillations of
tws Doppler frequencies.

The phase range finder counsidered has no range resolution, Wt does
have target speed resolution. This latter is what makes target selection
with respect to “he speed at which it is roving possible, and, as a result,
provides range measurement even when several targets are in the "field of
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Figure l.1%. Simplified block schematic of a radic range finder
using the Doppler effect.

A - phase meter; B - bandpass filter 1; € - bandpass
filter 2; D = high-frequency generater; E = receiver;
F - target.

vision" of the radio range finder. Narrow band filiers with a variable
resonant frequency should be emvisaged in this case, rather than bandpass

filters (fig. 1.14).

1.7 The Continuous Radistion with Phase Code Shift Keying Method

The radar transmitter generates continuous oscillatioms at constant
frequency. The Initial phase of these oscillations changes in aceordance
with a predetearmined code,

A repetition period for the radar, Tp, carrespopding to the specified
range for the radar, can be selected. This period can be divided up into
time intervals 7 (fig. 1.15).

The interval Te is selected on the bSasis of the range resclution meeded
for the radar. Jotal intervals are

N = 'rp/-r:. (1.24)

The phase shift keying is dome in such a way that in approximately half
of the intervals the phase is equal *o Por and in.the remainder of the
intervals the phése is equal to ‘Po + 7. The phase altcm.atian i"s selected

in accordance with a predetermined code (fige. l.15).

?./;Ta/ Tu:;?u Fo=
T .
HIH HH [ HIHT

~lg= %

Figure 1.15. Example of the phase code shift keying of a continuous
signal.
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The phase code shift keyed signal is radiated into space, reflected from
the Target, and received by the receiver, but delayed by the time required
to propagate the electromagnetic enexgy to the target and back. JThe re—
ceived signal is fed into the mixer in the receiver, as is an identical phase
code shift keyed reference signal, with the difference that this latter
signal is time delayed by the delay line. By changing the delay in the re—
ference sigunal the codes are made to coincide in +ime, the phase shift
keying is equalized, and a narrow band, unmodulated signal, is cbta.aed.
The magnitude of the delay in the reference signal determines the range to
e target. There are many advantages tc this method as sempared with the
pulse method (while retaining all the positive aspects of the latter):

the level of the peak power is equal to the average power, so there is
no need to impose rigid requirements with respect to the electrical strength
of waveguides and high voltage insulators;

higher noise stability, because this method makes it Possitle to use
narrow band filtering and is very sensitive to target speed;

three target coerdinates (range, azimuth, or elevation, and radfal

velociiy) can te measured.

1.8 The Continuous Radiation with Noise Modulation Method

Noise modulation of a Ligh-~Irequency signal can be used to determine
the range in tbe case of contimucus radiation. Modulaticn —=an be amplitude
or phase. Let us consider the operating principle of the radar with amplie
tude noise modulation by using the blockEschma'tic shown in Figure 1.16.

e}
C fspefaamigmry
fevepamop
A ’rg%"? I—_l"ru wedgasmep l—+ aucoend —-6 {\
2 F <
feow
B ng‘ma_l rogpensamy s .
4lt=7} ! ufe-Ty) J NGTIE
sty K

Figure 1.16. Block schematic of a radar witb noise modulaticn.

A - noise generator; 3 - delay line; C - medulator:

D = c¢correlater; E - higb=frequency generator; F -
receiver; G - transmitting antenna; H - receiving an-
tenna; I - target; J - u(t-'rd); K - R(r-7,).

The generator produces the noise signal u(t) (fig. 1.17a). The cscilla-
tions produced by the high-frequency generator are ampliiude modulated by
this signal, The reflected signal ig fed into the receiver. The original
noise signal is separated at the detector output, but with time delay 7 o
corresponding to the range to the target (fig. 1.17%). The signal is fed
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from the detector sutput to the correlator, at the second input to which
is fed the original noise signal ul(t) delayed in the delay line by time T
{fig. 1.17c). The delay time in the line is wariable.

Tha correlator performs an operation an both signals of iz Zorm

Tob

R(‘r-'rd) = I/To'b I u(t—‘rd]u(t-rldt, (1.25)
[+]
where

Tab is time ol observation.

In the theory of random processes the function R(T—Td) is called the
autocorrelation function, and the ciicuit has therefore been named the cor=
relator- Produced at the correlator is a voltage proportional to the value
of the autocorrelation function of the noise R{pT) when At = ToT4- The auto=
correlation function of the noise is a maximum when AT = O,

Consequently, when the line delay time equals Ta the voltage at the
autocorrelator output will be a maximum (fig. 1.17d). If the entire distance
is to be scanned the delay in the line should change from zero to & maximum,
for this will c¢orrespond to the distance to the most distant target. The
principal properties of & radar with noise modulation are the following:

the noise signal, as distinguished from a periodically regulated signal,
makes it possible to obtain an unambiguous determination of the distance to
the target;

the use of noise modulatiun, particularly in the case of phase wodulation,
increases the average power of the signal as compared with the pulse repime,
just as in radars with other types of continuous radiation;

the radar does not bave high pulse power, simpiifying the design of the
transmitter and the anienna feeder pathj

the noise signal in the radar, particularly in the case of amplitude
modulation, is similar to the internal noises found in receivers, and this
can make possible more secret operation of the radar because, first of all,
it is Qifficult to establish the very fact of radar aperation, and, secand,
it is difficult to establish the radar's parameters.

1.9 Detection of Radar Signals

Radar detection <f a target means the process of deciding on the presence,
or abscnce, of a target in a particular area of space by .receiving and pro=-
cesning radas signals.

Signals are always received against & background cf noise. The prin-
cipal types of naturei nolses found on the wavebands used in radar work are
thermal and cosmic noises, and the noises that develop inside the receiver.
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Figure 1.17. -The explanation of the principle of operation of the
correlator in a radar with noise modulation.

Noise causes signal distortion axd errors in evaluating the situation.
The decision as to the presence, or absence, of a target is made in the light
of two conflicting conditions:

there is, in fact, a target;

there is, in fact, no targe:.

Theze conditions are unknowns in the development of the decision.

There are two types of decisions relevant to each of these comnditions:

“there is a target";

“there is pno Target,"

Four situations are possible during detection. Given the condition tkat
there is, in fact, a target, the decision that there "is a target" is correct
detection, and the decision that there "is no target" is a target miss.

Given the condition that there is, in fact, no target, the decision
that there "is no target” is correct nondetection, while the decision that
there "is a target" is a false alarm.

Target miss and false alarm are errors in target detection.

Since, in the general c¢ase, radar signals and moise are randod
functions of time, the making of any particular decision tec is random in
nature.

The possibilities that these situations will occur is taken as character—
izing the probabilities of correct and mistaken decisions:

the probability of correct detection, P ca’
the probability of correct nendetection, P::nd;
the target miss probabilirty, Put;

the probability of false alarm, P‘.&.

Correct detection and target miss (when a target is, in fact, present)
form a complete grousn of Incoumpatible events, so
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Pc:l - Pmt = L. {1.26)

In precisely the same way, false alarm and correct nondetection form a
complete group of incoapatible events when there is nc target, and
Pi‘a - Pc.nd = 1. (1.27)

The formulas at (1.26) ard (1.27) demonstrate that among the probabilities
listed there are only two magnitudes that are independent. Ordinariiy, the
probability of correct detection and the probability of a false alarm are used
as the two independent probabilities for purposes of characterizing the
detection devices.

The device used to process radar information must meet contradictory
requirements. If target miss is to be avoided, a decisian as to its presence
must be made, even when the target signal is badly distorted by interderence
and it is impogsible to confirm with confidence the certainty that there is
po target. The false alarm prodability increases, of course. On the other
hand, if the attempt is made to reduce the probability of a false alarm, the
decision must be made as to target presence only when there is a clear excess
of signal over noise. The probability of target miss is now increased.

This therefore leads io an educated coapromise between the contradictory
requirements, selecting the optizum oethod for processing the information.
Certain criteria, in accordauce with which we can compare various devices
with each other, must be used in order to judge the guality with which the
detaction devices function. The optimum detection device is one which makes
it possible to obtain the best {as compared with others) value for the selected
criterion, all other canditions being equal.

The criterion most often used in radar is tbe Neyman-Pearsen criterion,
in accordance with whkich the optimum detection device should provide the
maximun probability of correct detection, Pc a° for a specified value for
the probability of false alarm, Pfa'

Iz the optimum receiver the detection of radar signals results Irom
the establishment of a posteriori (tha. is, after the fact) probabilities
of there being various types of information (for example, information that a
target 15, or is not present), and indications as to the quality of the
decision made wWith respect to the information, the probability of which is
greater i‘han that ol any others, or the estahlishment of the likelihood
ratio characterizing the likelihood of & particular hypothasis with respect
to the information transmitted.

The signal at the receiver input, u(t), is the sum of the random pro-
cesses, given the condition that there is, in fact, a target

u{t) = u () » u_(t), (1.28)
5 n
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where
uS(t) is the target signaly
u“(t) is the noise.

If there is nc target
ul{t) = u_{t). {1.29)
1

Like any random process, the signal u{t) <an be descrived in full by
the probability-density funstion for the signal en =lope w{u) and phase w(gp).
The shape of the probability distribution for the case of u(t} =
= us(t) - un(t) and u(t) = un(t) is shown in Figure 1.18.

regu) |
LA

- W pte)

Figure 1.18. Probability=density functions for noise and signal-
plus-necise envelopes.

Knowing the probatility-density function w(u), and assigning threshold

values for uo

decisions, established through the following expressions

s We can compute the probabilities of correct and nistaken

<
Pa= I ws*n(u)du, (1.30)
UO
UO
Poa = ! ., (ues, (1.31)
[¢]
UO
Pt = f vs"l(u)du, {1.32)
0]
Pfa = £ wn(u)du1 (1.33)
0

where
v (@) is the probability-density function for the signal-plus-noise

envelope;
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e (u) is the probability-density function for the noise eavelope;
L'O is the threshold value for the voltage the excess in which is used
in making the decision that a target is present.

The likelihood ratio can be esrallished through the expression
A= wS*n(u)/wn(u)- {1.34)

In a¢egrdance with the Neyman~-Pearson criterion the decision that a
target is present is made if the likelihood ratic exceeds the specified
threshold valucg Jlth’ that is, A > }‘th'

The magnitude of 7“:11 is selected such that the false-alarm probabilicy,
Pfa" does not exceed a permissible value, P

fa per”
signal used in existing radars operating in the space scan regime is a pulse

In reality, the target

train. The number of pulses in the train can be established through the
formula

N, = iy o/6nys (1.35)

vwhers

5.5 is the width of the power pattern at the half-power Llevel;

n, is the antenna rotation rate {(rpam).

There are serious mathematical difficulties invelved in computing the
probabilities of correct detection of the target and of false alarm. However,
in the case of weak signals, and this case is one of great practical interest,

these prodabilities can be estadlished through the following formulas
1 ’ T
Py = %"T["*"”(”V--f—:'ﬁ)]_- (1.36)

Tadg

fam Pa=T[i=o(yEg) (1.7

where

3(x) is the probability integral;

v = Ps/'Pn is the signal/noise power ratio at the output of the linear

secrtion of the receiver;

}‘th is the threshold value for the likelihood ratioe;

Np is the number of iarget pulses processed.

The correct detection probability for z specified false=alarm probability
is greater the greater the signal/moise ratio at the output of the linear
section of the rezziver, and the larger the number of pulses processed.

Figure 1.19 shows the dependencies of the probability of correct target

detection, P for a specified false-alarm probability, P

fa
of the signal/noise ratia, ¥, and the number of pulses processed, NP' The

» on the magnitude

ca!

curves for These dependencies are called the detection curves {the receiver
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performance curves) and provide a visual representation of the observability
of radar signals. These curves can be used to find the threshold value,

vth’ at which specified probabilities P‘:d and Pfa will be ensured for optimum
signal processing

Vi ® x(pcd, Pfa)/*_ﬁup . (1.38

where
x(Pcd, Pfa) is the absc¢issa of a point on the curve <orrespending
10 the spzcified probabilities P od and P

IR
i wfef vy |
T A7 T
| AAA |

B'r F] g 4 5

fa”

] ”a ﬁ?

F
T fald

Figure 1.19. Detection curve in the case of a weak signal of
constant amplitude

P_, is usually given from 0.5 to 0.9, and P, from 1071° 6

- to 10 .

The receiver detecting the signal shouid be able to evaluate ihe
likelihood ratis A = w_ (u)/wn (u). The greater the likelihood ratic, the
greater the probability tbat a signal is present. Computing the iikelikood
ratio for a signal with completely known parameters, one can conclucde that

the receiver should form the integral

r.
?=£;;J allys (@ (1.29)

(where

v, is the energy of the noi.se, computed as equal to its spectral

density;

ut(t) is the completely known signal;

ul(t) is the signal at the receiver inpui:

T, is time of obsgervation),
and compare it with some level (threshold). At the same time, this operation
will, with egual effect, compute the likelihood ratio and compare it with
the threshold value. The expression at (1.39) is called the correlation
integral. A receiver carrying out this operaticm with the incoming signal
is an optimum receiver and has the structure shown in Figure 1.20.
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Figure 1.20. Block schematic of a correlation receiver.

A - corrclator (mmltiplication and summing)g B -
threshold device; C - u {t); D=-1n

ref out

The correlator is a device used to multiply the input signal u(t)
by the referance signal ureICt). the latter a copy of the signal with the
completely known parameters, u'{t), coinciding in time with the incoming
signal, and integrated (summed) in time.

The computed correlation integral is compared with the threshold, g, in
the thresheld device, and if-the integral is in excess of the threshold, the
decision is that a target is present.

This typc of recciver is cgllcd a correlation rceociver.

A filter, matched with the sional (or an optimum filter), as well as

a cerrelater, can bv used to process signals in the optiswm receiver. The

30

filter is said 1o be optimum when its frequeacy curve, Kopt(m), is a complexly

conjugate spectrum of the signal S(g)

Kype (o) = ‘ce™IbE (), 1.40)

I the signal spectrum is

S() =S (e, (1.51)
the filter curve will be
Koo (@) = K g (1) 87071 w65 (1) ¢~ 0" (1.42)
where
opt(w) is the filter's amplitude-fre<aency curve;
(papt(cu) is the filter's phase-frequency curve;

S{w) is the signal'’s amplitude-frequency spectium; '

({Js(cﬂ is the signal's phase-frequency spectrum;

i) is the time delay in the filter.

As will be seen Irom the expression” at {1.42), the amplitude-frequency
curve for the optimum filter, Kop‘(u)), is proportianal to the signal’s
amplitude-frequency spectrum, S{wl, that is, the shape of the filter's fre-
quensy curve coincides with the shape of the signal's frequency spectrum.

The hest example of an optimum filter will pass the spectral compeuents
most pronounced in the signal spectrum. The weak components in the signal
spectrun are suppressed by the filter. The componemts of the noise spectrum
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wniformly distributed over a broad band of frequencies are suppressed along
with the weak components.
The phase-frequency curve, cpopt(w), for the optimum filter is proportional

to the phase-frequency curve for the signal, q:sfm), with reversed sign, or

Uop‘l‘_(mj = —Qs(w) T u;to. (1.‘&3)

This signifies that the phase displacements of the spectral components
of the signal are compensated for by the filter, and that there is a rpericd
in time to (filter delay) when all the spectral components are in phase and
add arithmetically. The signal voliage peak occurs at the filter output at

this moment in time, but this phenomenon does not take place for noise

(fig. 1.21).

sl
p——
|t
Figure 1.31. Superposition of the maxima for the harmeonic
components of the useful signal at the output of

the filter in the case of an optimum phase~
frequenecy curve.

The optimum f£ilter provides the best signal/moise ratio at the filter

cutput when compared with any other types of filters
v, = W S/G., {1.44)
where

vs iz signal energy;

G is the spectral demsity of the noise.

The signal/noise ratio providec by the optimum filter is established
by the rignal energy at the filter input and the speciral density of the
noise, and does not depend on the shape of the signal. 5Signal shape only
establishes the filter structure.

The only filters that can be uscd to process signals are those matched
to the sigrnals in passband width.

Figure 1.22 shows the dependence of v/'vo on the product AFTP(\' is zhe
signal/moise ratio at the non-optimum filter output; vo is the signal/noise

ratio at the optimum fijter output; ‘rp is the pulse length; AF is the

filter passband).
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Figure 1.22. Dependence ofX the signal/ncise ratio an the product
.M-‘-rp.

Ag will be seen from Figure 1.22, there-is an optimum value for the

produst, (AFTP) = 1.37, for which the ratio v/vo' is maximum, or, putting

opt
it another way, ~here is an optimum passband

AF e = 1.37/1-p, (2.45)
at which v_/’vo = 0.825.

The loss in the signal/noise ratio in this filter, as compared with
that taking place in the optimm filter, is omly 17%, or degraded by a
factor of 1.2. The optimum filter provides a single palse, as well as pulse
trains, for processing. The engineering of the filter for a single pulse is
simpler than is the case for thz filter that handles puise trains.

The selution to the detection problem during optimm processing of pulse
trains reduces to the following operations:

optimum fiitration of each pulse in the train;

amplitude detection;

synchronous integration of video signals;

testing of the summed signal at the threshold.

The first two operations ars usually performed in the receiver, the
others by the radar's output devices. The synchromous integration operation
is carried out hy a device for summing the signals cosresponding to the
same range in the different repetition periods. Needed for carrying out
this operation is a device that can remember the signals for the repetition
period (a delay line, for example). The block schematic of & synchrenous
integrator for four pulses in a square pulse train, as well as the curves
explaining the synchronous integration process, are shown in Figure 1.23.

The use of optimum signal processing reduces, in sum, to reducing
threshold power. By threshold power {Pthj of radar signals is understood to
rear the minimum signal power at the receiver input which provides speecificd

prebabilities of correct target detection and false alarm.
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The magnitude of threshold powcr depends on the specified values for
the probabilicies of correct target detection and false alarm, the radar
signal parameters, time of cbservation, and the type of processing given
the radar signals.

Faor the case of optimum filtering of sinple high-frequency square pulses

P = vth-MO/Tp (1.46)
where
N is the receiver noise figures;
k 1is the Boltzmann's constant, K = 1.37'10-23 Joules/degres;
TO is the Kelvin temperature, TO = 300°K;
vth is the signal/noise ratio, cstablished using the detection curve

(fig. 1.19) and the specified probabilities for P_, and P, -

Threshold power must be stepped up when filtering is non-optimum so
the same probabilities of correct detection and false alarm exist as
pertain when using optimum filtering.

The signal/noise ratio for nonm-optimum filtering is lower than it is
for optimum filtering by a factor of vO/v, in which vy = QWS/G is the
signal/noise ratio at the output of the optimum filter, and V is the signal/
noise ratio at the cutput of the linear section of the receiver in the case
of non-optimum filtering.

Consequently, the threshold power in the case of non-optimum filtering
is equal to

Pty = vo/wuth-.\'laofrp = - I'l'ld!.‘c/-rp =vpP. (1.47)

The factor vc is called the classification factor and signifies the
facter by which the power of minimum received signals must exceed the power
of the receiver's internal noises in order to have the signals from the target
detected with speciiied probabilities of correct detection and false alarm.

For examplc, a receiver with optimum passband will have a ratie
vo/v = 1.2 and v, = 1.2'Uth.

The threshold power is the real semsitivity of the receiver, Prec min®
Therefore, taking J./Tp = 4F, we can write the formula at (1.47) in the

form

F =v P

'
rec min ¢ rec min?
where

P! . = NKT AF = P is the limit of sensitivity for the receiver.
rec min [¢] n
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Figure 1.23. Optimum processing of signals.

A - optimum filter for single pulse; B - amplitude detector;
C - synchrenous integrator; D - delay lines.
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1.10 Radar Range

Target detection is an coperation that oust separate signals reflected
froa the target from the background of receiver internal noise and fluctuating
neise. The special feature of this operation is the statistical nature of
ils results, occasioncd by the random nature of the change in the noisc
voltuge und the fluctuctions in tho magnitude of the effective eress section.
Separation of the useful signal can be accomplished with a definite degree
of authenticity and which, abeve all else, can be characterized by the target

desection probability.
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In establishing the radar range we must take into consideration the
prabable nature of the detection of target signals against a background of
noisec.

With this as 2 peint of departure, we will call the maximum radar range
that liziting distance to a target at which detection of target signals
against a background of noise will be ensured with a specified probability.

In free space, and given the condition that maximum radiation from the
rodar antenna is aimed at the target and that atmospheric absorption of radio
waves is not taken into consideration, maximum radar range (DmJ can be

established through the cquation

' (1.48)

where
P‘rans is the power radiated by the transmitters

Plrec ._ is the limiting sensitivity of the receiver;

Gmax is the paxizum anternma directivity;
SA is the capture area of the antenna;
Ut is the effective cross section;

v, is the classification factor.

Example. DPetermine the range at vhich a radar will detect an aircraft
with an effective cross section G, i s mz with a probability of cgrnect
detection of pcd = 0.9 and a false-alarm probability of Pf‘ = 10~ . Radar
characteristics are Ptrans = 84S lov; P = :0'12 vatt; S, = 30/ n:z; G =
= 12,000; XA = 10 cms Fp = 450 hertz; TP = 2 microseconds; m, = & rpms
= 2%; and AF = 1-37/-rp.

Soiution. l. Number of mlses in the train

%9.5

Ny - qu:o.sfenA = 450-2/6-6 = 25 pulses

2. We find that » h v Npgg 8 from the curves in Figure l.19 for given

Pg=0.9and P, =10, so

Ven = &%, = 8/5 = 1.6.

3. Since filtering is not optimum, but separation of the signal is by
a receiver with o passband of AFopt’ frem the curve in Figure 1.22 vo/\'z 1.2
and the classification factor is

v, = VeV, = 1.2 7 1.6 4 1.9,

4. The maximum range at which the target can be detected is
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1.11 Radio Direetion Finding Methods
The task of radie direction finding reduces to establishing tae direction

irom which radie waves radiated, or reradiated, by the target, are arriving.
In other words, the task is to establish the azimuth, or elevation, of the

target (the target bearing).
Target bearing (g} is understcod to mean the angle between a base line

and the dircetion to the target. The base line most often used is:

in the herizontel plane - the north point (sometimes the south);

in the vertieal plane - the plane of the horizon.
Kadio Qirection finding can use the Iollowing methods: amplitude mwethods;

phase methods; and amplitude-phasve methodsa
Amplitude metheds of radio direction finding

The amplituda methods of radio direction finding are based onm the use

ot the directional properties of antennas (fig. 1.24).

w

Renpoaneave mrmmn

Horposacnve wg P

Figure 1.24%. Direction finding by the maximum method.
A =~ direction of tne maximum; B - direction to the target.

When a wovable pencil-bear antenna is used the amplitude of the signal
reflected from the target at the receiver output (fig. 1.25) depends on the

direction of the reception pattern with respect to the target (tha target

bearing). If the antenna reception pattern has its maximuz directed at the
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target the amplitude of the reflected cignal will be maximm at the receiver
output, and in all other cases the signal amplitude will be less than the
maximum, and even egual to zero when the reception pattern is turned away
from the target.

The dependence of the voltage acress the receiver cutput on the target
bearing is called the direction finding characteristic f(z).

When the directional properties of the transmitting antenna, Iu(a'). and
of the receiviry antenra, Im(a), are used for direction finding, the direction

finding characteristic is

f(®) =f,{a) fra (@, (1.49)
where
IA(Q) is the antenna directivity pattarn.
If a radar kas one anterma used for transmitting, as well as receiving,

the direction finding ¢haracteristic is
f@®=£5@ (1.50)

The amplitude methods used for Jdirection finding are The maximum method,
the minizuxs sathod, the equisignal sector method, and the comparison method.
The maximun-signal method. In this method one establishes the direction

to the {arget by the direction of the maximm for the directlon finding
response curve (fig. 1.24k).

2 3y &
Figure 1.25. Signal st the receiver output when the maximum-gignal

method is used for direction finding (the direction
finding response curvel.

A = target.

When the amplitude of the signal from the target at the receiver output
is a maximum, it is takea that the maximum for tbe direction finding response
curve coincides with the direction teo the target, and is considered to be
the Target bearing.

Let the radar antenna be rota.';;.ng in the horizontal plane. A sigual
from a target, appearing on the scream of an amplitude indicator, will
change its amplitude contimuously {fig. 1.25).
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¥hen the signal reaches its maximum the operator (or the automatic device)
reads the value of the farget azimuth off the azimuth instrument indicating

ihe z2ngular position of the antenna.

Figure 1.26. View of the screen of a circular scan indicator
when Iinding the direction to a target by using
the maximum—signal methed.

A = Ltarget pap; 5 - range.

17 a clyreular scanping scope is used the rangs scamning line of iks
scope will rotate in synchronism with the antenna. The target azimuth can
be established by the angular position oI the pip on the screen of the scope
{frig. 1.26}.

A scope with a rangc-azimuth (fig. 1.27) is usually used with sector
scan radars. The scannirg line on the scope in this case moves aloung the
axis of the azimuth in synchronism with the beam switching.

Figure 1.27. Screen of a range-azimuth scope.

Target azimuth is established from the position of the bright marker
on the indicator screen relative to the zero azimuth line.

The principal advantages of the maximum=-signal wethod are the simplicity
with which bearing finding can be accomplished, and the rossibility of taking
bearings under the most favorable of signal/noise ratio conditions. The
shortcoming in this particular method is the relatively low degree o accuracy.

in taxing bearings.
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The bearing ervor is

ST 2w
A“=/W {z.517

where
o o= UO-U/UO is the relative error in establishing the maximum for the
target signal:
v is the true value of the signal maximum;

0
U  is the measured signal value;

£1(0) is the second derivative of f{g) when g = 03
£{a) is the direction findirg response curve;
a is the angle between the cardinal direction und the 2irection

to the target (target bearing).
When the signal classification is good the mean square value o the
relative erros is g - 0.05 to 0.15, and the mean square error in <he dbearing
is equal to

o, = (0,15 - 0,25) ﬁo,;.
where
eo 5 is the width of ihe direction {inding response curve at the 0.5
povier level.
The minimug~signil method. The ninisum-signal aethad, as applied to

direction iinding, mvzans reading the tearing at the moment in time when

the direction of thn minimum for the direction finding response curve co-
incides with the ainesction to the target (fig. 1.28). A direction finding
response curve with a sharpily delined zipizum can be obiaired by cutting in

two antennas thal are opposite in phare.

t r
wi f§
H l¢
g
Asl i
I
o~ Bl
Fad
§

Figure 1.28. Direction finding by the minimum—sico sl method.

A - direction of the minimum; B - <irection to the targei.

The principal advantage of the minimu=sigael cetisd 35 wuch wore
accurate direction finding as compared with the maxirmm=-signal methsd decnase

the steepness of the direction finding respanse curvez in the region of the
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minimum signal is much more pronounced than in the region of tbe maxizum
signal.

Tnis method is widely used in navigation because comparatively simple
2guapment can be used for direction finding, while providing acceptable
aCCUracy.

The mean square error in the hearing in this case is

K
g =
b mu‘f(l!) (1.51a)
(]

K is the proporticnality factor {X = 0.2 to D.5);

U is the mean square value of the noise voltage;

£{0) is the first derivative of thc direction finding response curve
at zerc;

UO is the voltage across the receiver input when the direction of the

maximum in the reception pattermn coincides with the dircetion te

cthe target. /

The equisignal zone method. Realization of this method requires the

aveilability of twe reception patterns positioned in space as shown in
Fignre 1.29.

Whnen the equisiznel sone mcthod is used for direstion Zinding the bearing
is read at 1hat morent ia time when the equisignal direction coincides witkh the
direction to the target; that is, when the awplitudes of the signzls from
The target oorrespondangy to each of the reception patterns are egual, In
the simplest oY casss directicn finding by the equisignal method can be
carried cut as Zollows.

Let the antemia array Jonsist of two identical anteanas with the
directions o their maxizma in the reception patterns spzced at some angle
'_‘ao (fig. 31.29). The signals reflected from the target are either received
in turn by the antemnas if there is but cne receiver (one channel) in use,
or by each of the antennas independently if there are two receiving chammels.

The operator, rotating the antema array iu the plane of direction
firding, attempts to arrive at that position in wi;ich the sigrals picked
up by each of the antennas will be equal to each other. It is at this moment
in time that the operator reads the bearing to the target off the instrument
used to indicate the angular position of the antenna array.

The equisignal direction can e formed in one of several ways; the
two antenna method (in the manmer pointed out above); tbe three antenmna
method; the dephasing method; and the defocusing method.

The conical scan method is the one most often used in single-channel
systems to obtain the equisignal direction. What is involved in this method

is the shifting of the antemnna exciter out of the focus of the parabolic
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Figure 1.29. Bearing finding by the equisignal zone method.

A - equisignal direction.

mirror of the antenna and rotating it around the foxpl axis of the mirror,
thus causing the reception pattem to describe the figure of a cone in
space, occupying the right, upper, left, and lower positions, successively.

The right and left positions are used to establish target azimuth, while
the upper and lowar positions are usad to astablish the elevation.

The pripcipal advantages of the equisignal methed of direction finding
are greater accuracy than is the case when the maximmesignal method is
used, and the capacity to establish the side to which the target is displaced
from the equisignal direction, thus providing for auwtomatic tracking in
direction.

The accuracy of the equisipnal method can be established by the accuracy
in establishing the moment in time when the amplitudes of the signals core-
responding to the tws intersecting direction finding response curves are
equal to each other.

The direction finding error in this case can be established through
the formula

A==’§;.::;!, - (1.52)

where
m is the amplitude modulation factor, the result of the displacement
of the direction finding response curves

m=&.:511-

W

Ul and U2 are the target signal voltages for the first and second
direction finding response curves;

U3 is the targe: signal voltage in the equisignal direction (see
fig. 1.29);



RA-015-68 42

fr{a. ]
0 3 ! . : . x
n =| 7 | Taa has come to be called the direction finding capability

e i
(sensitivity)d

The mcan square error in the bearing is

¢ = ¢ /T rad.
o

When signal classificatiqn is Qood,_ Um = 0.02.

As will be secen from the formula at (1.52}, the accuracy will be greater
the steeper the dirsction finding responss curve in the equisignel direction.
And the steepness of the direction finding response curve in the equisignal
direction will be greaver the larger the angle Y by which the reception
pattern is displaced from the equisignal direction.

Angle &, cannot be increased very much beceuse' if it is there will be

-a severe reduction in the magnitude 5f the reflected sigoal in the equisignal
; Yy ope® 8T which the
:heccswy signal magnitude and ainimum bearing erzor can be easured.

‘direction. Thare is an optimum angle of displacement,

When receiving and ¢ransmitting antennas are used

} 2cr,

= r
o opt 0.8580.5. {1.53)

A3z a practical matter, ?40 will be somewhat smaller. Ordinarily
fao = 5.660_5. 25
The signal-coaparison cethod. The direction to the target when the

because Jdetection range is reduced for optimum

signal-comparison method is used for direction finding can be judged by the
magnitude of the relationship between the amplitudes of two incoming signals
corresponding to two intarsecting direction finding response curves (fig.

1.30).

Figure 1.30. Direction Tinding by the sigual-comparison method.
A = direction to the target,

Let the direction finding response curves be identical, and let the
angle between the direction 10 the target and the equisignal direction be

equal to g« Then
U, = Uuf (s —3),
U, = Uf (m -+ 5).. (1.54)
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%=%§;, (1.55)

By measuring this relationship we can estahlish the target beuring for
wmown direction finding response curves. Ihis method can be used wita &
single channel, as well as with a multichannel sat. If the multichannel
variant is used this method makes it possible to do what is, in principlc,
monopulse direction finding.

A characteristic feature of the signal-comparison method is that
direction finding can be done with fixed direction finding response curvesa.

The advantage of the single chanmel arrangement for making the compazison
is the sigplicity of the equipment used.

The principal shortceming of the singie channel arrangement is the
presence of additional direction finding errors, because a change in the
target signal intensity during the switching period will yield a false mis-
match voltage. Noise, the amplitude of which changes with switching frequency,
can completely upset system operation.

The multichannel {monopulse) arrangement for making ihe comparison
lacks these shortcomings. Any change in the sirength of the incoming signal
is refiented in equal measure on botk of the signals being compared and
does not show up in systen operation. Therefore, so far as monopulse direction
finders are concerned, thers is no way that an effective angular neise from
the same point in space as that occupled by the target proper can be created.
In principle, the multichannel (moncpulse) arrangement can take bearings on
several targets individually, somcthing that is impossible in single channal
systens.

Direction finding using phase methods

Phase methods of radio direction finding establish the target bearing
by the difference in the phases of tbe voltages across twe receiving an-
tennas, A and B (fig. 1.31), separated in space. The base between the an-
temmas iE equal to a.

The difference in the phases of the incoming oscillations equals

¢ = 2n/% (D;-D,) = 2m/3 AD, (1.58)
where

AD = Dl-D is the propagation differences;

[

D, is the distance betwcen points A and T;

L

D, is the distance between points 3 and T;

n

ry is the radar wavelength.
Since, ordinarily, Dl P a, and Ili2 » d, then

4D = 4 sin ¢,
2r/a 4 sin a, (2.577

©
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Figure 1.31. Direction finding by the phase methad.

where
o is the target bearing, equal to the anglc between the normal o
the base, 4, and the direction ta tha target.
What folilows from {1.57) is that

a=arc sin o=
Td‘ {1.58)

The accuracy of direction finding uging the phase metnod ix, in the
main, dependent on the accuracy with which the diffzrence: in the phases of
the incoming signals is measured, and on the magnicvde »f the tase. The

mean yguare error in the bearing is

‘e
8, = oo T .
-’fdcas- A.59)
In turn )
1 .
8, == —— {150
' 1/.._%
£
where

?s is signal pover;

Pn is noise power.

The phase methed of Jdirection finding, in principle. vermits moropulse
direction finding with a multichannel direction finder.

Dirgection finding using amplitude~phase methods

These methods are based on the use of the amplitude, as well as the
phase, relationships between the veltages across two receiving antemnas
separated in sSpace.

An example af the amplitude-phase method of radio direction finding
is the phase~antiphase method, otherwise lmown as the sum and difference
meThod. In essence, the method is as follows., The antenna array consists
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of two identical antennas spaced distance d apart. The directions of the
maxima in the reception pattems for both antcnmas are perpendicular to
base d. In the case of a single channel direction finder, when the two
receiving antemmas are cut in in-phase with each other, the summed voltage
Us {£ig. 1.22) across the receiver ipput will be
Ugw=2Uf (s) cos (E-sina) (1.61)

where
Uo is the voltage acruss ithe receiver input when the direction of the
maximum in the reception pattern coincides with the direction to
the target;
f{e) is the direction finding response curve for the antemna;

& is the base between the antennas.

Figure 1.32. Establishing the suxm and differcneéc voltages.

If the antennas are cut in so their phases are copposite, the voltage

across the receiver input will be
Uy=2U,f () sin (-sina) . (1.62)

If we measur= the relationship

fid
T, = (5 sine), (1.63)
we can establish the target bearing.

This method can also be used for manopulse direction finding in the
case of a multichannel arrangement in the direction fincer.

The block schematic of one of the variants of a dual-channel monopulse
radice direction finder for realization of this method of direction finding
is shown in Figure 1.33. The magnitude of the deflection of the pip en
the screen of the cathade ray tube coused by the intermediate frequency
pulses depends on the direction to the target.

&5
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Figure 1.33. BEBlock schematic of a dual=channel =monopulse radic
direction finder.

A - from; B = Us; C «~ Ug; D = high frequency amplifier;

E - mixery F - interwediatc frequency amplifier; G -
local oscillator; H - photoelectric reader; I - indicator
SCreene

If the azplification in both channels, and the X and Y tube sensiti-

vities are identical

tgr=tg (-%_sin a), {1.6%)
where

v is the angle between thne mark on the indicator sercen and the

Y axis.
Consequently,
=g .
T (1.65)
Srom whernce
a=arcsm2. (1.66)
A

The accuracy of this method of directien finding can be established
by the accuracy with which angle ¥ is read. The mean square erTor in

direczion finding is equal to

G
=S s S .
'-;'i“‘“ (1.67)
When the signal/roise ratiec is high c:'Y =1 to 3%.
b

1.12 The Dartisl Patinms Meotheod

In +he case of the partial pattern- method a specified sector is ob-
served by overlapping it with several raceiving antennas, ¢ach of which is
comnected to a separate receiver channel. The signals are fed from the re—
Ceiver outputs into a special analyzer (fig. 1.34).
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Figure 1.3%4. Block schematic of a radar with target direction
finding by the partial patterns method.

A - analyzer; B - receivers &s nhumbered.

The antenna reception patterns partially overlap {fig. 1.3%5). A
coarse approximation of the direction to the target can be the number of the
receiving c¢hannel, the input signal to which has the greatest amplitude. The
precise bearing can be established by using one of the divectlon finding

metheds already comsidered that utilize interseeting reception petterns.

Figure 1.3)_5. Partial reception pattems.

1.13 The Menopulse Methed
iIn the monorulse radar each pulse reflected from the target carries all

the information on target pesition, net only the angular coordinates, but
range as well, The inrormation is separated by simultaneocusly comparing the
amplitudes and phases of the rellected signals received by several antennas.
Monopulse radars are used for automatically tracking by angular coordinates,
for the most part, but surveillance radars c¢an alseo be used. Automatic
tracking in one plane requires two channels and twe antennas, with four re-
quired for tracking in azimth and elevation.
Monopulse radars are more complicated than single—-channel radars, but
do provide more accurate coordinate determination. This is because the low=
frequenecy amplitude fluctuations in the reflected signals have no effect on

the functioning of these systems.
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Figure 1.36. Block schematic of an amplitude difference radar.

A - equisignal direction; B - target; C - mixer;

D - local oscillator; E - intermediate frequency amplifier;
F = detector; G = subtract circuiz; H - uout; I - amplifier;
J - antenna control cirecuit,

Let us comsider the principle of operation ¢f the monopulse radar by
using & very simple amplitude difference radar {fig. 1.36) in which the
amplizudes of signals received by two channels in tke radar (for direction
finding in one plane) are compared in order to establish the direction to the
Target.

The antenna directivity patterns form the equisignal direction. The
afignals received by each of the antenpas iz azplified by separate receiver,
detected, and then their difference is found.

The signal received by antenna 1 is in the following form at the re-

ceiver input

t2g = kF (%, + 7) cos (wf + 9), L
where
k is the proportiomality factor;
F(3) is the directivity pattern for the antemnas:
P=%tn
% is the angle of deflection of the waximum for the directivity pattemrn
from the equisignal direction;



RA-015-63 49

% is the angle of deflection of the equisignal direction from the
direerion %o The target (the angle of mismateh);

w is the signal Trequency;

v 1is the phase.

The signal at the output from the sefond antenna is

e = iF (o — 1) cos (wf + 7). (a-69)

After transformation, intermediate frequency amplifieation, and linear
detectian, the signals in the radar channels at the input o the subtractor

will equal, respectively,

# = kK F (Y +7),

fo eem™
[ ¥s]
= RKGF (9 —2),
where
Kl, K, are the signal transfer funetions in the channels.
The signal at the subtract eircuit output is equal to
- ! : . <F(R)
B = k-l(K,-—K.,)F(ya)—(Kl-rF(’:)[mdﬁ J;=a.7} {1.71)
for small mismatch angles.
If the chammel transfer functioms are equal to iS = K, = K, the
signal at the cutput will equal
= oz [ 2E(E) o
out “'(k»_ o3 ]sm.r' (1-72)

As will be seen from the formula at [1.72), the signal at the subtract
circuit output is directly proportional to the mismatch angle. This signal
is fed into the antenna contrcl cireuit that rotates the antenna so as to
continuously match the equisignail direction with the direcrion to the target,
that is, to reduce the mismaich signal to zero.

Figure 1.37 shows the directioz finding eurves for the system. The
shorteoming in the system Iis the dependence of the zero value ol the
2irection finding curve on tha stabhility ané the eguality of the signal
transfier funetions in tha individual channels on each other. There is no

such shorteoming in the amplitude sum-difference radar (fig. 1.38).
u;

o
Ky X,
out L_?‘
,/ Vigure 1.37.
f/ Direction finding curve far an
,/ £ =42 anmplitude cifferenee ratar.
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Figure 1.3B. Block schematiz of s sum—difference radar.

A - target; B - mixer; C - local oscillator;
T = intermediate frequency anplifier; E ~ phase
detectox; F - U _; G - amplifier; H = antenna

control circuitsnt

The signal at the output of this system is equal teo

L= 2K KK puF ($0) [d;m 7+C0s (o, ~—a,). (r.73)

for small missatch angles.

In this system the zaro direction does not depend on the amplitude and
phase characteristics of the chamnels (u‘mt = 0 vhen y = 0). Change in the
amplitude (K, and X,} and rhase (cp1 and @,) characteristics of the chamnels
will only result in some change in the steepness of the direction finding
response curve.

We can have phase difference and phase sum—-difference radars, as well
as amplitude monopulse radars. They diffur from those described above only
in the fact that the phase, rather than the amplitudces, are compared.

1.14. Metbods Used to Measure the Height at Which a Target is Flying
Target height can be established with respect to known slant range to it,
and by the target elevation. At the same time, such factors as atmospheric

refraction and the curvature of the earth's surface must be taken into con-

sideration.
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Atmospheric refraction can be taken into consideration by replacing
the actual radius of the earth, Re, by the so-called effective radius of

the earth, Re'.’f' In the case of normal atmospheric refraction

Refi' =4/q Re = 4/3-8370 = 8500 (1.7%)

ForthecaseoIHQRemdnqne

H=h, +Dsine+ D/2R ., (1.75

vhere

H is the height at which the target is flying;

h " is the height of the radar antemma;

D 4is the slant range to the target:

e is target elevation;

RQII is the cffective radius of the earth.

Ordinarily, hA < H, therefore

HoDsime + nz/a.ndf. (1.76)

The centimeter band and measuring the height at which a target
is flving
The wmaximum, comparison, and V-beam methods are available for measuring
target elevation when the centimeter waveband is used.
Tae method of the maximum. A beam, harrow in the vertical plane, and

wide in the horizontal p.ane, continucusly scans a specified elevation sector
when the maximm method is used to determine bejght. Reflected siguals are
fed from the receiver output inte the oelevation~position indicator {fig. 1.39).
In this indicator the range and elevation angle sweep is the result of Jeeding
a sawtooth range voltage to the X plate and a woltage proportional to the
angle of elevation to the ¥ plate.

Figure 1.19. Screen of the elevaticn- Figure 1.40. Screen of tke
position indieator. beight-range indicator.

A - target pips.
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A series { curves of constant heights, computed through the formila at
(1.76), are plotted on the indicator screen and are used to find targes:
height.

A height-range indicator (fig. 1.40) coa he used instead of the elevation-
position indicator. Heaght sweep is formed by delivering a voltage in the

fors

U,m=ktsine, (r.77)
where

K is the propertionality coefficient,
to the Y plate.

The method of the maximum can also be used to find the elevation angle
by using partial directivity patterms.

The comparison method wzs described above.

The V=heaw method. The V-beam method is, in essence, a radar antenna
array consisting of two antemmas forming two flat beams. One of the beams
is vertical, the other tilted (fig. 1.41). The angle beiween the planes of
the beams is usually equal to 45%. Both antennas are installed on the same
house and rotate in the horizontal plane. The direction of rotaticn is suck
that the vertical beam is displaced before the tilted beam is, with the result
that the target is illuminated twice per ravalution of the antenna arraye.

The angle @, hy which the antenna array is turned from rhe time the target
is illuminated hy the vertical beam to the time it is illuminated by the
tilted beam depends on the height and range. The relationship between target

Leight and this angle is :
Drsin
H= h
i71—‘§'—§ﬂ:z (1.78)

Accordingly, target height can be found by measuring the glant range
and the difference in the azimuths of -
The meter band radar and measuring t--,.:%t height. Target angles of

elevation are measured by comparing the emfs induced in anténnas at different
heights above the surface of the earth (fig. 1.42). Each antenna has its
own directivity pattern in the vertical plane. That of the lower smtersa
bas one lobe, that of the upper two lobes, for example. Equisignal directions
are formed in space by the intersection of the lobes, and these Qirections
can ke used to find the target's angle of elevation (fig. 1.42b), particularly
when a goniometer is used.

A goniometer is a device with two mutually perpendicular stator coils
and one rotor coil. The lattier c¢an be rotated in the magnetic fields of the
stator coils (fig. 1.43). The output terminals of both antemmas are comnected
to the stator coils. The rotor coil is comnected to the receiver. The enf
incuced in the rotor coil will depend on the summed magnetic field created
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Figure l.41. The V=beam method used to find target height.

Figure 1.42. Measuring target angle of elevation by using two
antermss placed at aififervat bheights.

a — antenna positicns; b = Cirectivity pattezn positicus.
A,
A
Fawgucmg B c
4 purewinte” Huan3map

L2

Figure i.43. Use of a goniometer to Iind angle of elevation.

A - poricmeter; B -~ receiver; C - indicator.

Ly the stator ¢olls, while the magnetic field will depend on the currents
flowing in the stator coils.
The current flowing in the first coil will depend an the sigmal

received Ly antenna Al

(1.79)
L=k, &
where
g is target angle of e¢levation;

EX (¢) is the equaticn for the directivity pattern of antemna ALl
¥. is the proportionality coefficient.
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The current flowing in the second coil is

L= () (1.80)

If the rotor coil i3 turned so the resultant emf across its output is
2zro, the angle of rotation of coil y will fix the targer angle of elevation
€ completely

19 5
—tgy=2t. (1.81)

We can construct the curve for y = 3{e), for use in finding the angle
of elevation e, OF wWe can graduate the goniometer scale to read the angle
of elevation directly.

1.15. Moving Target Selection Systems

The moving target selactlion system is a set of special equipments able
10 separate signzlgs oo mOVIng targets against a backgiound of reflections
from fixed pnd slowly moving targets. These targets include local objects,
water surfacss, hydrometeorclogical objects (clouds, rain, hail, snow), and
others. Interfering reflections from al)l of tlLe above targets are called

passive nolses.

Passive ncise can exceed the level of receiver noise in intensity by
30 to B0 db, resulting in overloading the receiver and loss of useful signal.
The uselul signai Can be lost even when there is no overloading, the result
of +he masking effect of the noise.

Useful signal and passive noise, alike the resnlt of the phenowenon of
secondary emission of electromugnetic energy from the radar transoitter have
muek in common, so far as their characteristics are concermed. The basic
difference, and the one on which moving target selection is based, is the
difference in the frequencies of the rcflected signals, the result of the
different radial components of the speed st which the target is moving and
the sources of the passive noise.

A transmitter radiates oscillations

Yy ang(t) = U cos (mg‘t + oyt {1.82)

Oscillations reflected from a fixed tarjet at distance Do are in the

form
uﬁx(t) = U cns[mgt -2 /s @ + 9gl- (1.83)

vseillations reflected fmmn a target at distance .'Do. moving in a

straight line and uniformly with radial speed Yer have the form

uta.r(t) = Un:;os ["’gt - 200/5 mgi 2v1/s wgt - :pD], {1.84)
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where

ZDJS w, = q:no iz the constant lag resulting from the distance to the

reflecting targets

2vr/'s o = Ty  is the Doppler frequency resulting from the radial sove-

ment of the target.

The appearance of the Doppler frequency in the moving terget sigmal is
used for moving target selection.

All that is necessary to detect the signals froa moving targets against
the background-of the reflections from fixed targets when using a continucusly
radisting radar is to feed transmitter oscillatioms inuo the receiver simmle-
tanesusly with the reflections from the target. Beatins of the oscillations
Zrom the transmitter and the reflected signal establishes the Zact that a
moving target is presemt and establish its radial speed. However, a system
such as this will not establish the distance to the target directly.

Moving target ‘selection carn also be obtained by the use cof pulse radars,
and here the distance to the target can be establisbed throuch tha use of
conventional pulse methods.

Coherent pulse moving targel selection systems

The place of the moving target selection system in pulse radars can be
seen from Figure 1l.44, Pulse moving target selection systems are called
coherent pulse systews.

In these systems the oscillations froz a special, so-called coberent
oscillator are used xs the reference oscillations and the reflected signals
are coupared with thex. These oscillations are closely synchronized in phase
with the transmitter oscillations, so closely that the difference in phases
between the two osciilations is constezt during each period in the pulse
train. This type of oscillation is called ccherent. The most widely used
eircuitry in the centimetrer waveband is that in which the phasing of the
coherent oscillator and the combining of the ccherent and reflected oscilla-
ticns takes place v an intermediate Irequency.

We can review the operation of coherent pulse moving target selection
systems by using the schematic shown in Figure 1.4bh as an example.

The antenna radiates the pulses of high frequency energy from the trans-
mitter into space.

Oscallations fzom the transmitter, converted into pulses ot the inter-
mediate frequency (phasing pulses) by the voltage from the local oscillator,
are fed into the coherent oscillator to phase it. Duripg phasing the
frequency and phase of the coherent oscillator oscillations are equal to the
frequency and phase of the phasing pulse oscillations.

¥hen the phasing process is concluded the phase of the coberent oscillatar
oscillations is closely couplea with the phase of the transmitter oscillatiens,
although it is not equal to it. The result is coberency in transmitter and
coberent oscillator osciilations.
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The phased voltage is applied to the phase detector Iroa the coberent
oscillatnr. The phase Cetastor also takes the reflected aignal, converted
into a sigaal ax intermmediate froquency by the wvoltage fyom this same local

pscillator.

!
.___][
A~

ey
e

Figure 1.44. Sigplified block schematic for maving target selection.

A — trensmitter; B = antenna switch; C - phasing mixer;

D = local oscillator; E = signal mixer; F -~ cchereat os—
cillator; 6 - intermedixte Irequency axplifier; H -

vind compensation circuit; I = limiter; J — phase detector;
K = moving target selection system; L - compensator;

M = to indicator.

Ao amplitude limiter is installed ahead of the phase detector, and its
purpose is to eliminate parasitic modulation of mignals from fixed targets
caused by antenna rotation as space is canned.

The reflected signal voltage after the mixer in the n¥ periocd of repe-
tition can be represented in the form

B = Um 'Sint(mg + QD - u'lo)t - DD(n-l)Tp - :FDO-‘PQ + q:‘lo], (1.85)
iz the geperator freqmiency;

0, is the Doppler Irequency;

E is the local oscillator frequency;

is the pulse rapetition period;

is the initial phase of generator oscillations;

n=1, 2, 3...3
is the initial phase 9f local oxcillator oscillatioms.
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Tha coherent oscillator voltage is
v, =L _ sin E(wg -y )t -9, 1 (1.86)
The valtage across the phase detector ourtput is
Coa = Ty pa™* [(m9 * 0y~ Je - ("’g'“ﬁo.“‘ L
(n-1)'rP - ¢.D° oyt T, " Feed = Up pa Soslpt +
* Op(a-1)T ) ~ ¢n° * T Py T Feah (1.87}
where
U a /2 o .

I generator, local osciliator, and coherent oscillator frequencies are
stable the fixed target () = O) video signals at the phase detector outpat
are constant in amplitude from period to period in the trains. When the
target is a moving cnme (G # 0) the video pulses nt the phase detector output
will have amplitudes that will change from period to period in accordance
with the law ces QDT.-

The emnvolope of the video pulses wil) change in accordance with a
barmonic law with frequency Fb’ equal to the Doppler frequency, only when

Fp < F p/z.
whare
Fp is the pulse repetition frequency.

\‘.

&

= we — —
)

o

Figure 1.45. Dependence ¢f the video pulse envelope frequency on
tre Doppler frequency.

If this condition is not satisfied there will be a stroboescopic effect
when frejquency Fh of the video Lilse envelope changces with the Doppler fre—
quency in accordance with a sawtnothk law (fig. 1.45).

Moving target selectlon compensators
Signals flow from the phase detector to a compensator.
The compensator makes the alternate period subtraction of the video

signals from the phase detector cutput whereas the video signals with fixed
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azplitude are suppressed and the pulses, the amplitudes of which change froa
period to perico, are iselated.

The compensator can be a delay line or a storage tube.

A coapensator in the form of an ulirssonic delay line is shown in
Figure 1.46.

A {fovcaomey
ertmamy
7]
< g D E
B wocmers U 7y
L R e ey —{ Sonr Srnsomgey
i
E F
Fumcmesy Leoexngy
' 1
G
F | Zeacomey Ceeng :
ﬂﬂaiﬁmm

Figure 1.46. Block schematic of 'a compensater in the form of an
ultTasonic delay line.

A= ro frequency genarator; B = frem phaie detector;
C - modulating amplifier; D = ultrasonic delay line;
E = applifier; F = detector; G = subtraction circuits
H « to indicator.

Sipgnals pass over two chammels sc the alternate-period subtraction can
be done in the compensator, over a direct channel, and over a chappel with a
delay of Tp, and azxe fed into the subtraction circuit where the differexce
signals are fsplated.

RPulses are delayed for the period of repetition in the chammel with
the ultrasonic delay line.

The video pulsea are converted into radio pulses with an auxiliary
Irequency, fo {10 to 12 mHz) so the transmission throupgh the ultrasenic
delay line will be undistorted, The signal at the output from the direct
chamnel ia in the form

Uy ™ Ucos [ﬂﬁt + ﬂD(n-l)‘.l‘p -zl (1.88)

The signal at the output of tha chanriel with the delay is

udela)' i Uncos[ﬂbt + aDnTp - ol- (1.89)

The signal at the output of tle compensator (after subtiraction) is



RA-D15~68 9

ucom = udir - udelay = ZUESin (/2 CDTpJ sin En!)t ~ cnrp

(n - 1/2) - 21, (1.50)

As will be seen from this Yormula, the difference sigmal eguals zero
for signals from fixed targets (QD = 0), but differs from zero for signals
from moving targets.

I good compensation is to be provided sigunals Irom fiXed targets there
mist be strict cquality bBetween the summed delay times for the signals,

T delay’ and the repetition period, Tp. This greatly complicates the com-
pensator circuit.

More modern are compensators With memory tubes combining the functions
of memory sand compensator.

The memory tube compensator maintainsg the equality Tdeluy s Tp
automatically at all times, so0 strict constangy oI Tp is not required.

Target '"blind" specds
The frequency curve Ior a compensator in the case of single subtraction

K{F) = 2|ain (ﬂFDTp) (1.51)

iz in the form depicted in Figure 1.47.
o

g £ 2f, IFp

Figure 1.47. Frequency curve for a compensator.

The Doppler frequencies, FD' for which the product is
FDTP =n, (1.92}
and where ~ = 1, 2, 3, -.., that is, Doppler frequencies, multiples of the
ulse repetition, yield a signal equal to zero at the compensator output.
The radial target speeds causing these Doppler frequencies, that is,

Y eiins o n-;\l-'p/z, (1.93)

are called ¥blind" speeds. 7The reason ia that in time Tp the target covers
distances equal to multiples of )/2.

Consequently, tarcets moving at "blind" speeds camiot De detected.

A variable repetition frequency is used to avoid "blind™ speeds in
radars with moving target selection. While the speed will bDe blind on one
repetition frequency, it will differ from the "blind" speed on another, angd
the target can be detected.
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T repetition Irequency can be changed szeothly, or in bounds.
Change in radar frequcncy can, in principle, be used to cope with
"Llind” specds, but this is a more complicuted method.

Wind compensation”™ devices

Cortain eypes of passive interfercence sources {rain clouds, chaflf
clouda) move about with the wind as a single target, that is, they have a
ragular speed component. At the same time, the video pulses turn out to
be modulated by the frequency of the Doppler beats, and uncompensated inter=-
ference residuals will be present at the compensator output. The movesert of
the aourece of interfercence ¢ be compensated for by removing the uncompen=
satod residuals. The frequency of the oscillations of the coherent oscililator
can be changed by a special, so~-called "wind compensation” device, so as to
change the frecldency of the signal reflected from the moving source of inter—
ference, and this will eliminate the residuals. The result is io mzke the
shase of the interference constant IroZ period to period with respect to
the coherent oscillations, and interference compensation quality will be
improved.

1.16 Externaily Coherent Pulse Moving Target Sclection Systems

The use of internally coherent moving target selection is difficult
because of the expansion in the band of Doppler fraquencies of the passive
interference. Two factors are involved in this expansion:, the increase in
the ceiling of the rajuar detedtion zomes; and the shortening of the wave
lexagth on which the radazs operate. In the centimeter band the band of
Coppier frequencies of the passive interfexrence can reach a..‘:ugnitude such
that it is difficult ta suppress the interference in an intemally ccherent
moving target selection system,

In this case externally colexrent moving target scelection systems are
used, and these are based on the same principles as the internally coherent
moving target selection systems, except that the coherent oscillator is
phased with the passive interference signal, rather than with the main
signal, oi° the passive interference itsell is used as the reference voltage.
In order to prevent useful signals from targets flying in man interference
cloud being suppressed by this moving target selection system, the signael
used for phasing the coherent oscillator {or used as the reference voltane)
is delayed for a period of time qual to, or slighily longer, than tbe length
of the radar pulse. Compensagtion for wind influcnce in these systoems is
automatic. Iloweve:r, the moving target can be selected in these systems
only if a passive intexference cloud is present. If passive interference
is not suppressed in ithe radar receiving pattern the phasing of the cobeXent
oscillator can only be done bv target signals, and this will lead to
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suppression of uselul signais. Moreever, extermally cohereni systems will
Zot supdress the leading edge of the interference cloud. Broad band com-
pensation for wind effect can he realized in dué.l-freque.ncy radars without
the shortcomings inhercent in the extermally coherent method.

1.17 The Luczl-Freduency MNethod of Moving Target Selection

A radar is said to he a dual-frequency radar when it radlates radio
frequency pulses. and receives reflected signals. «n wwu Siffereont frequen=
cies at the same time. In the dual-Frequency radar the same truasformatica
takes place in front oF the phase detector, just us it does in the single—
frequency 'r.-z.daz', but in the two sub-channels in the receiver that correspond
to the two difxerent Irequencies of the main and reflected signals.

iIn this case the reflected signal frequency is

Tr rer = I1 *+ Fpyo (1.94)
where
Fpy = 2v/hy5
17 rer ™ 11 * Fpo (1.95)
wher'e
PDE = va'/]‘z'
f. and £.. in the formulas at i1.94) and (1.95) are the carrier fre=-

1 1Y
quencies for the transmitters in tlie dual-freguency radar.

Iwo signals, with frequencies as follows, are fed into the phase detector
after the frequency conversion.

1 =

Itf ftf =

Frys Tyy po = Typ 2 Fpoe (1.98)

The echo signals are added to each other geometrically, and not to
the coherent voltages, in the phase detector of the dual-fresuency radar.
The result is heating, detected hy the amplitude detector. Video pulses,
the envelope of which will change with difference in the Doppler fregquency,

are formed at the detector ourpui.
Fy = Fpy = Fpp = 2v. /0y = 2 /i, = (-1 )2 /fs. (1.97)

1T, by way of exasple, the frequencies for transmitter= f_ and f__ are

equul to 1550 and 1500 nll<, respectively, in the case of the s]i:ngle-ff'f.‘quency
radar the Doppler frequency bands for the passive interference moved by the
wind at speeds of from O to 50 reters/second would cover the sections of

the frequency curve from zero %o FDI = 517 hertz, and FDE = 500 hertz,
respectively, and in the case of the dual-frequency radar F‘o =F =F__ =517 -

= 500 = 17 hertz.
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Naturally encugh, it is quite easy to suppress passive interference in

=0 narrow a band of Doppler Ireguencies.
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Chapter II

Radar Tactical and IEngineering Data

Radar tactical and engineering data are data characterizing the expoered
efficioncy of the radar to carry out concrete tactical missions in combat.

Radar can be designated in accordance with its tactical purpose as:

warnings

early wazrning;

detection and guidance;

acquisition;

rocket guidance, and others.

Single purpose radars can establish different numbders of coordinates and
Target characteristics.

The most important radar tactical and engineering data are:

liniting ranges

1imiting angular coordinates;

pericd of scans

resolution;

accuracy in establishing coordinctes;

irformation capability;

interferenca immunity;

standards- for servicing in combat (setting up time, time required to
energize, striking time, and the like)s

elimatic conditions for combat utilization.

2.1 Maximum Operating Range

Radar range is based on maximua, Rm?__:., and minimm, Rmin' operating
range.

The maxjmum operating range (detection, for example) is specified by
tactical reguirements. It can be evaluated, approximately, througa the
basic radar equation.

Masimum operating range depends on many of the radar's engineering
characteristics, on the conditions under which radio waves are propagated,
and on target characteristies, which, in the real conditions prevailing
when the radar is used in combat, are all subject to random changes.

Accordingly, evzluation of maximum operating range is a probabiliiy.

The vialue of maximum operating range, Rw, is usually indicated with
respect 16 a specifie target (a fighter plane, fcr example) and with a
spocificd probability.

Preliminary tests can be used when developing new radars tc estiblish

R and to confirm the probability of realizing that R_ . It can usually
e max



RA-O15-58 €4

52 shown that R:.ax is some walue For n% (90%, for example) of all the tests
concuetuta

This deteraination of Rmax weans that this magnitude can be guaranteed
in nl ol all cases of target detaction. In 100 - n% of the cases the target
cannot be detetted at ranaes equal to Rm, but will e detected at sowrcwhat
lesser distances.

The operating range of a long-range detection radar is usually limited
To the range of direct radar visibility, Rv_. and this can be establisbed
through the formula

R, ~ 41 (VE +VH), (2.1)
where
. is in kilometers;
h}‘ is the radar antenna beight, in meters;

H is target height, in meters.

to
[R)

Minimum Detection Range

¥inimum radar detection range, Rm‘.n‘ depends on the limits within which
the antenna arTay can function wWith respect to the angle of elevation ¢. It
differs for different heights, apd is established by the magnitude of the dead
funnei.

For a cosecant radiation patiern

Rin=#sine ., (2.2)
where

- is the elevatiom limit.

In ground radars with smal) elevation angles the real value of Rmin can
be established by the flares on the indicator screen at the sweep origin
by the reflecticns from lccal objects.

If the anienna array imposes no limitations, the minimm operating range
for the radar can be established by the pulse curation, ‘rp, by the antemnna
switch restoration time, t, ., and the indicator resclution, 531

R~/ (TP +% )+ §R, . (2.3
2.3 Reder Andmuth Limlits
Most of the existing radars operate in the circular scan mode, that

is, the azimuth, 8, Is established irom O teo 360°.

Sotie radars use sector scan, dictated by tactical considerations.

2.4 Radar Elevition Operating Limits

Rodar operatiizg licits in the vertical plate are deteruiped by the

eievation sector scan, € . , and a maximus elevation, ¢ .
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The minimum elevation is limited by the conditions for ferming the
radiation pattern, with the effect of the qroumd, and design anéd opcratioral
nxture, taken into consideration. emin i; usuzally equal to several tens of
degrees Zor a racar in the centipeter band, and frem 1 to 3° for z radar in
the decimeter and meter bands. The meoximom ‘elevation for moderm detection
radars is within limits ranging from 20 wo 43°.

A recuetion in the magnitude of ¢ increases the operating range

zgainst low-Ilying targets, and is obtn:::.zed by raising the antemna array
abeve the ground surface,

An increese in L increases the radar's zbilicy ts detect high targets.
Engineering-wise, it is arrived at by ccmplicating ihe design of the antensa
arrays, by ineveasing the number of operating channels in the radar, and

by increasing the power of the radio frequency transmitiers.

2.5 The Radar Detection Zone
Tie radar detecticn zeme is the space within the limits of waich the

radar can deterct a target with a specified prohability, and can zmeasure

target coordinates with the required accuracy.

Hrga

t : Jlﬁwm

R

Tiqure 2.1. The radar detection zéne. Detection range depends on
target height. H, is height of the ceiling for the
radar. It is possible to find targets at heights of
H > H, in the scan zone. Hpin is the target height at
which a low-flying target can be detected at a specified
range.

The detection zone (fige 2.1) in the vertical rlane ¢an be represesied
graphically in coerdinates of ithe height, H, and the range, R. Operating
rznge differs fer different elevations, ¢. The shape of the Jetection
zone depends on the purpose for which the radar is intended, and the

eagineering decisions made in the radar design.

2.6 Radar Heighit Ceiling
The Tadar height ceiling, H,

can be detected at any range within the limits of the detection zone.

y is the maximum height 2t which a target
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Yurgeis can be detected at heights above Hc at certain ranges within the

linits of the scan zone.

2.7 Scan Peorfod

Tae radar scan period, Tm, is the interval of time required to iliuminate
all the points in the space that is the radar's scan zone.

Continuity and required definition in the reflected signal indications
can be provided, given the condition that

Zscan Z Mp nin™® 2/F.90,5%0,5 (2%
where
Tscan is in seconds;
.\'p .. is the minimm nusher of pulses rcflected from the tarpet needed
to detect the target with ihe specified probability (Hp ; 23 to 25)3
FP is the pulse repetition frequency;
23 is the radar?s sector scan in the horizontal planej
Ae is the sector seczn in the vertical plenes
Dy Seo 5 are the widths of the antenua radiation patterns in the borizemtal
and vertical plamnes at the 0.5 power level, respectively.
In detection and acquisition radars, Ae o eo s and
Tocan 2 ¥ nplf/Fi0 s (2.5

The scan perisd determines the interval between two successive zeasure-
meais of target coordinates. Given nodern target speeds, the smoothness with
which the pips are roved on the scopes, and the accuracy with which thae
target trajectories ace reproduced axe greater the shorter the scan peried.

3
e
Figure 2.2, Scan in an welevation sector by one beam.
One way to reduco the scan period is o incraase the aperturc angle in
the radar antenna radiation pattern. However, narrow radiation patterns
are nedessary to improve the resolution and increase accuracy in establishing

coardirnates. The contradictions can be r iled by a ooise selection

I

of the radiation pattern and the method used to scan space.
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Circular scamning sadars have a scan perlod equal to the time for one
complete antenna revolution

T = 60/n,, (2.6)

scen
where

", is anitenna rpm.
A radar can have 3cctor scan in azimuth, ay vell as in elevation. Ele-
vation sector scan can be by one bean (fig. 2.2), or by several beazs (fig. 2.3),

each of which has its own 20ne.s In the latter case, the scan period is
siaortened.

Frr
~ 2 \Jmairz
zmn;;
: ﬁgys Jmawes |

Figure 2.3. Elevation sector scan by several beams. Patterns 1, 2,
3; zones 1, 2, 3.

Given scraw scan (fig. 2.4), one can make a circular scan in a zone.

The sean perisd for the zone equals the time required for the anteana To

asike sha ceveral revolutions needed to scan the zone
Tscan zone 6°an - ‘“zlao.s’ (2.7)

feg_ is the zone sector.

Figure 2.4. Screw scan.

The full secan period, assuming zones are identical, and that tbe scan
mode does not change from zone ic zone, equals

T = 60/1:‘. - Aez/aﬂ.S nzkx_, (2.8)
where

a, is the number of zones;
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®_ is a Tactor that takes into convideration the time needed to roeverse
antenna movement; it depends on the number of zonez, and on the

sequence and the method used to shift from zome t0 zoze; i:r =1 to 3.

2,8 ZRange Resolution

Radar resolution is the capacity of the radar to make separate observations
and measurements ol the cocordinates of two targets close together.

Radar range resolution, SR, is the minimuz distance in range betwesn two
Targets with the same angular coordinmates at which it is still possible to

=zke separate cvservations and range measurements for each target

R = e1/2 + 5115, (2.9)
where

¢ is the electromagnetic energy propagation rate;

T is pulse lengta;

ER_ is scope resolution {see Chapter IX).

Resolution im ¢onventional puise radars is higher (R is less) tne shorter
the pulse length and the higher the scope rescluticn. It is primarily
dependent on the length of the main pulse, ‘rp.

The first term in the right side of the equation at (2.9) is determined
by the potential resolution, bRp, of the radar

snp = et/2. {2.10)
Resolution in a radar with irtrapulse frequency nadulation ang ruise

compression during the processing of the reflected signal can be determined

by the duration cf the "compressed” pulse, Tcp’

&R = c-rcpfz. v2.11)

Resolution in a sadar with phase-code shift keying can be determinaed Ly

the duration of the code interval, T

pc’
R er J2 (2.12)
R, = pc/
wiere

T = /o3

. p/ b

-rp i= the leajth of the pain palses

n  is the aumber of code intervals.

2 Azimalh krwlulion

Hadar avimuth resolution; 85, is the Jdifferemce in azimuths between
TTQeTS 2T the sane range, and at the same altitude, bui as close to each
other as they car be and still have the racar make separate mpeasurements of
the aziouth of eack targe:
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F=eut i (2.23)
where
EPO.S is the width of the rediation pattern at balf power in the
borizontal plane;
asp is the azimuth resciution Tor the scope (sec Chapter IX).

For circular scan scopes, Zor esample,

8 = 9.5 " 57.3 dS/rD, (2.14)
where
E is the distance of the marker from the center of the scope;
4 is the di:mster of the bright spot e¢n the scope.

2.10 Elevatisr Resolutien

Radar elevation resolution, f¢, is the difference in the elevations of
two adjacent targets at the same range and at the same azimuth 2t which it
is sitill possible to maike separate measurements of elevation of each of the
targetss

Radar resolution 8¢ with beam nodding in the vertical plane equals

bc = 8, o ~ b€, ' (2.15)
Whete

30‘5 is the width of the radar antenna radiation pattern in the vertical

plane;

6:5 is the scope elevation resolution.

Vhat follows from {2.13) and (2.15) is that the resolution of the aigular
coordinates depends primarily on the widith of the antenns »adiation patremn
in the corresponding plane. The first summands in these equations determine
the potential racdar resclution of angular coordinates.

2.11 Height Resolution

A radar with high elevation resolution, and particularly one using the
partial patterns methad, or the beam nodding in the vertical plane method,
to determine height, has height resolution.

Radar height resolution is the nmimimm difference in height between two
targets at the same distance, and at the same azimuth, at which the height of
each of the targets can still be measured separately (£ig. 2.5).

For the radar with beam nodding in the vertical plane

8 Go.sk/cos € =+ 6}15, (2.16)

R is the range to the target;
¢ is the present elevation;

aﬂs is the height scope resolution.



RA=O15-68 70

Figure 2.5. Radar height =—esolution.

2.12 Radar Reseiution Volume

Radar resolution (pulse) volume is the valume of the part of space in
the radar's scan zone delimited by the distances equal to the radar's

resolution in range and zngular coordinates (fig- 2.6). It equals

&V = D sDssse (2.17)
ar

£V = 4 DG -ov/2, {(2.18)
whare

G is the antenna directive gain.

Targets within the limits of the radar resolution wolume are detected as
a single target.

The shorter the vain pulse, and tke sharper the radiation pattern of
the antemma array, the smaller the pulse volume, and, consequently, the
hetter the radar*s resolution.

A radar with a smailer pulse volume is less prone to the effects of

passive interference.

4

Figure 2.6. Resolution (pulse} volume of a radar.

Resolution in the case of autamatic tracking. Radar resclution in the

case of automatic tracking is understood to mean the minimum difference in
Targe: cocrdinates at which positive automatic tracking of each of the targets

is still possible.
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2.13 Accuracy in the Detesmination of Target Coordinates

The magnitude ol ihe errors found in coordinate measuremen:is is a
criterion of the accuracy in determining target coordinates.

Errors can be external and instrumental, accerding to source, and can
be coarse, systcamatic, and random, according to their behavior patrerns.

Coarse errors, or misses, occur as a result of errors in calculatiens
and are readily eliminated. A well-drilled radar team will not permir them
Te accur.

Systcaatic errors in radar operation remain senstant, er change in
accordarce with a lnown law. These errors cam be established in advance and
taken into comsideration. Personnel operating the radar should know the
sources of possible systematic errcrs and shoulld always eliminate their
causes, as well as know how to evaluate permissitlc errors and introduce
the necessary correction factors in measurement results.

Systematic errors are usually instrumental ¢rrors. They depend on
the accuracy with which the radar is tuned and adjusted, the conditicn of
tbe equipment, arors in locking and orimti:ng the radar on the terrein, the
degree of training given the operators, and the like.

Systematic errors can also be external errors, and include:

erTors caused by the ground, and local objectis:

errors affecting wave propagation, the result ¢I concrete climatic can—
gitionss:

errors that depand on the nature and maneuvers oZ the target.

Rapdom errors are inevitable errors, the resuwlt of the random nature of
all the processes in the radar assemblies and units, in the propagation of
radic waves, in the reflections from the target, in the ouLservations made on
the screen, zié the like.

Random errars can be computed through the statistical theory for
measuring raéar signal parameters, which 1s based on the fact that the pre—
sence of varicus noises (interfercnce) in the equipment for receiving and pro-
cessing the sigmals cause the appearance of random errors in measurement.
Random errors in operating radars are established by preliminary tests. It
-5 the random errors that establish the accuracy with which target zo-
ordinates are measured.

Mean square g, average (probable), and maximum errors are used to
evaluate random errors.

Qiten used in practice as well is the error characterizing the definite
probaibility that such error will appear.

Mean Square error

The mean square error is

-

=" 172"3- (2.19)
=
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where
x, =a; - X is the random error in the il measurement;
a. is the result of the i mezsurcment;
X is the true value of the coordinate being measured;
n is the number of measurements.
The mean square error can be computed with sufficient accuracy even
when the number of measurcments is comparatively small (n 2 10).
If the mean square errors T1 Tzv eeey o depending on variouns independent
sources, are known, the resultant mean square error ia

q=YIFEF .t

(2.20)

Average error
The average eeror is equal to the average arithratical error, derived

from the absolute values of the random errors in a seriez >f measurements

s |:,1+1x,1:....+|x!] {2.21)

x
av

The normal law Zor the distribution of random errors

Random errors have a pormal distribucion law

‘1t
w(x)=71__,“ %)
=
w{x) is the probability density of random errors;
is the random error; .
hx.l
-] is the mean square error.

% vz % o f6 2 %
Ipede L2326

Figure 2.7. The normal law for the distributicn of probability of
random eITOrSs.

Figure 2.7 depicts in graphical'farm the normel law for the distribution
of randox errors. Wnen measurements are more precise the measurement
errors are smaller, but in any case

-T-m (x)dx=1,.

so the probability density of errors is greater the closer To X = 0. There
is an equal probability of the errors being positive and negative.
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The proLability of a definite error, x, s can be established through
the zquation
1 R
Pl)=2lo(ex
i
The probzbility of the mean square error is Plg) = 0.683, for example.
¥hai this means is that of all measurexents made the error will not be ia
excess of g in 68.3% of the cascs, wherecas in 31.7% of the measurements the
error will be larger than the mean square erro-.
Probable exver
The prabable, xprob’ or average error is that value of the error wiih

respect to which the equal probability of the random error is greater, the

smalior it is. The probability of an average error is P(xpmb) = 0.5.
Consequently, 50% of the measurements have an error less than xprob’ and
30% of the measurements have an error greater than xprob'

The probable error is in the following ratio in terms of the mean
square error
X rob = 2/3 o, (2.22)
Maximum error
The maximum error is the largest random error possible under pre-

determined measurement conditions. It is taken as equal To

x o= f.xpx_ob. {2.23)
Consequently,
xmiu 30‘- (2-24)

The probability of a2 maximum error eccurring in a specified series of
measuremants is Plx ) = 0.993. Corsequently, only 0.7% of the measure-
ments have an errer greater than x .

Errors of givcn probability

Statistical errors, based on special statistical measurements, are often
used to evaluate the acturacy with which target cooréinates are Cetermined
by radars. In such cases a great many measurements of target coordinates
are made aid after the results have been processed mathematically it can
be established that in n¥ of the mezsurements of *he total measurements made
the error, X will not exceed somae specific value.

Errors for 85 or 95% of the mezsurements are most often given. These
errors arc, naturally, in a definite ratio to the mean square error

Taay == Lidds, (2.25
253

Xpg5="2a. (2.28)
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It is convenien: to use errors of given probability im cay-to—day
practical work. Moan square, and other errors are usually used in theo—

retical research, and for ergineering computations.

2.4  Ascurncy in Range Measurement.

The modern theory of_ the measurement of radar signal parameters is what
zakes it possible to eval-uate the errors in the measurement of target co~
ordinates with an accuracy adequate for practical purpases.

The accuracy wiith which range is measured depends on the accuracy
witk which the delay in Tthe reflected signal is measured, on errors because
of less than optimum processing of the signals, on the presence of unantici-
pated delays in the signal in the transmission, reception, and indication
charnels, and on random errors in the measurement of range in the scopes
used,

The errors in the scopes are the result of instability in the Ecale
markers, and of errors in reading. The latter iz a compound of the errer in
establishing the center of the marker ané errors in interpolation (see
Chapter IX).

The potential accuracy in the radar range measurement can be characterized

by the mean square error, cpot‘ equal to

Ot = c'rP/Z'..I v, e (2.27)
where
v, e is the value of the visibility factor for one pulse.

Tae mean square error in measnring the range, O'R, is, naturally, larger
than the potential mean squars error, G?ot. It is equal te

Ig™ Yfpot' (2.28]
where
Y is the accuracy impairment factor for a real radar.
YR = 1.5 to 15, depending on the radar.
The fagtor Yg c2n be represented in the form

2 2 2,2
Yg -V 1+ Oro p/°po: + z'gi/apo + (2.29)
where
a-prop is the error caused by the curvature in the trajectory over

which the radio waves are propagated;
:!'i is the error in the i¥% device in the radar.
The calculation of the error in Cp can be made with sufficient accuracy
even if it is taken that

YR = ‘!1 + Gindfaiot’ (2-30}

Cina is the mean square error in the indicator.

where
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2.15 Accuracy in S :imuth Measurement

Systematic orrors in measuring the azimuth can occur when the radar
antenna array is not oriented accurately and because of non-correspondence
batween ithe position of the antenna and the electrlcal scale of the azimuth
stait.

Fandom errors in measuring target azimumth resuli from instability ia
the operation of the antenna rotavion system, imstability in the circuiz
that forms the azisuth mirkers, and £from errors in reading.

The mesan sguare error in measuring the azimuth, is

og = V3m - oy o/ T, o Ygo (2.31)
vhere
YB is the accursey impairment factor in determining the azizuth for
a real radar; it is established througk a formula similar to that
used to establish Ygi
%-5 and a's are in degrees.

2.16 Accuracy in Elevation Measuremens

The accuracy with which elevation is measured ¢an be established by
virtually the same factors as apply to the accuracy in measuring azimuth.

The mean square error in measuring the elevation can be assessed through
a formula similar to the one at {2.31)

o, = T3/ - 85 S/ VI, one ™ Yo (2.32)

where
90-5 and «':re are in degrees;
Yo is the accuracy impairment factor in the determination of the
elevation by a real radar.

2.17 Accuracy in Height Measurement

In accordance with the formula at (1.76), the erzror in measiring the
height is a combination of the error in measuring the rance and tThe errsr

in measuring the elevation, and can be eziablished through the eguation

. R\ ..
cy=0, (sm:-{-—-k:)-re‘ﬂ Cos %, 2,33)
where
GKFR are in meters;

ce is in radians.
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2.18 Information C..pability of a Radar

Racars proviue information on the ceordinates of all targets within
the scanning zo.oe of the radar, on the characteristics of the turgets, and
on their accessories. Informavion fram the radar can be evaluated qualita-
tively anéd quantitativaly.

Tae quality of the infermation is the veolume of data on the targets,
on data accuracy and resalution.

Information can be assessed quantitatively by variour eriteria.

The informaticn content I {in bits), can be established as follows,

Jor exaxple

F=nH(X)bits (2.3%)
where
n= Vsc“/GV is the number of eliemerts in the informatfon;
e is the volume of the scan zone for the radar;
&V is toe resolution wvolupe:
H{X) is ihe entropy (see Chapter XVI);
X is the system of events.

Izforparion here is understood to mean the vossible ourber of resclution
volumes, §V, in the radar's scan zone volume, Vocan®

The most widely dissemirated system ol events, X, in radar consists
o wo events, ol equai protability: “there is a target,” in the resolution

volume, and there is no target" in the resolution volume, or
L [T & X &
x=( )= (G5as)

p, is the probability of eveni x5

where

P, is the probability of event x,-

In this case the entropy is

-
H{Xy=—"3 p 10z, p, = (0.510g,0,5+ 0,5102.0,5) = 1 bit/element,
o
and

I=n {2.35)

zhat is, ihe information content is equal to the number of elezents, its
COmponents.
The technical informational capacaity {the information content) of a

radur cun be ¢valuaiod through the formula
= (R - Rmm)e.a Ae/5R 88 5e, (2.36)
where

R Rmin »Te the operuting limits for the radar in range;
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ASs A¢ are the scamning sectors for the radar in azimuth and
elevation, respectively;
6By £8, Se are the resolutionsa.
The rate (technical) information can be obtained from the radar is

I AT

C‘i:ech= tech’ “scan’ (2.37)

where

Tscan is the scan period.

The practice aften is to evaluate the Information capacity of a radar
by the nuxber of targets and the number of pieces of data on each target in
fact received in uwmit time, that is, the real rate at which information is
received. This latter factor is sometimes called the tactical inormation

capacity and is estorlished in the following manner

C = €0mn/4t locations per minute {2.38)
vwhere
= is the mumber of largeis being worked;
n is the number of pieces of data on the target;
2t 1s the capacity for information presentaticnm.

2.19 Radar Iemunity to Jamming

A radar's immunity to jamming means its capacity to retain tactical
and engineering characteristics in the face of the effects of various types
of radio frequency interference.

The effect of the jamming appears in a reduction in the signal/neoise
energy ratio at the input ito the radar recciver. The result iz that the
tarpet can be detected with a given probability at shorter ranges, or cannot
be detected at all.

The quantitative criteria for evaluating the immunity of a radar to
Jamiing can be quite different.

It is customary to cvaluate the immunity of the radar to jarming by its
operating range in the face of the jamming.

Lo C

-~
B fga o~ Jocroncsasr
- romes

i/ > "N
/’ i et Lesn
A -

Figure 2.8. Schematic diagram of the location of the jammer and tac
target covered by the jammer. "

A - radar; B~ R

jt‘ € ~ jammer; D - target; E = R'.
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The rodur operating range, R', in the presence of noise Jamming pro-
duced by the jauming transmitter does not esincicde with the razge 10 the

vietim (fig. 2.8), but equals

n o= n‘l‘/ﬁ:iﬁri‘ ( (o, 8. J)AF % (2.39)
Re = RO\ 26="8, Py wiet CaSans (9.5 2AFAT )

whetc
R is the radar range wheu jamming is absents

Rj‘l‘. is the distince from the Tadar o the jamming transnmitter;
" W sy T . . " A
Plin migty ore sensitivity limit and radar receiver bandwidil;
g(;:it, Sj_J is the radar antenna gain in the direction to the jamming
T

transmitter;
G 2 is the jammer transmizter noise power density, watts/hertz;
gjan is the radar antemna gain for the jumuing.

If the janming wransaitter is aligned with the victin

R = RZV 16"‘2Piir¢ i %5 acd mx“nz R (2.40)

where

g is the maximum gain for the radar antenna.

When jamming occurs, the range of the radar not izmune to jamming can
Ye reduced to the point where it can be considered as cozpletely jacmed, for
all practical purposes. This is why & variety of measures are undertaken
to improve the immenity 45 jamming of radars (see Chapter XT),

The literature on the suhject points out that a radar can be made
imzune 1o jamming by:

operating the radar over a wide band and by rapid frequercy changing;

sultichannel raldar construction;

high enersy potential for the radar;

reducing the level of the side lobes in the antenna pattemn;

by changing the pulse repetitics frequencys

by controlling the polarization of ihe radiated signols

By expanding the dynamic range o1 the receiver-indicator channel;

snccial types of modulation of the racdiated oscillations;

special methods of processing the incoming signals;

the use of various devices and antijan circuits in tbe receiving and

sigmal processing channel.

2.20 Climatic Condilions

The radatr sliould be able to function in all types of climatie conditions.
The permissible limits for temperature, hamidiity, pressure, and wind velocitiy
in which the radar can retain its capacity to perform are usually given.
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Tesperature, humidity, and atzmaspherie pressure wave a direct influence
o1 the ability of the various units and deviees in the radar to perform

iheir functions.

2.21 Radar Ensincering Data

Radar engineering data are the values of the magunitudes contained in
the radar equation, as well as a nucber of other engineering characteristics
of the principzsl devices in the racdar. Principal among them are:

Tae overating wavelengsh, iy or the vave band;

radiated power, Frad"

recciver sengitivity, Prec min’

sntenna gain, g,;

wicths of the radlation patterm in the horizontal, 2. 50 and vertical,
6015, planes;

pulse repetition Ifrequency, F‘P;

antenna rotation ratey, n N
e power required by the radar;
pulse length, TP;
receiver passhand, AF.

2,82 V¥avalength

The dimensions of the antenna array for the required values Zor the width
of the zntemma radiation pattern, and the directive gzin, depend on the radar
aperating wavelength selected.

Taken into consideration when seiecting the wavelength are the possibili-
ties oF obtaining the necessary power froa the transnitter, and providing
thé required receiver sensitivity. Taken into consideration as well as the
absurbrion and scattering features of weather conditions (clouds, rain, snow)
and ~f the atmosphere (oxygen and water vaper).

The eqvation at (1.43) can be writter in the form

i
R = Ppsiqt/ !‘1132? (2.4) )

max rec min

The range of a specific radar, and the magnitudes of Pp’ s ?

A" “ree ain’
which are given, increases with a decrease in the wavelength becatse
Rt i/he"
This dependence of R on ) can be explained by the improvezeant in <be
rectional properties of an antenna with specified grometric dimensions

c
vith reduction in .

® It is taken that 01: = constant, regardless of X«
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Usually measured when tuning a radar is the frequency of the radiated
ascillzziens, £, which can be found for the wavelengih through

3K
=7 {2.42)

where
iz in centimeters;
2 is in miz.
Creater accuracy in determination of zoordin:ztes and resclution can

be realized more resdily at the shorter wavelengths in the radar range.

2.23 Transmiiier Power
The power radiated by a radar, pra ar is practically alvways characterized
Y the transmitter pulse power, PP.

These powers are asscciated by the relationship

Pna = BePp (2.43)
where

1‘: is the efficiency of the antenna feeder system.

Transmitter pulse power is understcod to mean the average power delivered
to the feeder system by the transmitter while the pulse lasts.

Pulse power and average transmitter power over the pt-u.se sequence
periad, P‘V. are associated by the relationship

P, ~F, v/‘l‘pr, (2.44)
where
'rP is the vulse length, in seconds;
Fp is the pulse sequence frequency in Hz.
Froz (2.44)

P_=1FP. (2.45)
Transaitter energy is

vp = pp-rp = pavrp- (2.46)

Radar range is R ~‘\"*/T-';, that is, it is primarily determined by trans-
mitter energya

An increase in range is obtained by incrrasing the transmitter pulse
pover fir a given pulse length, and conversely for a specified pulse power
the radar range will increase with lengthening of the pulse. It is precisely
this laizer variant that can be realized in tha radar using intrapulse fre-
quency modulation and intrapulse phase shifi keying.
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2,24 Receiver Sensitivity

Rex) receiver semsitivity, P ;4 is the minimm Input signal ncwes

Irec minp
at which it is still pessible to receive and detect reflected signals with
a given probabilizy.

Signal detection takes place against tho background o2 the noise in-

herent in the receiver, so

Prec min ™ “WFa o (2.47)
where
Pn o is the noise power in the receiver pessband at teuperature
Ty {see Chapter ¥III);
v, is the visibility factor (see the formula at l.47).

In the equation at (2.41), the recziver sensitivity is exprensed in

watts. The higher the receiver sensitivity (the lower P

. th reater
ec ) the great

the radar range because R ~ 1/ L ain®

Receiver sensitivity is often expressed in decibels

Prec min (P11 =0 log P /R . . (2.48)
The reading level is taken as Fr = 10_5 watt, or P = 1(')-3 watt =

1 sl
=1 milliwatt. For example, Prec in © 10'1" watt corresponds to 90 db
with respect to prl - Il()‘-5 wvatt or 110 db with respect to Prl = } milliwatt.
In the wattier case it is said that the sensitivity is expressed in decibel-

milliwatts,

2.25 Antemna Gain

The antenna gain characterizes the directional properzies of the antemma
array (see Chapter IV).

The antenna gain, Gy is, for all practical purpcses, equal to the
antenna's directive gain, G, because the radar antenna effdciency is
extremely high ('-‘]Ak1 1). This is why tha anteana's directive gain is often
used instead of the gain. The directive gain is associated with the capture
area of the antenna, SA’ by the relationship

G = 417SA/).2. {2.48)

With this relationship in mind, the cquation at (2.41) can be written

in the form

= 2, 2 3 -
R & ppc. G, )"/ ein P & 2.50}

max rec min

There is a significant dependence of radar range for a specified working
waveicngth, that is, when ) = constant, on itke directive gain because
R~TJC. Today, antenna size is often increased in order to increase radar

range.
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2,25 Zuise Resotitien Fragquency

The maxizmum repetit.an fraquency, Fp, of the main pulses should satisfy
the Iollowing comdition in order to have unambigucus determination of targets

at specified ranges

Fp oax < c/ERmka, (2.51)
waore
¢ 1is the rate ol propzgation of radic waves;
tca is the assurance factor, equal to 1.15 to 1.25.
Consequently
F, e € 13710778 (2.52)
where

R::ax is in kilometers.

At the same time, Lhe pulse repetition frequency should be such that
Zor a specified space scan rate the nuzber of pulses, !\'P, illunizating the
target will be adequate to detect the targetr with a specified probability.
With these considerations in mi:;d, it is customary to provide

Fp min > Np pind® 86/%50:9 5%, 5° (2.53)

For surveillance radars, and with the propzgation time for electro-
wagnetic energy to and Irom the target taken into consideration,

N
= D
Fooen & (2.54)
90-5 Rnax !

- ———

A 1.54207

where

ay is antenna rpm;

9.5 is in degrees;

R is in kilometers.

@max

There is no need to observe the condition at {2.51) .if the radar is
fitied out to eliminate ambiguity in targer determination. In such case
the pulse repetition frequency ¢an be three to five times higher.

The pulse repetition frequency establishes the nuzmber of pulses in +the
train for a given antemna radiation pattern width, and, as a result, the
cffcct on the visibility facter for the recelver-indicator channel; that is,

on the observability of the sigmal on the scopes.

2.27 Antenna Rotation Rate

With the conditions stipulated by the equation at (2.6) in mind,
the relationship at (2.5) can be written in the form
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o, g SOFPQO.SIXQ minS- {2.55)

Anterma rotations, 0,4 should not exceed a prodetermined number for

specified vzlues of :po 5 Fp, and scancing sector A8, otherwise it can
be iflicult to observe the reflected signals because of the low Tn'p com

For radars with circular scan, whea A3 = 364°,

o, < 1";_.;;;9'5/61*p min® {2.58)

Cther of the engineering characteristics of radars will be reviewed
in subsequent chapters.
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Chapter IIX

Radio Wave Propagation

3.1 Thc Svectrum of Elestromagqnetic Oscillations

Electromugnetic oscillations cover the wave band from 10’11 o 3'1010 e

Included are radio waves, infrared rays, visible light, ultraviolet rays,
X-rays, and gamma rays. In t_h.e spectrum of electromzgnetic oscillations,
radio waves occupy the dand of wavelengtns from 100 k@ to 0.3 mm, or fre-
quencies from 3 kHz to 10-6 mHz.

The USSR divides radio waves into the bands listed in Table 3.1.

Table 3.1
Classifications of radic wave bands adopted in the USSR

Name of band Uliralong Long Medium Short Ultrashort
wWaves waves waves waves wavas
Wavelengths, 100000 - 10000~ 1000 - 100 - 10 = 0.0003
meters 10000 1000 100 10
Frequency, 322103 - 32202- 3.0 3-390 310 - 20°
aliz 2-1072 3.0t 3

The ultrashort wave band is divided into the sub=bands indicated in
Table 3.2.

The United Stares and England have adopted the classifications and
cesignations for radic wave bands listed in Table 3.3.

Ta>ble 3.2
Classifications of the ultrashort wave band alopted in
the USSR
Xame of sub- Yoter Decimeter Centimesexr Millimeter
banad waves waves waves waves
Wavelengths, 16-1 1 -0 0.1 = 0.01 0.01L = 0.0003
metars
Frequency, 3710 -, 3-20% = 3107 - 3.20%  3-10% - 10°

mHz . 3e10 3-10%
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Table 3.3
Classifications of ultrashort wave bands adopied im the
United States and England

i Designations adopted reatency 1, om
gin the United States |in Fngland i gizxg;u
f i
? P 0,250,200 | 123,5-75,9
; lp=1lz T 0,390—1,350 ? 76,5015 30
Se~ 8k : 5 o am | 182708
< . .c P 2,90-6,20 7,09—4,84
i Xd— ¥ X | 620-1090 | 484275
Rp—Xe | 3 10,90—17,25 : 2,751,
K113 ! K 705330 | 174091
H1—Qe Q £3,045,00 0,812 0,65
Va—Ve v 16,0—86,0 0,65—0,5¢

3.2 Electromagnetic Field Quaracteristics

The speed of free propagation of radic waves in an unbounded medium
with a dielectric constant ¢ and a permeability ;. ¢an be established through

the formula
D
Ve (3.

This speed is equal to the speed of light, ¢, in free space (in a

vacuumj. For free space

An=-$jl—@ Eiara.d/mé‘ter]
ané (3.2)
2= 4=107" {farad/meter]
The elcctromagnetic field can be characterized by the intensities
of the electrical (B, volts/meter) and magnetic (H, amp/meter) fields.
The energies moved by the electromagmetic wave are concentrated in
part (WE) in the electrical, and in part (wH) in the magnetic fields. 7The

volume densities of these energies are

W,_.=-£‘ [jm.:.le.s/::i3 ] (3.3)

V=2 [joules/a’] G-4)
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The intonsity at which the energy is moved can be charactcrized by the
n
power flow density (Jj, warts/m™), that is, by the flow of energy over unit
surface per second. The direction in which the energy is moved can be

detgormined by the Umov-Poynting vector
77 == (EFi}, {3.5)

In the electromagnatic :£ield created by an isotropic radiater (that
is, by a radiator, the field power flow density of which is the same in all
¢irections) the magnitide of the power fleow density, averaged over tho period

of oscillztions, equals

P (3.6)
where Ll

E’v is the power radiated by the source;

R is the distance.

Tna wave front is the surface, all points on which have the same phase,
zhat is, the surface at each point on which radio waves radiated by the an-
Tenna in differemt directions arrive at the samc time. In the case of a
point source the wave front is spherical, and in the case of a linear
source the wave front is cylindrical. A swmall section of the wave front
is a plane perpendicular to the direction of propagation at long distances
Irom the saurce. The wave is called a plane wave in thig case.

The amplitude of the field in a plane wave proragated without attenua~
tion does not change with distacce. In the spherical wave it changes in
propartion to 1/R, and in the cylindrical wave it changes in proportion to
1/%¥R.

The ratio of field applitudes in & plane wave propagated in amy medium
is constant and is called the wave impedance of the medium

£ T
p=fmy = (3.2
The wave impedance of free space equals
w=Y %:120.—.:377 chms (3.8)
The average power flow density in free space is

T =t B goatr (3.9)
where
E and H are the amplitude values.
Tne rate a2t vhich the wave is dephased {¢) with distance

22 2=
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is calliec the phase fuctor, or phase constaszx.

In an absorbing medium the amplitude of the plane wave field diminishes

-8D_/20
E = E)10 ij s (3.11)
(=>4
-3'D
t=ze °, (3.12)
where

8% is the attenuation constant in nepers/kilometer;
B = g'/0.115 is the attenuation constant in db/kilameter;

Eo is the amplitude of the Tield a® tha inpur o the absording

mediums

E  is the amplitude of the field at distance D . from the input to

the absorbing medium.

Region profoundly effecting the propagation of radie
waves

The propagation of radic waves from their source te the point of ob-
servation is within a definite region, in the main. This region is an
ellipsoid encompassing several first Fresmel zoues (fig. 3.1). The Fresnel
Zonés are sections of the wave front of a size such that the phase of a
wave moving from the source through the initial zone diifers from the phase
of a wave moving through the edge of this zone by 130°.

f-n aoma g
J=p Jomz B

Figure l.l. Region profoundly effecting the propagation of radie
waves.

a - 1lst zone; b - 2nd zone.

The first Frestel zone is a circle, the center of which lies on the
line between the source and the point of observation, and is the origin
of the zone. The second, and subsequent, zones are annular belts, each of
which encompasses the preceding zone. ‘Ihe phases of the fields at the
boundaries of neighboring zones differ by 180°.

2.3 The Influence of the Ground on the Propagation of Radio Vaves

The ground effects the propagation of radic waves because some of the

energy from the radiation source reaches the ground and is refiected from
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iv. This resulis in two waves the direst wava and the reflected wave,
appearing az the observation site (fig. 3.2). Some of the energy is ab—
sorbed by the earth.

»
Y IWCJW'

Figure 3.2. Interference of the direct and reflected waves.

Reflection coefficients

The compleXx acplitude of the ficld of the rellected wave (Eref) is
deterzinad by the amplitude of the field of the incident wave (ém). by
euitiplying the latter by some faetor, called the reflection coefficient

(Rrei‘)' In accordance with the determination
. . 3B
i - = Frefl "
Rrer Eref/"ine = Rer © (3.23)
where

is the change in the rhase of the wawve wpon refleczicn, or
the phase of the refiection coefficient.

The podulus and the phase of the reflection coefficient depend on the
polarization of the incident wave and the electrical parazeters of the soil,
on the dielestric constant, and on the canductivity O.

For horizontal and vertical polarizations, the refliection coefficients

can be estadblished through the forouias

3 __ sa@—1 s'—-:n;-re_l

Ry=g =i — iR, (3.24)
5 =x‘sﬁn3—'~' E.?T‘ah 2, 15)
Re=ios 1R, (3.25

where
5 is the angle of slip of the radioc beam (£ig. 3.2);

&'=—:—=:_—fq is the relative dielectric constant for the soily
-

7 = 60z is the iImaginury part of €¢';

€ is the real pat of €',

The moduli and phases of the reflection ceefficients are found by using
the eurves (figs. 3.3 - 3.8] plottad through the use of the formilas at
(3.14) a2nd (3.15). A parameter common to all curves is ‘the mamitude T,
the value of which is plotted on the sloping scales individually for the

vertieal and horizontal polarizations.
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The electrical parameters of selecied soils arcd water are listed in

Tadbie 3.4.

Table 3.4

Electrical parazeters of selected =so0ils and of water

In the meter wave band

89

B0il, water €. o, aho/m
from te from to
sca water 80 - 0.66 6.5
¥et ground 5 20 1073 1072
Dry ground 2 5 107 4-3073
Fresh water 80 - 10-3 5'10-3
14 the centimeter wave band
Soil, water A, €1 L g, mho-an
Sea water, 20-25°C 10 65 6.5
Dry, sandy 9 2 Q.03
Wet sandy 9 24 a.6
. " 10 7% 2.06
riosh water, +20°C 3 A 18,4

Exemples Determine the modulus and phosce of the roflection cocfficient

when polarization is vertical and 6 = 19. A radar with ) = 3 meters is
located on soil that can be categorized as wet ground.

Fron Table 3.4 we use ¢ = 10; g = 1072 aho/m. Ve determine the
imaginary part of the diclectric constant to be

T =60 = 60-3-10'2 = 1.8,

Wa fing the s$0lid line for 7 = 1 on the curve (fig. 2.5) along the left
sloping scale of values. Let us 2ow draw a linme parallel to this line and
corresponding to 7} = 2 to its point of intersection with'the vertical line
for & = 19,
the axis of the value for Rv vhere we find ‘Rv = 0.88. The point of inter-

Let us now Lake the paint of intersection to the right to

section of the line for 7] = 2 lies below the base of the curve on the curve
for phases of the reflection coefficient (fig. 3.6).

8, = 180° as an approximationa

We will thercfore take

The interferencee coefficient (the ground
coefTicient)

The field at any peint above the ground can be obtained as a result
of thc superimposition (interference) of the field of the incident wave and

the field of the wave reflected from the ground. The complex amplitude of
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the resultant Ticild (E-Jms) is determined by the amplitude of the field of
the incident wave by multiplying the latter by a coefficient called the
interforence coefficient, or the "ground coefficient™ [4(8)]. The inter-
ference coefficient in the case of borizomtal [ (8)] and vertical [4,{9)1
polarizations can be established through the lormula

o ©@=Y 1+ 12, [+ 21R, Jeos[Th sic0+3,.), (3.16)
whers

b, is the height of the source of radiation ahove the gsurface of the
ground.

Vhen the soil can De corsidersd to be a good comductor {7 ¢ ), the
ground coelificients equal

2ty
%(e)=2ﬁ“( 2 5inb), (3.37)
&, (&)= 2cos (2 siad). (3-16)
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Figme 3.3. Graghs for the moduli of the reflectian coefficients as
functions of the angle of slip for various values for the
parameter 7] = 60\s when €_ = &4,
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Figure 3.4. OGraphs for the argumenta for the reflection cocefficient as
funetions of the angle of slip far various values for the
parazmeter 7 when € = [
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Figure 3.5. Graphs for the mocduli of the reflection coefficients as
functions of the angle of slip for various values for the
parameter 7 when g 10.
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Figure 3.7. Graphs for the arguments for the reflection coefficients as
functions of the angle of slip for various values for the
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Graphs for the moduli of the reflection coefficienis as

functions of the angle of slip for wvarious values for the
parameter T} when €. =

: vertical
= = = = horizontal

Reqion profoundly effecting the reflectieon

Since there is a region in space that profoundly effects the propagation

of radio waves, there is alsoc a region en the earth’s surface that profeundly

eZtects reflection., This region is a section of the surface of the earth

of the cllipsoid enccmpassing at least the first Fresnel zone (fig. 3.9).
Thergfore, the region profoundly «ifecting the reflectiom is in ellipse that
ar least contains the first Fresnmel zone.

¥hen the location of air targets is such that the amtenna height (h,)
is considerably less than target height, the position and the dimensions of
this ellipse can Be established through the following approximate relation-
ships:

distznce from the antemna to the center of the gllipse

Ky==12 _;g\_;

{3-29)
langth of the pajor axis of the ellipse

"
-01211,3_—5‘1‘-; {3.20)
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Figure 3.9. Region prafoundly effecting the reflecrion of radia waves
from the carth's surface.

a = in the vertical plane; b - in the horizontal plane.
length of the minor axis of the ellipse
5‘2 2,82}1 - (3.21)

The nature of the reflecticn should be speenlar in the Tegion pro-
Zaundly effecting the reflection. This means that the permissible irregulari-

ties, _xhi, in the reflecting surface should meet the condition
PO (3.22)
J sin © -

The radius of lhe area around the radar in the case of spacular re-
flection is

> l A

R o= Hada=23

(3.23)

Iy

Exzaple. Determine the dimensions and permissible irregulariiy in the
area around an antenna with height hA = & meters. The radar is operating

in the circular scan mocde on a wavelength of ) = 2 meters.

Solution
L i 6
Xy m 12— =12-=26 meters,
"
‘a.zu,sT"-=n.3-,§'-=202 meters,

b =000, =086 68 meTers.
The radius of the area zround the aitenna is
Rarea = Xy 43w 216 + 202 = 418 meters,
The sizes of the permissible irregularities are determined at the origin
of the area (B = Bo) and in its center (@ = Bc)'
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In this case

§in 0= —mmat e =
Vixg—ay+y B¢

The permissible irregularities at the origin of the area are
Ay K =y 03 meter
lis R Toam s, = To9d = ° Deter.

The permissitle irregularities in the center of thé area are

Al & e ﬂ.«..@s metTers
e wwme =T <

Reduced heights. Line of sight.

So=~called reduced heights (h'ﬂ and E') must Se used in the calculations
that utilize the inverference formulas, for these take inte cansideration

the spnericity of the earth. They are computed through the follewing

formilas
St ot f b NG
kL_I‘L —WI\—W ), (3.24)
. e [ RN
H=it = (mwm) S
where

D is the Jistance between the observation and radiation points;

Rc = 6370 kilometers, and is the radius of the earth.

The sphericity ¢f the earth is what causes a shadow region below the
iine of the horizon (fig. 3.10), as a result of which location is only
nossible from he boundary of that region when line of sight to the Target

iz established. uine of sight (D;) is established through the formula

D = VIR (Vi +VH). 3.26)

4 ™~

]
»1..‘_5-.._;;'-.—_.__/_
R

y
v
-
Ny r

Figure 3.10. Taget line of sight. D; - geomotric; D - with
k-1

refraction of radi¢ waves taken into consideration.
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.0 Tite luflacnee oF e Trapesvhorn on the Propagarion o Radie Waves

Tae troposphere is the lower L. .:dary of the atmosphere, extending to
Geichis of 10 to 12 kilometers, Iv contains air gases, water vamors, and
hydromcteors. The electrical pare. ors of the troposphere are determined
Ly its meteorplogical condition an. .<mospheric processes, and these depend
oa Now zhe troposphere is heated by the earth, and on weather conditions.
The result is that the following effects occur in differest ways in the
traposphere:

refraction of radio waves;

scattering of the radio waves by discontinuities;

absorption of radio wave cnergy;

attenuation of radio waves by hydrometreors.

Figure 3.1l. Refractian ¢f radic waves in the troposphere.

Refraction is the survature of the path over which radio waves are
propagated.

Tropospheric refraction is the result of 2 smooth change in the index
of refraction (n =TE—') of the troposphere with height (z). The degree of
curvature of the radio beam {(fig. 3.11) can be evaluated by the radius of

curvature N
pm——t kR .
P £ . (3.27)
where

E)D is the elevation of the initial direction oI the radio beam;
k is the curvature coefficient Tfor' the radio beam;
dan/dz is the rate of change (gradient) in the index of refraction with
height.
The troposphere is said to be normal when its state Is such that the
absolute temperature (T) and pressure of. the water vapor {c) decline with

height in accordance with a linear law

T¢ = 288 - 0.0065z,
e [millibars] = 10 - 0.0035z.

In the normal troposphere the gradient of the index of refraciion
aquals

Ain <=t _‘_
_E.=—4-A0 -
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Refraction is called siandard in *tlis case. Tr least radius of curvature
in the beam will te durine radiation along the horizen (Go = {), In the
sTandard refraction case » & ’:'ﬁe (k = 4).

The different cases of refraction in the itropesphere are showa in

Figura 3.12.

Figure 3.12. Diiferent cases of refracticn in the tropospherc when
3, «~ 0.
[»]
1 - no refractien (kK = @); 2 - negative refractisa (k< 0);
3 ~ standard refraction (k = %4); 4 - inercased refraction
(x = 1)3 5 = superrefraction (k< 1).

The radic beam bends downward with an increase in tho index of refruction
wiza heighr (én/éz % 6) znd negative refraction (k < ) cccurs. A decrease,
or an increzsé. in the refractica occurs with less, or more, of o change in
the index of refraction with hedght with respeet t¢ standard refraction.
The cose when oo coefficient of curvature is X < 1 Is called svper-
relrsetion, or an atrospheric duct. The radio bean Is then propagated in
The layer mear the grouad and is reflected from the surface o the earth
Tany Tiles.e
Nagative relracticn is usunclly encountered in the winter tice, during
sow guarms, &nd in the poler regfons over the sez, It reduces line of sight,
To2 atmospheric cuet is fomeed by the layer of warwm alr found above a
izyar ol cecler, meist air. It is usuwally encountarcd over the sea and
curing ihe morning heurs in the summer tice over land in windless ;mzhez-.
Positive reiraction (k™ §) causes the radic beam to enter the shadow
region (fig. 3.10), increasing line of sigat. The effect of res-aciion on
ilng of sight can be taken into consideration by raplacing she radius of the

ezrth by a radius (Re) equivalent to it and estzblished through the relation~

:_/Re = l/Re - ]_/nr.. (3.28)

In the standard refraciion case

R = &/3 R = 8500 ks.
[ <
Ang the line of sight cian be establisked through the formula at (2.1).
Scntreripg of radio waves by the discontinuities In the troposphere is

cuusec by the car.:::'.nucus, and disordercd, mevemonts of thé air masses with
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cilierout electrical parameters. Seattered by the discontinuitics, the radio
waves alsd enter the shadow rogion (fig. 3.13). The amplitude of the
scat<ered field in the shadow region is puch greater than that of the dif-
Irzetion ficld. This phepnomenon is what makes long-range tropospheric gom-
cunications possible over distances up to S00 to 700 kilemeters. These
cozmunieations involwve the use of ssecial scations with powerful transmitters
and paseli-bexa anternas aioed at each other.

Absorption of radio waves in the tioposphere occurs in the oxygen and
iz the water vapor, znd depends on the frequency (fig. 3.14). The absorption
lines of the other gases are beyond the radio wave band. Radio wave scattering
in the gases in the iroposphere is slight.

AtTenuation of radio waves by hrdromectaors is the result of scattering
and zdsorption of theis cnergy. Figures 3.15 and 3.16 show the attenuation
factors in rain andg in fogq with respect to their inteasity. Attenuation in
€éry snow and in hail is slight. If the smow is wat, attenuation will be the
saze as that occursing in rain of the same intensity.

Odiacry

weoduogoRiscmet
p‘“ "/ regﬁ'.on of ais-

= conzinuities

Figure 3.13- Scattering of radio waves by discontinuities in the
troposphere.

!
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Figure 3.14- Curves of the dependence of the attenmuation factror
for radio waves on the wavelength for axygen and water
Vaporsa
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Tae radar range (R) can be established through

o no1o'°-553,

RO is the range whon there is no aisorpiicnyg

z is the attenuatien factor inm Losns,

of radio waves taken into consideration.

~o Inflirence of the lonosphere on the Propapation of Radio Vaves

Extencaing asove the troposphere at a hoight sdove 12 ku and rising to
53 o 70 icn is the stratosphere. Propagation of radio wavas in this segion
Tanes place as it does in a vacuum. The upper layer ol the sarih's gas
envelope, which is located above the &0 to 70 ka level, is called the jomo~
sphera. The ionosphere, according to present-day concents, extends several
thousands of kilomaters Irosz the aarth.

The lonospnere coniists of ionizad geses with an admisture o nevtral
2tocas and melecules.

The source of the ionizatlion Is solar radiation, particularly ulira-
violez, X-ray and gacma racdiation. The energy of these radiations cizinishes
wiil menetrazion into ina deprh of the atmospaore. Henee, the clectron gon-—
centration (N) changes with height from 'slight in the lower layers of the
ionosthere o some maximsy (N:ax) at some definite height (zw). Rarifi-
cation of the air causes a further reduction at even greater heigits. This
simplified moc:! of the structure of the ionosphere (fig., 3.17) is called

a simpie layer.

#
13
Hrone

Figure 3.17. Uependence of concentration on height in a simple
layer. a - Z 19 =X 5
max max

The electrical parameters of the Zonmosphare have tho following

vulues

Hemlmt, {3.29)
cmapt, (3.50)

wiiere



RA-015-68 101

oy is the plasma Ifrequeticy, that is, the natural Ifrequency of free
oscillatiouns of the electrons in an ionized medium (u‘o=2rr ¥ 80.85);

is the electron concentration in eI.ectrons/:B;

w

¥ is the number of electron collisions in unit time.

The vropagation of radio waves ia a simple icuized layer

The index of refraction in the ionosphere

{3.31)

{vhere £ is the frequency of electromagnetie oscillatioms) can be less than
1, zero, and imaginary. Propagation of radio waves is impossible when its
values are zero and imaginary. With N given any value there is, in the
Iayer, a iregueney at which radic waves will be reflected from the given
layer. The highest of these frequencies

Y .
fc!‘it - BO.BNW, (3 -'34)

at whiekh the radio wave striking the simple layer vertically can still he

reflected from it is called the critical frequeney. Radio waves with Irequen-
i high th E S

cies higher an erit

If the radio wave strikes the ionosphere at an angle, @o. the highest

pass on through the ioneosphera.

frequency

T =f _ /sin © (3.33)

is called the maximm frequency.

An averaging of many years of data on the values of customary electron
concentrations yields critical and maximum Irequencies between 16 and 48 mHz.
Ragioc waves at frequencies beleow these values will not pass through the
lorosnlere.

The actual mechanism involved in the formation of the lcnosphere is more
complicated than the mechanism involved in the formation of the simple layer.
The ionosthese is made up of individual layers, known as the D, E, Fl'
and F.z layers {fig. 3.18). The electron concentrations in the layers, and
tha heights of the layers, change with time of day and time of year, as vell
as with the degree of solar activity. There iy rapid recomhination of the
tonixed atoms in the denser layers at night, the low (D) layer disappears,
and the electron concentration in the rest of the layers decreases. The
atmosphere bezcomes more densce in the winter time, the maximum for the con-
eentration increases, and drops lower down. The F, layer disappears in the

1

winter time.
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Figure 3.1B. Average distribution of electron concentrations by
height in the summer {a) and winter (b).
Horizontal: clectrons/om’,

The eficct ¢f the ionosphere on the propagation ¢ waves
in different bands

Vltralong waves and long waves are propagated between the ionosphere and
the earth as if by a waveguide. The earth's surface guides the waves in
this band within the earth envelope. causing them to propagate in the form
of a so—called ground wave.

Long waves are propagated as ground, as well as sky, waves, The radio
waves in the ground wave attenuate relatively quickly. The radio waves in
the sky wave penetrate the D and E layers, where absorption is intensive,
the waves are reflected, and they return to earth. These waves cover coo~
paratively short distances in the daytime becavse of tlis absorption, but at
night, when the D layer disappears, and when the concentrations of electrons
in the E layer diminish, the range of transmission of long waves is much
grezter than during the day.

Short waves propagaied by a sky wave are reflected repeatedly from the
jonosphereand from the earth. For this reason the range of radia communica—
tions on these waves is very great.

The N. I. Kabanov eifect

The Kabanov effcet accurs in the short wave band, and simply stated
says that radio waves reaching the earth's surface after having been re-
flected Irom the ionosphere can be scattered by the, eartb. Some of the
scattered radiation returns to the radiation source, where it can be re=
corded. The return scattered signals can be received st ranges varying from
several hurdred to several thousand kilometers.

If the reflecting surface creates a direct reflection there will be
no returnm scaitercd sigral.

Clzrashert w.oves pass through the ionosphere, except for tbe long wave
portion of this bond. Absorption and scattering of their energies occurs,

as does refraction, and change in propagation rate.
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3.6 The Effect of the Ionized Regions of Atomic Explosions on the
Propagation of Radio Waves (LS)

The icnized regions < atomie explosions have the properties of the iouno-
sphere. The dimensicns of these regions can be in the iens of kilometers,
and the densities of The electron concentrations in them ¢an bave magnitucdes
¢lose to Lhose found in the ioncsphere.

These regions can have the following effeet on radar operations

cause a bending in the path of the radic waves (fig. 3.19), resulting in
an error in determining target height

cos ¢ -
AH = hreg(ﬁ‘—;— 1). (3.34)

b} is the vertieal dimension of the region;

o is the angle of incidence of the beam at the region boundary;
cause a change to take place in the group signal velocity (vgroup =
c-f:_" }. in the iocnized region, leading to errors in determining the range to

the target, and equaling

sR=2L (- e, {3.25}

where

Lreg is the distance over which the ionized region extends;

cause some of the lield energy to be absorbed, scattered, and reflected
in the ionized region, and thus causing a reduction in radar operating range.

The stattered radiation from the ionized region can be picked up by the
radar in the same way that scattered radiation from any iarget is picked up.
This is the basis for the possibality oI detesmining the coerdinates of atomic
explosions and for arriving at an approximate determination of their

characteristiss.

3.7 The Effective Reflecting Surface of a Target

The effective reflecting susface of a target is the area of nondirection-
&l radiation that determines the magnitude of the reradiated power and ereates

the same flow of energy at the reception site as would the real target.

Figure 3.19. Error in determining the height of a target beyond the
ionized rggion of an atomie explesion.
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The cffective reflecting surface depends on target size, shape, material,
and radar wavelength. The directivity pattern of the secondary radiation
from the targer is badly cut up because of the complex configuration of the
Targdt. As The target moves the nature of this dissection changes constantly,
the resclt of the random changes in target position and changes in the
Girectiva of illumination. It is this that causes fluctuations in the power
oI the signal reflected by the target. Heacc, the effective reflecting sur-
face of a target is a variable, The provakllity ihai Sy will at Jeast Lo

equal to the selected magnitude (x) can be esrablished using the graph .shewn

in Figure 3.20.
) Wi 21

x
T T BRI e

Figure 3.20. Graph of the probability that tha effective reflecting
surface of a target, L) will at least »e equal to the
selected design magnitude, x.

Tadle 3.5 lists the average values for the effective reflecting surface

(ot O) for selected targets.

Table 3.5
Average values ftr effective reflecting surface for selected
targets
Type tarpet Ty nt m2

t O
Fiphter plane 3te s
Leng-range bomber 20
Ballistic missile warhead 0.2
Transport aircrast 50
Man 0.8

3.8 Radar Coverage Pattern

The coverage pattern is that region of space at the boundary of which
a target can be detccted with specified probability. The boundary of the
coverage pattern can be established through the radar equation )

4
f Z 2, 30, -0.055R _
R‘-.\/ ppr:. R L ree min'y 1@ Flo,e), (3.38)
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where F{p, &) is the stardardized antenna pattemn {(sce Chapter IV).

The random nature o the position of the boundary of the coverage Zone
is caused by the fuzzing up of the signal by noise and by fluciuations in
the effective reflectiny surface of the target. Hence, target detection is
random in nature; that is, it can, or cannot, oceur. This is taken invwo
consideration in the mcuation at {3.36) by the visibility factor, V.- The
necessary values of ths latter praviding for specificd probabilitics of
correct target detectior, (Pc d]’ and false alarm, (Pfa)‘ at predatermined
ranges, establish the tcundary of the coverage pattern.

Radar coverage pattern in the vertical plane

The boundary of the coverage pattern iy established by the resultant
antenna patter:i. Detection and target acquisition radars have separate
antenna patterns in the horizontal and vertical planes, so the coverage
patterns too are constructed in these planes. The coverage pattern in the
vertical plane is taken with respect to the maximum in tbhe antenna pattern in
the horizontal plane, s¢ its equation has the form

Re) = R __Flc), 3.37)
where
F{e) is the radar antenna pattern in tbe vertical plane.
Meter and decimeter band radars, in which the antenna pattern is formed
by part of the energy reflected from tbe eartb, have the equation at (3.37)

in the form

Rie) = ROF(e)s'y(e), (3.38)
whexre

Ro is the maXimum radar operating range in Iree space;

F(e) iz the standerdized antemna pattern in free space;

#(c) is the multiplier for the earth (see the expressions at 3.]8 - 3.18).

Figure 3.21 i: en example of tbe coverage pattern for a radar, the an-
tenna pattern of vhich is formed as a result of the energy reflectec from
the earth. The shape of the coverage pattern ¢an change 'with tbe profile
of the position and the nature of tbe soil. It is desirable to set up in
each pesition with covernge patterms for characteristic aziouths.

The ccverage patitern in the vertical plane (fig. 3.21a) is usually con-
structed in the rectangular system of coordinates, in terms of the height ()
and the :lant range (R}. Plotted on the coordinate grid are the clevation
lincs, the lines of reduced heights (H'), and the cqual altitude curves
with the sphericity of the earth taken into consideration. 7The reductions
(aH) in the latter below tbe lines of recduced heights can be estadbiished
through (3.25)

Ao B/2R (3.39)



RA-015-68B 106

The equal altitudc curves are used In the evaluation oI the combat
capabilities of a radar against targets flying at Jdifferent altitudes. The
covérage patterns in the vorticzl plane can be dissimilar in different
directigns, depending on the nature of thes radar position., With this in
ming, ithe combat vapavilities oI the radar can be evaltkated by the set of

Toverage patiarns takem for characreristic azimuths.

Figure 3.%Z1. Example of coverage pattern in the verticai {a)
and horizontal (p) planes for a radar cx a level,
homogeneous site.

Radar coverage pattern in the horizontal plane

The coverage pattern in the horizontal plane is a horizZontal section
at a definite height in the coverage patterns in the wvertical rlane. When
the site is level and homogencous the coverage pattern iu the horizontal
plane is a circle (fig. 3.21b) with internmal, unexamined amnular bands.

They Zorm at the site of the nulls in the antenna pattern.

Yhen the position in which the radar is ‘located is uneven, the coverage
pattern in the horicontal planc is ostablished from the set of coverage
patterns in the vertical plane for characteristic azimuths, and with the
screening effect of local objects at the given height taken into con=-
sideration.

Maximum eperating range, range at a specific height, and antenna pattern

for the sita a=e made more precise by using data obtained under real radar
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operating conditicns. Overflights can be used when needed to make these

refincments.

3.¢ Propanation of Electromagnetic Waves in the Infrared Spectrum

Infrared rays cover vhe bPand from O.3 om to 0,75 mlicrons, that is, the
band between the millimater wvaves :nd visible iight, Practically all bedies

ith temperaiures above absslute zero radiate infrared rays.

When propagated into the atmospirere the beam=-typz fiux from the infra-
red spectrum is attenuated besause of scattering and absorptisn. Scattering
is caused by refraction, retlaction, and diffraction of the bean-type flux
by the dlscontinuities. Thn attenuation factor due to stattering can be

estabdblizhad through the relatisnship

wvhere 3
A is the wavelangth in microns;
8 is the attenuation factor Tor visible lisht () = 0.55 micron).

8o valies, depending on atmospheric conditioas, are listed in Table 3.6.

Table 3.6

Attenuation factors fLor visible light energy in accordance
with atmospheric conditions

simospheric conditions B neper/km Bo. &%/km
Very heavy fog >48 >416
Heawvy fog L8 416
Mpderate fog 12 104
Light fog L.75 41
Heavy smoke 1.2 10.4
Light smoke 2.6 5.2
Clear 0.2% 2.1
Very zlear Q.12 1.04
Exceptionally clear 3. 0h .35

Some of the radiation energy is converted intc other types of energy
when tke bear-type flux is absorbed. Absorptien in the molecules snd gases
in the ztmospherz is resonant in pature.

Ozcpe in the infrared region of the spectrun has absorptiou lines in
the 4.62-4.95, 8.3-10.6, ani 12.1-16.% micron bandsa

€O, has the broadest abscrption in ‘the 4-%4.8 und 12.9-17.1 micron
Lands.

¥ater vepar has heavy, broad absorption in the 0.926-3.978, 1.0905-1.3165,
1.3'9-1.468, 1.762-1.977, and 2.32-2.845 micron bands. Widih of the bands,
and sntensity of absorpiion Y water varors g3d CO,-.,_ are greatest st the

earth s surfacz. They diminish with increase in height abeve seu leval.
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Chapter IV

teana Feeder Systems

Transmission Lines

Transsission lines are systems designed to transmit the epergy of
electromagnatic waves,

The ollowing types of transmission lines are currently in uses

two=wire open-wire and shiclidad;

coaxial;

rectangular and round waveguides;

sirip waveguides,

The process o transmitting clectrcmagneric energy along a line is
always wave-lilke in nature in the transmission line, regardless of the type

of line used.

4.1 Voltages and Currents on z Transmission Line

An incident wave is propagated Irom the generator to zhe load. On a
long lossy line tire amplitude of the incident wave diminishes appraaching
the load (fig. 4.1). If the load is umiatched some of the power is reflected
and there is a reflected wave {fig. 4.2}.

U'? '

Figure L&.1. Graph of the voitage of an incident wave on z line.

——

fgure 4.2, Cruaph of the voltage of a reflected wave on a linc.

The expressions for the instuntaneous values of the voltages of an
incident, u', and a refiected, u , wave on a transaission line are
y s Uq’c';“' cos (wf — a2),

e (4.12)
= o ¢ cos (w4 2+ ),
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U? and U; are th¢ amplitudes of the incident and reflected waves as
the origin of the line (vhea z = OJ3
z is a coordinate of a point on the line;
® is the cyclic frequency of the oscillation;
¢ = 2r/% is the phase factor; it characterizeées the difference in phase
in the oscillations of the traveling wave at points spaced
unit length from each other;
£ is the attenuaftion factor:;

if an angle taker. imte consideration the phase displacement at

P53

the load and the delay tetwecn the dirzet and the return pro-
pagation of the waves.

For current waves

= UTJ ¥ cos (uf —az),
. Uy o {k.1b)
ime=——= e cos(0ltaz - 4),
where ’
o is the characteristic impedance.
The resultant volitage and currént on the line are the application {super—
yosizion) of the instantaneous vaiues of the incident and reflected vaves of

voltage and current

L=ut+u, (4-2a)

P ol {4.21)

The latter equation, when transformed with (4.1a) and (L.1B) taken

into consideration can be written

i=%(:¢+—u‘). (&.3)

The relationships describing the propagation of the transverse components
of the elecirical and magnetic fields on any transmission line, including
waveguides, are similar in structure.

In complex Torm, the resultant voliage and cwrrent on the line are

described as follows
N 27 Yl A | ) Vo (4.4)

where
U(z) and I{z) arve the resultant complex amplitudes;
U@ =Ut@+U0"(2),
1=+ @ =1 E-07 3] (4.5)
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Reflecrion Coefficient

Thw somplex reflection coefficient is
7 (4.6}

and chracterizes the raiio o the amplirudes of incident and reflected waves
and the phase displacexent between these oscillations at the point under
consideration. In the formula at (4.8), Py = I'JO/UB is the complex coefficicnt
of reflection through the section z,.. The value of the modulus (po) is within

[+]
the limiis

I K, (4.7)

because the amplitude of the reflected wave cannot e greater than that of

the incident wave.

2B

The gulitplier e~ characterizes the change in amplitudes in the case

of direct and the return passage from the section under consideration to
J2oz

the load. The multiplier e characterizes the change in phase compared

with the phase of the reflection coefficient through the section z,-

4.2 Conditions on the Lossless Trauswission Line

Or. short sections of a transmission line, one with a length of several
wavelengths, and for purposes of describing the conditions on the line,
losses ¢can be ignored, the attenuation factor can be taken as 3 = 0, and
the saze relationsh:ips that exist on the lossless line can be used to des=
cribe conditions. The condition will depend on the ratio of the incident and
reflected wave amplitudes, that is, on the modulus of the reflection coeffi=
cient |p|. Tke positions of maxima and minima are established by the phase

of the reflection coefficient.

Traveling Wave Conditions
If the load is matched to the transmission line and completely absorbs
the power incident to it, there will be no reflected wave:(p = O) and there

will be traveling waves on the line.

u'r u*
L o

L___*__._/:_’;_____
|

4 &

Figure 4.3. Distribution of amplitudes on a line in the case
of traveling waves.



RA~015-68 111

As will be scen from (4.5), the amplirtudes of the voltages (currents)
along the line remain cons*ant {fig. &.3). Only the phase of the oscgillation
along the line changes.

Standing Wave Conditions
If the load does not scatter the actual power and completely reflects
the incident wave, ]p] = 1, that is, the amplitude of the reflected wave will
equal the amplitude of the incident wave. At the points wheére the phases
of the voltages of the incident and reflected waves coincide the reflection
coefficient, p, is a real magnitude. Since |pi = 1, the amplitude of the

voltage at these points equals
U =2u, (4.8)

The points indicated are spaced 8z = 1/2 apart.

In accordance with (4.5), in these sections the current amplitude is
I = o. (L.9)

The same is true for points where the phases of the voltages of the inci-
dent and reflected waves are opposite, and the resultant amplitude of the
voltzge equals zero

Uign =0 (4.10)

while the amplitude of the current has a maxigum

Imax =2I =7 "P’ {4.11)

Thus, the resultant vo)ltage and the current in the casc of complete reflection
(when |p| = 1) are represented by the pattern ¢f standing waves with nodes
and loops (fig. 4.4).

(- o
bogze2 2 /l‘ Eut'
Figure &.%4. Distribution of amplitudes om a line in the standing
wave condition.

Mixed Condition
If the load at the and of the line absords some of the power, but some
is reflected, the value of the modulus of the reflection coefficient is in
the limits
v<lel<i. (&.12)
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The condirion obtained (fig. 4.5} is somewhere between the traveling and
standing wawve condition. The sections of maxima and minima are called
characteristic sections. Across these sections where the amplitude of the
voltage is maximum the amplitude of the current is pinimum, unéd vice versa.

The distance between two adjacent maxima (minima) is Az = /2.
i) - ‘ |
s LY )
Pl s i
i 4
s “
- K—-{ / h'-.__‘_;— .
,_[_ !

- e e _-_—1:—-.—.-.- .

s gt
dadg

Figure &.5. Distribution of amplitudes on a line vhen aixed
waves prevail.

Characteristics of the fondition or a Transmission
Line
It has been accephed that the condition will be characterized by the
value of the traveling wave ratio, Ktw. The traveling wave ratio is
nuserically equal to the ratio of tbe minimmm amplitude of the voltage (or
current) to the maximum,

=U ., N =1, /1 (%.13)

W min’ “max nin’ Tmax®

The magnitude the inverse of Ktv is called the standing wave ratio,

4
K_ =1/X =Y /um,LH = Imu/lmin. (&.147

The association between st and the magnitude of | p| stems from the
relationship at (&.5)

Ks‘d =1 + lpl/l - ]pl. (4.15)

For traveling wave conditions |p} = O, Ktv = X, sz = 1. For standing
wave condivions 1p1 =1, K"'w = 0, Km = w. In the mixed wave condition

0<1p|<1,0<xw< 1, 1<b:s“<@.

Input Impedance of a Line Segment
The iaput impedance, Z(z) of a iine of section z is the impedance of

a line of length 1 = z, loaded by impedance, Z) a2

. %] 1+p
Z(g)== o =g {%.16)

The reduced (standardized) impedance is

z![z):.Z_iz’_aAf;f-_ﬁ 4a17)
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2({z) is a complex magnitude for an arbitrarily selectad section.

The magnitude p = |p| in sections of veltage maximum (turrent minimum),

A LV T IR (4.28)

that . is; it is a real magnitude.
Similarly, across the sections of voltage minimum [current maximum) the
magnitude p = - |p|, and across these sections

EANL I 1V DY (4.15)

Sonscquently, the input impedance of the line iz pure resistance across
all characteristic sections and has a complex nature, as In the other
sections.

4.3 The Circle Diagram for Long lines (the Wolpert Diagram)

The Wolpert cirnle diagram (fig. &4.6) is a pattern of curves of con-
stant values for the reduced pure, R', and reactive, X', resistances con-
structed on the plane of thae complex reflection coefficient

Z—1
2= W'i'fv"—f:r (4.20)

The zurves for R' = const = f(W, V) and X' = const = F(W, V} are

facilies of circles.

> oY HASO NG
et 1T ok

Ficure 4.56. Circle diagram fer lorng lines.
A = digtance from load.

The curves for the constant value

szeconstand?.‘ = 2/} = const
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are plotted on this same Jiagram.

These two families, together with the circles for Rt = const and
X' = const, yield the circle diagram (£ig. 4.6).

The diagram can he used to establish the impedance of various sections
of the line for a given line condition and, conversely, to determine what
conditions are Ior a kmewn lsad impedance, This is why the diagrem, constructed
using relative magnitudes R* = R/P, X'.= X/f, ' = 2/}, as well as the dimension-
less sagnituace sz, is universal end can be¢ used for computations on trans—
mission lines of any type.

In this diagram the circles for Kﬂ =1 {or p =0), that is, the natch
condition corresponds to the central point. The cirele cerrespanding to
st = =, that is, standing wave condiczjons, is the outside cir:le. The
intermediate walues of sz are not plotted to avoid complicating the diagram.
The value of K“ can be taken from the curves for R' = copnst where “hey
intersect the vertical axis (the axis of real magnitudes). The upper part
of the axis of real magnitudes corresponds to the sections of voliage minima
(current maxima). On this line X' = Q and R' = X, < 1l. The lower part of
the avis of real magnitudes corresponds to sections of voltage maxina
(current minima). On this line X" = O and R' = K, > 1. To the lefi are
the arcs of the circles when -X! 2 const, and to the right the arcs of the
circles wien X' = const.

Figure 4.7. Use of the circle diagram to dc¢teritine the magnitude
of sz on & line for a specified load impedance.

A=K =R sBuR CaX + 3xe
W max

max’ 15ad load”
3 3 L] L] 1 Xt - 5
Example. It ig given that Z load = R load * X 1oad® Find sz and

the position of the closest mipimum with respect to the load,

The solution sequence will be explained through the schematie shown
in Figure L.7.

1. Find, on the diagram, the curves for R'J.oa.d and X' load” The
points at wnich they intersect establish the position of the impedance,

z on ithe plane of complex p.

1]
load



RA-015-68 115

2. A concentric eircle passing throughsihis point establishes the value
of K.W. The value sz = R'm can be read at the site of the intersection
of this circle with the line of maxima.

3. The reduced distance from the load o the closest minioum corresponds
w the angle, read counterclockwise, between the radial line passing through
the point z.load and the line of the minima. The figures for the values of
the reduced length z' = 2/} are plotted on tbe ocutside circle in the diagram

(fig. 4.6).

L.t Matehing load znd Line

IZ the line load does not equal the characteristic impedance, there
will be a reflected wave on the line in addition to the incident wave, as
has already been pointed out. The larger |p|, the greater the amplitude of
the reflected wave and the claser conditions on the line to the standing
wave conditioms- 7he refiected wave causes an incresasc in losses, and the
appearance of over-wvoltages reduces the electrical strength of the line and

Teasifies tne dependence of the input impedance on the frequency.

A amatching device {fig. 4.8) is installed near the 1cad in order to

<liminate the reflected wave.

? s,vs

T

LA, >,
fmms s
EY <

Figure 4.8. Schematic of the installation ¢f a matching device in
a transxission line.

A - sz; B — matching device; C - zload'

Matching device parameters are selected such that the device will trans-
form load impedance into characterisiic impedarce; that is, the input im—
pedenice of the device will be equal to the characteristic iopedance

2, = P, that is Zv = 1 or Y= i/p, that is Yl = 1. (4.21)

Now pure traveling wave conditions will pertain on the line to the left
of the matching device.

The matching device ought not introduce loss, so should be a reactive
sink.

Quarter-wave transformers and reactive studs are most often used as
matching devices.
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5.5 Two=Wire and Coaxizl Lines

Tao-wire (symmctrical) lines can “e open, or shielded. The construction

of open {unshielded) feeders is shown in Figure 4.9, that of shieldec in

Az the present time open fesders are used primerily for feedirg sym-
setrically-coupled long wave and medium wave antema.s'- The open feeder is
held by rigid insulators, or is fixed in place by guys apd insulators.

Tan ~nixial (unsymmetrieal) feeder can be rigid or flexible. Iu the rigid
coaxia, Teoler (fig. %4.1l) the inmner wire is supported by dielectric spacers,
or by amal 1 swiators. The latter are short-—¢ircuited segments of the

A

Figure %.9. Construction of symcetrical twoewire unxhielded
lines.

“e
o A y—ry
N

i

e i
I3y s 5

Figura %.10. Construction o symmetrical two-wire shiglded lines.

i s

a = with a cirtidlor shieid; © - with strip cunacctars.

s
Figure 4.li. Ceosstrvetizn of coaxial capies. a - wiih spacers
A insulxtprs; b — with metal insulanors.
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feeder with electrical length 1, = /4. The impedance of the supperting
segment (of the insylator) can be computed through the formula
z, = l,pz/m {4.22)
in ins ’
where
§ is the attenuation factor for the insulator feeder.
s Z. .
ince o » BAs T, o o
purposes, shunt the main feeder.

» p, ard the insulator will noxr, for all practiczl

The flexible coaxial feeder consists of a flexible cuter metallic braid
and an imner wire supparted by insulators. The insulation most often used

is a solid filling of a pelvethylens type dielectric.

Two-Wire and Coaxial Line Parameters
These lines have the following main parameters:
charactsristic impedance 53
line wavelength l]i.ne;
velocity rate £ = ;‘/Aline;
permissiole Voliage Upem;
attenuation factor §.
‘The two-wire cable has a

characteristic izpedance of

e 26 £
PEyIE T (4.23)
where
4 is the distance between the wires;
r . is the radius of the wiress
€. is the relative dielectric constant for the dielectric envelope;
for an aari‘al cable er = 13

a permissible voltage for an aerial cable of

U =u, SR (4.24)
where
A 4.6£Hmitr£cm] log &/r, Ej. .. =30 kv/cm; (Lk.25)

k=2 to 3, and is the assurance factor with respect to electrical strength;

an attenuation factor for typical aerial cables in the meter band of

g = (0.01 to 0.04) db/meter. (4.26)
'.l'br.-_ coaxial cable has a
characteristic impedance of
pmEg R, (4.27)
' d

a permissible voltage for an aerial cable of



where

v =2.3 E_. r{exm] log R/r.

limit iimi

The wavelengih for a cable with a iielectric Tiiler can be computed

throwgh the formula

L
Aing = MV (4.29)

where
) = 200/iTxHz] is the wavelength in free space, in meters.

Correspandingly, the velopcity rate is
£ = _';;_:. (%.30}
For a cable with dielectric spacers
E = 1.01 to 1.05. (&.32)

Teble 4.l
Electrical characteristics of flexible coaxisl cables

Type cable Characteristic Attenuaticn  Outsice Working
impedance, when £ = diameter, voltage,
ohms 100 mHz mm kv

RX-29 50 0.113 9.8 2 0.5 1.5
RK- 15 52 0.2 Lo2 0.2 1.0
RK—6 52 .03 12.4 2 0.6 4.5
RR—47 52 0.08 10.3 % 0.5 1

Ri~45 2 c.13 6.9 = 0.3 1

RX-3 75 0.07 13.0 = 0.7 5.5
RR-2 7 0.11 7.3 0.4 3.0
RR-2 92 0.09 9.6 = 0.5 4.5

4.6 Wavequiles

A wavgguide i= a hollow metal tube used for the transmission of electro—
magnetic waves. Any shape of tube cross-secticn can be used as a waveguida.
From the standpeint of comstruction, the rectangular wavegiides are more con-
veniont to use. Round waveguides are most often used when axial symmetry of

the waverquide is required, with rotating juncticna, for example. Any waveguide

* k= {5 to 7) for a line with metal insulators; k = (15 ta 20) for
& line with dielectric spacers.
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is a unique filier of the upper frequencies and thase can Propugate oscilla-
tions along tae waveguide if theoir wavelengihs are storter . .an some critical

vavelength -
ngti, )‘cr:u*.

PR {L.32)

The value of ;‘c:‘it is determined by the transverse dicensions aad
n«pe o oscillation propagated in the wavegquide. The smaller the traasveirse
Ainensions, and the more complet the pattern of the oscillation field, the
shorter the critisal wavelength.

Ordinarily has the same order as that of the transverse dizession

}‘cr.rr.
of tie waveguide, s5 it is cdesirable 1o use uweveguides to transmibt waves in
the decimeter, ceatizeter, and rmillimeter bumds.
Waat is estobliskhed in any waveguide is a field patiern such that on
the wiils of the wavegnide the tangent component of the mcgaetic field
eg‘...a.‘l.s 24Ar0. -
Transverse elecirical oscillations with a icngitudinal compenent "
0f the magaetic field, called type TE waves {or ii waves), as well as
Transverse magnetic wavaes with a fongitndiral comzonent Ez of the ¢lectriecsl
field, can t2 propagatad along a Mollow tube. The latter are cailed type
™ waves {(or £ waves).
The wave ihat will be propagated in a wavejuide zlone, witboutr the mixing
in of other waves, is called the funzamental wave for the Vuveguide, and the
athers are called higher types of waves.

Fo= the fupcemental wave

A (4.33)

erit Tund © Aerit high®
The wavegride sncuid crdinarily operite on the fundamenival wave without
The mixing ir of "higher waves. For this purpose the dimensions of the Wave-

guide are selected such that they satisfy the ineguality

A> {4.3%)

dorit funa ” crit highk"

The wavelength iz the wavegquide Tor thi: selected oscillation equals

P:\w
. ,“ - 2
M = 1/¥1 ~ (Ijlcl'it" - (&-35)

The wivelength, j increases with increcse in ;. When % —+ kcrit’ the
wagnitude )‘w -+ x, indicating the curtailmert of the propagation along the
wavgguide of the type of ascillation imder consideration. The phase velogity,
v_, of = wave in a waveguide characterizing the movement of the field pattern

ke)
along the waveguide, equals
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= - . 2
o= AL = c/h - (;chrit) . (&.36)
It will 2lways be greater than the speed of light, that is, vp > c.
AT the same time, the energy iransference rate is
3
v, o ch - ) (%.37)

and always is less than the speed of light, that is, v, < e-

If the condition ) < )‘c:'it ig satisfied for the selecied type of oscilla=
tion, traveling, standing, and mixed ware conditions can exist in the wave-
guide, depending on the nature of the load.

4.7 Rectangular Wavequide

E and H waves can exist in a waveguize {fig. 4.12). The critical
wavelength for the E and H waves can be established through the relatienship

2

For E waves: m = 1, 2, 3, ees;j 0 = 1, 2y 3e.s

For Hwaves: m =0, 1, 24 7, «saszn =0, 1, 2, 3 «cs

Values = = 0 and n = O at the same Time are impossible for H waves.
The indices m and n indicate the mmber of standing haif-waves along sides
2 and b, respectively. For the case when the dimension b > a, the highest
can be cbtained for H . waves (m = 0; n = 1), which is therefore the

7L¢:x'.‘_t o1
fundamenta® wave for a rectangular waveguide.

Figure 4.12. Rectangular waveguide.

Fundamental (HO.,) wave in the rectangular waveguide. Figure 4.13 shows
the structure of the electromagnetic field of the wave for the patching case.
For this wave 1<:r.f.t = 2 ba.

The electrical strength of the waveguide operating em wave 801 can be
established through the expression '

P, = By ShBor x| 1 - G/zm)P (4.39)
limit 1imi:
For air Blimit = 30 kv/ocm.
Ordinarily
P = (1/3 t0 1/5) Pyooe (40O
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In order to preclude the possibility'of the appearance of higher types

of waves, the operating wave is selected froo the condition

~ b
188> 0>y, - (4.41)
The characteristic impedance wita respect to the voltage is
- 2=
fo = U"m_/ap - —— ) (&.42})

Figure 4.13. Structure of the field in 2 rectangular waveguide
opergting on a fundaxzental wave, 1-501.

Basic data on rectangular waveguides are listed in Table 4.2.

Table 4.2
Ractangular waveguides

A % IC D IE, Moverase-
Buyzperize pas. o0e3 apoay- | Tosugma ove- | Puboam | uoe adzymume.
e, Mt s, ex | ok, dka HemmeS a3
-
i

LR 22 33463 Ja 43.5 .63
SwWite | 20532 3N 18,9 0.005
853120 13,63—-20,7 | 2.3 B3 0.012
PO $ieinss| 2.0 33 0.017
Nk 7E—ilgs | 2.08 3 8l0%s
hida3 S, 0l— 7,62 1,63 1,04 9.034
153255 Pe- 58| 16 0,54 g%
ioxn 4 30| 1 0.2 0.1%7

Key: A = ingide dimensions, mn; B - passband. cm; C - wall thickness, mm;
D - aperating power, ow; E - maximum attenuation, éb/meter.
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4.8 FRound Waveguides
Both E and K waves can exist in round waveguides, The critical wavelength

A, = 2ma/U (4.43)

erit
where

a is the waveguide radius;
5Um for E waves
U= tL‘ for H waves
mn
U—zz is the n' root of the Bessel fumction of the firxt kind af the ol
order;
U;m ig the nW root of an arbitary Bessel funcition of the first knd
of the o ordes.
Possible values are m =0, 1, 2, 3...35 01 51, 2, 3...
The index m indicates the periodicity of the field of the wave (the
. nuzber of "standing waves" around the perimeter of the cirmumfcrence of the
waveguide). 7The case of m = O corresponds to a wave with acial syrmetry.
The index n indicates the numb of independent coaxial regions, in each
of which the emergy flows as in an independent waveguide, without flowing into
a neighboring region.

The fundamental wave in the round waveguide is the H1 wave (fig. L.14).

1
for (ois wave

Aepge = 3441 2 (et}

cri

Figure %.1%. Hll wave in a round Figure 4.15. HOJ. wave in a round
waveguide. waveguide.
The HJ.I wave can be used in installations in which it is necessary to

turn the plane of polarization, as well as inm variocus waveguide transitions.
A symmctrical wave of the N, type (fig. 4.15) can be used in addition
to the Hll wave. This wave has little atteruation, subsiding with increase

in frequency, so it can be used in long-range transmission waveguide lines.
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The symmetrical E,. wave {fig. 4.16) can be used in rotatimg Jjunetions
(£fig. 4.17). 1In these junctions the . .:tact with the outer Walls is through
& guarter-wave coaxial stub, &, whi: rovides the electrical contacs az iha
rotation site. The guarter-wave &I . .iing sleeve, 6, supprcsses the radiation
of super-high Iresquency energy. 7T... surpose of ring 3 i35 To suppress the Hn

w. hich i i i
ave, Wl can appear in the junction because 3 )"c:-it 501.

crit Hyy =

Figure 4.16. E°1 wave in a round waveguide.

AARNNN GRS

SR S W

cutput

s [
Suod 1 F

input T e
T TIT

Figure 4.17. Rotating waveguide junction,

The H , and E,) waves are also used in cutoff atiepuators (fig. 4£.18).
The dimensions of the Waveguide for the cutoff attenuater are selected such
that the oscillater vavelemgth satisfies the condition 4 > )‘crit' Given
this selection of the Waveélength, the propagation factor is v =2 g, and is
real, so the super-high frequency oscillaticns attenuate along the wavegulde.
The dimensions of the cross section of the attenvator are usually sclcczed
small and the oscillater wavelength turne out t¢ be a good deal longer than
the eritical A ¥ i erit® Now the attenuation factor can be compuied through
the approximate formula

8 [nep/a) < 2n/i_ . [=l. (5£.45)

cri
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input r""’ ;;,, L’_./-r', —-az':: ouTRuT
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Yain

Figure 4.15. E and H type attenuators.

The magnitude of the atienuation cerived froa typical atTenuators ranges
within the Iimits 028 = (1 to 3) nepfem, or 8 = (20 30 3CY sb/cm.

4.9 Directional Couplers

Directional couplers are used to tranamii some of the electromagrnetic
enorgy froo one waveguide to another. Becatise of the directionel properties,
The incident and reflected waves in the main waveguide in turm set up traveling
waves ir different directions in the auxiijary waveguide. If there is a wave
in ome direction iIn the main waveguide, there will oniy be a wave in one
direction in the case of jdeal directivity in the auxiliary wavequide. And
in real couplers there is a =mal) amplitude wave in an undesirable direction.
The relationship bewween the powars af the waves propagated aen the auxiliary
waveguide in desirable and undesirable directions characterizes the directivity

of the coupler

D [éb] = 10 lag ¥~ /p;u. {5.46)

In the cose of tne ideal coupler P;ux =0 and D = », Ordirarily the
magnitude is D = 20 to 40 db.
The coupling botween the main and the auxiliary waveguides is characterized

by the iterative attenuation

CI[ae) =30 log P, /P;u. (hok7)

The magnitude of C can take values from € = O (full transaission of
eaergy from the main wavequide to the auxiliary) to € = 50 to 70 db, when
part of the main power is transmitted by the suxiliary waveguide (10-5 o
107

I an absorbing matched load is Znserted as a directiomal coupler in
oze arm of the amuxi®lary waveguide, and an indicater is imserted in the
other azw, an asseubly such as this will enly reast to cne wave, the incident

wave, for example. IIf this directiomal coupler is then turned so the output
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flange is ecoupled to The oscillator, we obtzin an arrangement that will
react only to the reflected wave.

The following varieties of couplers are 1o be distinguished.

-, L LLLL ",
A fgPzoxg sama
¥a 7 Gmpose. saing B
[ i o - |
RN \ RS Lemerngy
A S
iy 2 B —— r
Xl [

i Famren g
AIZLLEITIFITTI7777T 7

Figure 4.19. Directional coupler with a quarter-wave separation
of the coupling Loles.

A = incident wave; B - reflected wave; C - detector.

Couplers with quarter-wave separation of the coupling elements. The

simplest coupler of this type is the two-hole coupler with the coupling holes
in the narrow wall of a rectangular waveguide functioning on the main wave
{fig. %-19). Here directivity is acbicved because waves moving through the
hole add in phase in the required direction, but are opposite in phase, and
mutvally compensatory in the case of the opposite (uncesirable) direction
because of the differesice in electrical patbks, o = 2'1‘/1. R 2.

Couplers with several Vlt spaced holes are used to reduce the iterative
attenuation and to increase the directivity in tre frequency range. A
coupler such as this can Be considered as a stape made up of several two-
hole couplers.,

Quarter=-wave stubs, coupling the wide walls (fig. 4.20;, are sometime
used instead of round holes. ’

1
Y

- .‘_‘ —_
Fiqgure 4.20. Dircctional coupler with coupling stubs.

Couplers with mixed electromagretic coupling. Examples of these couplers

are those with round and +—shaped holes in the wide wall of a rectangular

waveguide {fig. &.21 a and b). Directivity in these couplings is arrived az
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vecause of the directionzl propertics of the coupling element proper. Specific-
L11y, in the coupler shows in Figure &4.2l1a, the directional Properties of the
round ole dre establishod by The simultancous excitation in the hole of a
syvietolrical B and an unsymmetrical H wave of a circular waveguice. Because

o the coupling of thoso wavaes the resultant characteristic radiaiion from

the hoie inle the auxdliary waveguide has directional properties.

In the coupler shown i Figure 4£,21b the directiviiy of the -—shaped hole
is established by excitation in the slots of the crosis that has tive and space
shifts of 90? and the resultant characteristic of the radiation from the
main wavejuide inte the auxiliary waveguide too proves to be directional.

Couplers with distributed coupling. This coupler is designed in the form

of twe waveguides connectoed through a long slot in a common wall, or in the
form of two ribbon lines located quite c¢lose to each othere Lach secticn of
e slot (line) car be considered an elementary exciter. If a traveling wave
is propagated in tha maln waveguide the phases of the clementary exciters
will change along the waveguide in accordance with the law for the change in
phase for the particular line. Because of the functions perlormed by these
exciters, a Ttraveling wave in a predetermined direction can also be excited

in the auxiliary waveguide.

Figure +.21. Directional coupler with miXxed coupling.
a - with a round coupling hole; b — with a
twghaped coupling bola.

The change in the direction of propagaiion of the wave in the main wave-
guide causes a change in the direction of the wave in the auxiliary waveguida.
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Consecquently, this svsiem isg a directional <coupler.

>

<10 Vavequide Eridaes

waveguide bridges are used zo decoupla oseillazers on &iffcrens frequen—
cizrs 21d operating on a common inad, Jor mecasuring =issciches, 2nd as eléesents
in anienpa switches and balanced mixers. Thoe bridges meost often used are
Tebridges and slodt Eridges.

The T-bridge (£ig. &.22a) is a combinatien of two wavesuide triplets.
17 mztched lozés are comnocsed <o aras 3 and 4 of ihe bridge, and then fed
from the arm 2 side, there will be no emergvfleow n ara 1, because of oridge
SYRIer Y. { itke feed is Irom the arz 1 the eaergy will flow 10 arms 3 and
L, but net 0 arm Z. Arms 1 and 2 are tharefore decoupnled when arms 3 and 4

caryy symmeirical loads.

= 3.
ﬁ\"a}ué i
=y )

.3
7

:

Sgure £.22. VWaveguide tridges.
a - waveguide T-bhricge; b = £20% bridge; ¢ -

nertz”

I¥ the bricdge is fed through arm 2, a mismoiel in eizher of arms 3 wnd
4 will resulr Ir super-high frequency emergy flewing ir arm 1. Tals pheno-
mencn iz what makes it possidle to use the bridge as a mismateh indicator.
The disadvanicges of the T-bridge a-e Lhe nmeed for an edditicaal zatcehing
device, and the rigid manufaciuring specifications witis respeet o 2cecuracy.

The siot bridge. The most widely used design s that In the fomm of
iwe wavegtides with a coxsom marrow walli, part of which is eur out (fig.
L.25%). A capacitive stib in the central section cexpensates o5 the re-
fieetnd waves occcurring at the site of the junetion between ithe narrow and
wide seczions.

Thae sloi bridge con be considered a cirectional coupler with discributed
copling ané an iterative attenuation of C = 3 da. I the bridge is fec
froz the zrz I side, and if matched loads are conmectad 30 arms 3 aad 4, ©o
2]

cacrny wili flow in ars
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The length of the stat, in the bridge is selected for the

‘siot?
condlizion

Lt (4.8}

In this case power fed to arm 1 will clvide equally Detween aras 3 and
4. AT the sooe time, the phase of the osecillations in the arms will differ
by K. ¥o signal will Pass through arz 2. 1if one of the loads on arms 3
s % 1s pismotched there will be a reflected wave, part of which will travel
on ars 2. Accordingly, the slot bridge is sinilar to the T-bricgye, so far
as the functions it perforsms are cancernmed. Simplicity of design and good

band coverage are advantages of the slot bridge.

4,21 Sirip Lines

S:rip lines are usually used in super-high frequency circuits in
receivers and are made using printed-wire methods. The advantages of these
lines nre their good engineering features and small size. They cam be readily
coupled o coaxial lines and waveguides. Disadvantages ire low electrical
strength and quite heavy lossos.

Unsymmetrical {(fig. 4.23a) and symmetrieal (fig. 4.23b] strip lines csn
be used.

Figure 4.23. Strip lines. a - unsymmetrical strip line;
b = symmetrical strip line.

Tae characreristic impedance of the unsymmetrical lipe is

1%z d .
?=-I7$'7,'- {4.49)

R 1 (h-50)
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Strip lines can be¢ used to build directional couplers, oridpes, filters,
atienuators, and other devices. Design prineiples are those ajpiicable o
waveguides. Striy lines are used primarily in radas receiver Zluzbing a=d

in s=all super-high freguency gear.

4,12 The Nornreciprocal Elements in Tramsyissica Lines

Devices in which anisotropic materials, <ke propertics of whieh c¢iffer
for waves from diiferent directions, have been developed Jor use as whe ¢ieleciric
in present-day transcission Lines.

The anisotroupic materizl most oiten used Is a zagnetized ferrite.

A ferrite is a magneteo-dielectric with a erystalline structure whiex,
in its external appearancy, Tesembles a ceracic. An anisotropic magnetized
ferrite makes it appear that waves with a different direction of rotatian of
the plane of polarization are propagated in the ferrite at diiferent phase
velocities and are absorbed differcntly. Specilically, if the exeiting field
is selected in accordance with the relationahip

.Ho (a/a] o, 28.6 f{xdz], (4.51)

where

I 1is the frequency & oscillations of the wave,
then for a wave frog one of the directions there Is Iinzeasive absorption,
occasioned by ferrcmagnetic resonance in the ferrite.

By changing the exciting field we can change the ratio of zhz propzgation
parazeters for waves moving out, and returning.

The following effects are most often used when ferriie transmission lines
are exployed:

nonreciprocal (that is, different for direect anéd return waves) rotation
ol the planc of polarization;

nonreciprocal phase time delays

nonreciprocal abserption.

The Nonreciprocal Rotator

Devices providing for the nonreciprocal rotation of the piane of pelariza-—
tion are called nonreciprocal rotators. Most widely used ase yotaiors tasad
on the use of the Faraday effect (fig. 4.24a). A rotator of this type is a
circular waveguide stub working on an Hll wave, In the center of which is a
longitudinally magnetized ferrite rod.

A change in the slope of the plane of polarization is made by changing
the excitation curreat in the coil.



RA=Q15-63 120

L T A

— T

KSR AFGUING
L il

Figura 4.24. Ferrite waveguide e.azents. a - nonreciprocal rotator;
© = ponreciprocal paase shifrter (when H < :iol.

A - ferrite; B - excitation coil.

The Nonreciprocal Phase Shifter and Absorber

The device providing the nonreciprocal thase time delay of the waves is
saljed the ncareciproecal (unicireciional) paase shifter, or nomreeiprocsl
shage switcher.

The mosc convenient phase shifzer is iz the form of a stub of rectangular
ceveguide with a longitudinally zagaetized ferrite plate (fig. 4.240). Tae
diZferance in the phase time delays for waves =oving in opposite directions can
be establisicd oy tac =agnitude of the exeiting field, and the intensity of
the X magaetic field Is taken much lower than rescnance (H § HOJ, 50 ab-
sorpsion will be approximately identical, and sxall, for Cirect, as well as
TOTUIT, WEVES.

Devices that absord direct and return waves differently ave called non-
reciprocal stienuators (reflected wave iasulaiors).

The simplest attenuator can be obtained if, in the device reviewed above
{Jig. 4.2L5) im the form of a stub of rectanguiar waveguids with a trans-
versely magnetized ferzite, the value of the exciting Fieid is Increased to
some magnitude H x Ky that will correspond o the oond:'.'t‘ion of ferrcmagnetic
resonance and of imitensive absorption for one of the waves (the reflected
wove, for excmple). At the sime time the direct wave will move with slight

attankation.

The Circulator
wne circulator is o picce of plumding in wiich, because ponreciproeal
clezents are used, a wave moving to one of tre arms will be propagated inside
the circulator sver a patk different from ther over which the wave leaving
this arm is propagated. . Figure %4.25a is a diagrammatic lazyout of a circulator

with four feed arms.
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Figure %4.25. The circulater. a - schematic diagram of cireulator
operation; b - circulator in which the effect of a
nonreciprocal phase shift is used.

If the feed is from the arm L side, the signal is fed into arm 2. At
the samic time, if the circulator is fed from the arm 2 side the signal is
no longer fed into arm 2, but to arm 3 (or &), etc. Thus, signal passage
in the cireulator is in accordance with the pattern 1-2-3-i=1...

The circulator can be used as an antenna transfer switeh if the trans-
mitter is connected to arm 1, the antexna to arm 2, the receiver to arm 3,
and the absorbing matched lvad to arm 4.

The circulator can be used as a wnidirectional absorber-matching device
if, 25 before, the oscillator and the load are conmected to arms 1 and 2,
and the matched loads are connected to arms 3 and k. Now the reflected wave
is fed Irowm arm 2 to zrm 3, then to arm & where it is completely absorbed.
Thus, omly the incident wave remains ocm arm 1 and the oscillator feeding the
load through the circulator is always working on a matched loed.

Cirsulators using the effect of a nonreciprocal phase shift (fig. £.25b)
are the ones most widely used. The principal parts of the circulator are the
slot bridges, I and IXI, the nonreciprocal phase shifters, NP-1 and NP-2 with
L\_@n = =90°, -and the reciprocal phase shifter with A@o = ~-G0°.,

let us consider the passage of a signal fed into arz 1. After slot
bricdge I ihe signal power is halved, and, because of the properties of the
bridge, the phase of the signal in the lower section will lead that of the
signal in the upper section by 90°. The nonrecipreccal and reciprocal phase
shifzers in the upper part in turn introduce an additional 180° shift, at
ihe same time that tbe lower nonreciprocal phase shifier provides no phase
shift oecause the ferrite im it is located anti-symmetrically with respect
to the ferrite in the upper phase shifter. This, the "upper' and "lower"
signals at the input to bridge II will have a 270° shifi, as a result of which
signals faé inta zrm 4 are bzlanced and all the energy flaws in arm 2.

If the circulaior is fed through arm 2 the signal will halve afie:
passing through hridge II and the "upper” and "lower" signals will be ob-
tained with identical §0°% zdditional phasc shiftis because of the upper reei-
procal and lower nonreciprocal phase shifters. The upper nonreciprocal phase

shifter introduces no additiomal shifi. Following reasoning similar to that
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in the rorcgoing, onc can be persuaded that in this case the signal is only
fed inte arm 3. If the device is supplied Irom the arm 3 side the signu? is
{cd into arm 4. Thus, the device has all the properties of the circulator.

Circulators of a type similar to this are widely used in modern radars.

Anterma Devices
Davices used for the radiation and reception of eleciromagnetic waves
are called antermas.
Antennas have the property of reciprocity. Antenna parameters in the

reception mode are established by its parameters in the transmission mode.

4,13 Transnitting Antenna Parameters

The radiation pattarn shows tbe dependence of the power () density,
or of the amplitude of the antenna Tield strength {E), on the direction in

space when the distance to the points of observation is constant, that is

E(o, 8)=Eq F{g 8), (4.52)
(2, @) =f,.F (3. 0), (4.53)

wheare
Em &Nk up . 8T the mastismim values for the respective magnitudes;
@y, 8, are the azimutb and meridional angles.
The pattern is depicted in the priucipal planes by a plane curve in

a polar {fig. 4.26a) or in a rectangular (fig. 4.26b) system of coordinates.

g-a .} Figi

Figure 4.26. Radiation patterns in a polar (a) and in z rectangular
(b) system of coordinates.

Patterns are classified according to their shapes.
Figure %.27a is that of a cosecant patterm, fixed in the vertical planc
through the equation

Fle) = sin ¢ cosec ¢ when g_g e ¢ (&.54)

‘max?
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where
g, acd €y 2FC the minimus and maxioum elevation angles in the
aguation for the cosecant pattern.
Tha cosccant patternm can be used in ground radars for observation ur=
peses and in aircraft radars. The level of the sigral reflected from targets
at various distances from the radar within its operating range rmains une

changed at the receiver input in the case of the cosecant pattern.

Figure 4.27. Radiation patterms. a - cosecani; b = spade; ¢ =
pencil; d - fen.

The spade-shaped patterm, used in radio altimeters, "is shovu in Figure
4.27be

The pattern, the _major lobe of whick is epproxirately symmetrical with
respeet to the direction of its maximum, is called peacii-sbaped (fig. &.27¢).

The pattern expanded in one yprincipal plane and ¢ompressed in the other
srincipal plane is called fan-shapad (fig. &.27d).

The directive gain of an antemma (G) is that number indicating the
gain in the power density, or in radiated power (P:J, provided at the polnt
of cbservation by a directional antenna as compared with a nondirectional
antensa (fig. L.28)

(78
Gz, @ = when on = PZ’

.
Gz ™ ___-"-:_. when E_ = E. . (&£.56)

{4.55)
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Tz the formulas at (4.55) and (4.56) the index I denotes a magnitude
equatea to the field of a directional antenna, while the index O denctes

trhat t¢ the field of a nandirectional antenna.

]
') tép, 72
5
L/ P i
iy !,
Zd 156,8), My,8)
T,

Figure 4£.28. Determination of directive gain of an antemma.

The dependence of the directive gain on the direction in space can be
established through the pattern by the rélationship

G (3, 8} =G pgF (2 O). (4.57)
The maximum value of the directive gain can be stablished through the formula

f
2 2
G =E D /60Pz, (4.58)
where

D is the distance between the antemma and tke point of observation.

The radar resistance C%) is a factor associating the power radiated by
the artenna with the square of the current (I) at a particular point on the

L
antenaa FR:_
P=-z=

The antenna efficiency, 1 ar is the ratic of the power radiated by the

antenna to the power fed to it (PA)
P
LTSl ety ey ) {4.59)

where

Ploss is the power loss.

The anterna gain; g A is a pnumber indicating the actuval gain in poser
density, or in radiated power, provided by a directional an':enna", that is,

the gain with losses taken into consideration
Ga @,0) =G (2,0} 7, = fmF> (2,8). (4.60)

The input impedance (ZA) af a transmitting ontenna is the impedance
with which the antenna feeder is loaded.

The resisctance (RA) in the input impedance includes the radiation
resistance eguated to the current flowing in the antenna input ,(RZA) and
the resistance of the losses (Rloss)
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Ry =B * B sse
The aatenna radiation height is the theoretical leugth of some equivalent
linear array antepna with uniformly distributed current along a conductor and
a "current area" (SI), egual to the "current area" of the real antenna
(fig. 4.29)

hrnd = SI/IA.’
where z

IA is the current at the antenna terainals. ;\:r:.,-,:

Figure 4.29. Determination of anienna radiation height.

Antenna parameters are associated with h by the dependencies

rad

hrad. EIVZ. 3 S {4.61)
wherec
HS = I&AG /120 is the maximum value of an unnormalized pattern;

Eb = 60nL A/J‘D'hra & (L.Gla)

4.,1% The Receiving Anterma and Its Parameters

The receiving antenna ¢an be represented as a generator of an emf with
an internmal impedance zi. The equivalent circuit of a receiving antenra
loaded with impedance zload is shown in Figure 4.30.

Figure «.30. Eguivalent circuit for a receiving anterma.

The receiving pottern of a recciving antenna can be establishied as the
dependence of the emf induced on the angle of incidence of the arriving wave.

The effective height of the receiving antenna can be established as the
dependence oL the emf inducaed on the annle of inciduuce ol the arrivias wave.

The effcctive height of the raceiving antenna is the eoefficient linking
the antenna emf (erecl with the intensity of the electrif field for the
direction of maximum reception (given the condition that the receiving antecana

is oriented in accordance with field polarization)

crec B Eh:au & (4.82).
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The directive gain of 2 receivirg astonra is a nurber indicating the
Zactor by wihich the power of the incoming signal arriving from the direction
of caxizum Jeception is greater for a directional antepna than it is for an
isotronic radiztor.

The receiving pattemrn, tiae etfective height, and the dirsctive gain of
an srtenna in the receiving mode are the same ag the correspoading parameiers
of tha sace antenna operating as a transmitier. The internal impedance of a
receiving antenna is equal to the input impedance of the same antenma in the
transoitting mode. These are the properties that are the antemnna reciprocity
propartias.

The power, Prec, delivered by tha receiving antenza to the matched load
is established through ‘he formula

Pm = [Is A"
where

1 is the power density in an incident plane wave;

S‘.‘ is the antemna capture area.

The anienna capiure aree is linked with the other parazeters by the
dependency

s, = 3/hrmg_ F(0,6)- (4.63)

In the event of a nismateh of the load, the magnitude of S A mig 5

rediced in proportion to the degree of mismatch

2
S, gis = Sp - (pmi Y (4r.64)
vhere
Prar is the volrage reflection coefficient,
The effeoctive surfaces of antemmas are the rzdiating surfaces with size
59 cquals
SA = sgxuf’ (4.65)
waere

Ku.'." is the surface utilization factor.

4,15 Systems of Radiators

Tte resultamt system pattern (F ) Zor identical radiators caz be
established by the sultiplicatioz rule. It equals the pattern of one
raciator in the system (Fll multiplied by the system factor (Fs)

F_=FF. (4.66)

The system of radiators is said tc be linear if the radiators are

positiened in line.
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The factor for a discrete egqual amplitude linmes~ systen of identical
czdiators (fig. 4.31) with a linear inmercase in the -..itial phases of the
t:¢lds can be established through the formula

sin el

Folpy=—--*_, {4.67)

waere
N is the number of elements in the system;

=2m/), dxsina - ¢, is The generalized coordinate;

®o¥

d. is the distance hetween radizators in the system

¥

¥, is the difference in the initial phases of the Tields of adjacent
radiators.

The factor for a similar continuous system of radiators is in the fellowing

form
st(sx)=“_i:_, (&.68)

where

§x=1,x/2(2:/), sin @-:;;) is the generalized coordinate;
L:: is the system length;

@‘x is the phase displacement per unit length of the system.

The width of the major lohe of the factor for linear, equel amplitucde
systems can be established through the following ajproximate formulas:

for A discrete systeam when Nx; 5

. 045, _

8y, = 2artsin =3 (.69}
for a continuous system

By s == 51 (4.70)

In linear systems in wiich the cosine anplitude distridtution diminishes
toward the edge thz width of the major lobe of the system factor is epproXi-
mately 1.3 tim=s that found in a system with vmiferm amplitude distribution.

A flz2t, rectangular lattice of radiators (fig., 4.32) can b: taken as
a linear system consisting of Ny Parallel rows, each of which is a linear
systex of Sx elements. In accordance with the multiplication rule, the
facter for an 2gqual amplitude system of radiators locaied in a rectangular
plane can be astablished as

for a discrete system

N,
sig __‘v_"’ﬂl; i '-:‘"’ bl
F. (r Py~ ——— s ——
»ar sy . .
N;:in—'”,_,'— Nysi Pg- {&.71)

for a contipUous sSystea

sing, Haky

Fyltat) =l (h.72)
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In the formulas at (4.71) and (4.72) the gencralized coordinates p
and §Y can be found similarly tkrough the formulas at (4.67) anad (4.68).

Figure k.31. A linear straight-lin¢-phase system o radiators.

Figure 4.32. A two-dimensional Jattice of radiators.

The gain for a system of radiators continuously distributed on a
Plane can bhe computed through the formula

2
Ser = &n/x sgwxﬁtn A 4.73)

In the equal amplitude systen Kut = 1, and in a system with a cosine distri-
bution on one of the sides of the rectangular plane it equals 0.Bl.

The position of the main maxima of the factors for systems of radiators
positioned discretely and continucusiy are respectively determined on the

basis of the conditions that

sin a.“m%, (4.74)
2
AR, = (4.75}
whera
- is an angle includes by the direction of the maximm radiation

and the perpendicular to the axis of the radistors.
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£.16 Elestrical Control of the Radiation Pattern

Tae position of the main maximum of the radiatien by the systes can be
coniroiled by changing the distance between the elcmeats, ¢, by chbanging ithe
wavelength, }, and by changing the phese displacements p and p'.

Nonmechanical tilting of the radiation pattern is based on this and is
usuzlly done by controlling the phase displacements (phase comtrol), or by
changing frequency {frequency control). Both types of control can be aXerw
cised mechanically, or electronically.

Phase coatrol is exercised by using various types of mechanical and
electrical phase shifters, with the phase shifters comnected into the circuiz
0Z each of the elements in the lattice. The increase in phase Irom elesent
Ta element tgkaes place in accordance with a linear law. Contrel reduces to
sacothly changing the phase in each element from the highest value 1o zaro,
and then to the highest value with opposite sign, causing the main maximm to
shifz from one extreme positien to the other.

Y
_ s i

S e Py T

_%
i

] rrwy

-

Pigure 4.33. Schematic diagram of phase control of the swiiching of
the radiation pattern by frequaency conversion,

A - mixers; B - local oscillator; € - receiver; D -
adjustable delay line.

Used as mechanical phase shifters aro changeable length stubs, controlled
phase transformers, rotatable type¢ phase shifters, and others. The
electrical phase shifters usually used are waveguides with magnetized ferrites,
semiconductor diodes with a controlled capacitance for the junction, 2nd com-
trolled inductances with saturation. It is also possible to use waveguides
with an elecirified ferroelectric material, or an electron plasza.

One such phase control clieuit, called a <irenit with Irequency con-
version, is shown in Figure 4.33. Here the direction of the principal maximum
is determined from the condition

S 22n
s Opp =gr— 5 {%.76)
where
gpl=2u/},,line-t is the dephasing of successively radiasing ¢lexenis gver

section | of a delay line hetween the taps of two adjacent channels;
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;«,nm is the line wavelength;
©y“2%/i*d  is the dephasing of successively radiating elements along
the array between two adjacent radiators;
d is the distance between these radiaters;
n is a factor selected in accordance with the magniiude of the
phase displacement and the size of the sector of radiastion pattern
switching.
Frequency control is illustrated by the series circuit shown in Figure
2.5%s The position of the principal maximum for the radiation from the array
is, in this case as well, determined from the condition at (4.76), which is

in the form

sia @m = l/,L:l.:'me

-1/d - n d. 4.77)

M signal

yN rorenr

Figure &.3+. Frequency control series circuit for switching a radiation
pattern.

Frequency control is zccomplished as a result of the dephasing of
successively radiating elewsents from element to element, and is, in fact, the
Fesult of change in frequency. This comtirsl can be realized through the
use ol frequency modulation.

Switching of frequency and phase can be done Irom pulse to pulse, as

well as inside a pirlse,

4.17 Dipole Antenrnas. The Symaetrical Dipeole

The radiation pattern of a symmetrical dipole (fig. %£.35) in the plane
of the electrical vector can be expressed through the following dependency

s . l4-78)

The dipole radiates nmondirectionally (fig. %4.36b) in the magmetic
plane. 7Ine radiation patterm of the most widely used half-wave symmetrical
dipole (2f = )/2) can be established through the expression

{4.79)

=
F(@)=f(®)=—

T

2nd is in the form shown in Figure k.36a. The amplitude of the field
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associated with this dipole can bLe computed through the formula

E(8) = 60 zlwp/b - F(B), {4.80)
where

Iloop is the loop current;

D is the distanced
T4
lo/
<l /A

1 ¢ . 1 o

Figure £.35. Symmetrical dipole.
)80 (29

[ H
|
897 | P185°
[ \u (9

a "

Figure 4.36. Radiation patterns of a halfewzve symmetrical dipole in
the eiectrical (a) and magretic {b) planes.

The active portion of the input impedance of 2 halfewave symmetrical
dipole equals RT_L » 73,1 ohwms. The effective Leight of this dipole equals
3/m, as per the formala at (4.61la), and the directive gain is equal to
1l.€h.

The reactive portion of the input impedarce of a half-wave thin symmetrica
dipole is inductive in mature and equals 42.5 ohms, Consequently, the length
of this dipole is lonper than the resonant length. The dipole arm m:st be
shortened to a length equal to the Zollowing in order to tune to resonance

o O
== (4.81)

where

N is the equivalent characteristic impedance of the dipole

=19 X A Q
fa =13012 Trgs (5.82)

r is the radius of the dipule conductor.

Dipole arrays. 7The radiation pattern of an array can be established
through the multiplication rule at (4.656). The total rodiation resistance
and the effestive height of a cophasal array consisting of an adequate nurber
of half~wave dipoles, using a parasitic reflector, can be computed, approxi-
mately, through +hese formulas
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[*]

By areaylonms] = 235NN, (4.23)

: ax N 4
hore array ° \3:\'_,' Wt (L.8L)
wiere

Nx and .\'v ara the nuzmbera of dipoles along the OX and OY axes.
The array's édirective gadn <an be cozputed through the forzula at

{4.73). At the sane time the capiture arca of the array equals

sﬁ.g 30z - h;:‘f arrm,/aﬂ array” (4.85)

4,18 Dirscter Antenna

A director antenza is the naxe given T2 a linear array (fig. 4.31) con-
sisting of a directly-Ifed antenna angd parasitic elezents, the maximun racdia-
tion fyec which is directed <3 pne side along its axis.

Supprassion of uhe radiation to the opposite side of the array axis
is achieved because the clementis are spaced /% apart {fig. %,37) and have
2 phase difference of ¢ = 90°%.

In the director antensa the supply is delivered to the directly-Ted
anzenna only. The other elements reradiate the direcily=fed antemna field
and ara2 called parasitic elementm. The Imitial phase of the fipid associated
with tha parasitic directcrs lags the phase associated with the field ol
<he directly-fed antennz, 50 the firectors are shorter than the directliy-fed
antenna and their reactance is capacitive.

The fig1d reradiated by the rellector leadés the field asgoclated wiith
the directly-fed antexna. Tne reactance of the reflector is inductive, and

its length is longer then that of the dicectly—fed artenna.

1
:’E BE8, £, By A f
A .
LI O N A O
N T T ST~
PENEL l
v:‘-l‘?!
[ i

Figure 4.37. Director anteana ("wave cduct”).

A direstor antenna with more than one director is ustally called 2 "wave
cuct.”" The average value of the distance in the "wave ductis Zetween

0.25 anc 0.35 re The directive gzin of a wave duct with length I cquals

6 oax ™ S5(1 « I/3). . (4.86)
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hie directive gain of a wave duct is usually 20 to 30, and the width of the
vadiarion patterm is 30 to 40°. it can be computed, appryximately, through

the formula

90.5 =B V:JL, (2.87)

B is a factor with a value of 65 to 70.

e

Figure 4.38. Wideband multiunit device with reactance compeansation
(a) and tbe principle behind this compensation (b).

1 = resonant; 2 = line.

The wave duct is a comparatively narrow-band system. In order to widen
its bundpass, a leop dipole, sometimes made with jumpers and bosses, is
used, as is a specizl device im the form of an array of directly-fed, shortened
antennas (fig. 4.38), as tbe directly-fed antenna. The band voerage by this
device is improved because the compensacion from the capacitance of each of
its dipoles is opposite in sign to the reactivity of the short-circuited
line. The band coverage by the wave channel can also be improved by using
broadband reflectors (fig. £.39).

A linear array of "wave ducts™ has greater radiation directivity than
a simple wave duct. The directive gain of this system is higher at optinun
distance and the magnitude of this distance is taken as egual to 1 to 1.2 ).

= =<

Figure 4.39%. Two types of multiple-tuned dipole reflectors.

| S L A dezehees saemo .
o wme LK mAg2 FEEND
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Two-stacked, director-type antennas are used with detection radars to
Iarm the radiation pattemn, which looks like the cosecant patterm, and to
provide a way in which to measure target elevation. This close similarity
to the cosecant shaped radiation pattern is the result of the distribution
of the power radiated between the upper (Fr u) and lower (Pz l) 2ntenna
stacks, given the condition that

hu/hl EVPE usz 1 ;Vmu‘/ml R (4.88)

where

hu(l) is the height of the upper {lower) stack;

woay C Pﬂu(l)/PZ is the power distribution facter.

The distance between the stacks can be computed for the condition that
the mutual overlapping of the direction of zero radiation by one stack cor—
respond to the maximum of the radiation from the other stack (fig. 4.4).

At the same time, h = (1.5 to 2} h .

If the stages are fed about 90° apart in phase, the radiation patterm of

the two-stacked antemma in the vertical plane is in the for=

FO=Fy @ Y s (b sime) +mysint (F, sine), (4.85)
where )

¢ is the elevation;

Fw d(s:) is the wave duct radiation pattern in the vertical plare.

This wave duct is advantageous because it has no deep nuils. A Y-trans-
former (lig. 4.41) is used to distribute the power beiween the stacks in the
specified rativ. It simultaneously provides a match between the feeder coming
from the generator and the feeder branches geing to the stacks. The follewing
relationships. exist in the Y-transformer circuitry

o, = sin? ( —ii.l“_) = cos? (% li);
m, ==sig? (—?—I‘) ;o mo+m =1

‘ »
b=t + 5

(&.90)

B s e—

The radiation pattern of a two-stacked antenna provides a means for making
an approximaticn of target elevaticn if this pattern is controlled by a
special device. Uscd for the latter gurpose is a stack supply transfeor switch
that supplies the stacks in phase and out of phasc, as well as a goniometor.

A goniometer is a Y-transformer with sliding contacts at points 1 and

2. The condition of "u = 1. + /4 must rot be upset when these contacts

1
are moved. The resultant elevation radia*ion pattern changes with the positions
of brushes 1 and 2, sc ¢ can be determired by the change as shown o2 a

suitably scaled goniometer.
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Figure 4.4l. Schematic diagram of z Y-transformer and a gomiometer.

A - to upper stack; B - to lower stack; C = from
transmiiter.

4,19 MisTor Antennas

antennas in which the field in theaperture Is formed as a result of the
reflection of electromagnetic waves from a metal surface with a special profile
ere called mirror antemnas. This antenna, in addition to the mirror, also
has an exciter. The type of antenna is determined by the shape of tze mirrer.
The Iieid e¢reated by a mirror antemna in space, as well as its field distri=-
hution, 2re determined by the amplitude and phase distrihution of the fielg
in the aperturé. The aperture is a flat, continuous system of exciters, so
its feed pattein can be determined in accordance with the rules for flat
continuous systems. The magnitudes characterizing the feed patiern of various
apersuses with respect to the amplitude distribution are listed in Table 4.3.

Table 4.3
Principal characteristics of radiating apertures

Shane of aperture Amplitude .'r:i RP width at First side lobe
distribution P 0.5P, degrees level
Rectengular a x b Uniform with 51 3/a 0.21
respect to a
1
Uniform with 51 3/b 0.2
respect to h
Rectangular a x h iform with 51 Wa 0.21
>
respect to a 0.81
Cosinusoidal with 67 /b 0.07
respect to b
Round, radius Ty Uniform 1 60 1/2ro 0.2

The gain of a mirrer antenna can be established through tke Zormula at
(4.72). Toe efficiency of this type of antenna depends not only on the
energy loss during the energy conversion process, hut on the iosses resuiting
from energy leakage from the mirror as well. The gain of a mirrer antenna
kas its highest value in the case of the optimum product KipnA' This value
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is usually equal to 0.} to O.4. This can be provided by that feed pattern
in which the power density incident at the edge of the mirrer is reduced to
0.1 its value at the center.

Single radiators, continuous and discrete systems of acurces can be
used a8 mirror antenna exciters.

4.20 The Parabolic Antemna
A mirror antemna in which the profile of the mirror is a parabois is
called a parabolic antemna.

Figure 4.42. Parabolic antemna operating principle.

In the parabolic anterma, the length of the optical path covered by
all beams from the focal poimt to the mirror, and after reflection to the
surface of the aperture, is idemtical {(fig. 4.42). Thus, the parabolic an-
terma can convert the spherical front of a wave from the source, which is
at the focal point, onto a flat front in the aperiure.

Moreaver, after reflection frowm the mirror the beams diverging from
the focal point are parallel. This property is wiat wmakes for the highly
directivs ~adiatiom from parsbolic antennas.

The mirror, & paraboloid of rotation, forws a pencil-beam pattern.
Truncated paraboloids are used to form fan—beam patterms. The truncation
can be symmetrical, as well as unsymmetrical, with respect to the focal
plane (fig. &.43). This latter is what makes it possible to considerably
reduce the screening effect of the exciter and the reaction of the mirroer an
the exciter by positioning the exciter outside the gtone of the most intensive
wirror field. _n.w

£

Pigure 4.43. Unsymsetrically truncated parabolic antenna with
radiation maximm displaced in order to reduce the
acreening effect of the exciter and sirror reaction
on the exciter,

A - radiation maxioum,

The width of the radiation patterns of parsbolic antennas can be com-
puted approximately:
in the electrizal plane

€, =802
ol 80-57;‘- (%.91)
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in the magnetic plane

‘P"o.sz"'”'-':m- (4.92)
where

ROE(H) is the radius of the paerture in the correspending plane.

The perabolic anterma will form s fan-beam pattern if a linear system
of discrete sources (fig. 4.44) is uased as the exciter. The displacement,
4%, of the source frow the focal point (fig. L.4%a) Zeads to a displacement
of the maximos in the radiation pattern by the sngle A6. These magnitudesa
are associmted by ibe relaticaship

AX=2fg P, %.93)
where

T is the parebola's focal length.

by uaing a ruler of discrete excitera fed from a2 cosson channel
{fig. %.4ib) we can form a fan-beam pattern because the fields of the in-
dividual sources ere added. If each of the exciters if ed independently
(figs hollic) we can form a fan of partinl (independent) patterns.

When the exciter is moved out of the focal point defocuaing occurs,
and the result is an increase in the pattern width and a drop in the directive
gain (fig. 4.45). This is a shoricoming of parabolic anteamas. It can be
elixinated in part in spherical and in spherical=parabolic sntennas.

Figure h.4h. Principles involved in the deflection of tbe maximum
in the radiation of a parebolic antemna (a), and their
use as the baszis for the formation of a fan-beam (1)
and of partial (c) patterns. ’

A shallow, sphericsl wirror will function in almost the same waoy as
does & parsbolic mirror, if the exciter is located at a point half ihe radins
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Figure 4.45. 7The coefficient of reduction in the directive gain (yv)
and the coafficient of expansion of the maim lobe (k)
in the radiation pattern of a pmrabolic antennx in terms
of tha displacesent cf the exciter from the focal point.

Figure 4.46. Principle of operation of the apherical mirror.

parabolas
circles
[

Figure 4.47. Spherical-parsbolic mirror.

of the sphere, "and if the directiom of its saximum radiation is oriented along
the radius, The beam reflected from the mirrcr passes through the center
of the sphiere. If the exciter is displaced bY some sngle, the beam will be
deflected by that same angle. This iz the basis on which the fan-bean
pattern (fig. 4.46) can be coostructed.

The shape of the spherical mirror can be made parbbolic to improve its
focal properties in one of the planes. The spherical-parabolic antenna csn
thus be formed (fig. 4.47).

4.21 Mirror Antennas with a Cosecant Pattern

The methods discussed above in coomection with the formation of fan-
beats patterns can be used to form cosecant radiation patterns. Then too,
that method which changes the shepe of the parabolic mirror, that is, using
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a mirror with a dual curveture (fig. 4.48), can also be usad.

Figure 4.48. Principle of operation of a mirror with dual
curvatutre.

The cosecant pattern has two distinctive sections (fig. 4.27). A so-
called triangular fan is contained within elevation limits from €oin O
€ pan” The cosecant fan is contained within the sector from €ran to ¢
The trianguiar fan forms as in the coorentiooal fan-beax patiern.

The mmber of displaced cxcitors noeded to form this fan can be

ostablished through the formula

nee. - ‘ninfeo.skg\" (4.94)

Here the average value of the expansica facto« (k") for the patiern as
a result of the displacesent 3f the exciter from the focal point can be
taken according to thoe nuaber (n) of excitera required. Thia is why the com=
putation through the formula at (4.9%) can be carried out by successive
approximstions.

The mmber of exciters needed to form the cosecaut fan can be compuied
similarly.

A cosecant shaped pattern can be arrived at by a redistribution of the
powers redisted in the fan and by changing the directive gain in various
sections of the fan.

The intensity of the electromagnetic field at the saximum of the lobe in
the anterna radistion pattern cen be approximsted through the formulas

in the near zone

lI“ - JPE -,/S_l. (4,95}
in the far zone
T, = Pp o S/km0 5, (4.96)
whare

D is the distance.
The distance to the boundary between ihe nesr and far zones can be
approxinated from the condition that

2
D tary & wt.‘/B).. (4.97)
where '

L, is the larpest dimension of the gtenna aparture,
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4.22 Anti-T-R Boxes

Anti-T=R boxes are used with radars having a common antenna to switch
the antenna to the transmitter when the latter is transmitting, and to the
receiver when that umnit is receiving. Anti-T-R boxes can be divided into
switchgear and those built using nonereversible elesents.

Resonant stubs, balanced bridges, and circulators (balanced anti-T-R
boxes) are used in switchgear types. A typical schematic of an enti-T-R box
using resonant stubs is shown in Figure 4.49. A gas discharger is the switch
in thin circuitry. Three stages of blocking in the receiwving branch provide
reliable protection for the receiver witiin the operating band of frequencies.
Discharger Pz is cut in through & transformer in the first blocking stage,
regucing the "hot" resistance of the discharger by a factor of (pllpz)z,
providing for heavy attengation of the leska¥e power in the receiver,

X onmeaer
O

r
A!i’
.y

]

A
“:f.'"r—:

Pigure 4.49. 7Typical achematic of the svitchgear type radar anteona
transfer switch.

Figare 4.50. Schematic diagram of how a transfer gas discharger
that switches the branch coming from the gemerator into
an antemma is cut in.

P F bd

Pigure &.51. OSchematic diagram of a balanced anterma anti-T-R box :
dexigned to use a circulator with a ferrite phase shifter (a)
and the schematic diagram of tba circmlator ir this trans—
fer mwitch (b}.

A - from generator; B - to reteiver; C - discharger; D -
cireulator; E - absording loed; F ~ to anterma.
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In the meter band radars the transwitter circuit is blocked by trans—
fer dischargers inserted in the circuit as shown in tbe diagram in Figure
Lu50.

A typical balanced transfer switch circuit, using a circulator, is
shown in Figure 4.51.

The mwitching devices gre conpected ta the circuistsr arms as follows:

to arm I - generator;

to arm 21 - antenna;

to arm IIT = receiver;

0 arm IV - the absorhing lcad.

Diaahn.rgo.r?z, the blocking branch 1o~ the receiver in the transmit
wmode, is cut into sarm II. This blocidng is needad to yrotect the receiver
Irom the energy fed into this arm if the antemom is Dot matched with the
feed line. The eneryy reflected from discharger l’2 is fed imto the absorbing
lcad.

Upon change in the direction of circulation the feedback energy from
the transmitter is fed from arm I into the matched load (arm IV).
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Chapter V

Elactronic Devices

5.1 Clamnificatiom of Electromic Devices

The principies of aperation of electromic devices are based on the
phenowena crested by currents of clectroas, on coantrolling the motion of
these currenis and converting them inte elewmenta of the devices themselves.
With referemce to the charucteristics of the space in whick the electron
currents move, eloctronic devices are divided into vacoom, gas <ischarge,
and weciiconductor devices.

Uaing elecironic devices it is possible to accowmplish:

rectification (the conwersion of ac curreat imto dc¢);

generation (the conversioc of dc curremt into ac)y

smplification (conversion of low-power electrical asciliatiocns into
high-pover electrical osclllationa);

conversion of electrical ennrgy into light energy or light energy into
electrical energy;

conversion of frequency and shape of electrical oscillstions, and

stabilization and commrtation of supply. voltages and currents.

Vacoum, ion, and semiconductor electronic devicesa according to their
construction, purpose, tspe of electrical discherpes in the discharge pases,
and also the character of energy conversion, are divided into a series o_!
standard grours of classes, the most important of which aze:

converting Jdevices; in this group are found rectifiers, smplifiers,
generstors, frequency converters, switches, and other special devices de-
signed to convert electrical currents and voltages; i

photoelectric devices; this group inciudes vacuum and gas-filled photo-
elements, photo-multipliers, semiconductor photodiodes and phototransistors,
electro-optic image converters, and also tranmitting television electrom
ray tubes. Photoelectric devices are used to convert light signals into
electrical signals;

electronic indicating devices:; this group inciudes the cathode ray tudes
ir omcillographs, receiving television tubes (kinescopes), print-out indicator
tudex (charactrons), and s seriss of other special devices. Electronic
indicating devices are used to coavert electrical sipnals into light signals
that can be cbserved on lumineccmnt screens.
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5.2 Conventional Classificaticn of Vacuum and Semiconductor
Electronic Devices '

Depending on the operating principlesn, purpose, amd eomatruction
characteristics, different types of alectronic devices are classiffea
{marked) in accordance with a system of conventional nomenclature, stipula-
ted by the All Union Standard GOST 5461-59. The classification of electroaic
devices consists of four elements of letiers and numbers {Table S.1}.

Table 5.1
Conventional classification of electronic devices

Group Classification

First element of the classification
Long~wave and sbort wave generator tubes

{frequencies up to 25 Misx) . GK
Ultrashortwave penerator tubes {frequencies -
from 25 to 600 MHz) GU
Pulse generating tubes GI
Kenotroms v
VYoltage stabilizers {stabilitrons) SG
Current gtabilizers (curremt regulstors) ST
Pulse modulator tubes oI
Receiving-amplifying tubes and low-power
kenotrons ' ) A number indicating in round
numbers the heater voltage
imvolts
Cathode ray tubes A number indicating the dia-

weter or diagonal of the
screen in centimeters

High voltage pulse diodes Vi
Charge—storage tubes IN
Gas-filled pulse thyratrons T6I
' Second element of the clessification
Diodes D
Dual diodes Eh
Iricdes s
Tetrodes E
Low~-frequency pentodes and ray tetrodes P
Pentodes and ray tetrodes with sharp cut-off Zh

Fentodes and ray tetrodes with resote

cut—off K
Frequency-converting tubes with two control

grids A
Triodes with one or twe diodes [
Pentodes with one or two diodes B

Dual tricdes “N
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Triode-pentode
Iriode~hexode and tricde—heptode
Tuning indicators Te

Oncillograp: tobes and kinescopes with
electrostatic ray deflection

Oacillograph tubes with electromagoetic
ray deflection

Kineacopes with clectyomagnetic ray
deflection

Low-power Kenotrons
Highr-voltage lenotrons ) A 2 fodi ing the ia3
Voltage stabilizers ) mmber of the type of device
Charge-gtorzge tubes )

Third element of the claraificaticn

H

¥R OE B

Generating tubes of all ranges ) A number indicating the
Catbode ray itubes of all types ) ::ﬂ,“l,m of the type

Receiving—smmplifying tubes and )
low-powetr kendtrons

Fourth element of the classification

Bocoiving-amplifying tubes and low-
power kenotrons:

in a wetal eavelopa
in = glans envelopa
in a Ceramic envelope
“acorn" type

mininture ("finger-tip"), 19 and
22.5 mw in diaweter

subminiature, over 10 mm in diameter
sobminiature, 10 mm in diameter
submimiature, & mm in diameter

with a retainer in the switch

with disc .solders

0w 0w S}HMF

Notes: 1. A nonexisting elewent in the conventional classification (besides
the last ome) is marked with a dash.

2. Besides the four elements in the classification for receiving-
anplifying tubes, there may be additional lettera: V - for vibration-
resistance devices, Ye - for long-lived devices, I - for pulse devices.

A fraction appears as the fourth element of the classification for
high-voltage kemotrons, gas-filled tube rectifiers, and thyratrons: the
mumerator gives the average and pulse current in amperss; the denominator
gives the allowsd reverss woltage in kilovolts.
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Examples: 1. 6N1P-Ye: "6% - heater voltage 6.3 V; "N" - dual triode;
" - series pumber of the typej "P" miniature configuration ("finger-tip"
tube): "Ye" - long-lived device (5,000 bour life-time). 2. &45IMIV: "&45" -
screen diameter approximately 45 cm; "IM" - oscillograph tube with electro-
magnetic ray deflection; ™1 - serial number of the type; "V" - two-layer
screen, white glaw, yellow afterglow (mee the basic parameters of cathade
ray tubes). 3. TGI1-700/25: "IGI" - gas-filled thyratrom, pulse; "1" - serial
mmber of the type; "700/25" - 700 A snode current in the pulse snd 25 kv
meximum anoda voltage.

System of Marking Semiconductor Devices

1st element in the classification: a letter or a numdber specifying the
original material.

G or 1 for germaniim. Letter if tmx < €0°C; nmumber of tmn.:t > 70°C.

K or 2 for silicon. Letter ift _< 85°C; numbet of toax > 120°C.

A or 3 for gallium arsenide,

2nd element: a letter designating class or group of devices.

Diode = Dj

transistors = T3

variable capacitors = V;

superhigh frequency dicdes = A3

photo devices = F;

noncontrolled thyristors — N;

controlied thyristors - U;

tunnel diodes = I3

stabilitrons (Zener diodes) - Sj

rectifier columns or blocks - Ts.

34 element: number specifying the purpose or electrical characteristics
of the devices (Table 5.2).

4 element: letters (A, B, C, .,.), determining the variety of a given
development type.

Expmples: Germanium paremetric diode = 1ALO2A; silicon mixing detector
2Al01A; tunnel diodes of gallium arsenide - 3I30la to 3I301Gy germanium
transistor — 1T308A to 1T308G; silicon transistor = 2T301 to 2T301Zh.
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Table 5.2

Third element of the classification for semicenductor

devices
aloiodes Noncontrolled
Rectifiers _; . % i h UHF diodes 13 thyristors
1 2 2.2 el s isZ 62 [7. 18 9. ha¥ pyg, 122 E |1z |z D
- ] in -1 - ] - -8 4 - - I ] -1
g%l ig EH < B I H [ e EE iL 25 s 53 | =f | % £E
3 fu ] 2 EH - - 54 H = - H 2
A EIE A AR A IR A A R AR R AN A B
-1 lmx—zu W30 | 1t snl-mlmi-m lm—ml:m-m =7 | 401199 | 01309 | 101199 | 201 29¥] 1OI—199 | I -299 | D109
Controlled . . Stabilitrons
‘" thyristors 1 Tunnel Low -
—Llow power Averspe power :Bigh power
1 F 2.2 03«2 112 15. {1l&. > > ~ e ~ 5
G PP M M a8 (s |s]s
2§ =3 :i 3 ws 28 | 3 L} [] 1 ! & T L}
iz B¢ | 88 ) 22 ) 2k | 83| 3 2 -] s e g 3 = g
.:.u—mlm—m] W= i1 :m-:m] w139 | 101-138] 21298 | ;1w | er—wo] so1—s90 | or—sm| 70179} so1_em | 90k om0

For Transistors

low pover: Averagc power: High -power
OO pCTOT- <Pt TS | SUCIRDNICTET- FEDUORMCTOT- WEITACTIT~ T
17. ™ |18 M |19 me |17 me Ie{?w Tome |17 me (X8 = | 19w
e [ - -0 01499 * S5 . G- a1 . M- 0L=399

Key: 1 - low power; 2 - average power; 3 = high power; 4 - universals;
5 - pulse; 6 - variable capacitors; 7 - sixing; 8 - video; 9 -
modulator; 10 — parametric; 11 - switching; 12 -~ photodiodes;
13 - thoto transistors; 14 - generators; 15 - amplifiers; 16 -
switching; 17 — law frequency; 18 - middle frequency; 19 - high
frequency.

Before introducing the new classification system for semiconductor

devices in 196k, all semiconductor diodes developed enrlier had D as the
first element of the classification, and transistors had the letter P,
The second element for diodes and transistors was a number signifying the
Purpose Or electrical properties of the device, and the third element vas
a letter (A, B, C..,), which differentiated the different types of a given
device. -

Exarples of the ald nomenclature: diodes - D1A to DIZh; D219A, <..,
transistors - P15, P502 to PS02V, etc.

5.3 Vacuum Tubes

The principle of operation of vacuulm receiving-smplifying and penerating
{transmitting) tubes is based on controlling the demsity of an electron
flow in the operating space of tbe tube by changing the voltage applied to
tha electrodes.



2A=015-68 157

Aoplifying activity of the tube is caused by the difference in degree
to which the grid and anode voltages affect the anode current; grid veltage
has a much greater cffect on anode current. 'rh:ié allows weak signals, con-
ducted to the controlling grid, to create large changes in anode current and
to effect amplification or generation of electrical oscillations.

Tubes with contrel grids may be used for amplification or generation.
However, ppecial generating and modulating tubes are usually used in trans~
mitting tube circuits. The charac:erj.stic peculiarity of these tubes in
comparison with receiving-smplifying tubes is the increased size of the
electrode system, the comparatively large values of supply voltages, currents,
and dissipated power. Generating and medulating tubes in most cases are
cooled by forced air or liquid.

The physical pr in g ating and modulating tubea are practically
no different Zrom the physical processes taking place in receiving-amplifying
tubes with contrel grids.

fundamental Characteristics of Electron
Tubes

The properties of electron tubes are divided into characteristics and

parameters, which are given in specisl handbooks of electronic devices or
which are indicated oo rating plates on each electron tube. The most useful
characteristics gre the following: anode, anode-grid, grid-anode, and grid.
The ancode characteristic is the relationship of andde currsnt to the
voltage on the de with stant coltapge on the remaiving electrodea.

The anode-grid characteristic is the ratio of anode current to wvoltage
on the first (controlling) grid with constant voltsge on the other electrodes.

The grid-anode characteristic is the relationship of correct through
one of the grids to anode voltage with constant voltage on the other
electrodes.

The grid characteristic is the relationship of current in one of the
grids to voltage on one or another grid with constent voltate on the other
electrodes.

Fundsmental Parameters of Electron Tubes

1. The electrical values which determine the standard and extreme
operating staces are: heater voltage and current, voltage on the electrodes,
allowable diszipated power on the electrodes, and other values.

2. Static or rated parameters:

slepe of the characteristic (transconductance)

S = AIHIA [mA/V] when IJﬂ = const;

1)
ol
internal sc resistance of the tube

R, = Au./ua fotm] when uul = const;
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b= AUAIAUQI when I‘ a const.

AI‘, Augl' °Ua indicate small incremente of anode curremt, grid and
ancde voltage.

These parsmeters are linked by the equation

SR, = e (5.1)

3. Valuee which characterize the reeistance of the tube to extermal
influences are: allowable intervale of temperature, pressure, and bumidity
of tre surrounding medium, allowable mechanical loads, and other values.

Tubee of a single type always vary somewhat in these parameters from
cne sample to another., Handbooks give average values of the parameters for
tubee of the given type.

%+ Interelectrode capacitance:

input cin’ capacitance between the control grid amd other electrodes not
woricing on ac voltages at the same frequency as that supplied to the control
grid;

output cout' capacitance between the annde and other electrodes which
do not operate on ac voltage of the smame frequency as that of the voltage
msupplied to the resistance load of the tube;

transfer capacitance ctr' capacitance between anode and comtrol grid,

Example. For a triode, cin = cgl:’ i.e., the capacitance between grid
and cathoade; € = cac' i.e., the capacitance betwesn anode and cathode;

out
C = C.g, ieeey the capacitance between anode and grid.

hal The value of “cold" capacitance ie given in handbooks, In an
operating tube the "warm™ capacitance is increased by approximately 20 to
30%.

‘Standard values uf the parameters for receiving-amplifying tubee are
given in Table 5.3.

The most importmant electron tube parameters are the following:

Bandwidth coefficient of a tube

y= S/Cin + co]:t (mA/V-pF]. {5.2)

The bandwidth coefficient of the usual amplifying tubes is less than
ene, but in special tubes for wideband mmplification the coefficient is
eual to 1 to 3 mA/V-pF,
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Table 5.3
Standard values of parametars for receiving-amplifying tubes

1 HENEN R S 3 )
-t | ¥z H =f 3 o (= ®

EEo| ZEF [ EE [32¥| 2R (2=
Trren) wpulopod :‘.Eﬂ'. ?.Eh-é :‘;E §§,-. '?:‘E-"- 33
Bio| Ess | B (RS &g AES
8 rowoz anayon-] 310 fo,3—10. | 20 fs—w] a—s lszie

AFHMR MOMKHOCTH

9Tpm:um asmycr-| 2—20 [ 105 | 20100 |[—5 {0.5=3 1=
EHEH  HADPENEUNN

10 4 noracromme| 2—15 | 10~160 | 50—1000 {3—15|0.0—1 3-10
TEpOIM W Dew-
TORM

BLICOKDRICTOT- 3—30 |100—2500{1900—10000| 3=10 | 0,1=0,005| 210

Key: 1 - proup; 2 =- slope of characteristic, 5 [mA/V]; 3 - internal
resistance, Ry [KN1; & - gain, ;3 5 - input capacitance, C; [pFl;
6 - transfer capacitance, Cox [pF2; 7 - output capacitance, r:m_‘t
[pFls 8 - triodes for power amplification; 3 = triodes for voltage
amplification; 10 = low-frequency tetrodes and pentodes; 11 - high-
frequency tetrodes and pentodes,

Equivalent noise resistance of a tube, Rn(eq.
resistance of a tube is that resistance which, when the grid is comected

The equivaient noise

into the circuit at room temperature, cireates a noise current in the znode
ciredit equal to the noise current of the given tube.
For triodes

Ry oq = 25 t0 3/s [kl- (5.3)

For pentrodes and tetrodes

R, g™ L/TatTgp 3/5 « 201 /5% bl (5.4)

where

S[mA/V] is transconductance;

L 3
Active input resistance of the tube at UHF,

I, Igz are anode current and current in the screen grid in millismps.

R = al Ikal, (5.5)
where
a = 0.1 to 3 [KV/a’l;
A is the wavelength in metera.

159
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Maxjmum ]eakage resistance in the first grid circuit. The value of
this resistance, Rgl‘ is given in handbooks and determinea the allowable

grid current fornegative grid veltage. Usaally agl = 0.1 to 1 M.

5.4 Cathode Ray tubes

Cathode ray tubes is the nane customarily givem to a large group of
electronic devices in which a.focused electron ray (boam) controlled by
electric signals is used.

Depending on their purpose they are classed aa: cathode ray tubes for
measurements of physical values and visual observations of regular electrical
procesaes (oacillographic tubes); cathode ray tubes for receiving television
images (kir pes); projection el=ctron ray tubes; and other special ciasses,

Dependang on focusing and deflection of the electron ray, cathode ray
Tubes are divided intc the folloving basic typea:

with electrostatic focusing and ray deflection;

with sagnetic focusing and ray deflection;
with a combined system of focusing and ray deflection.

Cathode Ray Tukes with Electrostatic Coentrol

The construction and supply circuit of a cathode ray tube witk electro-
static focusing and Jeflectien of the electron ray are shown in Figure S.1.
All electrudes of the gun are made cylindrical to receive a radiaily
symmetrical electric field, assuring the bes: conditions for focusing the
~lectron ray. JTo decrease the gffect of the plate field on focuxing, each
slate is electi<dically comnected to the second anode of the gun through a
leakage resistor R, S to 7 M.

Figure S.1. Construction and supply circuit of a tube with
electrostatic focusing and electrostatic deflection
of the electron ray.

1 - cathode; 2 = control electrode (modulator); 2 - first
anode of the gun; 4 ~ second anode of the gun; 5 - vertical
deflection plate; & — borizontal deflection plate; 7 - -
graphite cover; B « luminescent mcreen.
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Cathode Ray Tubes with Magnetic Control
The deflection system of tubes with magnetic control in most eases con—
sists of two pairs of deflecting windinge positioned on the throat of the
tube. The illuminated spot on the screen in this type of tube is positioned
by varying the currenta in the deflection windings. The construction of an
electron=optic aystem and the eupply eirvuit for a CRT with magnetic control
are phown in Figure 5.2.

11
brillianc”e

Rpagemn N

F—

—fg+ +l|"¢-,

Figure 5.2. - Construction and supply circuit for a tube with
magnetic focusing and magnetic deflection of the
electron ray.

1 = cathode; 2 - control electrode (moculator); 3 -
anode of the gqun {accelerating electrode); & - focusing
winding; S = deflection winding; & = graphite coating =
anode of the gun; 7 ~ luminescent screen.

Compared with tubes with electrostatic control, tnbes with magnetic
control have the following advantages:

they permit better focusing of the ray with greater current density
in the bean; .

magnetic deflection permits deflection of the rasr at a greater angle,
allowing a larger screen to be used with a relatively short tube;

simpler constructions and circuits can be used to obtain radially-
circular and spiral scan;.

the conatruction is simpler.

However, the impossibility of having e sct of focusing and deflecting
windings, the impossibility of expending energy for creating focusing and
deflection magnetie fields, and also the limited possibilities of using
magnetic tubes for studying rapidly changing electrical processes because
of the inductasnce in the deflecting windings are all cssential foults of
oscillograph tubes with magnetic controliin comparison with tubes with
electrostatic control.

Modulation Characteristic of Cathode Ray Tubes

The wodulation characteristic of a cathode ray tube is the relationship
of the ray current to voltage on the control electrode (wodulator) with
constant voltages on the remaining electrodes.

Cutoff voltage is the negative voltage on the eontrol electrode (modulator)
at which the ray current is egual to zeru.
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Screen Brilliance
Screen brilliance is calculated by the farmula

B = AT (U D) (5.6)

JL is the current density of the ray;
is potential difference between cathode and acreeng

U0 is minimum potential difference between cathode and screen at
which the acreen is illuminated;

A is the constant, depending on the physical properiies of the
phosphor;

a =1 to 2 for the technical phospbors now in use.

Brilliance is almost always controlled by changing J, by varying the

L
voltage on the control electrode (figa. 5.1 and 5.2, "brilliance™ control).

Fundamental Parameters of Catbede Ray Tubes

1. Electrical values which determine standard and extreme cperating
modes.

2. Diameter or diagonal of the screett. In conventiooal potation of
tube typea, this is indicated in centimeters by the first element.

3. Afterglow time (the time required after excitation is removed for
the brilliance to decrease to one percentocf its initial value). Tubes
are divided into five groups according to the afterglow time of the phoy—
phors used in the screens:

very short afterglow (less than 10 gsec);

shart afterglow (10 psec to 0.01 sec);

average afterglow (0101 ta Q.1 sec);

lomg afterglow (D.1 to 16 sec);

very long afterglow (pgreater than 16 sec).

k. Glow color. Glow color and afterglow time are indicated by the
fourth element of the conventional designation in letters as follows:
= dark blue glow, short afterglow;

- white glow, short or sverage afterglow;

= two—-layer screen, white glow, ¥2llow afterglow, long afterglow;
- wviolet glov, very long afterglow;

— light blue glow, green sftarglow, long afterglow;

Ye - two-tone screen in shifting bands {first band has an orangs glow,
and the second dand has a green glow), long afterglaow

Zh - light blue glow, very shart afterglow;

I — green glov, aversge afterglow;

oo <ty

K - rosy (orange) glow, long altertlow;
M - light tlue glow, short afterglow,

162
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5- Tube sensitivity. Semsitivity of tubes with electrostatic control
is defined as the amount the light spot om the screen shifts whea a voltage
equal to one volt is applied to a given pair of deflection plates. It is
measured in mm/V.

For plane-parallel plates the sensitivity may be approximated by the
formula

¥ =iz (4+5) toava, (5.7)
where

ua:’. is voitage on the second anode of the gun, volts;

‘1 is length of the plate in mm;

4 is distance between plates in om;

12 i3 distance from the screen to the plate in mm.

Handbooks give tube sensitivity for each pair of daflection plates,
Usually h' = 0.1 to 0.8 mw/V.

Sensitivity of tubes with magnetic control is defined as the diatance
the light spot on the screen shifts when one amp-turn is applied to the de-
flection winding, measured in ma/amp turn. The sensitivity of magnetic
tubes is determined experimentally and is not given in handbooks, since it
depends on the parameters of the deflection windings.

Dark-Trace Tubes (Skiatrons)

These tubes are a variety of cathode ray tubes in which the luninescent
screen is repiaced by a screen consisting of potassium chloride or sodium
chloride crystals. Exciting such a screen with an electron beam produces
not a light but a dark spot or a dark trace.

At temperatures close to 300°K the dark spot or trace on the screen
may persist for a long time after the excitation is removed, even days or:
weeks. To clear the screen (erase the recording) in several seconds or
minutes, it is heated or subjected to strong external illumination.

Readout Cathode Ray Tubes (Charactrons)

These tubes illuminate letters, mmbers and other symbdls on o
luminescent screen using an eleciron ray. The cress section of the
electron heam wmust assume 't:he form of the symbol which it is desired to
record; then the electron beam, falling on the luminescent screen, prints
the required symbol on it.

Construction of a charactron is sketched in Figure 5.3. The signifi-
cant difference in the construction of this tube in comparison with oscillo—
graph tubes consists of the matrix (metal disc with holes), and the
salection and compensation pliates. The eleciron ray, after passing through
toe selected opening in the matrix, is returned io the axis of the tube by
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Figure 5.J. Schematic of a charactron.

1 - cathode; 2 - controlling electrode; 3 = first

anode; 4 - second anode; 5 and 6 = deflection platea for
a symbol selection systomi 7 - focusing and correcting
windings; 8 ~ matrix; 9 and 10 = compensating system
plates; 11 ~ deflection winding of the address system;
12 - dbulb; 1) - postdeflection acceleration system; 14 -
luminescent screen,

the compensating plates and subsequently deflected to the desired point on
the acreen by ths magnetic field of the address system, where it illminates
the symbal chosen on the matrix. The number and type of these symbols de-
pend on the mmber and shape of the openings in the matrix, Industrislly
produced cheractrons have a matrix with 63 different symbols. Response speed
in charactrons reaches 20,000 symbols per second.

Symbolic Cathode Ray Tube {Typotron)

A typotron is a variation of a charactron with a memory for symbolic-
information on the screen. Formation and choice of the symbols on the
matrix in a typotrom is accomplished just-as in a charactron. The funda-
wental difference in a typotron cozpared with a charactron is a special
wewory device, which permits retention of the inscribed symbol on the acresn
for a long time (symbolic cathode ray tubes are dessribed in the book by
I. Ye. Soloveychik, P. M. Anishchenko, Symbolic Presentation and Its
Applicction in Contemporary Radioelectronic Systeas, Sov, Radic Press,
1959.)

Charge Storage Tubas
Charge storage tubes arc spceial cathode ray tubes used for recording,
storing and reprovducing electrical signals, recorded on a dielectric target.
Recording electrical signals cn a dielectric target by an electron
besm is based oa ing the pb of dary electron emission.

»
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An essential property of tbhe constructioh of chargs storage tubes in
comparison with oscillograph tubes is the dielectric target; deposited as a
thin layer on a conducting base (signal plate) in place of the luminescent
acreen.

Charge storage tuI;Bl with a barrier grid or readout chirge storage
tubes (shown in fig. 5.4) enjoy wide use at the present time. . )

Figure 5.4. Schematic diagrsm of a charpe xtorage tube with a
barrier grid.

1 - cathode; 2 - control electrode; 3 - first anode of
the gun; & - second anode of the qm; 5 - doflection
winding; 6 ~ collector; 7 = screen grid; B = barrier
grid; 9 - dielectric target; 10 - signal plate.

Focuaing and deflection of the electron ray in charge storage tubes may
be electrostatic or magnetic. 35 ing tbe surface of the target by an
electron beaa may be effected by a raster or spiral.

The operating state of the readout charge storage tube is chosen so
that the coefficient of secondary emisgion, g = 12/!1 (where 2(1 is the current
of tbhe primary electron bHeaam, I2 the current of the secondary electrons dis—
lodged from the target), is larger than one. In this state the input electsric
sipnals subject to recording on the dielectric target are lead to the signal
plate, and tbe load resistence Rl.' from which output signals are removed om
readout by the electron beaz before the new sigmals are recorded, is conmected
into the circuit of the collector, berrier grid, or signal plate.

in the absence of inpurt signals, the surface of the dielectric target
under the influence o the electron beam acquires a surplus positive

charge. This is accompanied by an increase in potential on the surface of
the target relative to the barrier grid mnd by the formation of n braking
electric field for secondary electrons in the "barrier grid-target® gap.
Consequently the flow of secondary electrons from the target decreases.

The potential on the surface of the target increases under the influence
of the electron beam until dynmmic equilibrium is establinhed, at which the
Tlow of secondery electrons leaving the target becowes equel ta the Llow of
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primary electrons in the beam. This amount of surface potential on the
target in the dynamic equilibrium state is called the eguilibrium potential
and is designated Ueq'

Thus at dynamic equilidbrium, the potentials of all elements on the
target surface reach the value of Ueq' positive relative to the barrier
arid (potentials of the barrier grid and signal plate are identical and
equal to zerc). Thereupon, curremt in the collector circuit, Icol.’ is com—
stant and the output signal th = Q.

On application of input signals, the electric field in the "barrier-
grid-target" gap changes. If the input signal is positive, the braking
electric Iield for secondary elactrons in the "dbarrier grid-tarcet space
increases, collectar current decreases, and a positive signal proportional
to the amplitude of tbe input signal appears on the resistance RL in the col~
lector circuit {(this output signal appearing on the load while input signal,
U, %3 applied is called the recording signul, U ). Vhile the input
signal is applied, the potentiale of the points om the surface of the target
scanned by the electron beam decrease i.n comparison with Uq; the pesitive
input signal is recorded on the target (fig. 5.5a).

s
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Figure 5.5. Potential changes on the surface of a dielectric target
under the influence of an clectron beam. a = distribution
of potential on the surface ef tke target during recording
of short pulse signals (Ueq ~ equilibrium potential; a'b® -
recording of a positive input signal; c'd! = recording of
a negative input signall}; b - recording on the target of a
complex signal; ¢ - change in potentisl on the target
during readout of recorded signals (potential relief) by
an electron beam.

1 - recording ray motien; 2 - scanning linej 3 - potemtial
relief; 4 = readout ray motion.
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Thus input signals applied to the mignal plste produce a change in
potential disfribution along the scan of the target hy the electron beam;
a sar~called potential relief appears on the target (fig. 5.5b).

Reproduction or readout of the signals recorded on the screen is
effected by the elect:'-on beam on its return motion over the parts of the
target surface on which recording tock place. If there are no input signals
during readout, then im the readout procecss, the surface potentisla of the
target are sagain returned to the equilibrium value, Ueq" by the electron
beam (fig. 5.5¢). Meanwhile the potential relief modulates the secondary
emission current of the collector; the numoer of secondary electruns trapped
hy the collector will decrease in relation to the potential distribution on
the target along the scan. Consequenily, signals corresponding to the pre-
viously recorded signals will appear on the output circuit of the charge
storage tube on load resistor RL (these output signals are called reading
signals, Uread)' Folarity of the reading signals iz opposite to that of the
recorded input signals. If the output signals are removed from the load in
the barrier grid or signal plate circuits, their polarity corresponds to the
previously recorded input siguals/ but this method of removing output siguals
requires sperisl measures for Irequency separation of input and output sig-
nals.

During readont of the recorded signals the potential relief is simule
tanecusly erased. Consequently, it is possible to record mew input signals
on the lagt scan of the target by the electrom beam, and later to read them
out.

A charge storage tube With barrier grid is ususlly used as a readout
device. The principle of signal readout is illustrsted in Figure 5.6., where
v is the input signal of pesitive polarity applied to the signal plate
at a time 1:1; “1 o is the output signal taken from load resistor RL during
recording of Uin 17 Y1 resd is the output signal teken from vesistor Ry
at a time tz = tl + ‘.'I.‘a while reading out the previously recorded signal
(T_ i target scan peried)s u; , is the irput signal of poesitive polarity

applied to the signal plate at time t, = t_ + T ; u is the output aignal

2 1 8’ 2
taken from R].. while recording Yst Yout =5 read ~ Y2 rec ° the resultant
differential output signal taken from PT.- at ta = tl - T’.

If the charge storage tube were an ideal readout device, then a
periodically repeating signal, constant in amplitude and polarity, applied to
its input would be read out completely, beginning Ifrom the second scan
period.

In actualicy, not only a useful sighal, but also so-celled residual and
parasitic signals are created in the charge storage tube. Consequently,
"zero" differcntial smignal at the output is only obtained after n~fold
readout of identical inpat signals.
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Figure 5.5. Diagram showing the signal readout principle of a
charge storage tube.

Fundamental Parameters of Readout Charge
Storage Tubes

Recharge coefficient Tj» The recharge coefficient (coefficient of the

first residual) is defined as the ratic of amplitude of the gecond Us read

and the first U, . readout signals for application to the tabe input {to

the pignal plate) of repetitive sinusoidal veltages. It is mecasured in %,

i.e.,

n = "z read/u 1 md:'lm'

Target suppreasion factor P... Target suppression factor (coefficiemt
of seeding) is defined ax the ratio of mmplitude of the firs:t output recording
signal Ul _— to the amplitude of residusl cutput signal Uo with repetitive
sinuscidal signals applied to the input of the charge storage tubs, i.e.,

Pr=¥ /Y
Dynapic rangey, D, Dynamic range is defined as the ratio of the suxm of
output sianals Ul . and Ul- " to full range of intrinsic noise vqltage
in the charge storage tube ZUn with repetitive sinusoidal signals applied
to the input of the tube, i.e.,

D U 2u -

=U1rec*1m n oax

For the given conventional operating states of a charge storage tube
and with the given operating amplitude of the input signals, 7), PT, D, and
the output signal current Ic, depend on the constant component of collector
current Il:ol o (i.=., oo the ray cwrent). The character of this dependence
is shown in Figure S.7. In every actual application of a readout charge
storage tube, it is possihle to choose the optimm readout mode hy using the

relationship of 7, PT’ D, and Ic to ray currenmt.
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Figure 5.7. Relationship of the basic parameters of a readout charge
storage tube to ray current with input signal parsmeter
held constant (uin = const).

5.5 lon or Gas-ischarge Tubes
Ion or gas-discharge tubes include a large group of tubes based on

the physical process in which an electric current passes through a gas—
discharge gap.

In contrast to vacuum tubes, in ion tubes current is created by tbe
movement of positive and'negative ions, as well as of electrons. When a
current i3 passed through an ion tube, the electife¢ Field of slowly woving
positive ions compensates for the field of the negative space charge of the
electrons; consequently the internal resistence of a gas-discharge tube
iz very small. This results in large discharge currents for small voltages
applied to a gas-discharge tube.

Ganefilled ion tukes usually contain inert gases (helium, argon, neon,
krypton, xecnon) or mercury vapor. Some types of ion tubes are filled
with hydrogen or a mixture of several inert gases.

The density of the gas or mercury vapor filling thz tube significantly
affects the conditions under vwhich electrie current passes through the tube.
In gas~filied tuhes, the gas pressure for the most part does not exceed
tenths of mmHg. JTn some tubes it resches tens of mulHg and even several
atmospheres.

Jon tubes are divided into two basic groups according to the type of
electric discharge:

gemi-gel f-maintained discharge tubes;

self-maintained discharge tubes.

In sewi-pelf-maintained discharge tuhes, electron emission rrom the
cathode, necessary to create a discharge current is established by heating
the cathode with an external current source {thermoelectruonic ewission) ar
by the action on the surface of the cathede and the gas columm by quants of
radiant energy (photoe¢lectronic emigsion). In self-maintained discharge
tubes, electron emission from the cathode is accomplished by bombarding
the surface of the catbode with positive ions incident on the cathode from
the discharge gap.

169
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A large variety of ion tubes of both types is used in radar techmology:
pas=filled tuke rectifiers, thyratrons, voltage regulators, sparic gaps,
fluorescent laaps, decatrons, cyphertrons, and others.

Gas=filled tube rectifiers are gas-filled two-elactrode tubes with heated
cathode. They are used for rectifying currents at industrial fregqu y. The
discharge is a semi=self-maintained arc,

Thyratrons are three- or four-electrode gas-filled devices. There are

thyratrons with heated cathodes {using semi-self-maintained arc discharge)
and with cald cathodes (using self-maintained glow discharge). Thyratron
grids are designed only for controlling striking, since after discharge

the voltape on the grids has practically no effect on anode current. There-
fore, such tubea may only be used in certain switching circuits or rectifier
circuita with smcoth regulation of the rectified current.

Stabilitrons are two-electrode tubes with self-maintaining discharge,
used for stabilizing volteges in de circuits. There are stabilitrons with
glow discharge (stabilization voltage Ust = 75 to 150 V) and corona discharge
(u“ ="1000 to 10,000 V).

Decatrons are milti-electrode gas-filled tubes with glow discharge,
ceaigned to count electric pulses in a decimal system. Decatrons are
classed as two~pulse and one-pulse, according to the method of transferring
a charge from one discharge gap to amother, and are classed, as calculators
or commutators according to the function they fulfill.

Cypberotrons are indicating tubes with glow discharge for displaying various
data in the form of illuminated numbers.

Fundarental Characteristics and Paraxeters
of lon Tubes

Deponding on the construction peculiaritias and purpose of the ion
tube, its properties are determined by various characteristics and para—
meters, Here only some of these parameters, illustrating the most common
properties of ion tubes, will be discussed.

Glow potential, Ug. This is the voltage or the electrodes of a gas—
discharge gap at which self-maintaining discharge occursa. It is determined
from the empirical formula

uﬂ = ‘Uim'pr/mnnt + In(pr), {5.8)

whers
Uion ia the ionization potentia) of the given gas;
P is gas preasure; .
r is the distance between electrodes;
const is a coustant for the given gas.
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The function U = f(pr) ia shown in Figure %,8. From the graph it can
be aeen that by choosing the product pr, and the couposition of the gas, tho
required value of L‘g can be established in the design or construction stapge.
lJg is the fundemental parameter of ion tubes.

091 v
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Neon = Ne
<57 7 < Hydrogen — .Hy
Eiri]ce ey ,./ *cvggt
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& F m B 20, 25 p¢, mabigtm

Figure 5.8. Dependence of glow voitage for certain gases and
gas mixtures on the product, pr,

In an actual circuit depending on the value of discharge current and
tempereture of the surrounding medium, presgure, p, inside the 4tube doesn not
‘remin constant, which leads to changes in l!g.

Arc voltage, Uarc' is the potential difference between anode and cathode
produced on passige ol the discharge current. Unrc is always less than Ug.
For mercury devices 'Um s 10 ta 20 Vifor tubes filled with inert gascs and
hydrogen, Ua.rc may be as bigh as tems and hmmdreds of volts.

Discharge development time, t aev? Is the time required to estadlish
current in the discharge gap after voltage is applied to ite electrodes.
This time varies from saveral nanoseconds to milliseconds. Consequently,

ion devices in many applications should be considered inertial tubes.

The electrical parameters of gas—discharge tubes are waximum and mean
current, operating anc sarimm permissible voltage, limiting Irequencies.
limiting resistances in the electrode circuits, stabilized voltages, and
others.

5.6 Semiconductor Dhcdes

Semiconductor diodes are classed in two groupa according to the eon~
struction of their principle worldng part (the area of contact between the
electron and hole-conducting semiconductors, which is usually called
=lectron-hole or p-n junction): junction and pointecontact. The majority '
of diodes ia made o a base of germanium or silicon by introducing into tbe
monocrystal strictly controlled quantities of impurities of other elenentx;,
which change the character of conduction. Germanium or silicen doped with
tri-valent elements {acceptor additives) has hole conductivity {p-typel.

If five-valent elements are added {donor additive), then thc conductivity is
is electron (n-type}.
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According te the preparation method of the p-n junction, planar semi-
conductor dicdes are clazsed as alloyed, diffused, or "grown.”
Current through the p=n junction at constant temperature depends on
amplitude and plarity of the applied voltage
= I.(ﬁ;‘l_; 1). (5:9)
wvhere
I is the current flowing through the junction;
Q@ = 1.6°10 "% is the electren charge§
k = 8.7-107° eV/*K is the Baltzmsnn constant;
T is the junction temperature in °K;
@ ay 2.73 is the base of the natural logarithms;
Io is reverse current of the diode, obtained wheh a certain exteroal
Voltage is applied, minus to the p region and plus to the n regien
(I, is also called the reverss saturation currest);
U is applied coltage.
A graph of this equation for a dicde is the volt-ampere characteriatic

{fig. 5.9). . 3 S
. L
e /I
L Amcrpnyde dpgorsri stagcconvt, o ‘sg /
[ - A M W1
N F ] u'wwlz
'.w'.”?( ;“:j 1| (cpedair dugvemeds
o 33
/17
o Syl
1
Figure 5.9. Volt-ampere characteristic of a semiconductor
Aicde.

1 ~ reverse voltage, Vj 2 - forward voltage, ¥ (average);
3 - forward current, A (average); 4 = reverse current, miA
laverage).

As is evident froo the graph, a diode is a nonlinear element in an
electrical circuit.

Itn forward and reverse reaistances are very different. Current Ie
depends on temperature. For germanium diodes, reverse current doubles fop
each ¢ to 12°C increase in temperature; for silicon it doubles for each
6 to 8,5°C.

At sutficiently large U oy & aliaTh rise in reverse current is cbserved.
An increase in reverse current is caused by thermal or elecirical break-
down. If current is not limited under these conditions, the diode ia

destroved.
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Besides active resistance, a p-n junctica (diode) bas a capacitance,
which depends on the original materiul (mgermanium or silicon), the con-
centration of additives (thicimess of the p-n junction), junction area, and
applied voltage. The relationship of ca:paciwe to applied coltage is ahown
in Figure 5.10.

___.—-—-‘“‘-"-

~ % & 8 &

e e et ]
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Figure 5.10. Graph of capacitance of a semiconductor diode
as compared to applied voltage.

Diodes are classed in three groups according to their frequency
" characteristics:

low-frequency (rectifying or power diodem);

high=-frequency (wniversl or pulse);

superhighe{requency,

Within each group, semiconductor diodes are divided according to
classification as sbown in Figure 5.11.

The properties of the first two groups of diodes are characterized by
the following fundamental parameters:

I;-ev [uh] = reverse current at a certain reverse voltage: for silicon
diodes I revt B8 8 rule, is considerably less than for idential germacium
dicdes;

ur [V] ~ forward voltage drop in the diode at noni?nl current; for
germanium diodes Ut = {0.3 to 0.5) V; for silicon diodes U, ={(0.8 to 1.5) V;

C [pF] ~ diode capacitance with a certain reverse voltage applized;

t‘m [Miz] = mazimum frequency at which operation without lowering the
the rectified currcmt is possible;

Uw [V] - breakdown voltage at a given temperature;

8t" - operating temperature range; for germanium diodes At® = (=60 to +70}°C,
for silicon 8t° = (-60 to +l20)°C.

Parameters given in handbooks are sverage values, and variation from
specimer to specimen may be considersble. Therefore, when dicdes are to be
connected in parallel or in series, they sbould be tested, and matching
resistances should be commected.
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Figure 5.1i. Classification of semiconductor diocdes.
1 - diodes; 2 - rectifying; 3 = low power I“_< 013 Aj
4 - average power 0.3 A < I.v < 10 A3 5 - high power Iav > 10 A;

6 - high frequency; 7 O to 300 MHz; 8 = from 300 MHz to 1000 MHz;

9 » superhigh Irequency; 10 -~ mixing detectors; 1l = video detectors;
12 - special; 13 = pulse; 1h - on average current I ¢ 50 mA; 15 -
microsecond t__ 3 O.1 psec; 16 - panosecond t__ < 0.1 psec; 17 - on
current I> 557mA; 18 - stabilitrons; 19 - J.ofsrpower Pm <€ 0.3 W

20 - average pover 0.3 < P 5W; 21 = with Jow TC {(TC < 0.10 %fdeg);

22 - four layer; 23 - rectifying, low power I & 0.3 A; 24 - rectifying,
average pawer 0.3 A < I.g 10 A; 25 - rectifying, high power I35 10 A
26 - noncontrolled; 27 - variable capacitors; 28 - high frequency;

29 = superhigh frequency; 3O - pbotodiodes; 31 - for visible range;

32 - special; 33 ~ tumnel; 34 -~ amplifying; 35 - gemerating; 36 -
switching.

Fundamental parameters of superhigh frequemcy diodes are:
operating wave length, A Lem);
conversion losses

applied power at the siqgnal frequency
output power at an interwmediate frequency

usually amount to 6.5 to 8.5 db;

current sensitivity § = X /“Pin [A/W]; Zor present-day diodes it
reaches  A/W and depends on the amount of coostant positive hias, whose
optimum value for silicon diodes is 9.1 to 0.2 V, and O.J to Uk V for ger—

L =10 1g

ab],

manium.
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Relative temperature noise tn is the ratio of poise power created by
the diode to the termal noise power of an ohmic resistance, equal to the
output impedance of the dicde at T = 239°K, usually tn =2 to 3.

Special Types of Semiconducting Diodas
Reference diodes (atabilitrons). For a sufficiently large concentration
of admistures (N .. 1019

atous/m3) in each of the semiconductor regiocna, the

thickness af the p—n junction is small (to s-m’6

cm). Then reverse types aof
electrieal breakdown of the p-n junction may take place — avalanche and
zener. Qurrent at the breakdown may vary within wide limits with practically
unchanged voltage (I o kua’).

The volt-ampere characteristic of such a diade is showm in Figure 5.12.
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Figure 5,12, Volt-ampere characteristic of a silicon ata..bilitmn.
A-T,m;B-U_,Vjec-0 $ D - Uy W
A,

E-I, . ;F~-I 5G6-1I

st rev?

Stabilitrons are made with a silicon base. Thair fundamenial parametars

1] o [V] - stabilization voltage, it ranges Irom 3.5 to 200 V;

Rd = dU/dl [ohm] — dynamic resistance;

o = au !t/dt"lﬂl n'lOO%/degree is temperature coefficient of stabilizatiom
voltage, for the majority of diodes IC = 0.2 to 0.5 %/deg;

I‘t mind Ist o are minimun and maxioum stabilization curreats,
min (0.1 ta210)mas I max™ (30 mA to 1 A)..

Tunnel diodes, With very high concentratioms of sdmixtures in each
region of the crystai (10™° = 102 o?), the thickness of the pen junction
.is very suall (d oy 1078 cm). A significant field gradiemt (E > 10° V/em)
can exist on such a thin junction with only smell external voltages. High
gradient and small junction thickness allows current carriers ta penetrate
through the electrical barzier on the junctiom practically without energy
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loass. This called the tunnel effect. The volt-ampere characteristic of such
a diode is shown in Figure S5.13.

Figure 5.13. Volt=ampere characteristic of a tunmel diode.
A=I:B=I :C=I_ ;D=wu,a¥iE-U 1
c max min max

FeU. .
min

With a moderate increase in forward voltage (to 60 to 200 mV), the tunnel
current of a diode beginm to rise (On part of the characteriatic), and then
decreases because of a decrease in the nmumber of free energy levels in the
p-region te which the electrona of the n-region may transfer by the tunnel
effect (ab part). With a further increase in applied voltage, current
through the diode rises again, but because of an increase in the usual
diffusion cwtent. With reverse biasing, current monotonically and rapidly
builds up to the limiting value.

Tunnel current I peak is strongly dependent on the area of the junction.
For present-day diodes I peak = {0.1 to 50) mA. For germanium dicdes, the
ratio of currents I = 12 to 14, and for gallim arsenide diocdes
it reaches 40.

Because of the falling portion on the volt-ampere characteristic

peu.k/ Ivnlley

(where R, < 0), they may be used for amplifying or generating ascillations
(to frequencies of l.om Hz) or for high-speed switching circuits (switchirg
speed to 1 to 2 pe). Tunnel diodes may operate over a wide temperature
range (4 to €00°K) and at high radiation levels. A Tault of these diodes is
the poor reproducibility of parameters in production. In addition, to
assure their operation at SHF, the junction area must be made very small
(s> 50 u?) because of large specific capacitance (Cg 5 uF/cnz).
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Parametrie diodes (variable cspacitors). Variation of diode capacitance

with spplied woltage may be used for parametric amplification and generation
of electric oscillations, effecting frequency modulation, network tuning,
ané other purposes. At the present time special types of diodes, called
parametric diodes, have been designed for low-noise amplificatiom at SHF.
Trey are made of ailicon, germanium, and gallium arsenide; structurally

they may be planar or point-contsct. 1t is primarily important that diode
capecitance Cc permit network tuning at resonance, and that changes in

total capacitance of the metwori AC with small amplitudes of the controlling
voltsage result in sufficiently high modulstion coefficiwits {(u = AC/CO).

The relaticnship of diode capacitance change to change in voltage,
determined by the junction structure, is desirably close to linear. Under
these conditions, the xpsiatance loss Rs ir.troduced into the resonance
system by the diode should be minimum, so that greatest amplification and
least noise level is achieved. Decrease in Rs 18 attained by increasing the
donor concentration, and also by introducing special adamixtures (gold,
silver, nickel). At the prezent time, diodes are being used in which
Cog, 0.5 to 2 pF; Rs e 1 to 5 ohms; m = 0.2 to 0.6; :fm; 10 GHz, permitting
20 to 35 db amplification in the J-¢m range with noisa coelficients of 1.5
to 2.5 db.

Photodiodes

Photodiodes are designed to convert light nignala into electrical signals.
Germanium photodiodes are the mont widely used. They may operate in two
wsys:

a) in the absence of an external wvoltage source. In this mode the photo-
diode operates as a barrier—-layer ¢¢ll. Intrinsic emf reaches G0-90mV,
greatest current goes up to 100 A (with illumination of 7000 lux and R -
= 1000 otms). This mode is ¢haracterized by low noise lev:ls, and it is
fTeasibly used in detecting light fluxes and low frequency trscking of light
pulses (F, up to 100 KHz)s

b) in the presence of an external reverse voltage. This is the so-
called photodiode regime. Here the operating voltage drop on the load is
equal to the difference in woltage drop with s dark current (reverse current
of the diode I, . = 5-50 uwhA) and current wnen the diode is illuminates
(Img 1 mA), The operating voltages of the supply sources are chosen equal
to 3=3C V. Integral sensitivity reaches K = dI/d% o 50 mA/lu. Haximm
spectral sensitivity corresponds to the wsve length X = 1.5 g. Limiting
repetition frequency of the light pulses is up te 100 kiHz.

_Switching diodes (thyristors). Switching diodes have s four-lsyer structure,

p-n=p-n. The bhasis of the switching activity of this structure is the depen-
dence of current gain of the “generating” transistors on the 2lectrical state.
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The majority of thyristors is made on a silicon base by alloying, diffusion,
or a combination of both methods. A volt-ampere characteristic of such
diodes har. the form shown in Figure S.1L.in solid lines. As a consequence
of the portion of the wvolt-ampere characteristic with negative resistance
{part ab) they may be used in various circuits for automation, computer
technology, and others, as switching elements. On-off time may be as short
as 10 ns. A

T 1 S0 2 2

p Usts* 202004 - b4
T

rigure 5.14. Volt-ampere characteristic curve of switching diodes.
A-1 = 50 mA-200 A; B - I ., = 1-50 mA; C -

characteristic curve for a conventional diode;

D-I  ~OS5ar Bl _ ~1pAF-U, =20-200V.

Diodes are also made with controlling electrodes. Here a third cutput
i’ mace from one of the internal regions of the structure., By varying the
foltage on this electrode, it ix poasitile to vary the resat voltage, as
shown in Figure 5.14 in dotted lines.

Numerical values for the parsmeters of contemporary switching diodes
are given on graphs of volt-ampere characteristics.

5.7 Trensigtors

A transistor is a systam of two adjacent electron-bole junctions in the
monocrystal of a semiconductor.

At present only planar germanium and silicon transistors are mui‘a:tured-‘
Their junctions are made by diffusion or alloying, and also by cowbining
these two methods or by pulling from a melt. Accordingly, differentiations
are made between elloyed, diffused, and “grown" transistors.

The different conductivity regions in a semiconductor menocrystal may
be arranged p=h=p or n-p-n. The constructiocn and conventional synbols for
transistors in the principal cimrcuits are shown in Figure 5.15.
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Figure 5.15, Construction and conventional symbols for transistors.

1 - semiconductor crystal; 2 = emitter; 3 = crystal
holder (base output); & = intermal emitter output; 5 -
external samitter output; 6 — base output; 7 — external
collector output; 8 = internmai collectar ocutpui; 9 -
metal cawing; 10 - glass inmulator.

The left region of the crystal (fig. 5.15) is called the eaitter, the
cepter vegion is called the bane, and the right is called the collector.
On amwplifying electrical oscillations, bias voltage at the junction
between emitter and base drops in the forward direction from the source
E, (tenths of a volt), and, at the collector, junction voltage drops from
the source E, {tens of volts) in the reverse direction, as shown in Figure
Selbe

Figure 5.16. Schematic of a p-n=p transistor umblocked for amplifying
signals.

Under the influence of Ueb’ holes from the emitter are injected into
the base, causing a current in the emitter Ie. In the base region these
carriers will move to the enllector becausc of diffusion. Arriving at the
collector, the holea are attracted by the electric field created by Ec at
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the junction from thé base into the collector repion, thus increasing current
in the collector junction,
I‘= = Ico + ch,
where
Ico is the initial reverse current in the collector junction;
a =aT /AT | U, = const is the current amplification factor (o =
= 0.9 to 0.999).

Because the bage width is made very swall (w, < 50 4}, almest all the
holes (90-59.9%) leaving the emitter reach the collector. The remaining
holes recombine in the base with electrons. .To establish electriecal neutrality
in the base, electrons enter it from the source Ee.‘ This creates a small
current in the base circuit Ib = Ie - Ic.

A change in emitter current (at the input of a low impedance circuit)
causes a1 change in collector current apprexidataly e¢qual to it (at the output
of a high-impedcnce circuit). This is the origin of the ters ™trmnsistor"
(transfer of resistor). This is the operating principle of a transistor, an
element which may be used ta anplify voltage arnd power.

The physical processes in n-p-n trangistors are practically the same as
those already discussed (it is only necessary to ¢hange polarity of the supply
acurces E_ and Bc to the reverse and observe the motion of electrons in the
base). A transistor may be comnected in reverse, where the collector takes
the role of the emitter and the emitter becomes the collector. But since
the area of the collector junction is approximately twice as large as the
ares of the emitter junction, while the impurity concentration in the emitter
region is chosen conaiderably larger than in the collector regiom, current
amplification factor (°'I € 0.5) and allaowable power dissipation for inverse
tranaistor connection are small. Therefore, such a connection appears in-
Leasible.

Cat |p;,

“f, l | fb{l“ ot
- -p '

J s el Tl [”
B €

Figure 5.17. Three basic circuits for conmecting tramsintors.

a = common base; b = Comoon emitier; ¢ - common
eollector.
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Depending on which electrode of the transistor is common to input and
ontput current (voltage) sources, there are three basic configurations for
comnecting transistors: comwson base, common emitter, and common collector
(£ig. 5.17). ’

Characteristics and Systems of Characteristic Paraseters for
Transistors

The fundamental properties of transistors at low frequencies are deter—
mined by families of input and output static characteristics. In handbooks,
input and output characteristics are usually ¢iven for only two transistor
circuits: common base and commoa e:;titter.

From these characteristics it is possible to construct two more
families: characteristics of voltage feedback and transfer characteristics
(forward current transmigsion), but they are rarely used.

At the present time, the most widely used characteristics are those
with Iin and U as the indcpendent variables. Graphs of these

out
characteristiza take the form shown in Figutres 5.18 and 5.19.

Figure S5.18. Characteristic input curves of transistors.
2 = common base; b = common emitter,

A - by, plonml = AU /AT, i U_ = const?
B - by, p = AU/BY, |Ie-=cons1:‘

C - by, Comm] = 83U /AL l"c pr—

D- By = Aub/Auc II% = const”

Charactecistics for common collector circuits differ only slightly
from those for common emitter, and therefore are not used in practice.

For small changes in veltage and emrrents (small signals) ihe nonlinear
portions of the characteristics may be considered linear and the transistor
may be considered as an active linear four—terminal network for varying
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Figure 5.1%. Output characteristics of transistors.
a — commou base; b — compon emitter.

A-byy = e =818 |y o coneed
<
B - b, Caegoha] = AIT/8U, II = const’
*
boig =8 = AIc/A%l U, = const’

D-hm[megohm]-AIc/AUc'Ib_ .

[

components of curremt and voltages {fig. 5.20). The association between
currents and coltages for such a four-terminal metwork may oe expressed by
one of aix pairs of linear equaticns. The systems of characteristic transistor

& I
— —r—
1 Asmuemmat
. rarsesi ”rf
P IRION .

Figure 5.20. Representation of a transisgtor as an active linear
four-terminal network for varying cnrrents and
voltages.

1 - Active linear four-terminal netwark.

parameters are differentiated according to the chosen pair of equationa.
The following three systeans are Tfrequently used:
System of Z parameters. For this system
Ox = zu!x + znii:
U,=Z,,!,-[—Z=),.
System of Y paraneters. For *this system
fy= YU+ Yoz
i:= Y::Ux + YﬂUr
System of H parameters. For this system:
01=Hu’x+ﬁuﬂi
-rx=anx +H=ﬂr
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At low frequencies the 2, ¥, and H parameters are purely active, and

are defined as Z z

11 = Tuad Zyo T Tpd Zgp = Tapi Zop T Tni Yy = Og4
¥ . . soEt. sh s i =iheJs = he
12 = 8127 Ya1 = 9533 Yo = 0pp5 Byy = hypi Hip = hyo5 By = By By = by
Since with experimental measurements of characteriwtic parameters the

greatest accuracy for small input resistance of the transistor is obtained

= h

with no load on the input, but with large output ioad (short-circuit on the
output), most handbooks now give the h-parametera.

Mumericzl values of the heparameters {Table 5.4) are also determined
from the characteristics, as shown in Figures 5.18 and 5.19. Accordingly,

b, [otm] = Ul/Ill ‘72'0 =8y, A, lu = const

out
is the input impedance of the alternating current transistor with the alter—
nating current shorted;

hyo = /Y |I1"° R LU, ‘Iin= const
is the open=circuit feedback woliage for alternating curremt across the
input;
hﬂ=I2/Il|6-D-dtmt/AIin‘U = conat
2 out

ip the alternmating short=circuited current pmpli.tica.ti_on factor at the output;
for circuits with a coamon base the current amplification factor is designated
by & and by g for the ciremit with a comnon emitter:

hzz["""'] = Izﬂ'z |3.[1=0 = A:l:ou‘t'./Aucmt l Iin = const
is the alternating current output open circuit admittance at the input.

Numerical values of the trensistor parameters depend on the circuit,
electrical mode, operating frequency, and temperature.

Table 5.4
Typical velues of the h-parameters of low-Irequency alloyed germanium
transixtors
1 s %-nnﬁ:;.ml j,m;gnhn ‘*.Canu:ouml
T 5
Ay lox} L 2] 200 2000
x | 40— ] t6t0= 1
t «=095 a=-:é-¢--4si5+'n=.lé=5o
By [uncnio]6 1 ! o ! F
T & TS5 o -y o’
N &= —‘-;r7 -] -] . »

v: 1 =~ parameter; 2 -~ commoun base; 3 =~ common emitter; & - common
collector; 5 - ohm; 6 — ymho; 7 - mA/V.
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Tha advantages and inadequacies of various transistor circuits can be

easily seen from Table 5.4. Handbooks, as a rule, usually give the h-

parameters for a cosmon base circuit. To determine hu, hm, hm., and hm
in two differeat circuits, it is required to divide the corresponding para-

meters of the common base circuit by (1n). The parameter hlac = 1, and
b)2s = Byyplpey/1o = Bygye
If the Z or Y parameters are required, they ean be found from the

following PR T Tl T S
A ' *a

L) LI
r“m-‘_.;' En=— y "

- . LT
R

d
T T e —t kA d At
05 WL wm . 2 -l HBN

& O H s oW o

Figure 5.21. Relationship of h-parameters of low-power germanium
low=frequency transistors to operating regime and
tegperature (cress hatching shows the regions of possible
variation in paraceters from one wnit to another among
devices of the same type).
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The manner in which the h-parameters depend on state, temperature and
other factors is quite complex. These relationships for lowepower germanium
alloyed triodes is shown in Figure 5.21.

In additien to the Z, Y, and H parameters, there is another system of
intrinsic (physical) parameters whose numerical values do not depend on the
circuit configuration. These parameters correspond to tbe T equivalent
circuit {fig. 5.22).

e fer) Ly

3 e
e ac
& Ity e
e I ' '
b } &

Figure 5.22. Simplest equivalent circuit of a transistor connected
with a common base.

re = emitter junction remistance; C, — emitter junction
capacitance; rp - base resistance; r, = collector

Jjunction rexistance; C_. — collector juncticn capacitance;

I, = equivalent current generator.

In this system of parameters are introduced:
the current amplification factor,

o= "hm$ (5.10)

resistance of the p-m junction,

£, = 2[!,.—2";—:‘(11”‘::)'- (5.11)
base resistance
T, ET” lz/hzzl (5.12)

resistance of the collector p-n junctien
T, = 1/1122. (5.13)

5.8 Frequency and Neise Properties of Transisteors

Frequency properties of transistors are basically determined by the
time required for the carriers to cross the base region and by the effect
of the junction capacitence. They are characterized by a parameter called
the specific current aaplification freqQuency, £n' [MHz]. Ia' is the freguency
at which the medulus of the current amplification factor g decreases by T2
in comparison with the value neasured at low frequency. Since the capacitance
and base width depend on applied oltages and currents, ‘nr of a transistor
Bepends not only on its oonstTucticn tut =120 on the operating wode. These
relationahips are shown in Figure 5.23.
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a b .
Figure 5.23. Relationship of specific amplifization frequency
of transistors Pl), Pl4, and P16 on the operating
mode. a - plotted against emitter current;
b - plotted against collector voltage.

Trans:stors are presently classed according to their freguency
charmcteristics as lov-frequeacy (f g 3 MHz); average Ifrequency (30 MiHz <
< £ JO MHz); high Irequency (30 MHz ¢ { g 300 MHz}, and superhigh
fequenc~ 42 > 300 MHz).

wheo 3.0 transistors it must be Kept in mind that the Ireguency
properties of 4 tronsistor in a common emitter circuit are considerably
worse than in 2 coamon base circuit. The specific amplification Zrequency
of & transist<r in comson emitter circuit IB is approximately calculated by
the formula

fi= 0,73‘.(1 —9) (MHz]. (5.1%)

Noise properties of mass producti_on tranxistors is worse than those
of vacuum triodes. Noise depends on the parmweters of the transistor
{ery Ty T I:-O"' its operating mode (Ie’ Uc), operating frequency £,
temperature, and impadarce of the sijnal source P'g'

These relationships are coamplex in character. Change of noise factor
Fn wiih changes in emitter current, temperature, Rg, and frequeacy are
ahown in Figures 5.24%a and 5.24b.

The noise factor of transistors usualiy is witkin the limits 5=-30 db and
may vary considerably from one unit to another of the same transistor type.
Noime of & transistor varies inversely with its g and T, and directly

with its Ty and Iw.
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Figure 5.2%k. Noise factor of transistors in relation to (a) operating
mode and temperature, and {b) frequency.

1 - Silicon transistoers: .
u‘:c -6V Rg = 1K) t° = 25°C; 1. e 1 mA.

2 ~ Germanium tranaistors:
Y, =25V Ro = 1 k0; X, = 0.5 mAs t® = 25°C.

5.9 Operating Modes and Uses of Transistors

it is possible to distinguish threc regions on the family of ocutput
curves for a transistor (for example, for a comman cmitter circuit): active,
collector current cut~off region, and gaturation region (fig. 5.25).

In practice transistors are used in two modes; amplification and
switching. In the amplification mode with small signals, the transistor
operates only in the active regiom; with large signals, it operstes in the
collector curTemt cut~off region and in the active region. In the switching
mode, it operates in all three regions. In the active region, the emitter
junetion is biased in the forward direction, and the collector junctien in
the reverse direction. Consequently, owtput current varies proportiocnally
with changes in Inpurt current,

Ic = B(Ico * rh)'

The cut—cff region (hlocked state) is characterized by reverse voltage
on both junctions. Under these conditions it is possible to consider that
approximately constant reverse currents Ilow in the circuits of both
electrodes of the transistor: Ieog Ioo; Ibog, I+ 130'

187
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Figure 5.25. Possible transistor operating modes.
] - asaturation region; 2 = active region; 3 = collector
current cut~off region; &4 - Pc ma ¥ const; 5= Ul_:e sat®
The semiconductor triode is saturated when doth junctions are biased in
the forward direction. Then further change in base current produces no
change in collector current. Residual voltage on the collector, Uce sat?
is small, asually amounting to tenths of a volt. Accordingly, dissipated
power on the collector p-n junction is also amall, and collectol current
is determined by the value of load resistsnce and supdly voltage Ec. This
results in good switching properties for transistors in pulse circuits,
Inertial properties of transistora depend on the ¢ircuit, electrical
mde, junction capacitances, and transfer time for the carriers to crass
the bane.
If the operating point is not in the saturation region, the time constant
of the transition proceas at the transiator output in a <ommopn eaitter circuit
(Ts) is determined by

=,=,{%,} (aec). (5.15)

If the operating point is in the saturation region, then the processes

in the semiconductor triode after the end of the base current pulse consist
of two stages (fig. 5.26). During the first stage m decrease in concentra-
tion (disaipation) of accumulated holes in the base takes place. This pro-
cesa is characterized by a dismipation time 7

diss
Sw I’b/zb - is the degree of saturation; thern the operating point shifts

Re 1'51125, where

to the active region, in which collector current decreases expenentially
with time constant 'ra- Thus, recovery time frop maturation to the blocked
state is greater than ti' which has a negative effect on high~speed pulse
circuit.

Transisiors are excepticoally reliable elements of elactronic circuits,
but ‘incorrect use reduces their reliability and is one of the reasons for

failures in operation.
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Figure 5.26. Diagraus of transistor currents for pulse operation.

Tae wost frequently encountered examples of incerrect cperation are
the following:

1. Using devices at the maximmm allowable conditions or even exceeding
the operational 1imits. In all bandbooks for each device are givan maxjmum
allowable currents, voltages, and power, taking into account the corresponding
safety factor only on technological breakdown. These limits should not be
axceeded in-any static, dynamie, or non-steady state which might occur in
circuits.

2. Disrsgard for the thermal statc of the transistor. Since at in-
creased temperatures the allowable voltege, current and power limits are
reduced, alwost zll of the transistor parameters change. For example, re-
verse collector current on the average doubles with each 10°C rise in tem=
perature, Therefiore, special attention should be paid 1o c;')oling without
regard to how Tar the dissipated power is from the allowable limit. Ger-
manium transistors operate in a temperature range from ~60 to +70°C, and
silicon from ~60 to +120°C. Transistors should conly be soldered into a
circuit in such a menner as to ainimize heating of the junctions.

2. Using transistors in a common emitter circuit with large resistance
in the base circuit. This resistance should be minimum. Aveoiding the
transistor cutput from the arrangement does: not assume isclation of the base
eireuit in the presence of voltages on the other electrodes.

4. Securing the trxansistar hy its leads. The tranasister is resistant to
mechanical siress only when i: is mounted to the chasaig by its casing. Thia

also. assures the best heat conduction and generally increases stability and
reliability of operatica.
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Chapter VI

Pulse Engineering

6.1 Pulse Voltages and Currents

An electrical pulse is understéod to mean the vbltag'e {ecurrent) acting
in a circuit for a short time pericd, short as compared wif:h t.aa transient
processes taking place im that eircuir.

Yideo pulses and radio pulses are different, in that video pulses are
voltages (currents), the instantaneous values of which differ from zero, or
from a constant level, for a short period of time {fig. 6.1a). Radio pulases
are pulses of high-frequency sine voltage (current) (fig. 6.1b). 7The en-
velope of a radic pulse is a video pulse.

Pulzes can be of different shapes, depending onm the use for which
intended. Most often used in radar work are square (fig. 6.1c)}, sharp
(fig. 6.1d), sawtooth (fig. 6.le), an3d trapezoidal {fig. 6.1f, g) puises,

Video pulses csn have positive and nepative polarities.

The principal perameters of a single pulse are its amplitude Umflm),
width o widti of Iront T, and cut-off T__ {fig. 6.1a). Conventionally,
the pulse width i3 measured at the level of Q.1 Um(lm), the width of the
front ¢an be determined &5 the time required for the voltage (current) to
rise from 0.1 um(xm) to 0.9 Um(Im)' and the cut—off width as the fall from
0.9 Um(Im) te 0.1 U (I ). The reading level can sometines be selected st
other levels, but in «ny case is always stipulated.

The principal parameters of a periodic sequence of pulses are the
repetitica (recurrence) period, Tp (fig. €.1a), the repetition {recurrence)
frequency, Fp - I/Tp, the pulme duty factor

=T /r_ =1/F 1 - (6.1}
N I/ P /FP P
and its reciprocal, the duty cycle

xd =1/Q = 'rp/TP = Fp-rp. (s.a)'

Yet ancther paraneter of the radio pulse is the carrier frequency,

6.2 Pulse Formation by Linear Electrical Cirenits

Rheostate type capacitive circuits, RC, and rheostate type inductive
circuits, RL, for differentiatisg and integrating pulses, icpulsing circuits,
and lines with distributed and lunped paraseters, are all used to form
palses.
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Figure 6.1, Video and radio pulses.

a - video pulses; b = radio pulses; c - square video
pulse; d - sharp video puise; e - sawtoothed video
pulse; f and g — trapezoidal video pulses.

Differentiating circuits
A aifferentiating circuit is one in which the voltage across the sutput
is proportional to the derivative of the input voltage

Uw L™ k-aum/dt.

Capacitive (fig. 6-2a) and inductive (fig. 6.2b) circuits can be used
for differentiation. The capacitive differentiating c¢ircuit is the one most
widely used in practice. The smaller the time coastant (v = RC for the
capacitive, T = L/R for the inductive circuit) the more precise the differentia-
tion, but the smaller the magnitude of the output signal. Hence, the mag=
nituce of the time constant is selected in accordance with concrete

engineering conditions.
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Figure 6.2. Differentiating circuits.

a = capacitive; b = inductive.

Differentiating circuits are used for the following operations.

l. Carry ocut the mathematical operation of differentiation. In the
electronic computer this use of the cifferentiating circuit is for continuocus
action., A combination of a Jdifferentimting circuit and an coplifier (an
operstional differentiating amplifier) is used in this case to improve
the quality of differentiation when the output xignal has sufficient amplitude.

2. Formation of sharp pulses Ifrom the edges of the veltage. When
pesitive square pulses (fig. 6.3a} are fed into the input of the differentiating
circuit, sharp pulses (positive for the time of the pulse front, negative
for the time of the pulse cut«off) are obtained at the output. Formasion
of sharp pulses is connected with the rapid charge (discharge) of the capa-
citance. ine smaller the “ime constamt, the shorter the pulese. Whea the
pulse width is ma._ared aT the O.1 Um level

-rp = 2.3 7 =23 RC. (6.3)
e
o
g' - i p————
I
P
: = 1 T
o e g I 1 H i
Courd H Lyt i 1 1
Vs ll y"_t L i 1
e % P
wl g ol L,
@, —'_-'--—r—1——-—‘—- & [
- L=} ' [SLE]
o A —
a & b

Figure 6.3. Voltage across the output of a differentiating circuit.

a = in the case of differentiation of a square pulse;
b — in the case of differentiation of a trapezoidal pvlse.

The shape of the on.:‘tput pulse showa in Figure 6.3a, occura culy under
ideal conditions; infinitely short width of the inprt signal frunt, zero
generator resistance, no shunt capacitances.



RA-Q15~68 ’ 193

A real pulse at the output of the differentilating cilrcuit has less
amplitude, is wider, and has a finite width of front (the dotted line in
fig. 6.3a). Capacitance C is selected 4 to 5 times larger than C:l and 4‘.2
(fig. 6.2a) in order to reduce the effect of the ahunt cajpacitaices. Or-

dinarily, C. and C2 are 10 to 15 pf, with the magnitude ¢f C > 50 to 100 pf.

The ob':a.:'.ning of sharp pulses is sometimes called pulse contraction,
and the circuit used a contracting circuit. Use ¢f the comtracting circuit
makes it possible to obtain pulses with a width of Tp;. Q.5 to 1 micro-
seconds. Pulse contraction can be used to form short-duration pulses,
for selecting pulses actcording to width, and thelike.

3+ Formation of square pulees from trapeu;idal. Vhen a trapezoidal
pulse is fed into the input of a differentiating circuit, there will be two
square pulses at the output; positive during the time of the Irunt, negstive
during the time of input pulse cut-off {fig, 6.3b%). Thus, the differentiating
circuit can be used to obtain the sensitizing pulmse in a acope with raster

acan.

Integrating c¢ircuits
An integrating circuit is one in which the voltage across the output is
proporticnal te the integral of the input voltape

t
U = x£ U, dt.
cut in

Used for the most part for the integration is the RC, capacitive,
cireuit (fig. 6.4a). The RL, inductive, circuit (fig. 6.4b) is practicaily

not used.

]
o v, % Gz
e T s "5

Figure 6.4. Integrating circuits.
a = capacitive; b = inductive.

The larger the intcgrating circuit'a time comstant, the better the
quality of integration, but the smaller the magnitude of the output signal.

Principal uses of the integrating ¢ircuit are to _carry cut the mathe-
matical eperation of integration (as an element in an operatiomal integ-ating
amplifier), to make a sawtooth pulse out of a square puise {fig. 6.5a) to form
the time-base sweeps, for selecting pulse widths, and for obtaining the para-
bolic voltage from the sawtooth voltage {fig. 6.5b) to form the height scan
in the indicator of an altimeter system.



) RA-015-68 154

Tr Ygr
in in
o
A
t - -] ¢
= [}
Dyt 1 : L. ! i
aut 1 1 out -} [}
I/\\
i ]
| /1\\ . [ 1 1
a b g

Figure 6.5. Voltage acroas the cutput of an integrating circuit.

a - intesration of a equare pulse; b = integration of
a sawtooth pulse.

Systems with Impact Excitation Circuits
Circuit excitation caused by the current drop can be used in these
systems. Systems with impact excitstion circuits are used to obtain a
series of sinusoidal oscillations, short sharp and aquare pulses, foxr pulse
expansion, etc.
Obtaining series of sinusoidal oscillations. Positive feedback circuits

are most widely used (fig. 6.6a). Upon initiai operstion tube T, is
triggered, the place current in the tube flows through the ¢oil and stores
energy in the magnetic field of the ¢oil. When tube ;‘2 receives an input
pulse it is blocked snd oscillations with frequency T = 1/2nVIC appesr in

the circuit. These omi{%gtiom are repeatod by the cathode follower, so
energy is available in the circuit. When resistor RJ is of the optimum
magnitude the energy losses in the circuit are compansated for and the ampli-
tude of the oscillations remains practically constant (fig. 6.6b). Connection
poift "a™ is usnally selected at the middle of the coil. Now the optimm

magnitude of 313 opt can be established through the formula
Ry oot = 1/4 - 1/CR. (6.4)

This circuitry is widely used in calibrators to obtain the range
oarkers.

Obtaining short sharp pulses, Here the critical ccndition is used,
and the circuit can be shunted by resistance

R.:.;_I/%"_ (6.5}

Delivery of a negative pulse (fig. 6.7a) res:lty in the formation of
two sharp pulscs (fig. 6.7b), similar ip shape to the pulse from the
differentiating circuit, at the circuit output. This is why this circuit
is often called an inductive differentiating circuit. Ihe principal advantage



RA-015-88

Y
in
ot f=—f ==
1
! 1
| I
Yorr} | l-
Buy | '
|
- Hap | —
aoe i .
out H—mto
B 11 .
1 B

Figure 6.6. Arrangement with impact excitation circuit and
positive feedback.

a — schematic; b = voltage time diagrams.

Figure 6.7. Stage with inductive differenmtiating circuit.
a = schematic; b — voltage time diagrams.

195

of the circuit is the popsibility <f obtaining a large ampli‘ude pulse,

considerably in excess of the source woltage E‘.

Forming Lines

Distributed-parameter lines, as well as artificiel lines with lumped
parameters, ¢an be used to form short square pulses. The advantages of

thege devices include goocd shope and a highly stable pulse width, and
the possibility of obtaining high power pulses.

The line can be used as an e¢nergy bank for purposes of obtaining power-

ful pulses. The lina is charged by closing the key (fig. 6.8a). The
charging time is

tcharqc = 3R + Rload)‘c'
where

1 is the line (cable) length, neters;
C is the line capacitance {capscitance per meter of length).

(6.86)
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The line cischarges to load R =g o= hJC at the mooent the key is

closed (a thyratron is often used i:m:he key). Waves of voltage and curreat
are propagated on the line at velocity v = c/'f: {c is the speed of lighes

¢ is the dieleciric constant of the cable dielectric)‘. By time T, = 1/v
The voltage (current) wave reaches the end 5f the linmc and is reflected from
the open end of the line to be propagated Lo its origin at the same
velocity. When the reflected wave arrives at the origin of- the line the

line is cowpletely dischari;ed. A pulse with amplitude E/2 and width
™" 2T, = 2_:3/.‘___-‘ 6,6-:0-Y V% [microseconds] (6.7)

is formed at the load.

The pulsme shape is dostorted (fig, 6.8b) when there is a line mimmatch
(R gaa > P OF Bygaq < 9)-

The principal advantage of using a coaxial cable (REK~1, RK-3, RK-20, and
others) for forming is the undistorted pulme shape (when the cable ia marched
to the load). Disadvantages are low characteristic impedance (p = 50 to
150 ohms) and long length (in order to obtain ‘l’d = 1 microsecond & length
of 1 = 200 to JOO meters is required). One of the conductors is twisted
into a spiral (spiral linea RKZ-L0O, RRZ-4D1, and othera) to reduce the length
of the cable. These lines provide a delay of 1 microsecond per lo ca of
cable length at a characteristic impedance of gbout 1,000 obms. The prin~
cipal shortcoming of tic spizal line is the extenzive distortion of the
ulse ahape. Spiral licea usually have a delay af Td £ 1 aicrosscond.
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Figure 6.8. Forming lines.
a = schematic; b = voltage time delays.

Artizizial chudn lines (fig. 6.9a) are those most widely used because
they are compact, and bBecause different characteristic impedances (froam
tens of ohma %0 sevaral kilohws) and delays (from thens of a microsecond to
several tens of microseconds) can be obiained. Chain lines consist of series-
connected cells of incuctances and capacitances.
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The characteristic impedance plinemdthedehyti.-einmtli.nkm
be established through the forsmlas

L (6.8)

Prine "V cerr ccell. g

T, , -Vx."""c ¢117-° cd‘_'l (6.9)

The width of the pulse that is formed ia
L 7T, - ai\fx.cel_'lc_c el—l » (6.10)
where

n is the number of cells.
Increasing the number of cells resultis in a shortening of the front
(fig. 6.9v)}. For a given fromt width

n= 0-27-1-,/?’. (6.11)

¢ L onit ‘aﬁ

-r-':a =Ceoy ‘c:nr

%

A9
[\\=
T ot
27y
b g \‘.‘&/
Figure 6.9. Artificial chain line.
a - schematici b - voltage time diagrams.

However, an increase in the number of cells does not do away with the
oscillations at the apex of the pulse. Correction is used to improve the
shape of the apex, and that most often used is a booster inductance, Lb.
‘I-'thhsL there are virtually ne oscillations at the apex, but the

cell
width of the front doubles (the dotted line an fig. 6.9ble
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Forming lines are used in the pulse modulators of radars, in coding and

decoding devices, for stabilization of pulse generators.

6.3 Nonlinear Electrical Circuits Used for Pulse Formation

The parameters R, 1, and C depend on the magnitude of the voltage

(current} in ronlinear forming circuits.

Cligers

A clipper is a device, the voltage across the output of which remains
constant when the input voliage goes beyond the limits of a fixed level,
the cuantizer threshold. When the values of the input voltage are inside
the quantizer threshold the voltage should be reproduced across the cutput
without distortion. Limitation of the upper part of the input voltage re-
#slts in top elipping, limitation of the lower results in bottoa ¢lipping,
and when limitation is of the .pper and lower parts in bilaterial <¢lippimg.

Clippers are used to obtain square pulses from a sine voltage, Ior
amplitude and polarity selection, and for improving pulse shape. Elements
in which the resistance very definitely depends on the regime ar¢ used for
clipping. Diodes, multi-electrode tubes, and transistors are used as non-
linear elements such as this.

Diode clippers. The principles of operation of diode clippers are based
on unidirectional conductivity of the diode. They arc used in electrovacuum
and semiconductor diodes. The advantages of the vacuum diode include a
high value of back resistance and permissitle veltage, and a low temperature
ratio. Shortcomings include large size, less efficiency and reliability
{than semiconductor diedes), dependence of the characteristic on the filament
voltage, and high inter-electrode capacitance. Today semiconductar diodes
are used in clippers, for the most part, There are series and parallel
diode clipper circuits, depending on the method used to cut in the diode.

In the series diode clipper circuit (fig. 6.10) the diode is unblocked
when the voltage is positive and the voltage at the output will repeat the
input voltage, whereas, when the voltage is negative the diode will te
blocked..md the output voltage will be clipped, The clipping level can be
changed by changing the magnitude and polarity of the dias source. The
advantate of this arrangement is the clearly defined clipping level, The
disadvantage is the capacitive coupling betweon the input and cutput be—
czuse of the plate-cathode capacitance, causing distoertion in the shape of
the output voltage, particularly whem the front is quite steep.

In the parallel eircuit of the dicde clipper (fig. 6.11), when the
diode is unblocked the load resistance R is shunted by the low resistance

laad
of the diode and the output woltage is limited, while if the diode is tlocked
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S

Figure 6.10. Clippers with series connected load.

a = top clipper ta zero level; b - bottom clipper to
zero level; ¢ — top clipper to positive level; 4 -
bottom clippsr to negative level; e — bilateral. level.

the voltage across the output repeats the shape of the input voltage. The
iRty ‘S.oad > Rclip
normally. The absence of capacitive coupling between the input and output

> % muist be satiafied if the circuit is to function

is the advantage of thisg circuit, whereas the disndvantages are the need
for a bias source with low intermal resistance, less definition of the
clipping, and attenuation of the output signal caused by the drop in

voltage acrosa Rclip
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R, L

Figure 6.11. Clippers with parallel connected load.
a = top clipper to zero level; b = bottom clipper to
zaro level; £ -~ top clipper to negative level; 4 —
bottom clipper to positive lavel; e = bilateral®
clipper.

The advantages of all diode clipper circuits are simplicity, efficiency,
and stability of tae ¢clipping level. Lack of amplification is a short=

coming.
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Clipping Amplifiers
Multi-electrode tubes, or transistors, can be used to ohtain ¢lipping
and amplification. Three types of clipping a.e possihle, as a result of the
flow o grid eurrents (grid-circuit clipping), as a result of the lower and
upper bending of the plate-grid curve (plate-circuit clipping top and
bottoa).

Grid-circuit clipping. The circuit describes an amplifier with resistance

Rclip inserted in its grid circnit (fig. 6.12a), When the voltage across
the grid is positive the voltage across the amplifier input Is clipped by
the flow of grid current through this resistance similar to the parallel
diods clipper (fig. 6.12b). The woltage clipped in the grid ¢ircuit is

amplified and inverted in the plate circuit.

Bottom plate—circuit clipping is obtained in the amplifier (fig. 6.13a)
by plate current cutoff, When the input voltage drops below E 20 the tube
is blocked, the voltage acrcss the plate reaches the magnitnude Ea, and is
clipped (fig. 6.13b).

Figure 6.12. Grid-circuit clipper.

a = schematic; b - voltage cad current time diagrams.

Top plate—circuit clipping. A pentode and a high-resistence plate

load must be used to obtair this clipping. The clipping results from the
transition of the pentode into the critical c9nditiou' and this establishes
the minimum woltage across the plate (fig. 6.14).

A combination of bottom plate-circuit elipping with grid-ecireuit elipping,
or top plate~circuit clipping, is used to obtain bilateral <lipping. A
transistor can be used for unilateral or bilateral eclipping (fig. 6.15).
Top clipping is by blocking the transistor, whilc boettom <clipping renalts
from the transition to the saturation comdition (for transistors of the

p-a=p typel.
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Figure 6.13. Bottom plate-circuit clipper.
& = schematic; b - voltage and current time diagrams.
-ty
Yz

Yam 6 ¥ .
Figure 6.1k. Top ancde-circuit clipper.
a - schewatic; b — woltage and current time diagrams.
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Figure 6.15. Bilateral transistor limiter.
a = schematic; b - voltages and current time diagrams.

Leval {lampers

Separation circuits (RC ¢ircuits and transformers} will not pass the
direct componerts (fig. 6.16a), and level clampers make d.c. restoration
possible. A 2iode is usually used for this purpose {fig. 6.16b). In the
interval between the pulses the condenser quickly discharges through the
diode, eradicating the cutput voltage biasing snd changing the zero levsl,
A source of biasing voltage must be cut in in series with thke diode to
change the clamping level. Clampers are used in the cutput stages of the
sweepa ol scopes, for background restoration in television sels, and the
like. '

'Ua l%‘ Fm-
i

IR N
dgal ) i

RN ,

e Yl

Figure 6.16. Level clampers. a — change in the initial level
as pulses pass through an RC circuit; b - clamper cire
cuit and output voltage time diagram.
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Cirzuits with Nenlinecar Mapnetic Elements

The cores of nonlinear majnetic elements for the most part are manu-—
factured from ferrites with a rectangular hysteresis loop (fig. 6.17).
Circuits with nonlinear magnetic elemenis are used to form pulses (peak trans-
farmers), or as circuits with two stable statcs.

Peak transformers (fig. 6.1Ba) are used to convert the sine voltage inte
short pulses. The operating condition is selected guch that the transformer
is saturated for a good part of the period. The voltage is zerc across the
tatput. Short pulses {(fig. 6.18b) appear at the output as the transformer
shifts from one saturated state to the other. Advantages of the peak trans—
Tormer are reliadbility, simplicity, <compactness, great steepuess of cutput
pulse cut-off. Shortcomings are not very steep pulse edges and small ampli-
tude output pulses.

4y
-5,
'Bm‘ L___
7
1
i
1
1
=54y : !
7‘ A H, Sy A
i
i
1
Sy
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Sa0

Figure 6.17. lysteresis loop of a ferromagnetic material.

Circuits with two stable equilibrium states. The circuits are based on

the presence of two states of residual magnetization of the core {torcid),

-B and =B (fig. 6.17)- The basis of the circiit is the toreid with
res res

several windings (fig. 6.19al.

ac

Y
A

e  —
o

Figure 6.18, Peak transformer.
a - schematic; b - valtage time diagrams.

If the magnetic state of the toreid is established by the point -Bres’
vhen a pulse current is fed to winding I the core undergees a reversal cof

magnietiszm to -Bm. When the pulse current ceases the toroid enters the second
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stable state, cne that corresponds to the residual magnetization qBr Now,

if a pulse current is fed to winding 1I the core undergoes a revemiaof
magnetise to -Bn, ad after this pulse subsides the toroid returns to tbhe
original state of residual magnetization -Bres'
An erf pulse is induced at the cutput winding eech time the toroid uader-

goes a reversal of magnetism (fig. 6.19b).

Figure 6.19. Ferrites used in circuits.

a = ferritc toreid; b - time diagrams of curvents,
voltages, and Temanence; ¢ - ferrite-diode elements
Q = ferrite-transistor element.

If the toroid had been in state ’Brea prior to feeding the pulse to
winding i, upon delivery of the induction pulse the increase is to +Bm, and
after the pulse has died out the toroid returns to the original state, +Bres’
The toroid does not underge a reversal of Tagnetism and the emf pulse induced
in the output winding is small in amplitude. Nor does reversal of magnetism
occur with the delivery of pulse current to winding IT if prior to the
delivery the magnetic state of the toroid had been established by the
recanence, —Bres'

Diodes (ferrite-disde elements), or tramnsistors (ferrite-transistor
elements), are inserted as couplings between the cores to provide unidirectionality
of information. Insertion of transistors alsc provides amplification of the
inp:t signal. Other elements (such as transfluxors, "small ladders," and the
like), are made of ferrites, in addition to toroids. Ferrite circuits are
widely used as switching, logical, and memory elemcnts.
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6.4 Square Pulse Generation

These generators use devices with a falling section on the volt-ampere
curve. It is a known fact that on this section the device's equilihrium state
is upstable, resulting in the voltage {current) Jumps needed to form square
pulses. Positive feedback, or devices with a falling section i, their
curves (thyratrons, tunnel diodes, secondary emission tubes, and the like),
are used to obtain this curve.

Pulse generators can function in the following modes:

autooscillation, when generation occurs without cutside excitation;

synchronization, when ocutside signals controlling the operation of the
generater are fed to the generator functioning in the autooscillation modes

start-stop (driven), when the generation is the result of the effect
of the outside signal only.

Multivibrators as Generators
In generators of this type the positive feedback is ereated by using two—
stage amplifiers in which the output from one stage is coupled to the input
of the other.

Multivibrators operating in the autcoscillation mode. The principal cir-

cuit in the multivibrator (fig. 6.20a) is a tvo-state resistance-coupled
amplifier, in which the output from each ¢f the amplifiers is capacitance-
coupled to the input of the other through a geparation capacitor. Generation
involves sequential blocking of one tube and firing the other {a process .
Imown as inverting the circuit). After sequential inversion the capaciter
connected to the plate of the triggered tube discharges through this tube
and the laakage resistance, <reating a negative voltage across the grid of
the blocked tube, keepa this tuba blocked. When the capacitor discharges the
voltage acrusas the grid of the blocked tube increases and when it reaches a
magnitude equel to that of the blocikdng vt;ltage the tube fires, the positive
feedback circuit is resotred and the next igversion, the tlocked tube is
triggered, the triggered tube i= blocked, takes plzce in the circuit.

Square pulses are formed at the tube plates (fig. 6.20h). The width
of the pulses, and their repetition frequency, can be established through the
formulas

o1 = RSl U/ B, s (6.12)
Ty a = RGla /e (6.13)
T, = Ta1 % Tp o (6.14)

Pulse width and repetition frequency are regulated by changing the magni-
~udes of the lsakage resistances {Rl and Rz), or of the capacitance.
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Figure 6.20, Vacuum tube multivibrater.
a = schematic diagram; b - voltzge time diagrams.
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Figure 6.21. Transistor-type sultivibrators.
a ~ schematic diagram; b = voltage time diagrams.
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Minimum multivibrator pulse width is 0.5 t0 2 microseconds, the oscilla=-
tion frequency is from a Iraction of a hertz to hundreds of thousands of
hertz, and the pulse rate can reach 100. Frequency stability is low and is
but a few percentage points in the best of cases.

A simple way in which to increase stavility is to use a multivibratoer
with "positive" grids (the dotted line in fig. 6.2Ca shows the leskags re—
sistances cut in in thia‘t:ircuit). Other stabilization methods will be
reviewed in what follows.

The transistor-type multivibrator (fig. 6.21) is po different, in prin=-
ciple, than the tube type, tut as a practical maiter hias is always Zed tc
the basme in the case of the transistor generators to increane stability.

Pulse width, repetition frequency, and amplitude of pulses are calculated
througlt the formulas

24 Ico‘-"bl‘,zc

T =R _C.in {8,i5)
rl %1 2
1+ xmﬁmﬂ-:<=
2+1 ]
- = szc In —i‘b&- § {6.16)
r2 g 1+ /E
d)%... <
'rp =T,y Tp g 0 {6.17)
U el aE . (6.18)

The dependence of the initial current, IcO' on the tecperature is in the
main determined by the temperature stability of tho pulse repetition period.
In order to increase the stability it is desirable, insofar as this is possible,
to increase Ec, reduce resistance Rb, and select transistors with saall

eurrent values, I One way to increase stability is to insert a base of

a®
silicon diodes in the circuit. Instability of the repetirion period can be
reduced to a few percentage points dy the use of these measures.

Triggeres emltivibrator.® Triggered multivibrators are understood to be

multivibrators with a single stable equilibrium condition, producing a single
pulse triggered by an outside signal. Triggered multivibrators are used as
pulse expanders, strobe pulse generators, time delay devicesa, and the like.
There are many circuit Jdesigns for the triggered multivibrator.
Specifically, we can make a triggered multivibrator by blanking one of the

* These circuits are alsc called single-mulae multivibrators, single-
vibrators, trigger cirenits, lkipp sclays.
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multivibrator tubes (fig. 6.20a) by an cutside biasing source. Most frequently
used is the triggered multivibrater with cathode coupling (fig. 6.22a). The
advantages of this circuit are stability, simplicity, sbsence of a negative
bilas source, good pulse shape at the plate of tube Tz. In its initial state
tube Tl is hlocked by voltage U'c created by the current from the unblacked
tube, T_, at resistance Re. Upon delivery of the trigger pulse tube T, is un-

bladcedzand T2 is blocked. Condenser ¢, discharging through unblockedltube Tl'
provides a negative voltage across resistance R, keeping tube '1‘2 blocked. As
the condenser discharges this voltage increases and when it reaches the
blocking voltage tube 'l'2 is unblocked and tube Tl is blocked. The original
condition of the circuit is restored {fig. 5.22h) after condensmer € is charged

from source E‘.

Y
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Figure 6.22. Triggered multivibrator with cathode soupling using
electron, tubes. .

& = cirvuit; b = voltage time diagrams.

The pulse width can be calculated through the formula

T, % RCla - uml/lz I {6.19)

Width is adjusted by changing R and C, as well as by changing voltage P.g.
The circuit provides pulses from umits in microseconds ¢ fractions of
a second. Maximum permissible pulse duty factor is 0.3 to 0.5. The use of
certain types of circuits (pick-off diode, cathode follower) results in con-

sidezrably inereasing the duty factor. Stability of the pulse width is in
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percentage. Connecting the resistance to source E, (the dotted line in

fig. 6.22a) results in a several-fold increase in the stability.
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Figure 6.23., Triggered multivibrstor with emitter cocpling using
transistors.

a = schematic: b - voltsge time diagrams.

Circuits using transistors to make triggered multivibrators are similar
to corresponding circuits uaing tub¢s. Figure 6.23 shows a triggered multi~
vibrator circuit with emitter coupling.

The pulse width can be calculated, approximately, through the furmula

=Rt
R 2 s

Triggers

P=RCla (6.20)

Iriggers are start-stop devices with two stable equilibrium conditioms.
Rheostat cu;;pliug between stages is used to obtain this mode. Triggers are
aivided into symmetrical triggers, in which both stages are identical, and
unsymmetrical. Symmetrical triggers are used as frequency dividers for
pulse repetition, for controlling varicus types of devices, as memory,
counting, and switching cells in elecironic computers, and the like. Un—
symsetrical triggers are used mainly te form square voltages from sine
voltasges and as amplitude discriminators.
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Figure 6.24. Vacuum tube symmetrical triggers.

a - trigger with external biasing: b = voltage
time diagrams; ¢ - trigger with automatic biasing.

Vacuum tube symmetrical triggers. The circuit most widely used is the

ane with an external biasing source (fig. 6.24a). The circuit has two stadle
equilibrium conditions:

tube 'rl is unblocked, T, is blockeds

Tube 'Il i_s blocked, Tz is unblocked.

A pegative pulse, blocking the unblocked tube (or a positive pulse un=
blocking the blocked tube) must be fed inte the input in order to shift the
trigger {rom one stable state to the other. The voltape across the plate of
the unblocked tube will increase and will flow through the coupling circuit to
the grid of the blocked tube and unbleck it. The circuit shifts to the
second stable ctate, and this holds until the arrival ¢f the pext trigger
pulse.
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An automatic biasing circuit (fig. 6.24c) is often used, in addition
to the circuit discussed. This circuit has the advantage of the absence of a
biasing source, but also has the disadvantages that go with having two
additional elements and a recduction in the amplitudes of the output pulses.
The use of the external biasing source circuiz is desirable in devices
with a great many trigpers.

The tvpe of trigpering reviewed, in which pulses of just one polarity are
fed 1o the tube grid in turn, or in which pulses of altermatiag polarity are
fed to the grid of a single tube, is called split triggering. Another type
of triggering, common (or counting), is used when triggers are used in counters.
Pulses of just one polarity are fed to the grid (or plate) of the trigger tube
through a diode (fig. 6.25).

Quick-acting triggers can be characterized hy maximum frequency of
rrpetition of the trigger pulses, at whizh the trigger functions stably.
Tricde triggers can provide quick actionm up to 1 Milz, The acticn can be in-
creased to 10 MHz and higher by some compiication of the ¢ircuit (the use
of pentodes, additional cathode followers, high-frequency correction, clamping
diodes, and others).

Symmetrical trinsistor triggers. Transistor triggers are similar to
tube-type triggers (fig. 6.26). %the speed at which these triggers function
is usually slower than that of the iube=type triggers, because of the Lower
(a8 conmpared with tubes) frequency properties of the traisistor, as well as
bacause of the delay in the beginning of the turnover at the time the unblocked

transistor leaves the saturated mocde. A variety of circuit arrangements can
bo used to increase the action, such as ponlinear feedback to eliminmate the
saturation mode, emitter repeaters, diode ¢lamping, high frequency correctiom,
ané the like (fig. 6.27). The use of these measures can result in arriving
at a speed of a few megahertz.

a
Figure 6.25. Syumetrical triggers with coumon triggering.
a — grid; b - plate.
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Figure 6.26. Symmetrical saturated trangistor trigger.
a — schematic; b -~ voltage time diagrams.

Figure 6.27. Different transistor trigger designs.

4 = with diode clamping; b — with emitter followers;
¢ = with high-frequency correction.

Unsymmetrical trigger with cathode coupling (fig. 6.28). This circuit

has a nunber of advantages, including a well-shaped output pulse, and a
high degree of sensitivity. However, triggering will only occur with alter—
nating polarity pulses so the unsymmetrical trigger with cathode coupling is
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not used in ccunter circuits. When a voltage is delivered to the input the
irigger flip~-flops any time the input voltage passes through the operation

level. 7The transistor circuit is similar to the tube circuit.
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Figure 6.28. Unsymmetrical trigger.
a - schematic; b — voltage time diagrams.

Gas discharge triggers (thyratrons, cold cathode tubes) make it possible

to switch heavy currents. The chief shortcomixg of gas discharge triggers is
their slow action, o few tens of kHz. They are used in automatic circuits,
electronic switches, and counters. TFigure 6.29 is the schematic of one
design of a cold-cathode tube trigger. Initially one of the tudas is Zired
(unblocked), the other is blocked, and condenser C is charged. Upon delivery
of a positive pulse the blocked tube fires, condenser C begins to discharge
through this tube, the plate viiltage of the tuhe which had fired drops
sharply, and the tube is killed, The trigger shifts to tha second stable
condition.

Tunnel diede trigger (fig. 6.30m). The falling section of the diode
curve is used in tunnel dicde generators. The load line should intersact
the Ziade ¢urve at three points (fig. 6.30b), in order to obtain two
stable states; points 1 and 3 are stable, point 2 is vnstable. The circuit
can be triggered by pulses of altermating polarity, and when the pulse is
negative the transition is made from point 3 to poimt 1, when positive from
point 1 to point 3. Advantages of this circuit include simplicity, high
speed (up to several tens of megahertz), and high temperature stability.
Shortcomings include lack o a unidirectional signal, making it difficult
to match stages, and low voltage (tenths of a volt). The use of transistors
will do away with these shortcomings. A speed of several MHz can be reached
with combination circuits such as these. In addition to their use in
triggers, tunrel diodes can be used in multivihrators for autooscillation and
triggered modes.
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Figure 6.29. Cold-cathode tube trigger.

Figure 6.30. Tunnel diede trigger.

a = schematie; b - volt-ampere curve; ¢ = voltage
time diagrams.

Blocking Oscillaters

A pulse transformer is used to form the positive feedback in thesc o3-
cillators. Blocking oscillators are used to generate short pulses {from a
few tans of nanoseconds to several tens of microseconds) with a relatively
high pulse rate (from several tens to several hundreds of thousands). An
important advantage of the blocking oscillator over the multivibraters is the
ability to obtain high power in a pulse for low average power. The mast
widely used design of a hlocking oscillator in the autcoscillation mede is
shown in Figure 6.3la.

The tube is blocked by negative voltage across the grid, created across
resistance R by the discharge of condenser C, in the interval between pulse
generations. The discharge causes tha voltage across the grid to increase
and when it reaches the magnitude of the trigger veoltage the tube fires, the
feedback ¢ircuit is closed and pulse generation occurs (fig. 6.31b). During
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Figure 6.31. Electron tube blocking oacillater.
a - achematic; b - voltage time diagrams.

Figure 6.32. Start-stop blocking oscillator.

a = with triggering through the diode; b — with a
triggering stage.

generation condenser C is charged by the grid current, the voltage across

the grid decreases, and the tube is once again blocked at some predetermined
tixze. The transformer windings must buck each other in order for generation

to occur. If gencration fails to occur the ends of onc of the windings must

ba meversed. The voltage for the blocking oscillator can bLe picked off the
plate, or the third (load) winding, so it is easy to obtain the required
polarity and output pulse amplitude. Sometimes the output voltage ¢an be

taken off at the resistance connected to the plate or cathode circuit. Negative
pulses can be taken off at the plate load, positive ones at the cathode load.
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The repetition period can be adjusted by thanging the magnitude of
resistance R and capacitance C, the pulse width by changing capacitance C.
Use of a "positive" grid circuit results in a several-fold increase in
repetition period stahility. The blocking oscillator can be ialocked by an
external source to obtain the triggered mode.

One of the most widely used methods of triggering is the delavery of the
trigger pulses through an isolation diode (fig. 6.32a). "Sometimes an
additional decoupling stage (a cathode follower, or a tube comnected in
parallel with the blocking oscillator tube) can be used for triggering
(fig. 6.32b).

T:'ansisu':)r blocking oscillators can generate pulses with widths of frow
a few tenths of a microsecond to several hundred microseconds with pulse
rates from several units to several tbousand. The circuits and the operating
principles are similar to corresponding tube blocking oscillators. Most
frequently used is the transistor blocking éscililator with a common emitter
(fig. 6.33). The &iode, D, ia used to reduce the kickback occurring after
mulse formation. '

Figure 6.33. Transistor blocking oscillator.

a - schematic; b - voltage time diagrams,

Well=shaped pulses, a steep front, large load-carrying capacity, are
all advantages of this circuit. Instability in pulse width is a few tenths
of a percent, and the repetition period is 10 to 20%.

A several-fold increase in the stabiiity of the repetition period can
be obtained by using a circuit with an emitter capacitance (fig. 6.34).
The shortcoming in this circuit is the high pulse peak cutoff. Artificial
chain lines are used to increase pulse width stability.

Stabilization of pulse time parameters. Pulse excitation circuits
(fig. 6.35a) are often used to increase the stability of the repetition period.
The circuit oscillationa are added to the voltage across condenser C, with the
result that the time at which the tube is unblocked can be stabilized (fig.
6.35b). The use of the circuits increases the stability of the pulse repetition

pericd by a factor of 3 to 5. Circmits for increasing the stability of multi-
vibrator—type oscillators can be used similarly.
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§
Figure 6.34. Blocking oscillator with emitter capacitance.
a - schematic; b - voltage tize diagrams.
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Figure 6.35. Blocking oscillator stabilized by a pulse excitation
cirehit.
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a - schematic; b = voltage time diagrams.

an artificial chain line (fig. 6.36) can be used instead of capacitance
C to stabilize the blocking oscillator pulse width. In this circuit the
pulse width can be calculated by the artificial line parameters

T+ =2zn\LC . (6.21)
P cc

The number of line cells ix usually 3 to 5. The circuit provides very
good pulse stability but does have a pumber of sbortcomings, including a
reduction in pulse pover by a factor of 1.5 to 2, detuerioration in pulse
saape, and an increase in the Ifront length. The ¢ircuit is therefore only
used when the requirements with respect to pulse width stability are rigid.
The artificial line is seldom used to stabilize multivibrator type generators.
Generator synchronization is one way to improve the stability of
pulse time parameters. External periocdic voltages act on a generator operating
in the automatic cacillation mcde when synchremization is used. Synchroniza-
xion involves the matching (multiplicity) of the repetition fregquency of the
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Teslavialy

é
Figure 6.36. Blocking oscillator stabilized by an artificial
chain line.

a = schematic; b - voltage time diagrams.

filses Trom the generator with the frequency of the synchronizing voltage.
A sine voltage and short pulses are mos% often used as the synchronizing
voltage. - »

Figure 6.37a shows a blocking oscillator in the sync.hrbmlz;t.{o;n mode.
The voltage across the grid is the sum of the voltage at the condemser and
the synchronizing voltage. Generation occurs vhen this summed voltage
reaches the blocking voltage walue (fig. 6€.37b). OCther types of penerators
can be synchronized in a similar vay.

Ihe condition for synchronization is To > Tp; the ratio m = Tp/Tsyn
is called the synchronization multipleness. The higher this latter is,
the more stable synchronizaticn will be. Synchronization is widely used for
time matching of the operation of pulsers, frequency dividers, and for
the stabilization of generators.

Figure 6.37. Blocking oscillator
synchronization. {
a ~ schematicy b - voltage time J
diagrams.
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6.5 Generation of Sawtooth Voltaqge and Currents

The sawtooth veltage is used to obtain the time=base sweep in cathode
ray tubes with electrostatic deflection, a time delay, and for other pur-
poses. Sawtocoth current is used primarily to obtain the time-base sweep
in tubes with electromagnetic deflection (scopes, television devices, and
the like).
Sawtsoth Veoltage Gererptors

The basis for obtaiping a sawtooth veltage is the charging (discharging)
of a condenser. In the simplest circuit (fig. 6.38a) condenser C is charged
through Ra whilé the tube is blocked, but discharges quickly through the tube
when the tube is unblocked. A sawtooth voltage is generated across the
condenser {fig. 6.38v).

Figure 6.38. A simple sawtooth voltage generatar.
& = schematic; b = voltage time diagrams.

The most important parameters of the sawtooth Voltage are the duration
of the operating rate, T, the average velecity. v, = U m/TO, voltage use
factor, £ = U n/Ea’ and the coefficient cf nonlinearity ¢, which characterizes

- the relative change in the rate of rise (fzll) at the beginning and at the
end of the sawtooth voltage ) .

x| _| da)

_ by—o, a2 4t ! [{ —tige

"'_hf"= -!—"-I =.S&&Tt_ (6.22)
ar |y

The coefficient of nemlinearity sheuld not exceed C.1 (10%) ia the

case of the television sweep, 0.02 tc 0.03 (2 to 3%) in the case of radar
scopes, and 0.001 (0.1%) in the case of accurate time delay. In the simple
generator considered ¢ = €. Consequeatly, the nonlinearity is very high

in the case of the practically desirable use of the seurce of supply (£ > 70
to 80%). A stage such as this can be vaed in devices in which the linearity

requirement is low.
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The principal method used to obtain a linearly changing veltage is that
of charging (discharging) a conlerser with direct current. Current
stabilizers (pentodes, transistors), as well a.s feedbacks, are used for
current stabilization.

Sawtooth voltage gemerator with curremt stabilizer. Figure 6.3%a shows

a circuit with a current stabilizing pentade., When tube 1‘1 is blocked
condenser C will discharge what is, for all practical purposes, direct
current through the pentode because the pentode's plaie curves have but a
slight slope. A linearly falling voltage (fig. 6.39h) is generated at the
output. When tube 'rl is unblocked condenser C will charge from source Ea.'
The minirum coefficient of nonlinearity is about 1X. The coefficient of non-
linearity can be reduced by using feedback to the pantode and a supplemental
source of supply. The circuit can be used in sweep generaters in certain

types of oscillographs in combinmation with a startestop multivibrator.

- | |
_j,__,____].___

T

Figure 6.39. Sawtooth voltage gemerator with current stabilizing
pentode.

a - schematic; d - voltage tize diagrams.

Figure 6.40a is that of a similar circuit with a current stabilizing
transistor. Initially both transistors are unblocked znd condenser C is
charged to practically the scurce voltage. Upon the asrival of a trigger
pulse transistoer TJ. is btlocked, and condenser C discharges with the col-
lector current of transistor ’I‘z. Since the dependence of the collector
current ou the collector voltage is slight, the condenser will discharge
in accordance with a linear law (fig. 6.40b). The minimum coefficient of
nonlinearity for this circuit too is close to 1%.

There is a significant increase in the coefficient of nonlinearity when
a load is cocnected to the <ondenser, not only in the case of the tube-type
circuit, but in the case of the transistorized circuit as well. Consequently,
a low-chmic load must be connected through a transformer stage (such as a
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cathods follower, for example). Adjustment of the rate of the linear voltage

is made by changing the capacitance C, as well as with resistance Rc {in

the tube design) and Re (in the transistor design).

u,
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Figure 5-40. Sawtooth voltage generator with current stabilizing

trangistor.

a - schematic; b - voltage time diagrams.

Sawtooth veltage generator with positive feedback. Condenser C will

begin to charge whem switching tube T) (fig. 6.41a) is blocked. A compensating
voltage, fed into the charging circuit from the cathode follower output,
is used for current stabilization. Minimum coefficient of ronlinearity is
about 1%. Condenser C and resistance R are used to adjust the rate of rise
in the voltage. One advantage of the ¢ircuit is ood load capacity (the
voltage drops with the output of the cathode follower}. The circuit is
widely used in the range sweep channel of radar scopes.

The circuit is freguently combined with a trigger circuit (fig. 6.42).
The role of the switching tube in the circuit is talten by the grid-cathode
section of tube Te. Initially '1‘2 is unblocked and Tl is blocked. Feeding
a trigger pulse unblocks Tl.' causing an increase in the voltage across
1’ and '.l‘2 is blocked. Condenger C is charged through the
cathode follower, as shown in Figure 6.41. When the voltage across the grid-

rezistance Rc

cathode section of tube Te reaches the level of the blecking voltage this
tube is unblocked and :r:l is blocked. When the condensers are recharged
the circuit returns to its initial state. Change in R and C results in a
sigultaneous change in velocity and duration of the operating rate, but
amplitude Urn will not change, and this is an advantage of the circuit.

The transistor design of the main direcuit is similar to thot of the
tube design (fig. 6.43). It is recormended that & source Ee = 1.5 to 2 wlits
Be inserted in the emitter circuit to prevent blocking the emitter follower

' during the circuit restoration period, and thus reduce the Time required to re-
charge condenser cuin' The minimm coefficient of nonlinsarity equala 1 to
2%.
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Figure 6.41. Sawtooth voltage generator with positive feedvack.

a = schematic; b - voltage time diagramsa.

Figure 6.42. Trigger circuit ¢owmbined with a sawtooth voltage
generator.

a - schematic; b = voltage time diagrams.

223
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Figure 8.43. Sa«tooth voltage generator with transistorized
positive feedback.

a = schematic; b - voltage time diagrans.

Sawtooth wvoltage generator with negative feedback {fig. 6.44a). The

tube is initially hlocked at the third grid by negative voltage from the con-
denser, obtained hy using a clamping ¢ircuit (diode D). When a positive pulse
is supplied the tube is unblocked and condenser C discharges through resistance
R and the tube. 7The discharge current amd lineariZation of the output
voltage (fig. 6.L4b) are stabilized by the feedback from the tube plate inte
the discharge circuit. The chief advantage of this circuit is the high
linearity (a coefficient of monlinearity on the order of hundreds of a per—
cent can be ohtained). This is why the circuit is often used in devices for
precise variable delay. Shortcoaings are the slow rate of change in the
voltage and the relativel& long restoration time. The latter of these can

be eliminated by making the circui: somewhat more complicated (by using

cathode followers and clampers), L™
+£,

. . B

Figure G.iak. Sawtooth voltage generater with negative feedbacke.

a = schematic; b — voltaga time diagrams.
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The circuit considered can be combined with a trigeer, in which case one
mist cdesign an additional positive feedback laap. These devices are triggered
by short pulses and the duration of the operating rate is fixed by eircuit
parapeters.

The twostube gircuit (the sanatron), and particularly the one—tubc gir-
cuit (the phantastron), are ic wse. One phantastron design is shown in
Figure 6.45a. The cathoce follower (tube Tz) reduces restoration time.

Tube Tl is initially blocked by the suppressor grid and unblecked by the first
grid. The tube fires, and condenser C begins to discharge upon the arrival

of a negative pulse. Tl';e discharge process is linearized by the negative feed-
back supplied the discharge circuit from the plate of tube 'r:L through the
cathode follower, 'rz- When the voltage across the plate crops to the magnitude
U 01 min? at which the plate current ceases being controlled by the grid
voltage, the astion of the negative feedback ceases, tbe voltage across the
control g:"'id increases rapidly, and the scereen grid current increases corres—

pondingly. The voltage across the screen grid, and the suppressor grids
Ugr

']
Figure 6.43. Fhantastron. a = schematic; b - voltage time diagrams.

associated with it, decreases and the tube returns to the original coandition
in a jump, after which condenser C will charge quite quickly through the
cathoce follower. The phkantastron is used primarily as a time deiay

device, The duration of the operating rate, which determines the magnitude
of the delay, can be regulated by resistance R, capacitance ¢, and pot.tmtie—
meter RZ’ by changing the original voltage across the anode {fig. 6.45b).
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Figure 6.46. Sawtooth voltege generator with transistorized
negative feedback,

a = schematic; b = veltage time diagrims.

Unitized transistors {two transistors comnected in series), replacing
the pentode, are usually used in sawtooth voltage generators with negative
feedback (fig. 6.46). The operating principle of this ¢circuit is similar
to that of the tube cireuit, for the most part. The sawiooth voltage
generator can be built with cne transistor i the trigger circuit is made
more conplicated.

Transistorized generaters of this tType provide a lower order of linearity
of the sgwtooth voltage than do the corresponding tube circuits (the minimum
coefiicient of nonlinearity has a magitude on the ordexr or teaths of o
percent).

Sawtooth Current Generators

The chief purpose of sawtooth current generators is to create a sawtooth
current in the deflection coil so as to obtain a time-base sweep in catbode
ray tubes of radar scopes, in televiaion, aad the like. A trapezoidal voltage
(fig. 6.1f) must be supplied in order to ottain a linearly changing cdrreat
in the deflection coil. Accordingly, the sawtooth current generator consists
of a trapezoidal voltage generator and an ocuiput stage (a current amplifier).
A trapezoidal voltage generataor will result from a sawtooth voltage generator
if the capacitance is replaced by an RC circuit (fig. 6.47). The magnitude
of the initial jump can be regulated by resistance R. Another way to get a
trapezoidal voltage is to sum the sawtooth voltage and the square pulse
in a mixer.

The output Stages are current amplifiers, so they can be made using
pover tubes (beam tetrodes, ardinarily), or power transistors. The most
widely used circuits are those with the deflection cofl connected in the
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Figure 6.47. An BC circuit for obtaining a trapezoidal voltage.

plate, or the cathode, circuit of the tube (fig. 6.48). The chief advantage
of inserting the coil in the plate circuit is the low axplitude of the input
signal, while that of putting the coii in the cathode circuit is the smaller
amount of current distortion. If slow sweeps are used the coil is usually

inserted in the plate circuit, but if fast sweeps are used the coil will be

found in the cathode circuit.

Figure 6.48. Output stages.

a = with the deflection coil in the plate circuit;
b - with the deflection c¢oil in the cathode cireuit.

Figure 6,49, Sewtooth current generator with negative feedback.
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Figure 6.50. Transistorized sawtcoth current generator.

Nanlinearity in the curves for the output stages of the tuhes introduces
marked distortions in the shape of the eurrent. Great improvement in
linearity can result from inserting an output stage in the trapezoidal
voltage generator feedback ¢ircuit (fig. 6.49). In this circuit the positive
feedback for linearization of the trapezoidal voltage is taken off the
cathode output in the output stage. Amplificrs are inserted itubes T, and
'1‘3) to increase the gain in the feedback circuit, and as a result, the
linearity. This circuit will vield a coefficient of noniinearity for the
current on the order of tenths ¢f a percent.

The transistorized sawtcoth current gencrator circuit can be put together
in a marmer similar to that used in the corresponding tube designs. However,
there are difficulties, the result of the low input reasistance of the
transistor, s¢ in practice cutpui stages are combined with the trapezoidal
voltage generator (fig. 6.50). The tramsistor is blocked in thc imitial
mode. Delivery of an input pulse unhlecks the transistor, and a cwrrent,
increasing linearly, flows through the coil. Circuit linearity is relatively
low (the coefficient of noulinearity is 1 to 5%).

6.6 Puise Control
Pulse Modulation and Lemodulation
Modulation is defined as the change in one of the pulse parameters in
accardance with a predetermined law. Modulation can take place with respect
to amplitude, width, and phase. Demodulation is the process of separating
out the modulating signal.
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Pulse—amplitude modulation. A simple way in which to obtain pulsc-amplitude
modulaticn is to change the clipping level iIn the diode ciipper. The advan—
tages of this method are circuit simplicity and linearity in the modulation

characteristic, while the chief shortcoming is low sens:itivity.. Pulse-
amplitude modularion can also be obtained by changing the gain of the ampli-
fier in acecordance with the modulation law. Pulse-amplitude modulation in a
sawtooth voltage generateor can be accomplished by chanping the source voltage,
Ea'

Pesk detectors can be used for demodulation. Bridge circuits yielid good
results (fig. 6.51a)., The control voltage, U_, is an unmodulated pulse with
an amplitude in excess of the maximum awplitude of the modulated pulsaes,

v {fig. 6-51b?- A voltage equal to the control pulses in amplitude is set
up in the autobias circuit, R.lcl' Upon delivery of the control pulse the
diagonal cd in the bridge is short=circuited and condenser C is charged from
the source of modulated pulses (or is discharged through it if U . > Un).

If there is no control voltage all the dicdes are blocked by the voltage
across the F&CJ circuit, and the voltage across the output remains practically
constant, The result is separation of the envelope of modulated pulses at

the output {fig. 6.51b).

Ih
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Figura G.51. DBridge circuit for the demodulation of pulse~
azplitude modulation.

a = schematic; b - voltage time diagrams.

Width modulation, or widtih.-pulse modulation. Width-pulse modulation can
be obtained by changing the width of the pulse frox the pulse generator

(zrigger circuits, phantastron, and the like). $imple widtbh-pulse modulation
can be obtained by using nonlinear feedback in a transistorized blocking
oscillator (fig. 6.52). Feedback speeds up the process of taking the
transistor out of the saturation mode and reduces the width of the pulse
generated. The modulating voltage changes thoe moment in time the feedback
is cut im, and consequently controls pulse width. )
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Figure 6.52. Blocking oscillator with width-pulse wmodulaticn.

a = schematicy b = vpltage time diagrams.
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Figure 6.53. Schematic of the conversion of width-pulse modulation
into pulse-amplitude modulation.

Width-pulse modulation demodulation is usually dome by making a pre=-
liminary ¢onversion into pulse-amplitude modulation, which can be demodulated
by the methods described above. Conversion of width-pulse modulation inte
pulsd-anpliztude modulation can be done by using a generator that will produce
a linearly changing veltage (fig. 6.53).

Lrr

Ty

1]
[T 5 s e

Figure €.54. Schematic of the conversicn of width-palse modulation
into pulse-position modulation,
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Figure 6.55. Conversion of pulse-pesition modulation into width-
pulse modulation-using a trigger.

a = schematic; b - voltage time diagrass.
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Figure 6.5(. Conversion of pulse-position modulation into pulse—
amplitude modulation.

a — schematic; b - voltage time diagrams; A - sawtcoth
voltage generator.

Phase modulation — pulse-position modulation. Pulse-position moduiation

involves changing the time pesition of each pulse in & modulated pulse train
with respect to & periodically unmodulated pulse train. 'Pulse-position .
modulation can be cbtained from width~pulse modulation by differentiation
ané subsequent clipping (fig. 6.54). Preliminary conversion of pulse-
position modulation into width-pulse modulation, or into pulse-amplitude
modulation, usually occurs during demodulation. A trigger can be used to
convert pulse-position modulation into width-pulse modulation (fig. 6.55).

A device consisting of a sawtooth woltage generator, suitchl, and
accumulator (capacitance) can be used to convert pulse—position modulatiaon
into pulse-amplitude modulation. The sawtooth voltage generator can be
triggered by a periodic pulse train, with switching (comnecting the accuzulator
to the sawtooth voltage generator) done hy a modulated pulse train. This
results in the eavelope of wodulated voltage (fig. €.56) being separated at
the accumulator.
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Pulse Selection
Pulse selection is understood to mean tae separation out of the pulse
train of just those pulses vhat differ in accordance with a predetermined
designation {predetermined amplitude, width, and the like). Selection can be
used for the automatic logging of coordinates #n radar, in pulse communica-
tions, in television, and the like.

Amplitude selection. Any of the following clippers can be used to select

pulses, the amplitudes of which exceed a definite magnitude. The circuit
showr. in Figure §.%57a can be used to select pulses, the amplitudes of which
are less than a specified magnitude. If the pulse amplitude is greater than
a specified level, the pulse expander (the start-stop multivibrator) is
triggered and the pulse blocking the amplifier is produced. If the amplitude
of the input pulse is less than the specified magnituc!e the expander will not
function, and a pulse will appear at the amplifier output (fig. 6.57b).

Width selection. A simple method for selecting pulses with widths in
excess of a specified magnitude is the use of a sawtooth voltage generator
with subsequent clipping (fig. 6.58). Used for this purpesc is a circuit
with an artificial chain line (fig. 6.59a), the advantage of which is high
stability. If the input pulse exceeds twiée the width of the artificial
chain line delay, there is addition of the input pulse to the pulse reflected
from the end of the line at the load, and a pulse will appear at the clipper
(tube Tz) outpus (fig. 6.59b). If the width of the pulse is less than
twice the width of the artificial chain line delay, there will be no addition,

avd there will be no pulse at the output.
ez
Yeer -

1
R

Figure 6.57. Amplitude selector.

a - block schematic; b - woltage time diagrams.
A - bottom clipper; B - pulse expander; C - amplifier.
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Figure 6.58. Width selection using a sawtooth vcltage g-r.erator,

a - block schematic; b = veltage time diagramss
A - sawtooth voltage generator; B - bettom clipper.

IT it is necessary to select a pulse witn a width less than a specified
magnitude, the sslection of a pulse with a width in excess of this magnitude
as reviewed a%ove, and a dlocked amplifier, can be used. The functional
construction of the circuit and its operation are similar to the circuit
shown in Figure 6.57.

Time selection. In time selection those of the input pulses coinciding
in time with the gate pulse are separated. ITwe methods are used in time
selecticen. The first invoelves adding the input and gate pulses, and then
clipping (fig. 6.60). The second mathod is based on the use of coincidence
gate circuits (the "P" circuits) described in what follows.

My wery ey

e

Figure 6.59. Width selection using an artificial chain line.
a ~ schematic; b - voltage time diagrams.
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Figure 6.60.

Figure 6.61.

Time selection.

a - schematic; b - voltage time diagrazs.
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Block schematic of pulse repetition frequency selection.
A - delay circuits; B -~ time selector.

Repetition frequency selection. A circait with a

delay, T

a5 Tp, and

a time selector (fig. 5.61} can be used to separate those pulses with a
predeternined repetition frequency, Fp = 1/‘1‘9. from & pulse train.

Comparaters (Amplitude Comparators)

Thesse dsvices are used To bring about a drep in veltage {(curreat) at

the moment in time the input voltage and the reference
or changing slowly) are equal.
a time delay.

{fig. 6.28), can be used as comparators.

L%
&

voltage (cunstant,

The chief use of comparators is to obtain
Clipping amplifier circuits, or an unsymmetrical trigger

-

b

Figure 6.62. Regenerative diode comparator.

v

&

4

a - schematic; b - voltage time diagrams.
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Great steemness in the drop at the moment the copparison is made is pro—
vided bY a regeneérative diode comparator (fig. 6.62). Prior to the moment the
comparisen is made, &iode DI is blocked and the feedback cireuit is open.

At the moment the comparison is made between the input voltage and the
reference veltage, Uo, the diode is unblocked, the feedback cirenit is closed
and a jump. like the one in a conventional blecking oscillator, takes place

in the circuit.

Tize Delay Devices

Time delay devices are used for time selection, pulse measurements,
matching the operation of pulse devices, separating channels in the case of
pulse communications, and the like. Delay lines, electronic delay circuits,
and phase shifters, can be used for time delay.

Delay lines can be divided up into electrical and ultrasonic. Artificial
chain lines (fig. 6.9) are used, for the most part, as electrical delay
lines. Delay duration is

T, = n'y Lc.- (6.23)

Artifleial chain lines are used primarily to cause no more than a 10
to 20 microsecond delay. Lipes are cumbersome in the case ¢f long time
delays. Lines with distributed parameters (gsimple cables and cables with
spiral windings) can be used to obtain very small delays (tenths of a micro-
second).

J\

Figure 35.63. Piezoelectric delay linea.

1 - medulater; 2 ~ generator; 3 - transaitting quartz
plate; 4 = acoustic line; 5 — receiving quartz plate;
6 = detector amplifier; 7 - shaper.

Ultrasonic lines are used to cbtain lemger delays (hundreds and thousands
of microseconds). Their action is based on cunvérting an electrical signal
into a sound oscillation for an acsustice line. In ultrasonic lines with
piezoelectric converters the conversion is made by a quartz plate (fig.

6.63)}a Mercury (ts = 6.7 ws/cm; attenuation § = 0.083 db/cm), fused quartz
[ts w 1.8 ms/em; § = 0-007 db/cm), and magnesium alloys (ts = 1.7 ms/cm;
5 = 0.0l t0 0.2 db/cm) are all used as acoustic lines.

Acoustic lines with suitiple reflections (fig. 6.64) are used to increase

the delay.
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Figure 6.64. PFiezoelectric delay line with multiple reflecctions.

The magnetostriction phenomenon (the change in the dimensicns of ferro-
magnetic bodies when acted upon by a magnetic field) is used in ultrasonic
magnetostriction delay lines (fig. 6.65). A thin nickel wire (a few tenths
of a millimeter in diameter, t = 2 msfem, § = 0.2 to 0.3 &b/em) is usually
used as the acoustic line. Permanent magnetic fields are Created at the trans-
mitting and receiving ends in prder to increase conversion effcctiveness.
Different time delays can be ohtained by installing a few receiving coils
along the line.

Electronic delay circuits make it possidble to odtain a delay from a few

microseconds to several seconds. Zhe advantages of these circuits include
simplicity and the possibility of adjusting the delay over broad limits.
Low stability, compared with delay lines, is a shortcoming. The amplitude
comparator with an input voltage changing in accordance with a linear law
can be used as tbe electronic delay circuit. The time delay is adjusted by
¢changing tbe comparison level. The time instability of these circults irs
e . Atd/td and can be reduced to 0.1 to 0-05%.

2 « ¢
ﬁ b= , L=l
S 3
Figure 6.65. Magnatostriction delay line.

1 - acoustic line; 2 - tramsmitting coil; 3 - receiving
coils; & - permanent magnets; 5 = sound ahsorbers.

Time delay can alse be oblained vy using trigger circuits (fig. 6.22)
and a phantastron {(rig. 6.45). The output pulse from these circuits is
differentiated for this purpose. The pulse cbtained as a result of differentia~
tion ©f the cut will be delayed relative to the input by the magnitude t = Tp
(Zig. 6.66). Regulation of the julse width results in changing the delay
time. Tnstobility of the delay from a trigger circuit is o = 1 to 5%;
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Figure 6.66. Obtaining time delay with a trigger circuit.

a - block schematic; b — voltange time diagrams; A =
trigger circuit; B - differeantiating circuit; € -
bottom clipper. “=°
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Figure 6.67. Time delay with amplitude comparaters.

a = block schematic; b = voltage time diazgrams; A - sine
oscillation generator; B — amplitude comparator; C -
phase shifter.

from the phantastron ¢ = 0.1 te 1%. A hiph degree of stability and good
 linearity of delay adjustment are basic principles of widespread use of the
phantastron as a time delay circuit.

Time delay using phase shifters provide variable delaly with a high degree
of stability (g = 0.01 te 0.001%). The delay principle is based on a phase
shift in the sine voltage relative ta the original voltage, with subsequent
conversion of the sine voltage into a pulse, by amplitude comparators
(fig. 6.67). The simplest type of phase shifter that can be used is a bridge
circuit (fig. 6.68). Resistance R can be used to change the phase between
20° and 160°. Turning the rotor of an iuduction phase shifter (selsyn trons-
former) results in changing the phase 360°. The capacitance phase shifter
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{fig. 6.69) has the greatest stability (o = 0.005%). Sine voltages shifted
90° are fed to the fixed sectors. The phase of the output voltage can be
changed over 360° by turning the rotor from the dielectric.

Figure 6.68. Bridge~type phase shifter.
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Figure 6.69. Capacitance phase shifter.

Pulse-Rate Division

Pulsc-rete division can be used to mateh the operation of pulsers, for
obtaining scale markers, for measuring time intervals, and the like. Most
often used as dividers are synchronized generators, circuits with stable
equilibrium states (triggers), and circuits with stepped energy accumlation.

Synchronized generators are dividers with synch;'onizatiOn mriltipleness
of n > 1 (fig. 6.37).

The higher the synchronizction zmultipleness {that is, the larger the
divider's division factor) the lower the stability of the division factor.
Practically speaking, a stable division faetor in the case of synchronization

does not exceed 5 to 7. When stabilizing devices are used (delay lines,
impact excitation circuits) this magnitude can be increased to 8 to 10.
Dividers based on generators in the start=stop mode belong to this class,

and in this case trigger pulses with a repetition period tbhat is shorter than
the length of the generated pulse are fed into the gemerator {such as the
trigger circuit in fig. 6.22, for example), and circuit operation does not
ocour with each trigger pulse. After differentiation there are pulses at the
output with a lower repetition rate. These dividers provide a stable
division factor, equal to 10 to 15. The advantage of these over synchroaized
generators is that when there are no trigger pulses there are no output
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pulses, indicating equipe«nt fault. The generators continue to generate, al-
though synchrenization is upset.

A general shortcoming of this class of dividers is the change that
talkea place in the division factor with change in pulse synchronization
frequency.

Counter triggering is used for trigger type pulse-rate division. The
division factor equals two. The advantages of this divider are stability of
circuit aperation and independence of the division factor from the repetition
rate of the triggering pulses. A shortcoming is the high value of the division
factor.

Divicders with energy accumulators.use stepped charging of the capacitance
{fig. 6.70a). Originally the blocking escillater tube is blocked by
voltage Uc. Upon arrival of a triggering pulse the accumulator condenser,

C, wili charge and when the pulse ends will not, practicelly speaking, dis-
charge. Condeuser voltage, and ¢onsequently the voltagt across the grid of
the tube, will increase with the arrival of each pulse (fig. §.70b). A
Jump will occur in the blocking oscillater when the grid-cathode voltiage
reaches the blanking voltage. At the same time a short pulse is formed at
the owtput, the accumulator condenser will discharge the ¢grid curzents and
the circuit will return $o its original state. The stable division factor
for the circuit equais 6 to 8. The advantage of the circuit is that the
division factor is practically independent of input pulse rate; a short-
coming is the sensitivity to changes in the parazeters of the trigger pulses

and supply voltages..
Uz t
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Figure 6.70. Jivider with energy 2fcumulator.

a = schematic; d - voltage time Jdizgrams.
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Figure €.71. NO logic ¢lements.

a - dicde transformer; b - electron tube; ¢ = transister.

Decision Elements

Decision eiements are widely used in electronic computers, in devices
used for non-coutact switching, and the like. They are gate circuits with
several inputs and one ocutput and make decisions. The signals at the input
and output of gate circuits can have two values, so they are coded in a
binary counting system with the numbers ¢ and l. Iogic circuits can be
divided into potential (sigmals at the input and output are potentials),
pulse (signals at the input and output are pulses), and potential-pulse.
The basic operations carried out by decision elements are NOT, OR, and
AND. Any complex logic operation can be carried out on the hasis of these
operations.

The NOT decision element (inverter) realizes the operation of negation.
In the case of the Dotential element there should be z low potential at the
output when there is a high input potential, and in the case of the pulse

element the aut_gut polarity will be oppesite to that of the input polarity.
The diode trar;sz;omer circuit (fig. 6.71a) can use tbe coils hooked up to
buck each other, while the tube and transistor circuits (figs. 6.71b and
¢} use the inverting properties of these devices. The diode transformer cir-
cuit is oniy a pulse 109ic element. The tube and transistor circuits
can be used as potential or pulse elements.
The OR decision elcement (combining circuit) has two and more inputs and
one outout. There should be a signal at the ocuiput when a pulse is fed
inte aay input. The diode rheostat (fig. 6.72a), diecde transformer (fig. 6.72b),
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tube and transistor cireuits (fig. 5.7ac and d) work on a common locad. A
signal fed into amy input results in & signal at the common output. In the
ferrite diode element OR (fig. 6.7Ze) the amplitudes of the¢ input pulses are
selected such that each of them magnetizes the core, that is, any of them
logs the information about the signal. The information is logged at the out-
put hy a clock pulse. The tunmnel dicode OR decision element is a wrigger with
several inputs. In the OR circuit the amplitudes of the input signals are
selected with a magnitude such that each will individually cause the trigger
to change Over to o state with a high output potential.

The AND decision element (coincidence circiit) has two and more inputs

and one output. There will only be & signal at the odtput when thera is a
simultanesus delivery of pulses to all inputs. In the diode rheostat circuit
{fig. 6.73a) ibe entire diode will be blocked only when pulses are delivered

to all inputs, and a high potential will appear at the ocutput. If conditions
are otherwisa, just one oi the diodes will be unblocked and there will he a low
potential at the cutput. In the transformer circuit (fig. 6.73b) the amplitudes
of the imput pulses arg saaller than the socurce voltage T, and their summed
amplitude is larger than E. If one of the pulses is missing the diode is
blocked; no current will Ilow in the primary winding, so there will be ne
pulse at the output. Simultaneous delivery of pilses unblocks the diode and
there is a pulse at ithe output.

E"ig'ure £.72. OR decisicn elements. ‘a - diocde rheostat; b - diode
tTansformer; c - electron tubes; d = transistors;
e - ferrite diode; f = tumnel diodc.
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o E

Figure 6.73- AND decisicn element. a - diede rheostat; b = diode
trassformer; c — pentode; d - triodes; e - transistors.

The tube in the peuntode circuit {fig. 6.73c) is only umblocked upon
similtaneous delivery of pulses to the first and third grids,

The triode and transistor circuits (figs. 6.73d and e} have the triodes
(transistors) unblocked in the original mode. Only upon sizultaneous dlocking
of all tubes (transistors) will there be a Pulse at the output.

The AND decision elements using ferrites and tu;md dgiodes are no different
than the OR elements (figs. €.72¢ and f), but the amplitudes of the input
signals are selected such that the polarity reversal of the ferrite core (or
the flip~-floz of the tunnel diode) occurs only upon the simultaneous delivery
oI pulsces to all inputs.

New gato decision olements, parametrons, and elements based on the
phenomanon o superconductivity, have recently begun to be introducad.

Farametrons are circuits in which-oscillation with phases displaced
180° (), cccur with a periodic change in inductance (or capscitance) and
the phase of the oscillation depends on the. initial oscillations {signals)
of small amplitudes Oscillations with zere phase are taken for the signal
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"0" and those with phase 1 for the signal for ™17 The advantage of these
circuits are reliability, high speed operation, and moise stability, while
the shortcoming is the need for powerful wodulated sources of high frequency
oscillations.

In the gate elements based on the phenomenon of superconductivity (the
¢ryotron, the persistor) the state of normal conductivity is taken for the
signal "0 and the state of superconductivity for the signal "1%. The
elezents are switched from one state to the other by a magnetic field created
by the current flowing through them. The advantages of these elemen®s include
reliability, efficiency, small size, while shoricomizugs include slow operating
speed, and the need for deep cooling in the installations (on the order of
uwnits of degrees, absolute).
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Chapter VII

Radio Transmitting Devices

7.1 <Classification af Radar Sending Devices

Radar transmitters, depending on their opersting range, are divided into
ter, decimeter, centimerér, and millimeter :ransmitters.

Contemporary radar transmitters operzte on pulses. According to mocula=-
tion, distinctions are made among pulse, pulse-frequency, and pulse-
position transzitters.

Depending on the construction of the generating stage, tranguitte:s may
be single stage o multistage.

Single stage generators operate in self-oscillating modes.

Multistage generators operate in amplifying modes with constant (exterzal)
excitation.

Transmitters are also classified by the generating eleament in the output
stage. Accordingly, transmitters are divided into:

tube;

wAgTeT ron;

Klystron;

platinotron, etc. R

A block diagram ¢of a single stage pulse transmitter is shown in Figure 7.1l.
Azong the possihilities for SHF generators in this circuit are triode genera-

Tors, magnetrons, backward wave tubes, stabilitrens, and other generating

devices. 5 3 4 s
1 O (Tadmady. EMRyALCIL Jemezomop | w a0y
2Nz, (o) Oya3 T ooy
382000
. ] 31
T .
s mm.'rgpmr#nm'- #cnowCT =
[2£27] ¢
f 8
Uncwnrh;aanm)

Figure 7.1. Block diagram of a single stage pulse transmitter.

1 = Irom synchronizer; 2 - driver; 3 = pulse modulator;
4 - SEF generator; 5 - to antenna feeder; 6 - control,
interlock, and signaling circonits; 7 = supply saurce;
8- Irom net (supply unit).

High frequeancy oscillations from the SHF generator are led through a
feeder to the anteana.

The SHF generator s controiled by a pulse modulator.

A high-voltage rectifier is usually used for the supply source of the

transmitter.
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The pnlse modulator is triggered by a driver.

Transmitter and indicator operation is synchronized by a common
synchronizer.

The fundamental stages of all units of a radar device ioclude circuits
for control, interlocking, and signaling.

A multistage radar devize is coastructed as shown i the block diagram
in Figure 7.2.

1 sosbpdemians .
ya}\_

Figure 7.2. Block diagram of a multistage pulse transmitter.

1 - exciter; 2 - paster oscillator; 3 - power amplification;
4 - freguency multiplication; 5 ~ SHF generatcr; 6 ~ to
antemna feeder; 7 - pulse modulators; 8 — from synchronizer;
¢ =~ driver; 10 - contrel, interleck and signaling circuits;
11 - supply socurce.

The output SKF oscillator, fundameatal pulse wodulator, supply source,
and control, interlocking and signaling circuits in this transsitter are
naced analogously to the corresponding units of a single siage pulse trans-
mitter and may be distinguished ouly by electrical and technicel data.

The output oscillator of a multistage transmitier operates in an
anplifying mode, and consequently, is excited by a constant source of SHF
oscillations. In the given case, the exciter contains a master oscillator,
stages for frequency multiplicaticon and power amplification. These Ztages
may operate continucusly or pulsed. In the latter case, pulse modulation
is erfected in certain multiplication and amplification stages by pulse
modulators, included in the exciter.

In the output oscillator, triodes, klystrons, amplitrons, backward
wave tubes, and other amplifying dcvices are used. The same types of devices,
but lovwer in power, are used in the amplifying and multiplying stages of
the excitar.

Triodes, stabilitrons, and other generating devices are used in the
master oscillators, which are SHF self-oscillators of low power with high
frequency stsbilization.

The pulse modulators may be triggercd by various drivers ar by one driver.

Sequential pulse modulators may alss be triggered by the preceding pulse
modulators.
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7.2 BHF Triode Oscillators

SHF triode oscillators are widely used in the meter and decimeter ranges
of radio waves.

SHF oscillators are most often constructed with a common grid (fig. 7.3).
Tube 1 with ¢oaxial anede grid 2 and ﬁrid-cathode resonaters forms a closed
oscillatiens system. The oscillator is tuned by changing the length of the
anode-grid resonater using plunger &, Feedback factor is regulated, and con-
sesquencly its operating mode is acenmplisked Ly changing the pesition of
plunger § in the grid-cathode cavity. Naturally, shifting plunger 5 changes

somewhat the operating frequency of the self-oscillatoer.

e
. |
\\ !
3\\- i ;
I ) > <
~ !
\‘
PR L \
S A
!__‘k
=] )

~&z Un

Figure 7.3. Schematic of a triode SHF generator.

1 - tube; 2 - ancde-gricd cavity; 3 = grid-cathede cavity;
L and 5 - tuning plungers: 6 - high frequency osutput;
7 - capacitive stub; 8 = dividing capacitors.

Energy of the SHF oscillations is trussmitted frow the os¢illator to
she untenna through high frequency cutput 6.

Feedback betweon anode=grid and cathode ¢rid ressnators is effected by
interelectrode capacitance of the tube. Inductive or capacitive elements
are often used for its amplification.

In the oscillater under discussion, capacitive stud 7 with a small disk
at the end is used for this purpose.
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The auter cylinder of the oscillating system is usually grounded. Inm
such a case, there should be a separating capacitor (which is sbown in
fig. 7.3 as a dielectric pacer) between this cylinder and the ancde of the
tube.

Anode voltage -rEa is sually supplied to the tube radiator, structurally
Joined to its anode.,

The tubhe is heated Ly ac voltage rJJH.

The grid is hiased automatically with resistor Rg' Capacitive plunger 5
is used as a separting capacitance in the gricd cireuit.

In the pulsed mode in the meter range, powvwer of SHF triode oscillators
may reach several megawatts.

Efficiency of tricde oacillatars is comparatively low; up to 50% at
wave lengths longer than 30 cm and lowcr at shorter wave lenqths.

Frequency stability of tube SHF oscillators is high.

Data on SHF triode pulse oscillators is presented in Table 7.1.

Tadble 7.1
Basic data on pulse triode .SHF generators
1 2 Tan axmo
E) H - K,
3 cen A oues fS e | 6ruas Ii rAG |8 e (P G
|
Hampioeaune uaxkali, & - . L . . - 10 6,3 | 2,6 12,6 126 7.3 8.2
Tox uskand £ v 0 v = o = 5000 215410 42540 2,3 3 4.4 20 LvaF ]
Hanprmeuat M1 AMOAC, KB~ o o o H 26 9 9 20 1% b4
ANOSKNA 0K, & = - - = % = o o o [ 80+6 15 1,5 1622 5 40=4 40=2
o7t 9,8 0,25 0,12 1.2 0.8 2,5 0,35
Kpyrusus Sassite Aa/é . .« . o . - . [ 2] 20+4 [ s 8026 0 <0
Srene RN N s 1822 % 7.5 10 12=3 | n=2
TIpouuacnioTTo. D « e av s = v - = 2,5 4 1,§ 1.5 =03 2 -
Roavfaseaniaz MOLIOCTD, %8T . . « 1260 1200 2 20 15 0 10\'_40
MoutiorTy Dactesunz Ha auoge, K67 2 4,3 Ly 9.2 9,5 ’ : ".'."
MoOWLEETh PACEIRINN s COTNG BT . £00 400 3 2,5 3 0, -':W
Marcuxazsuaz 9acTote, My . . L. 150 €00 1660 e ww | 176
il 2 ocTh .
Mo, e el wm u 0 10 8 | 10 50
: | .
Hemgranmeane puae 2 0 1s 122 0 008 | 812 ] 1 2
Co R s - 3 4,85 3 5,55 11 )
Converer emeeaaaen | ® % 12,3 i N l s &

Key: 1 = paramcter; 2

14 -
16 -
18 -
20 -

10 = henteor woltage, V;

= tube type; 3 = GI=LA; & = GI-S5B; 5 ~ GI-GB;
G = ClaTl; 7 = GI=1Al; 8 = GX-191; 9 = GI=24A;
11 - heater current, As 12 - anode voltage Kv;

13 - anode current, A

anode reduction voltage, kv; 15 - tube transconductance, mA/V;
slope <f the critical mode lines, mA/V; 17 = permeability, %;

oscillating power, kw; 19 -~ dissipated power on the ancode; lwi
dissipated power on the grid, w; 21 = maximum frequency, Miz;

23 - maximum pulse length, microseconds; 23 = interelectrode

capacitance, pf.
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7.3 Tetrode SHF Qscillaters

In the lower part of the meter range and in the decimeter range of waves,
tetrode oscillaters are frequency used. They operate in a contipuous mode
and have large Dpower output.

Tetrode oscillators wuse a common grid circuit. Ray tetrodes are often
usad. The second (screening) grid is compnected by diract current to the anode,
which produces great accelaration of the electrons in the region between the
grids. This shortens the rransit time of the electrons from the second grid
to the ancde, increases electronic efificiency, and conzequently the overall
elficiency of the oscillator. Tetrode oscillators bave higher efficiency
than triode oscillators.

Tetrode oscillators with all-metal ray tetrodes, the electrodes of
which constitute part ©f a closed resonator, and oscillators as a whole,
are a vacuum sysiem, called resnatromns.

A diagrsm of a resnatron is showm in Figure 7.4. Its electronic
systenm is a dual tetrode.

Figure 7.4. Diagraz of a resnatron.

1 = catbodes; 2 = control grids; 3 - screea gridj;

“" 4 - anodes; 5 - anode~grid resomator; 6 - tuaing
plunger; 7 = cathode-grid resonator; 8 ~ capacitive stub;
9 = fine tuning elecent.

Capezitive feedback is acmmplis‘hed with stub 8. Grid-cathode regonator
has s capacitive fine tuning 9. Retuning is done with plunger 6, shortening
the anode-grid resonator.

Fower from rescnaters in the decimeter range reaches 60 kw with 4&0-60%

efficiency in the continuous mode. The retuning range is about 20%.

7-4 Magnetrons

A multiresonator magnetron is an effective generating device in the
decimeter and ceatimeter raigeS. '

A multiresonator magnetron (fig. 7.5) consists of a heated oxide cathode 1,
anede block 2 with =ztreps 3 and output 4 for high frequency energy output.
Tunable magnetrons alss have a tuning device. 7The space between cathode and
anode block is called the interaction space.
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Figure 7.5. Design of a sagnetron.

1 -~ cathode; 2 - anode block with resonators; 3 - straps;
4 - cutput device; 5 - Tezonator; & - slot; 7 — heater
outputs.

Electron control in a magnetron is accomplished by the action of con-
stant electric and magnetic fields on an electron stream. These fields act
in mutually perpendicular planes (cruossed fields). The electric field is
directed radizlly from the anode unit to the cathede. The magnetic field,
evenly distributed over the interaction space, is directed along the cathode.

The high frequency field of the resonators also takes part in con-
trt'alling the electron flow. Electron fluw in a generating magnetron is
"spoke-shaped” fig. 7.6) and rotates in the interaction space. At the ends

of the "spokes,® electrons mave Iin complex epicycloids.

Figure 7.6. Rotating eleciron stream in a generating magnetron.
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Moving electrons, acquiring kinetic energy from the pulse modulater,
interact with the high freguency electric field of the resonaters and supple—
ment the energy of the field.

The degree of interaction of the €lectrons with the high Ifrequency
field, and consequently the energy which they give it, depend both on the
amount of electrical voltage between anode and cathode and on the potential
of the magnetic field. The high frequency field of the resonators in tum
impruves the conditions for energy transfer by the electzoas to this field,
grouping elecirons arcund those resonators which most effectively interact
with the resonator field.

The circuit of a magnatron generator is shown in Figure 7.7a. The anode
unit is the magnetron casing, and is grounded, as a rule. High voliage
rectangular pulses with negative palarity are zpplied from the pulse modulator
to the magnetron cathode.

The magunetic field is created by an external permanent magnet.”

Figure 7.7. Schematic diajrams of a magnetron oscillator.

a = high voltage applied direct;y; b - high
voltage applied from a modulator throupgh a
pulse transformer.

Magnetrons are cooled by ventilators or a liquid cooling system.

Other praetical circuits for magnetron oscillaiors are mcre complex.
Figure 7-7b shows a circuit where high valtage from the modulator is
applied across a dual secordary winding (3-5; 4-~6) of a pulse transformer.
A pilliammeter measures average current I‘ . of the maguetron, associated
with the pulse equation

L™ TPE‘PI‘, (7.1)

There are magnetrons in which pemmanent magnets are an integral part of the
construction. Such mzgnetrons are called packed,
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where

Tp, Fp are pulse length and repetition frequency.

Operating characteristics of a magnetron. Electrical reiatiopships

in a magnetron determine its operating parzmeters: pulse anode voltage Ea
aud magnetic induction of the magnetic field B. These parameters influence
anode current Is' useful high frequency power P, power input Po. elficiency 1,
and oscillating frequency I of the magnetron.

The operatang characteristics are a family of graphical relationships
of anode wvoltage Ea to anode current Ia with the following held constant:

ragnetic induction;

oscillating power;

efficiency;

frequency.

They are determined with constant lcad on the magnetron.

Typical operating characteristics for a magnetron are shown in
Figure 7.8.

'l 20 30 4 50 & W & e

Pigure 7.8. Operating characteristics of a magnetron.
1 - efficiency; 2 - power; 4 — field; & - freguency.

The relatianship between magmetron current znd veltage with constant
magnetic Induction is close to linear and is represented by almost horizontal
lines, which are higher the higher the magnetic indrctron.

With constant B, Ia increases sharply with an increase in Ba- This is
explained by the fact that with an increase in anode voltage, greater quanti-
ties of electrons leave the electron cloud surrounding the cathode, and take
part in an energy exchange with the high frequency field of the resopators.
Naturally, oscillating and output power inerease also. Magnetron efficiency
at first increases, and then, passing through its maximm, ¢rops. Decraase
in efficiency at low currents is explained by the fact that in these operatimg
wodes, the high frequency resopator fields are still comparatively weak and
their bunching acticn on The spatial charge is small. Decrease in efficiency
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at high currents is explaincd by the fact that, with a large current, mutual
collisions of elcctrons in the spokes of the spatial charge increase; cone
sequently overall grouping of the electrons is impaired.

Curves corresponding to P = const are reminiscent of hyperbolas, and
indicate that, with an increase in voltage Ea and magnetic induction B,
os¢cillating power increéases.

Curves 51 = connst show tne relationship of magnetron frequency to its
operating modc. They arc complex in character and mey vary widely from unit
to unit of the same type of magnetron; for this reason they are not always
given with the operating characteristics.

With the operating characteristics at hand, it is possible to foresee
whi¢h changes in the operation of the transmitting device will involve
change in this or that parameter.

Example. Let it be required to obtain éscillaring powsr P a 500 kw
from the magnetron whose operating characteristics are shown in Figure 7.8.
Anode voltage l’."’z may be regulated from O to 30 kv. The mgnetic- systc.m
consists of a field with magnetic induction B = 0.27 tesla, which may be
regulated within the limits 20.02 tesla.

In such a case it is feasible to choose the following wode for the
magnetron: B = 0.27 tesla; Ea = 27.5 kv; Ia = 62 amp.

This mode assures magnetron operation with sufficiently high efficiency
(53%) and a certain decrease in current.

Example. Let it be required to shift the magnetron of the preceding
example from the mode specified to a Dode with oscillating power P = 1000 kw.

It is best to increase arnode voltage and magnetic induction simultaneously
to E, =29 kv and B = 0.28 tesla. Now the pulse anode current will be
Ia ay G amp, and efficiency is held almost to its previous value.

1f B remains equal to 0.27 tesla and only anode voltage is raised to
E =.28 kv, the required oscillating power P = 1000 kw will only be obtained
with a decrease in efficiency. Current through the magnetron in this case
will rise to Il = Th amp, which exceeds tle permissible limit (Ia 1ia = 70 smp) -

Using a magnetron with eurrents larger than the limiting values notice-
ably shortens its lifetime, and therefore is not recommended.

Electronic frequency shift. FElectronic frequency shift (e.f.s) implies

changing the gemerated frequency while changing the operating mode of the
magnetron. It is evaluated by the e.f.s. coefficient kf' which is determined
as the ratio of frequency increments Af to the cerrespending pulse current
incremens, i.e., kK. = Af/A.Ia.

In magnetrons it is estimated using the ratio

dym 220 s 02iz/amp] (7.2)

where £ and Ia are pominal values.
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Depending an the rarge, in practice kg = 0.05 to 0.3 MHz/ smp.

These values of k, are considered large and reflect an intrinsic fault of

f
magnetrons: the dependence of their frequency on the operating mode.

load characteristics of a magnetron. <Jutput power and oscillating frequen-

¢y of a magnetron depend on the magnitude and character of the extermal load
impedance.

A magnetron is always connected with the loacd by a voaxial or wave guide
transmission line. In this case the load may be described by the modulus of
the reflection caefficient {%.7) and its phase (4.6). Therefore, the
relationship of generated power P and frequency f of the magnetron t0 load is
graphically shown in polar coordinates as a Wolpert diagra:n {fig. 4.6).

A family of curves of P and £ in polar coordinates with coastant anode
current and constant magretic ficld petential is called the load
characteristics (fig. 7.9). They are usually determined with lowered
power, since large mistatches in the 1oad produce large overloads in the
transmission line. From the load characteristics it is evident that at the
largest power output of the given magnctron, its frequency changes sharply
with changes in phase and modulus of the reflection coefficient. In the
range of smallest power for the given magnetron, ite frequency stability is
increased.

Figure 7.9. load characteristics of a cagnetron.

Considering equaticon (£.15), the load characteristics are often con-
structed in the plane, le., phase of the reflection coefficient.
Frequency pulling of a magnetren. The phenomenon of a change in generated

Iroquency produced by a chonge in load, is ealled pulling. It ie cvaluated
by the frequency :.:ulling factor Fpu.ll'

The frequency pulling factor is the total change in frequency resulting
from a 360° change in phase of the reflcction coeificient where its modulus,

equal to 0.2 {le = 1.5) remairs uwnchenged.
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The factor Fpull is determined from the load characteristies. It is
equal 10 the differcnce in frequencics of curves AL = const, toucking the
eircle which correspoads to a reflection facror p = 0.2, For example, for
The magnetron whose characteristies are shown in Figure 7.9, Fpuu. = 12 MH=z,

Fpuu for magnetrons in the centimeter range is 7 to 15 MHz. ?This is
an extremely large value and it illustrates the second fault of magnetrons:
the strong dependence of their Irequeéency on load.

When using magnetrons, the mode of the high frequency tract of the
transmiriing device must he carefu.3y controlled so they do not operate with
a reflection facter |p|> 0.2,

When a magnetron is replaced, the feeder system must be carefully ad-

-Justed to result ir the lowest possible value of reflection factor,

Table 7.2 shows characteristic data for typical operating modes of

ulse magnetrons.

Table 7.2
Characteristic data for typical operating modes

of pulse magnetrons

1 N Dueosron J * 2 kg ©
Harrera (spmen- DRINOLTE Mancua i
Thpoucmed. Mg 'l:‘:“‘!qf‘“" Lo ’ fee %o, x | CRAwT
;
= e | BB OB %0
2300 38 3
@ =725 ex) 5§00 a0 ' ] k*3 500
S000 70 523 ¥ 000
o] 1130 2 ’ 7 55 &
(e = 10 car} 250 22 l X 33 500,

Key: 1 = frequency (provisional), MMz, 2 - output power in a
pulse, ks 3 ~E , kv; & - Ia' azp; 5 - sinimuxm eff., %;
6 = off-duty factor.

Tunable magnetrons. The Irequency of the oscillations generated by the

magnetron is determined by the parameters of its oscillating system. The
oscillating system ¢f a magnetron consists of the resonators in thne ancde
block, straps, the interaction space, and the end space. Its principal larts
are the resonators and straps. Changing the parameters of the resonators
and straps permits tunmg of the magnetron in the frequency range.

Higk power magnetrons have a mechanical frequency retuning device,
which consists of movable clements cauple'd with the resonant system and
changing its reactive paraveters. It produces changes in capacitance of
the straps, in the inductance and capacitance of the resonators, the reactive
parzsmeters of additional tuning elements.

A tuning mechanisa which ope-ates by changing the capacitance of the
straps is shown in Figure 7.10.
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Figure 7.10. Tuning elements ¢f a wagnetron.

1 - anode block; 2 - dual straps; 3 -~ fine adjustment
ring; & - movable vacuum seal; 5 - retuning screw.

In a magnetron with dual ring straps 2, the capacitance of the latter
is cbanged by the ring 3, introduced between the straps. Inserting the
ring dbetween the straps is equivalent to decreasing the distance between
them, and consequently it leads to an increase in capacitance of the- straps
and the whole oscillating system of the magnetron.

By changing the capacitance af the straps, the magneiron frequency may
be adjusted within the limits of 5%. By simultansously changing the in=
duectance of the resonators, and the cavacitance of the slotr and straps, it
is possible to tune magnetioas within 10-15% of the center Irequency.

7.5 Xiystron Oscillatars

Mulziresonator klystrons are widely used as SHF devices with very large
power output.
A contemparary four-cavitiy klystron is diagrammed in Figure 7.11.

i

i)

igure 7.11. Multiresonator klystron.

1 = ¢lectron gun; 2 = catcher; 3 -~ focusing winding;
4 - resonators; 5 - input device; & - output device;
7 = inpat ané output guides.
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An glectron stream, leaving electron gun l, is influenced by the
etential between ¢atcher 2 and the cathode. The stream is focused by the
magnetic field of the electromagnet windiogs 3, The walls of resonators &
are transparent 0 ile election stream.

In the first resonator, the electron stream velocity is modulated by
a high frequency field, ¢reated by a high frequency voltage applied to tbe
klystron inmput. In the dx:if: tube between the first and second resonators,
the velocity modulation of the electrvo Deam results in density wmodulation.
The €¢lectron stream, whose density varies harmonical.y, sets up high fre-
Quency escillations as it moves in the second resonator. ihe power of thbe
oscillations, with given censtruction parameters and klystron mode, is
considcrably larger than the power >f the oscillations inm the first resonator.

In the second resonater, velocity modulation of tbe electrce strean,
resulting in density modulatisn in the drift tube between the sucood and
third resonators, is intensiried.

The electron flow, velocity modulated and with its energy increasing

fron ressnator to ator, produces high frequency oscillations in the last

resonator which are fed through output device 6 to the feeder system.

Klystran amplification depends on the number of rescrators rud amounts
to 15 to 90 db. Klystron effieiency is 40% and higher.

Xlystrons operate in all ranges of SHf. Power in tle lO-centimeter
range reaches 4C Mw in the pulsed mode and several lkdlowatts in the coo-
tinucus mode.

Multircsonator klystrons in the decimeter range are kmown ‘to have ar
output power of 10 Mw pulsed, tunable over a 140 MHr band. Llifetime is
on the order of 300 h.

Frequency stability of transmitters using klystron generaters may be
high, since it is determined by the frequency stability of the low power
exciters.

Klystron oscillators alse have inpherent faults. The Tasic faults
are: narrow band, difficulty in tuning over the vand, very high operating
voltages (to 400 kv), excessive size and weight.

The circuit of a klystreo oscillator is shewn inm Figure 7.12. The
klystron resonaters and catcher are connected directly
to the casing. AC heater voltage is applied through step~down transformer
Tl‘l.

A negative pulse of the modulating voltage is taken from the sccondary
winhding of pulse transformer PT and led to the klystron cathode.

Focusing windings are supplied from a rectifier with voltage EB:
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1To antenna
«iay feeder

Figure 7.12. Schematic diagram of a klystron generato:.

Ammeter Az serves to monitor average current of the klystron, and

ammeter Al monitors current in the focusing windings. Cl, Cz, and ('.!3

are blocking capacitors.
Characteristics of multiresanator klystrons. The energy characteristics

of amplifying klystrons are the operating and amplifying characteristics.

The operating characteristic of a kiystron is defined 2s the relation-
s0ip of output powar to anode voltage Ea (r_:i.g. 7.13a) with constant excitation
power. Output power is associated with the acc..elerati:'.g voitage by & cubic
function. The same Iigure shows the relationship of efficiency 7} to veltage

E.
a
.‘.,-IK ‘ -\-
Figure 7.13. Characteristics of a multiresonator klystron.
a - operating characteristic; b - axplifying characteristic;
c - phase charactcevistic.
Output power, efficiency, and accelerating wvoltage are related by zhe
equation
- .,
= rED, (7.3}
where

A is conductivity of the electron beam in_the klystron at saturation
[aﬁzua-z-x 102
'
The region of practical operating modes is indicated on the operating
characteristic. Outside this region, efficiency decreases, the tatcher over-

heats, and X=ray radiation intensity increases.
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Amplification characteristic is defined as the dependence of sutput

power P on excitation power P (fig. 7.13b) with constant anode voltage

1

-
a

Since the power amplification factor, expressed in decibels, is deter—

mined by the ratio K = 1§ log (Pou /Pin)' the amplification characteristic

is sometizes jraphed as K = f(Pin)f
The phase characteristic of a Klystron Is defined as the dependence of

the phase shift in oscillations at the input on ancede voltage. It is

usually represented as the relationship of a phase shift increment sc® to

a relative change in ancde voltage (fig. 7.13¢), i.e.,

se=f(%)
where
_gEa is an increment of anode voltage.
The phase properties of a multiresonator klystron are determined by the
phase pulling factor k_, indicating the ratioc of an increment of phase shift
A¢ to an increment of 2node voltage causing it, i.e., k= Aq:/c.En.

Q
For typical klystrons

b= BT a0/ (7.4)

It is evident from the phase charactevistic that the stability of
an advance in phase of oscillations at the output in relation to phase at
the input in pulsed pultiresonator klystrons depends on stability of the
amplitude of anode voltage Tulses.

Multiplying klystrons. Multipliers are Klyatrons in which the oscilla-

tion frequency at theoutput is a multiple of the exciting oscillstions.
Klystron =multipliers are similar in construction and operating principle
1o multi~cavity amplifyirg klystrons, The output resonator of a Klystron is
tuned to a frequency several times higher than the input Irequency. Frequency
multiplication in known klystrons amounts to 2 to 10. Their gain is usuvally
close to onea :
Rlystron multipliers may be used in ‘exciters for multistage radiec

transmitting devices.

Traveling Wave Devices
In recent yewrs S generating devices in which an extended clectron
stream interacts with waves propagating aling nonresonant decelerating
systems have found increasingly wider app.ication. 7These devices have

been designated traveling wave tubes.
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There are two classes of traveling wave tubes: type O (ordinary) md'
type M (magnecron) tubes.

In ordinary traveling wavée Tubes, the electron Stream is focused by a
longitudinal magnetic field, and in magnetron traveling wave tubes, it is
Tocused by transverse (crossed) electric and magnetic fields. Each type
includes forward and backwar:i traveling wave tubes, depending on whether the
dirsetion of the electron beam dellection coincides with the direction of the

travel ing wave or is apposite to it.

7.6 Tvpe O Forward Traveling Wave Tubes

In the literature, these devices are often simply called trawveling wave
tubes. This type of tube operates in an amplifying mode; its layout is
shewn in Figure 7.14-

#1223 Input Sead Dutpuat

Figure 7.14. Construction of an ordinary traveling wave tude.

1 - electron gun; 2 - decelerating helix; 3 - colleitor;
4L and 7 = couplers; 5 — absorber: & - focusing winding
(solenoid); 8 - eutput device; J - tuning plunger.

The cathode of the electron gun 1 emits electrons, which under the
influence of a potential on the accelerating electrodes, helix 2, and
collector 3, form an electron stream, moving inside the helix with velocity
Ve < ¢-

Input signals and coupling element 4 set up in the decelerating helix
an electromagnetic wave which, propagating with velocity Vo Y tovard the
output end 7, interact with the electron stream and are amplified. High
frequancy escillations are taken out of the tube through output waveguide
8. The extended eleciron stream is focused by solencid 6. To prohibit self-
escillation ¢f the tube, a locai absorder 5 is mounted on several 3crews in
tac cemter of the helix.

At the present time many industrial types of these tubes have been
developed which are used in amplifying stages of receiving devices. The wide
practical application of traveling wave tubes is attrihuted to thedzr wide—
hand operaticy, low noise levels, high gain, and also sicple design.

Faults of traveling wave tubes are their low efficiency (lass than 20%)
and unwieldy construction.
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Table 7.3 illustrates the basic paraseters of som¢ traveling wave

tubes.
Table 7.3
Basic parameters of certain traveling wave tubes.
Parameter | Iube TYPena sumit
LM |7 wmsuv-g veslvey  walv=7
1 PaGosul aninaien vaitaT, Mg 3:00—4000 | 3400—1000[ 3400—42000
2 Rowbdmtieut youscuns, 06 . . 18 n 2%
3 Kesqupament wyxa, 36, , , . ¥
I Momuu.c‘rt sf:.umo ciruaza, T I
S lonBoasman BUsBANIA MO
BOCTI, O, 5 [ = - 9,03 -
9 Hanpachne HAN2AA, € nim o 23 3-4 6.3
Tok Hawadd, @u o v s o oa | 0,509 0,7--0,55 0,7—0,85
§ Hampmascune  yapas3mouers
JWXKTPOI (™). & ., . . 12 —30 + 50
9 Hanpzmewne nepwm anoza
" (-)x 250 5-180 150500 1100—1500
10 Hanpsae! e srapom ana.u
(caspaant), & .oy o4 ., 4003500 Bwel100 -
1) Hanpuclme mmnpz {=).
e 800 1309 1300
1113 }ox BIOPOTO WMORI MK . o 30 -350 3000
OK KOAKKTODA M8 o0 v o . & ) - A 2035
14 Marmrmuas magysso cozewou- . Li-43 -
AL TA ... e v oaze s 0,07 0,47 0,
15 Lomrostasocts, £ o & 1000 1000 Jog

Key: 1 - operating frequency range, Miz; 2 - gain, db; 3 - noise factor, d4b;
&y — input signal power, w; 5 — greatest output power, w; 6 — heater

-~

woltage, v; 7 — heater current, amp; b = control electrode voltage

(=), vi 9 = first ancde voltage (=), v; 10 = second anode voltage (helix),
v; 11 - collector voltage (=), v; 12 - secend anoda current, microamperes;
13 - collector current, ma; l4 - magnetic inmduction of the solencid,
tesla; 15 = lifetiage, h.

Ordinaty forward traveling wave tubes may be low, average, or high
power. Average and high power tubes are tg4d in multistage radio trans-

mitting devices.

7. Type M Forward Traveling Wave Tubes
In the literature, these devicea are often called magnetron applifiers,

as they opcrate in amplifying modes. Figure 7.15 shows a schezatic
layout of a tube with cylindrical construction.

Figure 7.15. Magnetren traveling wava tube. .

1 and 2 - cathode and accelerating electrode of the eleciron
gun; 3 = deceleration system; 4 - negative electrode (“bottom™);
5 - electron beam; § = input; 7 — cutput; & - absorber;

9 - coliector.
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Electrons emitted hy cathode 1 of the electron gun with the
aceelerating electirode 2, under the influence of the magnetic field set
uP bY an external magnet and the voltage beiween the decelerating systems 3
and negative electrode b, form the electron beam 5.

Electrons in the beam move in the same way as in a magnetron at the
ends of the spokes.

Amplified oscillations are applied to input 6 of the decelerating
system. Waves along the axis of the decelerating system propagate with
phase velosity. ";.’ approximately equal te the velocity of electron motior
in the ray v_. (This velocity is much smaller than the velocity aof light).
As a result of coupling the field of the traveling wave and the electron
stream, ibhe electromagnetic wave is amplified in proportica to its propagation
from the input To the output of the decelerating system. Extremely powerful
oscillations are obtained ai output 7. Pulsed amplifiers of this type produce
output power of several megawatts with ef{iciency greate- than 60%. Their
gain is 15 &b within 25% limits.

The tubes funcition on comparatively low acceleration voltages, so multis
stage radio transmitiers with c:cenﬁ:t frequency stability can be tailt.

7.8. Type O Backward Traveling Wave Tubes
These tubes way be used as amplifiers and as generators.
In bacKward wave tubes® {(fig. 7.16) periodic deceleration systems 3

are used, similer to the systems in a traveling wave tube. The field of
the electromagnetic wave alohyg the deceleration system is nonharmenic. It
ma¥ be considered as the sum of spatial harmonic compenents with varying
arplitudes and different phases.

Figure 7.16. Layout ¢f & type O backward wave tube.
1 = eglectron gun; 2 = electron stream; 3 = deceleration
system; & = collector; § = absorber; 6 = output; 7 =
focusing winding.

* Backvard wave tubes are called carcinotrons from the latin word
"carecine®™ - back.
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In a backward wave tube, electron beam 2 interacts with the first or
second backward spatial harmonic. If the tube rade is correctly chosen dig=
regarding the fact that the electromegnetic wave in the deceleration system
is directed opposite to the electron Leam, electrons are deflected synchronouss
ly wicth changes in phase 3T one of the backward harmonics.

Modulation ~f the electron beam in a backward wave tube is accomplished
with both forward and backward harmonics. Percentage modulation of the
beam increases in the direction frem collector 4 to the electron gun 1.

More dense btunches of electrons give greater enmergy *o the zlactromagnetic
wave in the deceleration system, and tuerefore 2t output 6 an amplified high
frequency signal is received.

In generating and amplifying backward wave tubes, the physical processes
of coupling the electromagnetic wave with the electron beam are similar,
since after the tube is excited the spatial wave in the deceleration system
will be similar to the wave in an amplifying tube.

Excitation of a backward wave tube, znd consequently generation of high
frequency oscillations are possible since the motion of an amplified
electromagnetic wave c¢pposite to the electron beam assures a feedback con=
nection of the beam with the field of the deceleration system. Feedback in
a backward wave tube is distributed in character and is effected along the
whole tube.

Ordinary baclkward traveling wave tubes have wide-band properties. They
permit electron tuning with a closed range or Jil. These devices are practical
even, in the millimeter range. Most frequently generators of this type are
used in a continuous-wave mode, Their efficiency is low, on the order of 1%.

7.9 7Type M Backward Wave Tubes
Magnetron backward wave tubes (type M carcinotrons) are principally

used both as generators and as amplifiers. Generating carcinotroms, like
that shown in Figure 7.17, have undergone eXtensive development.

The structural elements of carcinotrons of this type are the same as
in the ordinary baciward traveling wave tube described above, although the
deceleration systems are cylindrical. The magnetic field for controlling
the electron beam is set up along the axis of the tube similarly to the field
in a magnetron. The electron beam moves between the deceleration system and
a special negative electrode ("bottom") opposite to the electromagnetic wave
propagating along the deceleration system toward the tube output. The
physical processes in a magnetron backward traveling wave tube are basically
no different Ifrom the processes going on in a type O carcinotron.

Magnetron baclkward traveling wave tubes are quite effective gemerating
devices in the decimeter, centimeter, and millizeter wave ranges. Their

efficiency may be as high as SC¥. They have high range characteristics, and
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are easily retuned in a wide range of frequencies. In the lD-centimeter
range their power output amounts to savera) hundred kilowatts pulsed and

several kilowatts continuous wave.

Figure 7.17. Type M baclovard wave tube layout.

1, 1! - cathode and acceleration elactrode of the
¢)ectren qum; 2z - electron beam; 3 - deceleration
system; & - collector; 5 - absorder; € — negative
electrode; 7 — output,

These devices are distinguished by exceptionally high noisec levels
{up to 25 db), therefore they are used as noise generators.

7-10 Carmatrons

On the basis aof type M baclorard vave tubes and magnetrons, combined
SHF generating devices have been developed and given the name carmatronz.”

In a carmatron, instead ol an electron gun, cylindrical cathedes are
usad, positioned as in a multiresonator magnerron coaxial with the decelera-
tion system. The advantage carmatrons have over type M baclkward wave uubes
is a simplified construction since no electron gun is required. A wore
powerful cathode permits an increase-in power in the device. *

Bandwidth characteristics of carmatrons are somewhat worse than type
¥ backward wave tubes.

Carmatrons inberited a fault of carcinotrons: strict dependence of
frequency on: supply voltage. For this reason, a highly siable voltage source
is required for continuoys-wave carmatronis, and, for pulsed carmatrons, Dulse
modulators are alse requiréd To form voltage pulses with an ideally stable
base frequency.

From the initial syllables of carcinotrorn and magnetron.
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7.1} Platinotrons

Platinotrons were developed on the basis of magnetrons and are sim;.arly
constructed (Tig. 7.18). Duceleration system 1 of a platinotron is similar
‘to the anode block of a magnetron. Cylindrical activated cathode 2 is

positioned coaxially with the deceleration system,

Figure 7.18. Platirotron constructicn.

1 = deceleraticn system; 2 = cathode; ] = strapa.

The electron beam is controlled by pernmanent magnets and magnetic
fields are sct up in exactly the same way as in a magnetron. 7The electron
bean in platinotrons is usually coupled with a backward wave, but it may be
used with a forward wave.,

Platinotrons used as amplifiers are ¢alled amplitruns. Amplitrons ars
distinguished from magnetrons by the fact that their deceleration system is
not <losed. This is accomplished by openings in the straps 3. _These openings
are coupled to the input and cutprt, which are carefully :iatched to the ex-
ternal mechanisas (transcission lines).

SHF oscillaticns applied to the amplitron input are amplified. Passing
a signal through the device iz the amplification process is accompanied by
a sredictable Fhase shifi in the oscillations.

The dependence of output power on input power for various amovnts of
supplied power PO for one type of amplitron is shown in Figure 7.19. With
the lowest supplied power (Po = 500 kw} the area a=b is applicable, where
cutput power is only weakly dependent on input high frequency powar.

If input power is toc small, then Irequency of the output oscillations
does rot depend on frequency of the input oscillations, i.e., control
¢ the oscillations is lost.

The greater the power supplied from the modulator. the greater will
be the reguired power of the input oscillations to control amplification.

In the region where the input sigual coutiois the output, amsplification
is greater than 10 db with low values of input power, With an increase in
power of the input oscillaticns, gain decreases, although dependence of out—
DUt power on input power is more pronounced.

The operating characteristics of an ampliftron (Sig. 7.20) are similar

to those of a magneticn.
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Figure 7.19. Amplifying characteristics of an amplitron.

1 - region in which input signal does not control
output signal; 2 - P, 3= Pin‘ Tor.
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Figure 7.20. Oparating characteristics of an amplitron.

Mmvlitron efficiency is determined as the ratio of the difference of
output, Pou‘, and input, Pi.n’ high frequency power to power supplied Irom
the modulator, i.e.,

T=F

ut ~ Tin’Tor (7.3)

where

Po = EaI‘ is applied power.

It is important %0 notice that input power in an amplitron is not lost,
but passes to the output and is completely used.

Amplitron efficicacy i.nc-.rea.ses with an increase in anode current and
magnetic fi2ld. Practically values reach 65% and up, while remzining
constant in a frequency band greater than 10%.

Table 7.L lists the parameters. of certain amplitrons, operating in the
mulsed mode.
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Table 7.4
Fundamental parameters of smplitrons
Parameters Type of T suaerpens Amplitron
Tapowerpu
QK 52 l Quen l okin I ez
1 IMuanasos, Mg . . . .| 12251350 |1280—1350 | 2700—2600 ) 20003100
L (uexaimme-
2 ohan aepe-
CTpoLKA)
Bevouae  uomuocTa,
T 800 2000
ALOTUGE BINPAMEINE, &8 40 ke
Atoanuld Tox, @ - - . . 35 73

B pledunguent yeuicum
o arn s BT 10
Cupamuocts -*. .« . - & 300 1400

Bz pul
85 and

Key: 1 - tuning range, Miz; 2 - (mechanical tuning); 3 - output power, kw;
L -~ anode voltage, kv; 5 — anode current, amp; 6 - gain, ab; 9 -
off-duty factor.

A1 amplitron reproduces an input signal very well. In the limits of
possible operating modes, the signal is unchanged. Phase shift of high
freqguency oscillations on pasaing through the amplitron is only weakly
dependent on anode current.

Investigations show that, even with a change in K;d
and variation in phase of the reflection zocefficient in wide limits, the form
of the spectrum of the amplified oscillations remsins practically wmchanged
at the amplitren eutput; this is its greatest advantage over the magnetron.

Feedbacl eloments may be introduced between output and input of a platino-
tron. Feedback in a platinotron assvres its self-excitation. A& high-Q
resorator is introduced into the feedback loop to stabilize the frequency
of the self-oscillations.

Plarinotrons, together with external feedback elements and frequency
stabilization are called stabilitrens.

from 1 to 2.5

Stabilitrons are new devices, and, as reported im the literature, their
structural developwent is still in progress. In certain stabilitrons, feed-
back is accomplished with a special reflector at the output and frequency
stabilization is accomplished with an external resonator at the input.

In such a case, feedback and frequency stabilization are accomplished
as follows. Part of the high frequency energy is reflected froz a miswmatched
cutput of the stabllitron and is returned through the device o a resonator.
This energy sustains oscillations in the. input resonator.

Because the input resonator has a high Q, it maintains oscillations of
a strictly determined Irequency. The external resonator may bave a high
Q, and its stabillizing properties will be extremely high.

Operating and load characteristics of a stabilitron are similar to

magnetron characteristics. Electroa displacement in it is 50=100 timesa less

and frequency pulling is one order of magnitude less than in a magnetron.
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Stabilitron parameters are shown in Table 7.5.

Table 7.5
Basic stabilitron parameters
Pﬁrametexs Type oF "‘@';.S'ﬂnmn
PO -
QKK QK 5%
ftanason. Moy {ocpocTpoixa moxa-
e J T ) 125—1350 12601330
2 BuaOulle wouulotTh K0T e 2 + o & 600 750
i Mangniag YKL T3 .. o .. . 2,15 [ )
ANOINCE NACDAMCMIC, K& ... . . . 36 %
2:\_1:0:1:33»«.&.....-.... g 9
e % .. el — 52
7 Daexrportuoe SupmoMnE  NICTOTM,
I T G o -— -4
8 KosSdumuiteus sarrrusanis €acToru,
L - 0, H—0,5

Key: 1 - bandwidth (MHz) (mechanical retuning); 2 - output’ pover, low;

T 3 - magmetic induction, tesla; 4 - anode woltage, kv; 5 - anode curreat,
anp; 6 - erficiency, %; 7 - electron frequency shift, Kkilz/Amp;
8 = frequency pulling factoer, Miz.

7-12 Generators Using Semiconductor Devices

Junction semiconductor triodes and tetrodes find practical application
in generators of high frequency oscillations,

Continucus-vave generators use common emitteér, Comadn base, and common
collector circuits. The first two circuits are most often usedt

Figure 7.21 illusirates a common emitter generator circuit using a

Pn~-p “riodc. Th

Usees wt -[r: b

a1

-5 &

c

Figure 7.21. Schematic of a continucus—wave generator wsing a
semiconductor triode.

Under the influence of excitation voltage U on the first junction {p-n),
barrier potential in the jumction charges. The fundamental process in tbe
first junction (emitter-base) is a repulsion of holes by the emitter and
free elecctrons by the base. Forward current across this junction will be
essentially hole current. since holes are Injected into the base by the
exitter.

The number of holes injected by the cmitter is determined by the potential
of the base relative to the emitier; i.&., emitter current fepends or the
voitage between base gnd emitter. If this voltage is harmonie, current in
the emitter-base junction will also be harmonic.
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Holes, diffusing through the base, reach the secand junction (n-p),
decrcase the impedance of the base-collecter junction, and collector current
increases. In an energy exchange with the oscillating resonator L‘_,'Cc co.-.:-
tributes a large number of electrons which supplement the energy of the
cavity. Peower of the escillations in the collector circuit (in the cavity
R Cc)1$ tens and hundreds of times greater than the power expenced by the
excitation source. In this way high frequency oscillations are amplified.

Naturally, self-excited oscillators may be designed using semiconductoer
devices. The circuit of a seif-excited oscillator with an autotransformer
coupling with the common emitter, parallel base supply, and series collecter
supply is shown in Figure 7.22. A secondmy negative voltage is applied to
the base to choose the reference operating point on the part of the
characteristic with a steep slope. 1t is taken off the supply source through
potenticmster R,, R}' For available semiconductor triodea, a small initial
bias 15 required, on the order of Iractions of a volt: therefore resistance
R, is small. The fuadanental resistance in self-biasing the base ia resistor
R;. Capacitor w!:1 ia an element of base bias. The remaining ¢lesents of the.
self-excited oscillater are designated the same way as elements from the
theory of self-excited tube oscillaters.

L/
L
£, 5,

C
| S

Figure 7.22. Schematic of a self-excited oscillator using a
seaiconductor triode.

Se)f-excited oscillators with capacitive and inductive coupling are alsec
practical.

Sexiconductor generators are coming into wider use, Small size and
weight of semiconductors combined with miniature radio cozmponents permit
compact designs. Their simplicity and reliability are high. Special de-
signs can withstand accelerations produced during launch of a rocke: or
space vehicle.

Quantum Molecular Devices
Depending on the range of wave used, quantum devices are classed as SHF
and optic quantum devices.

The following are classed among SHF quantuan devices:
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molecular (atomic) generators;

molecular amplifiers;

paramagnetic amplifiers.

In foreign literature, all these devices have the common nzme "maser.'™
In Soviet literature they are usually called gquanium malecular generators
and gquantum molecular amplifiers.

Included in optic quantum devices are generators and amplifiers operating
in the infrared (0.4 mm 10 0.76 microns), visidle (0.76 microns to 0.4 microms)
snd ultraviolet (0.4 microms to 20 A} renges. In forcign literature and
often in Soviet literature, these devices are called "lascrs™ ™ or optic
R2SErS.

These devices are more often called optic quanium generators in Soviet
publications.

For research in the field of quantum radiophysics and for building the
first quantum molecular generators, Member Correspondents of the Academy
of Sciences of tie USSR N. G, Basov and A, M. Prokhorov won the Lenin prize
in 2960. TFor the same scientific research tbese Soviet scientists (and the
American physicist Charles H. Townes) were awarded the Nobel prize in 1964.

Optic quantum genarators are developing rapidly at the present time.
According to tbe operating principle sand physical properties of the active
substance, they are divided into many groups and types, the most important
of which are solid bady, gas, liquid, and semiconductor optic quantum

generators.

7.13 Quantum Molecular Generators and Amplifiers
The operating principle of quantum devices is bhased on interaction of

an electromagnetic field with atoms or molecules of certain substances
which possess praperties such that under certain conditions the internmal
energy of their atoms (molecules) is turned into electromagnetic energy.
Such an emergy transformation occurs vhere atoms (molecules) jump from one
energy level to pnother, giving off quasnta (portions) of eleoctromagmetic
energy of a given freaquency. -
In certain substances, which are called active, under certain conditions
atoms (molecules), absorbing energy quanta, jump to a higher energy level,
i.e., to an excited state. Excited atoms may spontaneously radiate {(spon-
tancous radiation) their acquired encrgy and return to the ariginal or some
intermediate energy state.

*  The word "maser” is formed from the initial letters of the Eaglish
words "microwave amplification by stimulated emission of radiation."

*e Miager" is made up of the initial letters of the phrase "light ampli-~
fication by stimulated emission of radiatiom."
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Excited atoms {(molecules) may be "forced" to radiate clectromagnetic
energy by the effect of an cxternal electremagnetic field. Radiation causec
by an exteinal electromagnetic field is called inducted radiation.

Atoms (molecules) are shifted to an excited state by introducing
electiromagnetic energy inte a system containing an active substance. This
process iz called pumping. Accordingly, the frequency of the excitation
ulectromagnetic field is called the pumping frequency.

The quantity of atoms located at various levels or the population of
the energy levels is determined by the temperature of the active substance.
In quantum generators conditions are set up under whic¢h the population of
higher energy levels is higher. In such a case even a weak external electro-
magnetic field at a given freguency will produce intensire radiation caused
by transfer of atoms Ifrom a higher imto a lower energy level.

The energy level of an active substance is quanvitatively determined by
the populaiiun of the level, i.e., by the number of atoms (melecules) and
the energy of each atom (melecule). The usual distribution of atoms (mole-
cuies) in the energy levels of a substance at themodynanic equilibriuz
determined at & specified temperature is shown in Figure 7.2Ja. Iz satis-

fies the Boltzaann equazion
v ow
il e
%‘!’_ =g X , (?-G)
A
where )
N, is the nusber of molecules (atoms) in the upper level with energy
?m;
X, is the number of molecules (atoms) in the lower level with energy
w3

by}
k= 1.3B°10-23 J/1°K is the Boltzmann constant;

T is temperature of the active substance in degrees Kelvin.

= o
; i
1y bt [
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Wa —-_;l_\ Wy |
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Figure 7.23. Enerc levels of an active substance.

a = at thermodynazic equilibrium; b « when the substance
is excited.
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To create generation or amplification, tnermal equilibrium of the sub=
stance is disrupted so that the porulation of the upper energy level iz
greater than that of the lower (fig. 7.23b).

Atoi i i active substances have not two, but many energy levels.
Accordirgly, from one energy level an atom may jump to various energy
levels, and each jump corresponds to a unique wave length of radiated os-
cillations. Consequently, spectra of energy radiated by atoms and mole-
cules are studied.

The wave length for a given jump is equal to

A ==t
e W, 7.7
where

x, n are any possible (permitted} jumps;

Wm| H’n are energies of the corresponding levels;

< is wropagaticn velocity of the electromagnetic energy;

B = 6.6-107% jsec is Planck"s constant.

In the first quantum generator designed by N. G. Basov and A. M.
Prokhorov molecules of ammonia were used as an active substance. Recencly
quantum generators have been developed whiech use atoms of hydrogen. Such a
generator is sketched in Figure 7.24. Its basic elements are a source of

atomic hydregen.l, arm atom sorcing device 2, and a resonator 3.

14 2 g5
£ o« .,_’L""f{,‘gﬂ
B _— ST '3

Figure 7.24. Design of a quabtum gererator wsing atoms of hydrogen.

1 - source of hydrogen atoms; 2 - device for sorting
atoms according to their state; 3 - resonator; 4 - dia-
phragm; 5 - accumulating tube; 6 - output.

Atoms of hydrogen, obtained by high frequency discharge, pass through
diaphracs 4 and fall in a narrew beam on the sorting device, which dis-
criminates on the basis of energy level.

Twe reference energy levels., conventionally designated 1 and O, are
used (fig. 7.25). In the field ¢f a permanent magnet, ihe upper level is
split into three. Atoms of the two upper levels (1-1s 1-2) are focused so
that they enter the opening of accumulating tude 5 (fig. 7.24), which is
located in the center of a high frequency rescmater Tili:wid to the frequency
of the jump from level 1-2 to the zero level (1420 and 405 MHz).

Electromagnetic oscillations, set up in the resonator by induced radiation
of hydrogen atoms, are led through the owtput device & to the load.
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Tigure 7.25. Energy levels of atomic hydrogen and their change
due to the Zeeman effect.

The sorting device is a six-pole permanent magnet, which sets up a
nonuniform field.

Accumilating tube 5 has a diameter of about 10 ¢m, and is made of guartz.
Its inner surface is covered with teflen (a fluorine hydrocarbonm compound),
chemically inert to bydrogen atoms, which decreases the flow of atoms through
the walls.

The high frequency rasonator has the usual structure. Its inner surface
is silvered. '

The coupling loop with the load is regulated. It may be set up in
such a mpammer that generation is pulsed or ceoatinuous=wave. Coupling can
be increased to the extent that generation becomes impossihle; then the
quantum device will operate as an amplifier. Transition from oscillation te
amplificaticn may also be effected by changing the intensity of the hydrogen
atom beam, Frequency stability of a bydrogen quantum‘gmeratox; is on tae
order of 10™1°. This stability is assured if the generator temperature
iz maintained with an accuracy of .0.01°C.

Hydrogen generators have the osutstanding advantage that they can be
used at room tempercture and do not require complicated c¢ooling mechanisas.

7.1& Optic Quantum Generators (Lasers)
Optic quentum generators have three basic elements: active substance,

(possessing properties of induced radiation), pumping source (exciting the
active substance), and a resomant system. .

The active substance may be a solid body, gas mixtures, or liquid. Ruby
with chromium additives and fluorite with uranium or samarium additives are
the solids used.

The circuit of a ruby laser is shown in Figure 7.26. The active sub-
stance is a monocrystal of red ruby, which is aluminum oxide ,u203 with
zbout 0.05% chromium added. The ruby crystals are made in the form of a
rod 1. The rod is usually about &5 cm long and 0.5-1.0 ¢m in diameter. The
rod faces are plished and covered with silver. Ome face is opaque, the

other is about 10% transparent.
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Figure 7.26. Construction of a ruby laser.

1 - ruby rod; 2 - xXenon pulse tube; 3 — reflector;
4 - ruby holder; 5 - pulse tramnsformer.

Pupping energy is produced by a pulsed xenon tube 2, which produces
intensive light. The rtby is mounted parallel to the tube inside the same
reflector 3 or inside the helix of the pulse tube.

The ruby rod itself serves as the resonant system of the generatasr.

The operating principle of an optic quantum generatar is as followa.
With each pulise from the pulse tube, chromium ions, absérbing light quanta
with wave length 35600 i, are excited and jump Irom reference level 1 to
energy levcls lying in region 3 {(fig. 7.27).
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Figure 7.27. Energy levels in ruby.

1=-3 = chromium ion jumps under excitation; 3-1 - spantenecus
Jjump= of excited ions; 3-2 - jumps in an intermediate
reference level; 2-1 - permitted jumps with radiatien in
two spectra Rl and R2-

Imediately after this, some of the chromium ions retum to level 1,
but the majority ¢ them jumps to level 2. These ions remain in an exciied
state for a short time, and then jump to the reference state at level 1.
Jumping from level 2 to level 1, the ions radiate light at about 6943 A
wave length.

Naturally, each ion emits a photon in going from level 2 to level 1,
and each radiated photon causes other c¢hromium-ions to jusp from level 2
to reference level 1. In other words, the photons induce {cause) radiation
of other photons, and in a short time they form a large beam whach propagates

along the ruby rod, The opaque mirvor on one face of the rod reflects the
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light wave back into the ruby rod. When the ligbt intensity level inside
the rod is low, even the transparent face partially reflects the light.
When the light reaches a determined intensity, its powerful beam pours out
through the sewitransparent face.

Puotons leave the ruhy through the side walls without reflection, and
only those oscillations which propagate parallel to the axis of the ruhy
rod are amplified. The light beam from an optic quantum generater is highly
directional and, because of the coherence (each succeeding photon is in phase
with the preceding) of the prucesses in the ruby, its intemsity is extremely
high.

Ruby lasers are pulssd. Pulse length (fig. 7.28) is determined by the
power of the pumping source and processes .u: the ruby itself. Pulse repetition
Irequency is limited to several pulses per minute, since it determines the
temperature of the muby c—ystal. In principle it is possible to make a
continucus-moda crystal laser.

.
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Figurs 7-28. Pulse at the output of an optic quaniur generater.
1 - relative intensity; = - deginning of pumping.

Lagser oscillztions are highly wmonochromatic, 1.e., wave lengths of
the oscillations which make up the light beamn at the generator output are
aot dispersed. Tuus, for example, o0 a yUdy laser, cdepending on pumping
power, tlhe spectrum of the output beam varies as shown in Figure 7.29.

6325 &y B &350 03 A, £ 6359
1 Zauwe sgawss, A 1 fauwe ogswe,A®
a -3y
Figure 7.29. Radiation spectrum frow a ruby laser.

a = low=power meing.; b - high-pover pumping.
1 - wave leangth, A.

A disadvantage inherent in solid state lasers, as well as gas and
fluid lasers, is their low efficiency (1-2%).
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7-15 Semiconduetor Qptic Quantum Generators

Crystals of gallium arsenide, gallium arsenide-phospaida, and otber
substances are used as the active substance in semiconductor optic quantum
generators. Radiation in semiconducter crystals is caused by energy jumps
of free electrons,

Lasers of this type employ electric pumping. Excitation of carriers
(electrons) is accomplished by current through the diode in the forward
direction. With low excitation curreni. radiation from the semiconductor
dicde is noncohercnt and its intensity is low. Witb certain large values
af current through the semiconductor, coherent induced radiation is observed;
the radiation band converges, and radiation intensity increases.

The construction of a diode with noncoherent infrared radiation is
sketched in Figure 7.30.

T
4
s i

Figure 7.30. Diocde with noncoberent infrared radiation.

1 - gallivm arsenide wafer; 2 - wire contact; 3 - lens;
4 -~ kovar casing; 5 = base.

A @iffusion diode of gallium arsenide, GaAs, with a p-n junctionm is
placed in a standard casing with a glass lens in its upper part.

Diode excitation current of 100 ma at 25°C produces 1.2 V farward
bias. -

Reference radiation occurs at 0.9 microns wave length at 25°C. Diode
radiation may be modulated by varying the excitation current at ary fregquency
from audic to 900 MHz. Diode efficiency at roem temperature is about 5%,
and at liquid nitrogen tewmperature (77°K) it iz 10 times higher, i.e.,
greater than 30%.

The construction of a diode with coheremt radiation at 8400 1 is
shown in Figure 7.31. Two wafers of p=- and n-type gallium arsenide with
zinc end tcllurivm additives respectively are divided by a 2.5 micron
thick junction. The diode is shaped like a truncated pyramid. The Junction
mnd reverse sides of the pyramid are strictly parallel and highly pelizhed.
The semiconductor between these sides forms a rescnavor tuned to the
radiation frequency.

A Torvward pulse current is used for pumping. Pulse length is 5 to
20 mieroseconds.

Semiconductor lasers ¢perate pulsad and centinuous-mode. Ihey may be
used independently or as pumping gemerators for soclid stage lasers.
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Figure 7.31. A semicanductor laser,

1l - p-type gallium arsenide; 2 - n=type gallium
arsenide; J and 5 — electrodes; & - jusction plane.

Pul se Modulators

Pulse modilators are radio devices designed to control the oscillations
of SHF generators. ’

They are classified according to their fundamental elements: a
coomutating device and a storage element; and accoreing to the operating aocde
oI the latter.

The basic classes of pulse modulators are eélectron tube, linear and
magnctic.

7.16 Electron Tube Pulse Modulators -
Pulse modulators using clectron tubes as switching elements are called
electron tube modulators. Their storage-element may be capacitive or

inductive. The most widely used modulators have capacitive storage elements,
operating on partial dischargs. Such modulators are called pulse modulators
with a partial discharge capacitor. A modulator circvuit is shown in

Figure 7.32.

Figure 7.32. Circuit of a pclse modulator with partial discharge
capacitor.
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Figure 7.33. Change in voltage on the storage capacitor im the
charging and discharging steges.




RA=-015-58 277

In the pauses betwerm triggering pulses, the switching tube 1 is
blocked by negative vaoltage -Ec' At this time storage capacitor CH is
charged from a high voltage rectifier with woltage EB. Charging current
fiows through the following circuit: ’EB’ resistor Rl' storage capacitor CH'
charging resistor Rz, to the chasgsis. Charge on CH builds up exponentially
fremU . toU . o (£ig. 7.33).

The time constant of the charging circuit

T, = (R + R)IC, i (7.8)
is chosen so that the capacitor will charge to the required vaiue before
the triggering pulse arrives.

The switching tube is unblocked by a positive triggering pulse¢ coming
from the driver. With the tnbe open, the voltage on capacitor C,H iz applied
tkrough the tube to the magnetron. 7This voltage {and a constant magnetic
field) causes the magnetrnn to begin generation. O0f course, the energy of
the storage capacitor is expended to supply the magnetron, and it partially
discharges through the following circuit: vCH, tube 1, magnetron M,

-CE‘ A small part of the current branches off through resistor Rz.

Capacitor CH continuves to discharge while the tube is conducting, and
ceases discharge when the control pulse ends.

The discharge ¢ircuit time constant is

Ty = RQCH (7.9)

whexre

R.Q e Rgnzjngmz;

Rg is the dc resistance of the SHF generator {pulsed).
The time constant iz made sufliciently large By choosing a large capacitance
for CH $0 that it will discharge very little while the pulse is forwed.
<, discharges {fig. 7.33) ta u,
it again charges to Uc -
Voltage on the capacitor ckanges by tha amount

._« In the following panss between pulses

aU_=u -U (7-10)

¢ max ¢ min’

which, as a rule, does not exceed 5% of the minimum valtage on the capacitor.
Hence the term modulator with partial discharge capacitor.

Leading and trailing edges of the pulse formed Dy the modulator are
affected by parasitic capacitance of the circuit and its el¢ments. Total
parasitic capacitance is considerable (50 to 150 pFl. It discharges prin-
cipally through resistor R2, which may not be chosen swall. Therefore, pulse
cutoff may be extended, and consequently, the high voltage pulse from the
SHF generator is also extended. This is undesirshle since prolonged generation
may not be used, and the thermal load on the generator is increased, thus

lowering its lifetime.
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A high veltage choke L is often used instcad of resistor R, {fig. 7.34)
ta improve the pulse trailing edge. In this case the basic pulse is
followed by high intensity oscillations in the discharge circuit of the
modulator, waich may trigger the magnetron again. A diode is conmected in
paralle! with the choke to climinate these oscillations. It does not con-
dugt current while the base pulse is being formed and does not affect the
forming process. Alter the pulse is formed, 4% s00n as the oscillations
reverse polarity (fig. 7.35), the diode begins to conduct, shimts the
modulator discharge circuit, and extinguishes the parasitic oscillations

in it.

Figure 7.34. Circuit of an electron tube modulator with an
inductance in the charging circuit.

@ /1, without diode
1 i\ 5er dvode

r
I~ 8 000

WY

Figure 7.35. OCutput pulse of a modulator with post-pulse
correction.

Resistor Rl in botk circuits limits forward current from the high voltage
rectifier through the copducting switching tube,

A modulator with a discharge inductance and a diode forms a pulse
with a sherp dropoff at the tip, since current through the inductor in-
creases linearly during the julse, which leads to an additional discharge
by the storage capacitor. 7To minimize the drop at the pulse tip, the choke
inductance is carefully selected, and in’ sowe cases +he capacitance oI the
storage capacitor is increased.

An SHF generator and a modulator with partial discharge capaciisr may
be coupled by a pulse transformer, which fulfills its usval function and
replaces the discharge inductance. The quenching diocde may be conmnected
in parallel with either the primary o the secondary winding of the
transformer.

Switching electron tubes have comparatively small power (Table 7.6)-
For this reason they are often connected in parallel in modulators with a
partial discharge capncitor. One of the variations of suck a parallel tube
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circuit is shown in Figure 7.36. Here the limiting resistors are R!. and

RZ' Two storage capacitors Cl and Cz are used in the circuit. They charge
from one rectifier through their limiting resistors and the cormon primary
winding of the pulse transformer. The grid circuits of the switching tubes
are in parallel, but each tube discharges its capacitor through the following
circuit: positive plate of the storage capacitor, tube, chassis, primary

winding of the pulse transformer, negative plate of the capacitor.

Table 7.6.

Pulse modulator tube parameters

1 . i3 & 5 3 i? El io
o 11130, i EHag, | oMM [ oomks, | oomed | ora, [ s | owes 1
ey sy | e | remoa | rones it | mea | s | mes ! weepos

. [l
Hazpsoktille 33K3R3, 6 oo v v 0. | 0.3 3 ] 26 5,3 ®% 6.3 5 25
128 iz6
TOR HANAA, aes v s s v o n v o | 24 17.5 3 1,73 2 6.3 5.5 38 7.8
1,95 1
FanpaKeuse JLDZ2. K2 v e a o 0w o 5 32 b3 20 4 2 o % k)
Tox 24021 KMEYASDWH & o - o o 0 9 30 6 B 52 13 2 3
Razgamaned us 2psswoULell ceTRe
'rnp'-:x.':y:ucv. t“?. 353 200 320 20 135 230 - 1 350 20
Hansmmouue CNCUICEL, 8 . o o . - | =200 500 «300 | =300 200 =000 | =300 | 600 | =CLO
Ten yRpadIAOmMAk COTRI  nMRAYALL-, )
IR SR IR 2 | 1s s 7 1 10 2 5 5
Hezpuatitne %3 SKpaHMPYOMEN ceT
g IR, o | a0 | aso | im0 | s [ o0 | 100 | wmo jimo
ARYCTMIR MOLINOCT: PACCCRHHR N3
e or Rl s 200 & 0 s | s | oa 10 | 0
DTHTESUROCTD RMDYAREL, MALEK . . . H 2 2 3 5 s 5 2 2.5
EaxoeTa, £G: . B
22 BEOAMIX L es ea s eacna | 9 e 1o 57,3 13,5 80 e} & Lo
23 BAXOSHAS saoe o = = 8 8 4 4 5 7 15 13 8,3 5,2 11,5 -] 12 is
2l CPOROIMIN e« s e o v o s 4 s s 0,1 10 1 0,5 0,2 K] 0,7 [} 1m®

y: 1 -~ parameter; 2 - GI-30, dual tetrode; 3 - GMI-2B, tetrode;

T 4 -~ GMI-3, tetrode; 5 — GMI-5, tetrode; § - GMI-G, dual tetrode;

7 - GMI-7, tetrodes; 8 - GMI-10, tetrode; 9 - GMI-85, tetrode;

1¢ = GMI-90, tetrode; 11 - heater voltage, V; 12 - heater current,
amp; 13 - anode voltage, kv; 14 - pulse anode current, amp;

15 - control grid pulse voliage, v; 16 - bias voltage, v; l7=-contrecl
grid pulse current, amp; 18 - screen grid voltage, v; 19 - permissible
power dissipation on anode, W; 20 - pulse length, microsecond;

21 = capacitance; pF; 22 = input; 23 = output; 24 = transfer.

Resistors Rj' Rl,'! 'Rs, and R6 in the anode and grid circuits are
included to suppress parasitic high frequency oscillations. They are
usually about 10 to ohms.



Figure 7.36. Cireuit of an electron tube modulator with tubes
in parallel.

7.17 Linear Pulse Modulators
Pulse modulators with storage eléments in the Torm of an artificial
line are called linear. Hydrogen thyratrans are used as commutating ele—

ments.

The principal circuit of a linear modulator is illustrated in Figure
7.37. It consists of an artificial line (AL), hydrogenm thyratren Th,
charging chalke CC, and pulse iransformer FI. The generator is laaded by
ani SHF generator, and sopplied from a high voltage rectifier.

Figure 7+37. Linear pulse modulstor circuit.

The modulator charging circuit contains the rectifier, charging choke,
line, and pulse transformer. Figure 7.38 shows the equivalent circuit of
the charging loop. The storage element begins to charge from the rectifier

with voltage EB when it is switched from discharge to charge, which corresponds

to closing the switch in the equivalent circuit. In the discharge stage the
artificial line behaves like a capacitor with capacitance equal to the total
capacitance of the line €

line

Figure 7.38. Equivalent circuit of the charping ioop.
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In addition to the choke (with inductance LC), the line contains a
series circuit. Resistor RB includes losses in tbe choke and other
elements of the chargirg loop.

Inductance in the stages of tbe artificial line have practically no
effect on the charging process since tbey are small in comparison with
inductance in the charging choke. For the same reason, the pulse trans-
former does not affect the charging process.

The period of modulation usually does not exceed the period of intrinsic
oscillations in the charging loop, and the charging process is transfer in
character,

If there is no energy initially stored in the choke or in the capacitors
of the line, then voltage and current in the charging loop are descridbed by

the equations

o=, (1 — ™o wd;
(7.11)
and i=-‘.=¢-‘slnu.f,_
(7.12)
whers ¢=£_;
= X, Lccline is the sngular resonant frequency of the charging
loop:
Q is the figure of merit of the charging loop;
Iu ¢ EB/QQ:
e is characteristic impedance of the charging lcop.

¢
The cherging process is oiten limited to the Tirst balf of the period

1‘0 of the imtrinsic oscillations, i.e., by the ratio

T = T/2, (7.13)
wvhere
T is the period of modulation, equal to the julse repetirion period;

Io =2 iLccli.ne° (7.14)

In this case the charging voltage on the line Ul:uu and charging

current i vary as shown in Figure 7.,3%a.

U

Figure 7.39. Graphs of charging voltage and current for various
modes of the charging loops
a - resonant charge; b « linear charge; ¢ — oscillating.
charge.
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The linear charging mode occurs when T < T°/2- Figure 7.3%b
shows charging voltage and current under these conditions.

Oscillating charge mode takes place when T > ':o/z (fig. 7.3%9e).

In all modes the line is charged to practically the same voltage

uline max '—25- (1—1%) (7‘15)
Usually Q= 10 and Uline nax & 1.8 Ep-
Average charging current Ior the resonant mode
A =
1 - (1-2). (7.16)

The discharge leop ¢f the modulator consists of the artificial line,
the hydrogen thratrun and the pulse transiormer, loaded by the SHF
generator. An cquivalent circult of the discharge loop is given in

Figure 7.40. The artificial line is replaced by an ideal line with wave

icpedance
/T (7.17)
Pline 1/ 5
wheare
LJ.' Cl are inductance and eapacitance of the line stages.

Figure 7.40. Eguivalent circuit of the discharge loop.

The line is charged to U and is an energy source for the dis-

charging loop.
The load resistance

line max

2
RI. = Rg/np . [7-18]

R is dc resistance of the SHF generator;

n_ is pulse transformer, PT, turms ratie.

The load impedanee is considered matched to the artificial line if
P&’ = Oy3ime* With a matched load, the discharge loop forms a single
voltage pulse {(fig. 7.31a) with amplitude U = Uline max/a and length

determined by equation (6.10).
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Figure 7.4l. Formed voltage pulses for different load matchings
of a linear pulse medulator,

a = matched load; b = load larger than matched; ¢ =

load less then matched (Ux - Uline max)'
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Figure 7.42. Voltages and currents in the circuits of a linear pulse
modulator.

a - voltage in the charging and Adischarying sctages of
the AL; b = charging curreni; ¢ - voltage on the primary
winding of the PT and current through it.
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A mismatched ZJad may be larger or smaller than Pyine” Voltage mlscs
for these cases are shown in Figure 7.41. The relationship of processes
in tne charging and discharging stages in a limear modulat~r may be ex—
plained with the sketch of voltages and currents shown in Figure 7.42. The
artificial line is charged over the extended period Ip =~ T by a small

(average) current to voltage U AT a certain moment a triggering

line max”
pulse is applied to the grid of the hydrogen thyratron. The thyratron

fires, and the artificial line discharges for a short time T through the
primary wirding of the puist.; transformer. As soon as the thyratron fires,

the voltage on the line decreases to half its value, but it is held practically
constant for the duratien af the pulse. This veltage acts on the primary
winding of the pulse transformer and is amplified into the anode circuit

of the SHF generator.

Linear pulse modulators in many variations of circuits and constructions
are being used in a broad range of applications.

Artificial lines. Artificial lines (AL) inm pulse modulsiors are energy
storage elements and forming elements. The customary ladder network is
often used (fig- 6.9).

In actual coaditions the AL as a forming two-terminel network is dis-
charged inte the load ian active impedance (7.18}), shunting the inductance
of the pulse transformer. The forming voltage pulse thus has a steeply
sloping tip, since current through the inductance rises linearly during
the pulsea

To correct the pulse shape, an AL with unequal network parameters is
used. Such lines are called unsymmetrical. Exponential type parameters of
an unsymmetrical line (fig. 7.43) are calculated by the formulas:

R 3
L= a el (7.1%)
"~
C=4,
TR (7.20)
C, = C,=consh (7.21)
L= LT, {7.22)
where
a= 21‘1/1'1.;
L. is inductance shunting  the loads

¥ is the number of sections.
Ihe number of sections n usually satisfies the relationship (6.11)

z= (2 to 8)1061'. (7.23)



RA-Q15-68 285

. WS /SO ﬁ_s'f
‘i" =L =L ‘:1.3 L

Figure 7.43. Artificial line with load.

Hydrogen thyratrons. Hydrogen thyratrens are almost exclusively used
in linear pulse modulaters. The construction of a thyratron is shown in
Figure 7.4k. It has three electrodes: cathode, anode, and control grid.

The distance between anode and grid determines the value of “breakdown

voltage and consequently, of cutoff voltage.

Figure 7.4k. Construction of & hydrogen thyratron.

1 - anode ianput guide; 2 - buldb; 3 - glass baffle;
& « grid; 5 « anode; 6 - grid shielding plate;

7 - pgrid frame; 8 ~ cathode screen; 9 - cathode
shielding plate: 10 - cathede.

According to its construction, the grid may be a perforated plate or
a woven grid located directly under the anode.

To obtain positive control characteristics, the cathode is completely
screened from the anode field. Therefore, a thyratran ‘ncludes shlielding
plates for the grid and catbode and a cathode screen. The grid shieiding
Plate is electrically connected to the grid. When this plate is present,
the electric field of the amdg does not go beyond the edges of the piate 6,
and consequently, the andode cdees not affect cathode emission. Electrons,
emitted by the cathode are primarily located in the region bounded by the
screen and the shielding plate of the cathode.

The thyratron fires when a positive wvoltage is applied to the control
grid and the anode. Voltage on the grid starts current flowing between
grid and catbode, thus producing electrons and ions in the region outside
the cathode sereen, which propagate up to the grid shielding _pla':e. As
soon as electron density at the edges of the shielding plate € tecomes
sufficiently high, the electric field of the anode causes iopization in the
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region between the grid and anode plates, which leads to ionization in the
whole space between the ancde and cathode and to discharge in the thyratron.
In the initial stages of discharge, the anode current is a glow discharge
between anode and grid. Glow discharge leads te an increase in positive
potential on the grid to a value at which the gas in the space batween grid
«:d anode is ionized rapidly. ter the gas in this region is ionized, the
anode electric field hegins to affect electrons outside it, and gas loniza-
tion in the grid-cathode regions takes piacte, which leads te discharge in
the thyrarron. The whole process of initiating and carrying out distharce
in a thyratron takes place in approximately 0.05 microsecond. De-ionizaticn
time in a hydreogen thyratron is on the order of itens of micreseconds.

Hydrogen is one af the most active chemical elements. It eagerly
absorbs impurities contained in the material of the electrodes, which may
cause a decrease in hydrogen pressure and consequently, chanpes in the
electrical characteristice of the thyratron. To eliminate this effect,
thyratron electrodes are made of chemically pure nickel, and certairn other
Deasures are taken to compensate for the loss of hydrogen im a thyratron when
it is in use.

Hydrogen thyratrons have a positive grid characteristic and are con=
trolled hy positive pulses whose amplitude ia from 200 (for the majority
of thyratrons) to 700 v, and whose length is several microseconds.

The rise time of grid voltage is given for each thyratron. For the
majority of thyratrons it is equa? to 200 to 600 vslts/microsecond (see
Table 7.7)-

An anode current pulse is delayed in relatidn to the firing pulse
of grid voltage. The delay amounts ta several tens of microseconds and
depends on the leading edge of the firing mlse, the value of anode voltage
on the thyratren, and on the state of the cathode. The ¢athode state depends
on the method of heater supply. If the heater is supplied by altermating
current, the alternating field will affect discharge close to the cathode
and also the time required to set up lonization stages of discharge in the
thyratron. Delay of the anode current pulse in this case may be decreased
considerahly.

In using thyratrons, heater wnltage must be held strietly constant,
since cathode emission decreases shacply when heater voltage drops, and an
increase in heating increasea hydrogen reaction with the oxide cathode.

Service time of a hydrogen thyratroa depends on its mode of operation
and is determined primarily oy the o/p'era‘.‘.ing veltage, anode current,
pulse length, and repetition rate. Thyratron service time is usually no
less than 500 h. It may be extended If the thyratror is not continuously
operated at its limits.
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Table 7.7

Parameters of certain pulse hydrogen thyratrons

O~J O

@
10
1z

13
14

16

Key: 1 = parameter; 2 - TGI11-260/12; 3 - TGI2-325/165 & - TGI1-L00/16;

T 5 = 16I1-700/25; 6 - heater voltage, v; 7 - heater current, amp;
8 - anode volzage, kv; 9 — voltage drep in pulse, v; 10 anode current
in pulse, amp; 1l - average anode curvent, amp; 12 - slope of the ancde
current pulse front, amp/microsec; 13 - pulse output power, kw;
14 - pulse length, micresec; 15 - pulses per second, p/sec; 16 -
firing pulse parameters; 17 - voltage, kv; 18 - current, amp;
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19 - pulse length, microsec; 20 - rise time, kv/microsec.

Figure 7.45.

Pulse transformerse.

modulators and other dewvices.
the amplitude of the¢ formed voltage pulse.
the low impedance modulator cutput with the high impedance SHF generaior
input, change pulse polarity, provide d¢ decoupling with the circuit,

etc.

The equivalent circuit of a PT is shown in Figure 7.45, vhere all

elements are referred te the primary winding.

Simplified ¢cquivalent circuiz of a pulse transformer,

Pulse transfiormers are widely used in pulse
Their fundamental purpose is to increase

Simultanecusly they match
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Pulse transformation should not be accompanied hy a great deal of
distortion in the pulse shape, distortion produced hy distribuicd inductance,
Ls‘ magnetization inductance l}!’ and capacitance C,r of the translormer.

7o decrease LS and C,

T
creased, and special coupling circuits are used for the windings. The

s the number of turns is limited, ¢cre volume is ine-

turns ratia of pulse transformers is limited to 3-10. No more than
several tens of turns are allowed in the primary and secondary windings.
Qperating voltages on the windings, as a rule, are very high; cons~quently
careful attention is given to their electrical stability.
Pulse transformer cores are made of high-grade steel with high magnetic
permeability. They are wound of rihbons, 0.02-0.10 mm thick. Cores are
often made of E310 steel (previousl: called XVP).
To imprave electrical stahility, pulse transformers are assembled in
closed tanks filled with transformer oil. Transformers sver 100_kiw and

6 v are provided with expansion tanks. -

7.18 Linear Pulse Modulators with Dual Forming Lines

The circuit of a modulator with dual forming lines is ..‘ill'ustrat'ed in
Figure 7.46.

Figure 7.46. Basic circuit of a linear pulse modulator with
dual forming lines.

Tne charging loap of the medulator includes charging choke CC, charging
diode Tube‘_, two-terminal forming networks AL, and AL,, and the primary
winding of the pulse transformer PT.

Charging current flows through the following ecircuit: "'EB’ charging
choke, charging diode, and then through the brancbes: first artificial
line to the chagsis; second artificial line to the primary winding of the
pulse transformer %o the chassis.

Processes in the charging leop are determined hy inductance of the
charging choke, total capacitance of the forming lines, total active
losses in the ecircuit, and the charging diode.
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An equivalent circuit of the charging locp is shown in Figure 7.47.

Lec

[

Figure 7.47. Equivalent circuit of the charging leoopa.

Darameters of the charging lcop elements are selected so-that the
period of intrinsic oscillations in the leop, determined by egquation 7.l4,

will satis{y the conditicen

T,< 2%

[+] win’

where

Tmin is the minimum pulse sequence perioda

The charging loop is adjusted so that at maximum pulse repetition rate
in)’ it will operate close to resonance. Then at all
other pulse repetition frequencies, the charging leop will rectify the
charging process (fig. 7.48). In the latter case, the charging peried of
the storage element may be divided into two stages; an osciiiating charge
stage {from ty to "l.) and a rectified® charging process stage {from t, to
1‘.2). 0f course, charging current only flews in the first stage (from t, to

o
tl).

(corresponding to T

llll,l

Ty T & £z T r t

Figure 7.48. Voltage on the line and charging current in a
rectified charging process (Ux =U Ja

line max
The Tirst stage of the charging process is the same for all pulse
repetition rates. The duration of the second stage varies inversely with
the pulse repetition rvate.

The proceéss in a charging leop which contains a diode with T > 10/2
is called a rectified charging process.
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Since voltage on the storage element does not change in the second
charging stage from t, o 1:2. then in the case of a rectificed charge, the
voltage 1o which the forming line is charged is the same as for resonant
charaing (7.15). Average charging current in the rectified mode is deter-

mined by the equation

Im =N
1, ~=(1—w) (7-24)
where
Im = EB/DC;
Pe is the characteristic impedance of the charging loop;
x = /T, is the mode indicator.

The effective value of charging current is

T, =an;§;/§5. (7.25)

The discharging loop of a pulse modulater consists of the hydrogen
thyratron ’mbea, first forming line M'.T.' primary winding of the pulse
transformer, and the second line .A.I,.zg

A supplementary high frequency choke is usually included in the dis-
charge loop to decrease the rise time of anode current through the thyratron
in an attempt to decrease heat losses in the thyratron.

The outstanding feature of the discharge in this modulator is the two
forming lines, and consequently the processes taking place in it are quite
different frou the procesges in a discharge 1¢op with ene line,

The load of a pulse modulator with dual lines is considercd matchuzd
if its impedance is {wice as large as the wave impedance of the forming

lines, i.e..
Ry = 201500 - (7.26)
A simplified circuit of the discharge loop is shown in Figure 7.49a,

and the equivalent circuit in Figure 7.49b.
1st line /-vaunes 2-# suwzd 2r.d line
R

LLLL
LT

L}

2ad li.:nc-

1st line 1
I=g piwue r P purweid .
I3 T e = i
Nl & . B B :
z T3 :
i b g .

Figure 7.49. Simplified (a) and equivalent (b} circuits of the
discharge loop of a linear pulse modulator with dual
forming lines.
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As soon as the line has charged to the required voltage U, . the

thyratron fires, which is equivalent to closing switch X in th?en;:u:?:lent
circuit in Figure 7.49h. The left end of tae Tirst line is now short-
circuited.

This moment is taken as the initial (t - 0) moment for the process in
the discharge loop.

With a short ¢ircuit, voltage and current waves are set up in the line.
Waves propagating in btoth lines fram left to right will be considered in-
cident, and these propagating from right to left will be considered reflected.

The voltage reflection coefficient in & lime in the general case is
equal to

m - RT.L-DL/BIL+DL' (7.27)

RLL is the total load impedance of the linec.

where

Qbviously, the cocaefficient of reflection from an open end of the line,
wvhen RLL = w, i3 ecqual to +l1, and from & short-circuited end of the line
Ry, =0, is equal o -1.

From the moment switch K is closed, a current (fig. 7.50a)

1 = Yline maxPline’ (7.23)

Bbeging to flow through the thyratreon, and an incident wave appears at tke
left end of the first line. VWhen the left end of the line is short-circuited,
@ = =2, the incident wave is negative and equal to uline =ax® The incident
wave, propagating from lef: to right, seems to strip voltage froam the pre-
viously charged line. Ecergy previously stored in the line capacitances

is transformed into magnetic energya

Behind the front of the incident wave propagating from left to right
voltage on the line becowmes equal to zero, amlthough the first line in
front of tha incidert wave front and the second line (and conseguently, the
load) remais at the same state as before the thyratron was fired. There is
practically no voltage on the load or current through it.

The line parameters are cbosen so that the wave propagaies one cooplete
length in a time equal to half the length of the pulse formed by the madulator,
ie€ay

VG
(7.29)

All this time voltage on the right end of the first line remains equal
U_. ig. 7. -

1 ine {fig. 7.50b)

The first line ix laoaded an the right by impedance RI.L’ equal to the
sum of the modulater load impedance ?r, determined by equation 7.26, and the

to

impedance of ithe second line.
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Figure 7.50. Graphs of currents and voltages in the discharge loop
af a linear pulse modulator with dual forming lines.

Both lines are identical, accordingly Prine 2 = Pline 1 = Pline-
Consequantly, the total load impedance ©f the first line

Ry = 30350e° (7.30)

After a time equal to 7/Z, the incident wave reaches tke right {(1oaged)
end of the first lime. The line load from the rigbt is not xzatched, so
a reflected wave appears. For RLL = 3pline’ the reflection coefficient is
equal to 1/2. At the right end of the first lime the valtage becomes
equal to half af the farmer value and changem polarity, since a negative
wave is refiected. This voltage on the right end of the first lime will be
maintained till the wave propagates from right to left and back (fig. 7.50bl.
At t = +/2 the state of the first line at points 1-&4 {fig. 7.49b)
changes radicalily, which naturaliy causes a change in the boundary conditions
on the left end of the second line. The second line seems to be commected
to a load through the first lime, consequently an indigmt wave appears in
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the Becond line. 7The load on the second line is the same as on the first,
i.ee, R.L.I. = 3p . 1+ accerdingly the reflection coefficient from the left
line
end of the line is also equal to /2. As a result, voltage on the left
: g F € wi B 'z
end of the first line at this will equal to uline /
(fig. 7.50¢). The same voltage is established along the line zs far as the

incident wave propagates. At the moment t = T, the incident wave reaches

the right open end of the line, is reflected, and begins to propagate back.
Propagation of the wave from right to left indicates that the second line
ig also stripped of energy, transferring it to the load througk the line
sections loccted in front of the wave. Voltage on the line and currens in
it become equal to zero in the sections behind the Iront of the reflected
wave.

Voltage Uli.ne oy At the loaded end of the second line up o noment
t = 37/2 remains unchanged, equal to + Uy, m;/"" (fig. 7.50t3).

Thus, in the period from t = 7/2 to t = 37/2 voltage at ihe right end
©f the first line is constent and equal to - U, mz/z,'md voltage at
the left end of the second line rema;ms constant and equal to + U . m“/2.
Voltage on the load at this time is equal to U, - m(ﬁg. 7.50d).

Current in the load (fig. 7.50b) is constant:

D * Yline max™ L = Yline max’?*1ine” (7.31)

For convenience, time on the abscissa of Figure 7.50 is given in units
of half the duration of the formed pulse 7/2, i.e., the time required for
the wave to traverse the line in one direction. Values of voltage and
current are plotted on the ordinate.

It must be exphasized that the duration of a pulse (see 6.10) formed
by a modulater with dual lines is determined by a double tx:ansit of the wave
along one of the lines, i.e.,

2 UV TC
where

n is the number of sections on one line;

Ll’ C1 are inductance and capacitance of one section.

TUsing dual artificial lines in the discharge loop of a pulse modulater
has a nuzmber of advantages associated with the fact that, for given output
data on the modulator, the voltage to which the line is charged is cut
in half. The operating veltage on the hydrogen thyratron is thus reduced by
half.

A linear modulator with dual lines is more complicated in its circuitry
and construction than a modulator with one forming network.
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7.19 Magnetic Pulse Modulators

Pulse modulators using nonlinear inductances as switching elements are
called magnetiic pulse modulators.

Nonlinear inductances,; made in the form of chokes, autctransformers,
or transformers with special alloy cores, are called magnetic switches.

The inductance of a choke L with a ferromagnetic core is equal to

L= N:scu./l' (7.32)
where

N is the number of tums in the windings

5 is the core section;

t is average length of magnetic lines in the core;
i is magnetic permeability of the core material.

The inductance of a magnetic switch depends on the degree of magnetiza-
tion of its core. If a ferromagnetic material has a hysteresis loop as
shown in Figure 7.51, its magneti. permeabilizy {equal to the ratid of an
increment ¢f magnetic induction to an increment of field potential; i.e.,

L = AB/0H) in the saturated state oy (regions 1-2 and 1t-2' in fig. 7.51),
is ccusiderably less than permeability in the nonsaturated state |

{region 1-1t), Consequently inductance of a magnetic switch in the un=
saturated state fL) will be considerably more than at saturation (Ls).

The impedance of a choke in the unsaturated state will also be greater than
at saturation. This fundamental property of nonlirear inductances is used
in magnetic switches.

g
4

7 o
-z, 1, J

' %

28
-8, Lrag TH

Figure 7.51. Hystleresis loop of special alloys.
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The core material should have certain properties. Primarily, the
hysteresis 1oop of the alloy should be almost rectangular, and its area
as small as possible. With such properties, permeability of the core
material varies drastically when the material saturates (u/u_ » 2000);
the material switches from one state to another with low field poteatials,
and hysteresis losses are small.

4 Terrogmagnetic material should alse have the greatest possible
magnetic induction at saturation Es' thus permitting a reduction in the
required volume of the core, and accordingly, in the dimensions and weight
of the commutator.

The core material should have high resistivity to reduce eddy current
lesses. To Zurther reduce these losses, cores are wound o ridbons from
10 to 80 microns thick.

Various ferromagnetic alloys with the required properties have been
The best of these are nickel permalloy type 60 NP, 65 NP,

Table 7.8 shows the characteristics of some alloys.

produced.

zand others.

Key:

Table 7.8
Characteristics of some ferromagmetice
alloys
3 szuvu P4 &8 IS‘. L4 ﬁ.:;:pe:u fnc-.-m- ;mmul
g HICHILEX R Troman s
Ceun cad, wk | By s F: . H:‘:"%" 'ﬂ_z;';a‘ - =
% NP 0,05 ] 882 24 45 8.2
0.0} sy |48
85 xp | 0,05=0,10) 1.8 | ce—83 12 3% 8,35
0,02—0,4] 1,3 | 85— 16
3 ARME| 0,88 1,85 | 86=05 | 5,6 5 8,3
9.05—0. 1 168
80 NKBS| 070,34 | 07 1,6 6 8,5
0,01 5,0
79 NMA | 0)2 0,75 - 1,6 56 5,85
0,05=0,09 02| 4,0
210 0,08 1.6 7 3 52 3.5
0,03 1.7 13 3%

1 - alloy; 2 = plate thiclkness, mm; 3 - saturation induction B_.
weber/me; & - Bo/B,a Wi 5 - coercive force, H_, a/m; 6 - specific
impedance, pct-10‘3, ohm-m; 7 - specific weight, kg/m3.

A schematic of a magnetic modulater is illustrated in Figure 7.52-

Magrnetic modulators usually have an ac supply, so ac voltage is supplied

to input temminals 1-2,

value.

Transformer Tr s$teps up voltage to the required
Charging choke CC assures the required charging mode for the first

265
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storage capacitor Cl. Saturation chokes H‘Kl, HKZ, and !'KB are magnetic
switches. Artificial line AL and lpuzse trangformer PT have the customary
parpose.

1o SHF generator

£,
Pir= ey

|

Figure 7.52. Circuit of a magnetic pulse modulator.
Capacitors Cl and (:2 axe equivalent and equal to the total capacitance
C“.ﬂe of the artificial line.

Inductances 0f the magnetic switches are chosen so that each is con-—
siderably smaller than the preceding one, i.e., in a nonsaturated state
Ll > L2 > I’j‘ At s-at'uration also Ll > L, " > L3 < Inductance of
the first switek in a nonsaturated state should be several times larger
than inductance L. of the charging choke. Usially L, > (B-S)Lc-

The first awitch has an additional winding for initial magnetization
from the dc¢ source (through terminals 9-10).

Inductance of the final switch HK3 in a nansaturated state should be
considerably larger than the inductance of the pulse transformer primary
winding, and at saturation it should not be larger than the inductance of
a segment of the AL.

In a magnetic modulator there are three principal parts: input circuit,
transforming stages, and final stage.

The input circuit comprises canacitor Cl, charging choke CC, and the
step~-up transformer, which serves to charge CJ.’ The charging choke is chosen
so that the circuit is tmmed to the frequency of the generator mg supplying
the modulator, i.e.,

oy = I/VI.(;Q':1 = mg.
If there is no initial energy stored in the circuit, voltage (fig. 7.53a)
on the secondary winding of the step-up transformer

e =E sin z b (7.33)

Voltage on the capacitor will vary as shown in Figure 7.53b. Mathe-
patically this voltage is described by tke equation

e, =QEx(e™ — Dcoswgt, (7.34) (7.34)
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waere
Q is the figure of merit of the input circuit;
v is the attenuation factor of the circuit;

oy is the intrinsic angular frequency of the circuit.

Figure 7.53. Graphs of veltage and magnetic induction in the
' input stage of a magnetic modulator.

In the initial state )ﬂ& is at negative saturation, i.e., initial mag~
netic induction in its core B(0O) = ,-Bs-

An increment of magnetic Induction AB in the core is associated with
voltage on the choke by the equation

104 :
w”ﬂ_‘ﬁ!”‘”‘- {7.35)

AR is in v-sec/mz;

3 in cmz;

u is voltage in volts.

Yoltage Uey acts at points 3-4 of the eircuit. It is applied sigultaneously
to the four sequentially swiiched-in elewments HKl, HKz, }ﬂ{3, and PT. Sinece
the inductance of the first switch is considerably larger than the incductance

of all the following elements, voltagz u is applied almost entirely teo

Cl
the first switch.

With a variation in uey as shown in Figure 7.53k, at the very beginning
of the Cl charging stage, the first magnetic switch i1s taken out of negative
saturation, and then its magnetic induction begins to rise.

The increment of magnetic induction satisfies (7.35), and total in—

duction in the core varies as shown in Figure 7.53b.
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Z1glingt

T"l(lv'x? -1— C2{Cxoe!

Figure 7.54. Equivalent circuit ¢f the discharge loop of a trans—
former stage.

Magnetic induction is maximum at tl, when Yoy changes polarity. At
this time, the core should pot be in 4 state of positive saturation. After
tl‘ the HIS core is demsgnetized by a voltage of reverse polerity on
capacitor cl. Demagnetization takes place more rapidly than magnetization.
It continues until the core returns to the ofriginal state of negative
saturation (moment tz). In the saturated state the impedance of m-cl is
radically reduced, and capacitor Cl begins to discharge into capacitor cz.

The equivalent circuit of the discharge is shown in Figure 7.54.

At the initial moment of discharge, voltage on capaeiter C. is equal to the

1
amount to which it was chavged. The process of disasharging capacitor T

thropugh the saturated Lirst switch into capacitor :2 is accompanied by i
drop in voltage on both capacitors as shown in Figure 7.55. Note thet MK,
in this period is not saturated and does not permit capacitor C, to dis-
charge into AL. -

Iy

I b E‘p

Figure 7.55. Voltage and current in the transformer and final
stagaes of a magnetic moduiator.

Analytically, voltage or tha capacitors during recharging is described
by the following equations
U,
fp o == —_— {1+ cos mkf}
(7.36)

g,
Lo gy = _'z£ {1 ~cosmd), {7.37)
where

% is the number of discharging capacitors;
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kX + 1 is the capacitor follewing the digcharging capacitor;
UCk is voltage to which the capacitor was charged;
- T i H : 3 .
w 1/‘ﬂ... c:eq is the intrinsic angular frequency;
ceq= t:Rck“/t:kock+1 = cﬁ'z {assuming C, = ck_l).
In this case,

= Byt and u = u_.. Voltage Ly is applied

e,k C,kel = C2

across points 5-6, i.e., it is applied to three elements: Hl(z, Pﬂ"j, and

the primary winding of the pulse transfonmer. Since the inductance of

HKZ is much larger than the remaining inductances, the voltage acts principally
on 1'41(2.

Voltage Uens in accordance with (7.35), causes a chonge in magnetic
induction in the core of the second switch.

When voltage on the second capacitor reaches its maximum, the core of
mcz saturates, and capacitor C2 begins to discharge into the Ai.

Voltage on capacitor C, varies in accordance with (7.36), and woltage
o0 the line (with total capacitance Cline - C2) varies in accordance with
(7.37)-

Voltage Yine’ i.e., at points 7-8, principally acts on MK3. When
line voltage reaches its maxioum, switch M}S saturates and begins to dis~
charge the AL into the load through the pulse transformer.

In the circuits Cl, MKL and C,, mcz, voltage and current are trans-
formed. Duration of the processes is reduced, but discharge current frem
stage to stage is ircreased. Accordingly, these circuits are called
transforuer stages.

Duration of the process in the ki stage is equal to half the period of
intrinsic oscillations, i.e.,

a==¥ L% (7.38)
where

1.!(5 is the inductance of the k¥ switching choke at saturation.

The final stage consists of an artificial line, magdetic switch )ﬂv'.3,
and the pulse trausformer. The line is discharged into the primary winding
of the pulse trensformer loaded by a SHF generator in the same way as for
the customary linear modulator. This forms a voltage pulse of the given
length, determined by the artificial line parameters.

This circuit is called a choke cirg¢uit, since its magnetic switches
usc a varicty of choke. Composite circuits are sometimes used in practice,
in which outotransformers and transformers are used together with chokes.
In this case, an inpt transformer is not required, since the required
valtage increase may be obtained in transformer stages with switching auto—
trensformers or transformers.

There are usually three or four transformer stages in a modulator.

If the modulator power is increased, the number of stages is raised to six.
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Magnetic modulators are highly reliable, wechanically zugged, and reguire
no warm-up time. They may be construcied with any desired output parameters;
in particular, there ire no factors which would limit the possibility of

obtaining the ncecessary powers.

7-20 Radio Transmitter Circuits

In recent years multistaqe radic transmitters using fleating drift klystirons
and amplitrons in the output stages have come into wider uses A typical
block diagram of a pulsed transmitier with a floating-drift klystron is
shown in Figure 7.56. The klystron generator exciter is a multistage device
with repeated frequency sultiplication and amplification of the r.f.
oscillations. Fairly powerful oscillations, stable in fz_'equmcy and phase,

are obtained at its autput.

XAOY
/ H
TO AP
13
Jo. J }
T g .
trigge —r" 3
.  a—
s il 5 7

Figure 7.56. Block schematic of a transmitter with a floating drifz
klystron.

1 - exciter; 2 - kiystron generator; 3 - pulse modulator
of the exciter; 4 ~ pulse sodulator of the klystron
generator; 5 - control, bloching and signaling system;

6 = coeling system; 7 = supply Source.

The oscillations are modulated in the exciter and the klystron generator
bY separate pulse modulator;;- "

One possible circuit of a klystrorn generator is shown in Figure 7.12.

Quartz-crystal oscillators, stabilitrons, and reflex kly.trons are
used in the exciter master oscillator in the latter case (fig. 7.57)-
Reference volLtage ot the stable frequency is taken off after the oscillations
of the quartz=¢rystal oscillator used in the AFC system have been frequency-
multiplied. 5

Frequency moculation 'fig. 7.57) is accomplished by appiving &
madulating voltage To the rellex kivstron.

The complexity of the exciters in more powerful klystron transmitters
is indicated in Figqure 7.58. Fere a quartz-c¢rystal oscillator is used as a
master oscillator. Electron tube amplifiers and frequency multipliers, using



RA=-015=63 301

1 2 3
J T wott} - (ycuumensd
! 1 l naycmpon J

s i

I Feoszmens
8

K wl

(=
)

:

Aterade

Ymuowmenua
YOCmamai

Kacpeeoera
LEnepomep

Figure 7.57. Block schematic of a klystron transmitter.
1l = video amplifie¢r: 2 - refllex klystron; 3 ~ klystron
amplifier; & - intermediante frequency amplifier; 5 -
suplifier; 6 - rectifier; 7 - mixer; 8 = discrirminatar;
9 - magnetization rectifier; l0 - frequency multiplier
stages; 11 = guartz-crystal oscillator; 12 - supply,
control, and protection ¢ireuit.

SHE triodes, amplify the oscillations and ralse their frequency. Amplitude
modulation is accomplished by applying a modulating veltage to the output
stage kKlystron.
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Figure 7.58. Block schematic of a klystron transmitter with
electron tube exciter.

1 — klystron generator; 2 = doubler; 3 = tripier; & -
supply unit; 5 = control and mrotection circuit; 6 -
modulating signal amplifier; 7 = hiph voltage rectifier;
8 - focusing winding supply rectifier.

In pulsed radio transmitters pulse modulation in the electron tube
frequency multipliers and the amplifiers of the exciter is carried on simul~
taneously with pulse moculation in the klystron generator.

Floating drift multiplier klystrons, amplitrons, and traveling wave
tubes may be ured in the exciter stages. .
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Figure 7.59. Schematic of the radio frequency channael of a Klystron
transmittpra

L - reflex klystron; 2 - resopator; 3 ~ three-cavity
floating drift Klystron with magnetic focusingy & -

four=cavity floating drift klystron with electromagnetic
focusing.

Figure 7.59 shows a simplified schematic of the radio fregquency channel
0f 2 three=stage klystron transmitter. A reflex klystron, 1, with a hiph=-Q
resonator, 2, s¢rves as the master oscillator. Axplification and frequency
smultiplication are accomplished by a floating grift klystron, 3, with
zagnetic focusing., Floating drift Klystron & with electromagnetic focusing
is used in the cutpui gtage.

Figure 7.60 shows a block diagram of a pulsed radio transmitter

using platinotrons.
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Figure 7.60. Block diagram of a pulsed transmitter using platinotrons.

1 = tuning mechanism; 2 — longitudinal deflection mechanism;
3 - eavity resonator; 4 — stabilitron; 5 — reflection
element; 6 - reflected wave attenuator; 7 - amplitron;

8 = tube modulator; 9 = cooling system: 10 - linear
modulator; 11 — to load; 12 - triggering pulses.

A stabilitron serves as exciter. A high-Q cavity resonater, tuned
over a determined frequancy range with the Ttuning mechanism, is conreeted
to its imput, and a reflecting elerent is commected to its output. The
feedback necessary for self-excitation is accoaplished by reflecting part
of the energy. Feedback phase is controlled by moving the reflector along
the coupled vaveguide.
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A decoupling atienuator is connected alter the reflecting element to
decrease the effect vf the ampli‘ron on the master oscillator. A ferrite
reczifier which slightly attenuates the forward wave and blocks propagation
of wave in the backward direction is often used as a decoupling element.

An amplitron is used in the ontput stage. Separzte pulse moduletors
serve to control ascillations of the exciter and the amplitron outpu:z
generator. An electron tube modulator is used to control the less poweriul
master oscillator, which is under rigid requirements relative to Irequency
stability and phase. The output amplitron generator is controlled by
the less powerful linear modulator. The pulse modulators are synchronized
Irom one source.

Figure 7.61 shows a simplified circuit of a radio Irequency circuit of
an amplitron transmitter. Traveling wave tube 1 is used in the first stages
of the exciter. Amplitrons operate in the following stage 3 of the exciter
and in the output stage 5 of the transmitter. Ferrite devices 2 and 4 are

used for stage decoupling.

Figure 7.61. Cireuit of the radio frequency channel of an amplitron
transmitter.

1 - traveliag wave tube; 2, & - ferrite devices;
3 = amplitron of the exciter following stage; 5 - ampli-
tron of the transsitter output stage.

Carcinotrons, klystrons, and other generating devices may be used as
master oscillators in amplitron transmitters. The frequency of the
asiplitron transmitter may be adjusted over a given range with electronic
or mechanical tuning arrangements. Amplitrons carmot be tuned as wideband

devices in this case.
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Chapter VIII

Radic Receiving Devices

8.1 General! Information on Radio Receiving Devices

Radio receiving devices are designed t¢ separate signals of a certain
frequency and shape, to subsequently amplify them, ano to coovert them to
the form required to trigger the final stage {indicator).

The most common form of a radio receiving device at the present time
is the superheterodyne receiver, such as that shown in the block diagram

in Figure 8.1. 1 Mpeebomogamen:

4 Yacmomel 6
{ ——— _frx

a5, Lo ¥
1 Gima | pizae] | gy | foen
I s

Lo

2

L

Figure 8.1. Block diagram of a radio receiving device.

1 = frequency convarters 2 ~ input device; 3 = high
frequency amplifier; & = miver; 5 - Intermediate frequency
amplifier; 6 = £;3 7 = detector; 8 - low Ifrequency
anplifier; 9 - final stages 10 - hetercdyne.

Frequency selectivity is ascomplished in high Ir y and intermediate

froquency ampiifiers. Secondary conversion (detection) of the signals into
a shppe required for operation of the fipal stags is sccomplished in a
detector,

The frequency converter is required to simplify signel amplification;
this is done principally at an intermediate frequency f:‘. which is lower
than the received signal ané which does not vary when the receiver operates
in a range of frequencies. Amplification of the signals to a value required
to opercte the final stage is primarily effected in the intermediate frequency
a=plifier stages and partially in the high frequency amplifier ond video
amplifier (low frequency amplifier). The ctages of the receiver (fig. 8.1)
up to the detector comprise the lincar part of the receiver.

Radio receivers are classified according to the form of the signal
receled (pulse, frequency modulated, etc.), the ope:l.-ating frequency rarge
(meter, decimeter, centimeter, and millimeter wave length receivers), and
cther lactors.

Depending on their purpose, receivers may be distinguished not only
by the form of the received signal and the operating frequency range, bmt
also by circuit, construction and performance figures.
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8.2 Basic Performance Figures of Receivers

The sensitivity of a receiver characterizes its capability to recaive
weal radio sigmals. It ia quantitatively described by she value of the
limiting and actual sensitivity.

The limiting sensitivity of a receiver P! . or E*f ._ig defined

r min r man
as that minimum power (or emf) of the signal in the antenns which, if the
antenna and receiver are matched, produces at the output of its linear part
a signal-to-noise ratic equal to one,
Actual sensitivity of the receiver P. . {or E_ . ) is defined as that
r min r min
power {er emf) in the antenna which produces at the cutput of the linear
part of the receiver a signal-to-noise ratio egqual to the discrimination
facter. For decimeter waves and shorter, sensitivity is measured in watts
or decibels, for meter ano lonjer waves, it is measured in volts (micro-
volts).

Accordingly

P uin[db] = 10 log Prel'[w]/pr min[wl.
where

Prcf

Receiver sensitivity varies inversely with the value of Pr or

is the paver of a reference ievel (usually P__ . = 1072 wates).

Er "'i'fi In p:'el-.zent-day decimeter and centimeter wave receivers, Pr i ®
= 10 zo 10 watts, in meter wave receivers and above Er TR, 2 to
50 microvolts.

At SHF, sensitivity is primarily limited by intermal neise of the re—
ceiver. Receiver noise is charscterized by the noise figure N, which in-
dicates by how many times the total moise at the input (or cutput) of the
device ig larger than total noize in the signal source at its input (output).

Since noise from the signal source is supplesented by internal neise
of the receiver, the signal/noise ratio at the receiver output will be
smaller than at its input. This detericration is also characterized gquanti-
tatively by the noise fignre.

The noise figure N of a device is defined as the ratio of sigual/noise
power at the input to the signal/noise power at the output:

(Ps/P ),
N = 5 P: ::t {8.1)

The noise figure is measured in relative units and decibels, where
Ny, =10 log N .. For an ideal (no-noise) stage N = 1. Actually, in
wodern radar receivers N = 1 to 10,

The noise properties of a receiver are also characterized by the effective

noise temperature Tetf’ associated with N by the equation

Ters = Tod-1),
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wh.ote

TO = 300°n.

The nois¢ figure of 5 receiver is primarily cetermined by ucise in
the first stages. Thus, the first stages (high frequeney amplifier stages)
should be low noise in order To decrease the noise figure and inercase
sensitivity of the receiver.

Gain characterizes the amplifying properties of the receiver. A
distinction is made between power gain (x_,) and veltage gain (X).

Power gain Kp is defined as the rati; of power at the output of the

1o power at the input, P, ,

device P
Qout 0

K

D Pout./pi.n'

Voltage gain is defined analogously:

K=V /U, .

If the input and output stages are matrhed and the stage requires the

n
paximum possible (i.e., nominal) power Pi. in froo the signal source (the

preceding stage or antemna) and delivers nominal power Pn — to the load,

the ratio of these pawers is 2oZized as the nomimal poWer gain:

Knp = Pn out
Pn in

The greater the Kn? of a given stage, the less the effect of moise

in the following stages on the receiver sensitivity. Gain is given in

48
In common receivers total gain K = (0.2-10) - 10% i, = (0.1-0) - 10735

X = (0.1-0) - 1033,
np

relative units or decibels, where K . 2 20 log K or K 1B~ 10 log KP.

Gain is a complex quantity, since between input and output voltages
there is a phase shift due to resctive elements. The relationshin of the
gain modulus to the Irequency is falled the Ifrequency characteristic, and
the relationship of the phase shift angle between Uout and Uin {argument
of K} to frequency is called the phase characteristic (Fig. 8.2).

The pass band of a receiver characterizes its sclective proporties
and determines the region of frequencies passed at the same time by the
receiver. Width of the pass hand ia determined (Fig. 8.2) as the difference
of frequencies f, and £, for which K is decreased by VZ and K, is half
of its maxXimum value.

For pulse receivers there is an optimum or quasi-optioun pass band,
for which the signal/noise ratio zi the output of the linear part of the
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Figure 8.2. Frequency and phase characteristics of a receiver,

receiver is maxigum. The optimums band depends on the form and length of
the pulse and is determined by the equation
8= 137
P.
where 'rp -~ length of the received pulse;
0,8 for a bell-shzped pulse;

AFpptmm » (8.2)

1.37 for a rectangular pulse.

In actual radar station receivers AFopt = 0.1-1 MHz,

When the pasSs band of a radio receiver is shifted from the optimum
{i.e., when AF}:>AFopt or Mpmopt)' the signal/noise ratio at the output
of its linear section becomes worse. This is caused by different spectral
distributions in the freguency of the pulse signal and the noise.

Limiting sensitivity of the pass band and the noise figure are asso~

ciated by the following relationships:

Pin —RTNAF{AS ] 83)
£ =0,125) NR,AF MY, @3
rmin e
where E'r min an uV;
‘Pt - in Wj
r min
k Boltzmann constant

T_ = 300K, XT_ = 47107 W/s;
RA radiation resistance of the antenna in {l.
The range of a receiver is characterized by the ability of the receiver

to operate In a range of frequencies and determines primarily the noise

chielding of the receiver from antenna interference. It is guentitatively
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determined by the dynamic range of the input Din and output Dout signal,
Dynamic range of the input signal Din is defined as the ratio of
maximum input voltage U:'.n i at which the receiver is not overloaded, to
minimex input voltage Uin .1 corresponding to the limiting sensitivity of
the receiver:
u.
ain max
P ST 8.5)
in mn
Dynamic range of the output signal is found analogously:
11
D o out max {8.6)

sut out min

These values are sometimes determined by power:

P
D g BEX, (8.7)
pin P = ¥
r min
P
out max
D - —— {8.8)
p out Pout o
They are measwred in relative units or decibels, DdB = 20 log D3
Dde = 10 log Dp. In common recaivers nin should be greater than 70 to 80 dB.
The relationship of Uout to Uin iz coalled the applitude characteristic of
the receiver.
Radio receivers are also characterized by the operating stability,
efficiency, and technical-economic indicators {cost, weight, dimensions,

etle)e

8.3 Optimm Reception

Reception of useful signals in practice is accompanied by intexrnpal
and external fluctoation interference {noise). A receiver whici provides
the best reception, evaluated by an arbitrary criteriom, in the presence
of noise is called an optimum receiver. Receiving a sigpal in the presence
of noise requires a solutiocn to ane of the following twe problems: “
detecting the signal; i.e., establishing the presence or absence of
a sigaal;
discximinating the signal; i.e., finding the form of the sigmal
oscillations or one (scmetimes several) of the parameters of this cscillation
{amplitude, arrival time, etc.).
The problems of detecting and discrimingting have much in cemmon and
in mamy cases may be solved at the same time. Dut these problems also
bave many differences. Thus an cptimum signal detector may not be an
optimm discriminator, and vice versa. The predominant problem Imr radar
is the problem of detection.
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Criteria for an optimum receiver. In the process of detecting a

signal two types of errors arc possible:
detecting a signal when in fact there is only noise (false alarm);
not detecting a signmal when there actually is one {signal omission).

Criteria have becan set up in relation to the probability of errors.

According to the criterican of an idecal observer, a receiver is con-
sidered optimon if it asswres a minimm probability of error of any type.

According to the Newnan-Pearson criterion, a receiver is considered
optimum if it bas a maximom probability of correct detectian, a minimum
probabitity of cmitting & signal with a given probability of false alarm.
The Newman-Pearsonm criterion is the most feasible far radar. Other optimum
criteria are koown {Bice criterion, mini-max criterion, information loss
eriterion).

In the gemeral case, the ¢riterion applied to a receiver depends on its
constrnection and preperties.

Two types of optimum receiver may be used for detecting a radar signal:
2 receiver with an optimm filter and a correlatiom receiver.

A receiver with an optizum filter may sSolve two problems:

reproduction of the information carried by the signal Us(t) with
the minimum nean sguare €Xror;
renroduction of the signal Us(-tJ with minimm mean sguare error.

For a radar statiom detector, detecticu is {the main problem; conse-
quenily an optimm receiver mmounmis to a linear filter and a following
detector (Fig. 8.3). In this case, that linear filter which provides
maximm signal/noise ratio at the detector outpui is the optimum. Construc-
tion of the filter is strictly dependent on the signal Spectrum. The filter
is optimum whase complex frequency characteristic is proportional to the
complex-conjugate spectrum of the received signal (see Chap. I}. For
example, for a sequence n of periodic radio pulses (for a series of signals
reflected from the target) an optimum filter (Fig. 8.4) consists of two
series blocks I&(jw) and Kz(jm) and has a saw-tooth fregquemey characteristic
(Fig. §.5 b). Block Is(jm) is an optimm filter for a single radio pulse
and is realized as a system (Fig. 8.6). Structure and frequsncy charac-
teristic of block Kz( jw) strictly depends on the number of pulses na
For n»l, this block has a saw-tooth freguency characteristic (Fig. 8.5 b)
and for this reason is called a saw—tooth filter. For finitc n, o sew-
toota filter is raalized as a delay line DL with {n-1) taps and isolation
stages (Fig. 8.7). For n%s, a saw-tooth filter may be realized as a wide—
band stage with delayed negative feedbuck (Fig. 8.8) with 51{0-01- For a
finite number of pulses, the latter filter (Fig. 8.8) is not optimmum.
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Figure 8.4,

Figure 8.5.

Figure 8.6.
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Block diagram of an optimum receiver with a filter.

2 — linear filter; 2 - zZmplitude detector.

Block diagram of an optimum filter for a sequence of

pulses.
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Frequency characteristics cf an optimwm filter:

a) for bdlock Kl; b) for block X3 g) for the filter as
& whole.

Structure of block KJ. ir an optimum filter:

1} integrating circuit; 2) summing stage.
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Cutput

Figure 8.7. Structure of block Kz in an optimwm filter for finite n

{IS - isolzticm stages; SS - summing stage)

Figure 8.8. Structure of the K, tlock in an optimum filter for n =+ =,

Since it is sometimes difficult to realize optimum filters, quasi-
optimum filters have been studied by V. I. Siforov to operate on rectan—
gular radio pulses, and by A. P. Belousev to operate on bell-shaped radio
pulses. The form of the particular characteristic of the filter is assumed
given and corresponding to the resonance characteristic of the system of
circuits, and the maximom signal/moise ratio at the filter cutput is
assured only by choosing the pass band. The latter is found from equation
(8.2).

A correlation receiver permits optimum cetection of signals with

completely unimown parameters. For optimum correlation of a pulse radar
receiver, besides the known parameters (signal freguency, pulse length,
etc.), the position of the expected reflected signal in time gust alsc be
known. In this case there is minimum mean mgunare error in repreducing
the informatica. The block diagram of the simplest correlation receiver
is shown in Fig. 8.9, where y(t)} = received oscillatisn, x{t) — reference
oscillation, associated in a particular way with the signal. For example,

x(t) - useful signal delayed by time T4e

x{t)

Figure 8.9. 3lock diagram of a correlation receiver.
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8.4. Input Circuits

Input circuits are designed to match the antenna-teeder system to the
high frequency amplifier, aod, if there is Do high frequency amplifier, to
mateh directly to the converter and to carry oui preliminary selection.

Separate osciliator systems or a set of several oscillator systems,
coupled together are used as ipput circuits.

Ia the loag, mediuz, and short wavelength ranges and in the first part
of the moter range {up ts 150-200 MHz) oscillator circuits with lumped
parameters coasisting of inductor windings and capacitors (Fig. 8.10) are
used as input {(ard also interstage) cizcuits.

L (i E
T

]

L v [
Tl-
L1

mm

Figure B,10. Input circuit with limped parameters.

At frequencies above 200 MHz oscillator systems with distributed para-
wseters are nsed, since with an increase in frequency the dimensions of
industor windings decrease, abnd at freguencies above 200 MHz they are
impassihle to construct. In addition, with an increase in fregquency,
selectivity of the oscillator system with lLumped paraueters drops rapidly
as a consequence of an increase in active resistance in the cocaductors
becausse of skin effect.

At frequencies from 200 to 1000 MHz, long line sections are used as
inpur {(and interstage) circuits, and at frequencies higher than 1000 MHz
cavity resonators are used, since here sections of long lines are not
highly selective as a consequence of losses due to skin effect. Cavity
resonators have a greater surface area; conseguently current density in the
metal and losses in Joule heat are small. In centimeter range radar stations
the input circuit is usually combined with one of the antenna T-R tubes.

Oscillator circuits in the frequenCy range are tuned by electrical or
mechanical changes in one parameter or another, Electrical tuning is
accomplished with ferrites, ferroelectric end semiconductor capacitors.
Mechanical tuning is accomplished with variable capacitors, short circuit
atubs, ete.

The input circuit may be coupled ta the signal source capacitively,
inductively, or with an autotransformer. For a system with distributed

parameters, coupled lines, an opening, or a 10t may de used.
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The fundamental parameters of input devices are the voltage or power
transnission coefficients, Kin and Kp in respectively, ithe pass band A'Fin'
and the resonant freguency fo-

Noise properties of the input circuits in an electron tube high free
quency amplifier are taken into account in calculating the neise figure of
the amplifier. In other cases, the noise properties of the input circuits
are calculated separately and are characteriZed bty the noise figure N,
wiquely associated with the power transmission coefficient by the formula

N = —1—.

in KP in

The ratio of voltage {power) in the output circuit to the exf (nominal
pewer) of the signszl source is undersiood under the voltage (power) trans—
mission coefficient of the inpat circuit,

The transmission coefficient is maximm when the antema-feeder system
is matched to the input circuit.

In practice, receiver input circuits have X = 0.7-3, K = 0.7-0.95;

AF = 5-70 MHz.

8.5. High Fregucncy implifiers

The purpose of a high frequency amplifier is to provide minimnm total
noise figure, to suppress noise in the secondary channels of the receiver,
and to amplify at the Irequency of the refeived signal.

Two-stage electron tube high Ifrequency amplifiers are used in the
meter and decimeter ranges. Traveling wave tube high frequency amplifiers
are used in the centimeter and shoiter wave regions.

To decrease the noise figure ot S\..lperhigh frequency, special low-
noise amplifiers (parametric amplifiers, amplifiers using tumnel diodes,
quantum ampiiriers) are also used.

The basic parameters of 3 high frequency amplifier are: noise figure
N, voltage gain !, nozinal power gain xnp’ and stable gain Ks.

Stable gain is defined as the maximmm voltage gain at which the stage
operates in a stable condition {does not oscillate). It is invessely
proportional to frequency ard to the capacitance, coupling the input and
output circuits of the stage.

Furthermore, a high frequency amplifier is characterized by a resonant

reguency, a pass band, and input and output admittances., In practice the
high frequency amplifiers of contemporary receivers have, depending on
frequency, N = 2=10; K = 10.70,‘ Knp = 20=3003 Ks = 10—100.
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High frcquency electron-tube amplificrs

The most common electron-tube cirduits are: a two-stage circuit using a
pentode with grounded cathode (pentode, grounded cathode - pentode, grounded
cathoede), a cascade circunit (Fig. 8.11) triode with grounded cathode =
srioge with grownded grid, and a two-stage tricde with grounded grid -
triode with grounded grid circumit {(Fig. 8.12). All of these circuits using
pantam tubes and oscillator systoms with lumped parameters are uzed at fre-
quencies up to 100=150 MHz; above 150-200 MHz, only the iricde with grounded
grid circuit using bantam tubes and cermet tubes and oscillator systems with
distributed parameters are used.

Figure 8.11. Cascade circuit (triode with grounded cathode - triode
with grounded gric).

=

&y ==z,

Fra
Figure B.12. Tricde with grounded grid - triode with growmded grid.

Figure 8.13 shows a schematic section of the construction aund eguivalent
circuit of a high frequency amplifiar s:ta.ge usirg a lighthouse triode and
sections of coaxial lines.
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Figure 8.13. Schematic cross section and equivalent circuit of a
lighthouse triode with grounded grid.

The triode with grounded cathode = tricde with grounded grig circuit
(cascade circuit) provides minioum noise figure end low input admittance.
Because of the low output aamittance of the first stage, a low noise figure
is assured in the second stage. The second stage (triode with grounded
gri6) shunts the first (triode with grounded cathode), thus providing stable
amplification of the first stage and sufficiently high ncminal power gain,
although the voltage gain is sharoly reduced (X 1).

A comparative appraisal of the basic parameters of eliectron-tube high
frequency amplifiers is shown in Tahle 8.1,

Taczrns a1
CsoiicTaa xacxazsa YBY .
[ :
1 K- 2 Tec-TaC | :,3‘,,;’;";{;_":-’3‘,,
5  NXganewuok P N —uaash 13N —weaui .
H K.F-—lwﬁowﬁ I Cp=CP2BHHTEIBND ua» 4 Kp~ 10§rz1omo BHCO.
E: ot XH N
7 K—nzuSoasomk uK,—ou.mnoﬁ 15K — saami
g K5 —<pamnmeniio L Ky — Saxwmok 1%(, — CpABHUTETIHD
Sampmok i 6ONBUH, TORbEG -
TMPH  MANOM  YCM-
A (K1}
BEAROTO K2SKaZa

Tabi-: 8.1. Propertics of high freguency amplifier stages.

1. pentode {grovmded cathode) - penmtode (grounded cathode)
2, triode {grounded grid) - tricde {groundea grid)
3. tricde (grounded cathode) - triode (grounded grid)
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:’.. {cascade circuit); 5. N = large; 6. Rnp - small;
"7. K - largest; 8§ - Ks ~ comparatively large; 9 = N =
smali; 10 - an - comparatively small; 3l. K - large;
12. X - large; 13 - K - small; 14, th = sufficiently
high; 15 - K - small; 16. Ks = comparatively high. but
first stage gain low (Kas 1).

For each stage of all electron=tube high frequency amplifier circuits

the following relationships are valid:

N‘=1+%+%+%§% (85)
nsziT‘ {8.10)
K=p s ©1)
.1F=—.§C‘—=.

3taple gain is determined by the eguations:
for tricde with grounded cathode and pentode with grounded Cathode

g

circuits K =02 l/ : {8.12)

“Car

for triode with grounded grid circuit

e S (8.13)
Hero K =053eg-

g+ S, Rnoq input admittance, transconductance, and equivalent noise
resistance of the tube resgpectively;

5 admittance of the signal sowrce (antenna);

e inpat ¢ircuit admittance;

% total admittance of the input circuit (g0 =85 T ST
5.0

CZ‘ Sz total capacitance and total admittance of the anode circuit
of the stage respectively. (gp = %e * Sout 1 * Yin 2);

:ag. C* anode-oride and ancde-cathode capacitance of the tubej

w frequency of the amplified oscillations;

= coupling cocfficient from the grid of the following

stage. For complete coupling of the circuit = = 1.
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Parametric azplifiers

Parazetric amplifiers are devices in which the signal is amplified by
the effect of a high Ifrequency cnergy sourc¢e pariodically changing the
reactive parameter (capacitance or inductance) of the ¢ircuit and consequently
introducing energy inte tha circuit.

Depending on the method ¢f changing reactance of the parametric amplifier
circuit, the following types are recognized: schiconductor, electron ray,

ferromagnetic (ferrite).

Operating principles of a semicorductor rarametric amplifier. The operating

principle of a semiconductor parametric amplifier in which the capacitance
of the circuit is varied, may be explained on the model of av oscillating
tircuit cemtaining a capaciter (Fig. 8.1%) with movable plates.
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Figurs 8,14, Operating principle of a parametric amplifiar: a) madel
of a parametric amplifier; b) form of the signal at the
paTametric amplifier ocutput; ¢) variation in capacitance

of a parametric amplifier.

Until time tl (Fig. 8.14 h) the circuit parameters do not <hange,
and the signal acting on the circuit has an amplitude U's. Beginning with
tl the capacilor plates are mechanically separated by an amount Ad at the
moments when the voltage and charge ou them is maximum. Since an ¢lectfic
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TIeld enists Letwoen The capacitor platres, ¢.ergy mLsSt be expanded to shift
tiwe plates. This cnergy comes from a special source, called the pumping
Guneruator. Energy expanded im shifting the plates is transmitted to the
cleciric field of the capacitor and ircreases its energy. This leads to an
increase in voltage on the capasitor, since the capacitance of ke com;)onmt
decrucsed and the charge remained unchanged.

IZ the capacitor plates .a:e returned to the original position at those
mozcnts when their charge is equal to zero, then energy does not leave the
clrguicr. Periodic reiteration of this process leads to an 'mcre'ase in the
energy suppiled to the system and an increase in the amplitude of the signal.
The emerjy introduced into the circuit is characterized by a negative
resisiance r_. The greater the amount of energy supplied, the greatexr the
valve of r_ and the greater the gain of the parametric amplifier.

However, the energy introduced into the circuit may not increase without
limit. I energy introduced into the cirenit compensates the tatal enersy
less in the eireuit, which corresponds to r_ = x‘o, non-attenuated oscilla-
tions arise in the c¢ircuit when there is no signal, i.e., the system self-
excites and begins to operate as a parametric generator. Signals cannot
be a=plified in such a system. Here Ty~ total resistance .loss in the
circuit.

Introducing energy into a circuit by changing its reactance is usually
called parametric regeneratisn to distinguish it frem the usual regeneration
in tube applifiers produced by positive feedbark.

Oscillations of the pumping generator, which vary the capacitance ¢f
the circuit, should correspond in frequency and phase to the signal fre-
zuency. The plates must be shifted twice during the period of oscillation
at the moments of maxizum voltage and charge, ard they must be shifted
twice at the momenis when voltage and charge are egual to zero {Fig. 8.1% b).

Thus, this system is a device in which extermal energy whick changes
the capacitancz of the capacitor is converted to signal energy.

In actual semiconductor paramxetric szmplifiers, a semiconductor diocde
whose capacitance is nonlinéarly dependent on voltage and changes under
tha effect o tho pumping veltage from Cw to Cmin iy used in place of a
mechanical capacitor. To simplify the pumping gemerator, the voltage does
not chanqge in jumps, but varios sinnsoidally.

A parumetric diode is churacterixed LY the followiny, parameters:

averuge capacitanco €

o modulation index m, resistarce loss Rs, figure of
merit Q, eritical frequency £ " where
€ c + C .
max min
C, =

D 2
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and modulation index

c -G .
max min
c + ¢ . "
max mlrt

oo BC |
ch

Loss rcsistance R, is dctermined by the total volume resistance of the
semicoendustor and the resistance of the contacts; it varies from 0.3-6 [} for
geraanium and Irom 1-10 Q for silicon devices.

The quality of a pargmetric diode, Zrom the point of view of its appli-~

cation, also depends on the figure of merit of the nonlinear capacitance,

which is deiermined by the equation Q= ..clp .
DS
Consequently, to increase Q of the nonlinear capacitance, dicdes with
low resistance RS must be choschne
The critical frequency of a diode is equal to the frequency at which
negative rasistance of the aiode r_ is equal to its loss resistance. The
negative rosistance intréduced into the circuit is determined by
r-=mes-
From which, considering r_ = Rs, we obtain the following equation for critical
frequency: j ’.‘:.—L’MT .
s
For contemporary diocdes, the critical freguency is around several
thousand megahkertz. The greater m and the less CD and Rs, the greater
azplification Bay be obtained Ifrom a parametrit amplifier. Conseguently,
the betier diode has the higher critical frequency.
Parametric amplifiers using semiconductor diodes may be separated into
three basic gIeups:
single-circuit regeneratingj
dual-circuit;
traveling wave amplifiers.
Regererating amplifiers under certain conditions may operate in a
superregencration mode, forming a separate group of amplifiers.

Single-circunit parametric amwplifiers. A parametric amplifier with

ouly one ¢ircuit which is tuned to the sigoal freguency hos been called
a single-circuit regenerating parametric amplifier (Fig. 8.15).

(N A

e

Figure 8.15. Single—circuit parametric amplifier.
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To establish the regenerating amplifyisg mode in a single-circuit para-
matrie amplifier, the eircuit capacitance must vary with the pumping frequency
z‘p = "'_:‘s. A single-circuit regenerating parametric amplifier is simple in
caastruction and tuning. -

The major fault Of a Single-cir¢uit parametric amplifier is .t.he depen~—
dence of gain on the phase ratis between éignal and pumping frequencies.
ir :‘s £ rp/z, the ratio between the phase of these osecillations, and conse-
quently the gain, variles periodically, which 1leads to parasitic amplitude
modulation of the signal at a low freguency F = IZ‘S - .fp].

Dual-gireuit parametric amplifier. A dual circuit parsmetric amplifier

is a systeo of two oscillator circuits toupled by monlinear capacitance CD
which varies with frequency fp- Or.z of the circuits is tuned to the signal
frequency f_, the other auxiliary (open-circuit or balamced) is tuned to the
frequency difference f_ = fp-fs or sua of 1" = fp+fs. The most valuable
property of dual-circuit parametric amplifiers is that pumping freguency
drift and smutual phase shift hetween the signal and the pumping does not
affect the amplifier operation. Furthermore rs and fp need not be mltiples
of cach other,

Depending on the frequency ta which the auxiliary circuit is twmed and
the souwxrce of the amplified signal, dual-circuit parametric amplifiers may
be Separated into three types:

rogenerating amplifier;
nonregenerating amplifier—converters

regenerating amplifier-converter.

Dual-circuit regenerating parametrie amplifier. A voltage from the

signal mesh L1°1 [Fig. 8.16) and a voltage at the pumping freguency are
applied to the nonlinear capacitor CD. Under the e¢ffect of these two
voltages, combined frequencies are produced on the nonlinear capaciter

just as in the usual mixer.,

'fp .
- i ra

vy out f i L 1 C, 3
i T =g L Ly
o, & fs ? T F

5 in . i L]

T

Figure 8.16. Circuit of a dual-~circuit regenerating parametric
amplifier.
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Qurent a1t the frequency difference entering the second circuit chg
Tuned to this frequency will produce a voltage increase in it, Oscillations
at the remaining frequencies will, practically specking, not be discriminated
in The aulirier. Thus three voltages with freguencies fs, fp, and 1‘2 =1
will ¢t on the nonlinear capacitor.

The capacitance of the nonlinear Capacitor in this amplifier decreases
at those moments when its voltage is maximum, ané capacitance increases at
thosc poments when voltage is minizum. This is egquivalent ro introducing a
negative resistance into the sign:l circuit and into the freguency difference
c¢ircuit, since at freguencies .fs ard f2 the capacitor is comnected in parallel
with these circuizs.

In the given parametric amplifier, <he signal is supplied to and taken
from the first (signal) circuit.

Dual=-cirenit nonregenerating smplifier-converter. This amplifier

(Fig. B.17) is distinguished by the fact thar its second circuit is tuned
to the freguency sum (f2 = £,). In this parametric amplifier the signal
is supplied to the first circuit and taken off the second circuit. There
is no parzzetric regeneration in such ar amplifjer., Amplificarion takes
place cnly because of parawmetric conversion of the signal freguency fs to
the higher frequency £+, which has a greater amplitude. The absence of
regeneration makes the amplifier exceptionally stable in operation {seli-
excitation is impossible). Iis pass band may bhe 10% of the amplified
frequency, which appears to be the fundamental advantage of this circuit.

Figure B.17. Schrmatic of a dual-¢cireuit azmplifier-converter.

A dual-circuit regenerating paranetric amplifier-converter diffecs

from the nonxegenerating amplifier-converter (Fig, 8.17) only in thar its
second eircuit is tuncd to the frequency difference fa = f_. Two principles
are operative in such an amplifier: first, the principle of regenerating
ampliXication, and secondly, the primciple of nocregenerating amplification
because of frequency conversion in the nonlinear reictive elemcnint from fs

to I, = f.. The advantages of this type of asplifier are that greater gain
zay be cbtained with high stability, a wide pass band s possible, ang the

ampiifier input is decoupled from the output.
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Traveling wave semiconducror parometric amplifier. This device is made

in the form »f a section of a feeder (long line or waveguide), in which
paramerric diodes are connected at given distances.

For such an amplifier to operate, the signal and pumping oscillations
musT propagate at a specific velocity in the line. Then the pumping foe-
guancy should Se twice as high as the signal frequency (assuming proper
ohase relationry. Thus when the signal passes down the line, conditions for
transmitting energy from the pumping generator to the signal oscillations
are set up in each aiode. As a result, the power of the signal is increased
ag it passes from diode to diode. Power gain is proportiormal to the length
of the line.

This type of amplifier has consi'crable advantages in comparison with
the types discussed above; it has a wide pas.s band (up to 25% of the carrier)
and does not require rectifying tudbes and circulators.‘ However, traveling
wave purametric amplifiers have more complex tuning.

Oparating principle of an electron Say perametric amplifier. Operation
of this type amplifier ig based on periodic changes in the reactive impedance
of a ¢avity resonator when a bunched electron beam passes through it.

The schematic of an amplifier operating on this principle is shown in
Fig. 8.18. “The electron ray, leaving the slectrorn gun, is accelerated
toward the collector. The ray passes through the cavity resonator, supplied
by a pumping voltage (.fp=2fs) and is velocity modulzted. Moving further,
the electron ray passes through the second resonator, which has two identical
gaps located a distance ! from each other. Signal voltage with frequency
:‘S is applied to this regsonaior., With specifiec values of volta.-g.s, ray
current, distance between both cavity rescmators, and distance 1, energy
is introduced into the signal circait compensating the energy loss in it,
thus producing signal amplification. A shortcoming of this amplifier is
the shot effect in the elect.wn flow, which amplifies its noise.

fp=ﬂ s Signat fnjet

" 2 1 l and’ outpue
_! Electron-

Pugpin vi &3 3
IRing carity LIaLaSeEtY

Figure 8.18. Schematic of an electroa ray paramagnetic amplifier,
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Operating principle of a ferromagnetic paorametri¢ amplifier. An ampli-

fier of this type differs from thosc discussed previously with varyirg capa-
¢itors only in that snergy is introduced because of varving inductance.

In these amplifiers, an cquivalent selr-inducta.nce Leq of a ferromagnect
vhose magnetic induction is a nonlinear function of current (power of the
electromagnetic field) is used as the variable reactance. By varying current
i wath frequency rz, the equivalent self-inductance is made to vary with
time, and, under certain conditions, energy is introduced into the ¢ircuit.

Figure 8.19 shows the equivalent circuit of an amplifier. It consists
of two circuits tuned to frequencies Il and rz and coupled by variable
inductance L{t), varying with the pumping frequency i‘p = li‘l = fai - A
signal with frequency equal to tl is wepirified and supplied to the load.

A shortecoming of this amplifier is the high noise figure 2nd greater pumping

power reguired to &qual the gain of a semiconductor parametric amplifier.
Load

Lad.

Figure 8.19. Schematic of a ferromagnetic parametric amplifier.

Circuits for connecting a parametric amplifier into the receiver

channel. Rescnant regenerating parametric amplifiers are reciproczl devices
(devices which conduct energy in only one directicn are usnally called non-
reciprocal) and may amplily signals even if the input and output cirsuits
are interchanged. Therefare noise coming from the amplifier output will be
emplified if speciel measuwres are not taken. ITotal noise of the parametric
amplifier will be amplified, and receiver sensitivity will decrease.

To gliminate mmltiple regenerative noise amplification coming from the
parametric ampiifier output and to increase operating stability when the
parametric amplifier is comonected into the chanmel, non-reciprocal devices
(tubes, circulators) and various connecting circuits are used. Depending
on the circuit, paranctric amplificrs are classcd as pass and reflecting
types.

The circuit of a pass type parametric amplifier is shown in Fig. 8.20 a.
The input signal is applicd to the amplifier through the tube, and the
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ampliflzed sigral is applicd to the following stage of the receiver through
anothoer tube, There may be no tubes in this stage. Then noise from the
following stages of the receiver is amplified by the parametric amplifier,

leading to a decreasce in receiver sensitivity.

> _ to receiver
(— =
{ant ennr— Tube — :*:."—}—.':E:‘-*-,
< :

Figure (.20. Circuit for connecting a parametric amplifier into the
receiver chammel:
a) pass type parametric amplifier; b} reflecting type
parametric amplifier.

The circuit for connecting a reflecting type parametric amplifier is
shown in Fig. 8.20 b. In this circuit the amplifier has a singie coupling
element. The signal Ix¢m the anteénha is directed by the circulator teo the
parazetric amplifier through feeder 1I, and the amplified signal, leaving
the ammlifier through the same feeder, is applied teo the following stages
of the receiver {branch 1II). The matched load in branch IV of the circu-
lator serves to absorbd power refiected in the feeder because of imperfections
in its matching.

The second circuit is considered preferable since the circulator intro-
duces less nolse than the tubes.

Perforrnance figures of a parametric amplifier. Parametric amplifiers

are characterized by the Iellowing dasic performance figuw'ss: power gain
Kp, pass band 0F, effectiveness €, and noise figure N.

The way in which these indices are asscciated with the amplifier para-
meters daperds on the type of amplifier and the method used to commect it
inte the channel.

For pass regcnerating amplifiers, the performance figures are determined

by the following ecquations:

K’=4il;§'5, A'F‘_—'__éé-;;
3=LVE, No1+fEe, (8-14)

§3 'S
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where g_ = g_*g,_ *8,%,-9_ - regenerating admittance of the oscillating

oe
system.
For reflecting regenerating acplifiers
& g
K==L N=1+2E£3 {8.15)
S 4

¢ and 4F for these amplifiers are determined By Eg. S.l4k.
Eere 95 O load and signal source admittance respectively;
S, admittance of diode losses.

For a regenerating parametric amplifier-converter, power gain
—1+l
“(P =] b £ S

The remaining perameters are determined from Eq. 8.}4 with g_= 0.

Aaplifiers using tunnel diodes

An amplifier using a tunnel diode offects amplification through energy
from a dc scurce introduced into the circuit by a semiconductor diode using
the tunnel effect. Iecause ol the tunnel effect, the voltampere charac-
teristic of a tumnel dis”: has a decreasing segment where increasing forward
bias leads to a decrease in current. The tunnel diode resistance in this
secoent is negative; thus energy is introduced into the circuit from a de
source (the bias source).

A tunnel diode is charactcrized by ithe following parometers: critical
freguency £ o loss resistance P]J capacitance C. ;5 and figure of merit Q,
which are dete:nmed just as the corresponding parameters of a parametric
diode.

Using tunnel disdes at SHF produces amplifiers with low intrinsic noise.
Figure 8.21 shows a centimeter range amplifier with tunnel diode operating
in reflection, axd Fig. 8.22 shows its equivalent circuit.

Til.

~~7

Figure 8.21. Schematic section of a SHF agplifier with a tunnel diode:

1} tunnel diode; 2) coaxial resonator; 3) input and
cutput; 4) bdias circmit.
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L lfL Ty T liE 8-

Figure 8.22, Equivalent ¢ircuit of an amplifier with a tuanel diode:
g, — load admittance; 9 - admittance af the lasses in
the p-n junction of the Qiode; $_ - negative admittance;
Lo. CO - equivalent inductance and capacitance of the

circuit; Is - equivalent signal current generatar.

The basic performance figures of the agplifier are Kp, AF, and N,
which are determined by Eq. 8.15 for the given circuit.
A comparative characteristic of the basic performance figures for the

different types of high froquency amplifier is shown in Table 8.2.
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Table 8.2. Performance Tigures for various types of high frequency
asplifiers.
1= 2ype of high Ifrequency amplifier; 2 - Tq(‘lc); 31-N
4 - K.:p‘ 5 - lCnPdB: 6 - AF m%crrs; 7 - 15; 8 - high
frequancy amplifier with cermet tubes; 9 - high frequency
agplifier with IWT; 10 - high Zfrequency amplifier with a
tunnel diade; 11 -~ Electron ray parametric amplifier; 12 -
seniconductor parametric amplifier; 13 = quantum amplifier.

8.6. Freguency Converters

Frequency converters are devices in which the carTier frequancy of the
accepred signal is converted to a lower, so-called " .zermediate frequency
without changing the modulation or spectrum of the signal.

A frequency converter consists of u mixer and a heterodyme. Basic
elezents of a mixer are: ronlinear elament, input device, and output

filter, tuned to !i-
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Piguwre 8.23. Frequency conversion principles

In the input device of the mixer (Fig. 8.23), hetercdyne oscillations
vith fregquency fh and signal oscillations with freguency fs form a beat
freguency, that is, an oscillation modulated in amplitude and phase which-
carries information about the signal. This oscillation is applied to a
nonlinear element. The cwrrent in the nonlinear elcment is a sequence aof
pulses, whose amplitude changes accarding to the beat freguency cnvelope.
The frequency spectrum of this sequence contains oscillations at the signal
and hetercdyne frequencies, their harmonics, and oscillations at the combined
frequencies (nfs:mih), where m, n ~ arbhitzrary whole¢ numbers. Oscillations
at the conlined frequeneies carry information about the signal. To abtain

. oscillation with the same shape as the applied signal, the oscillation at
only one combined frequency must be separated out. Usually oscillation at
the difierence Irequency rb-fs or fs -fh is peparated out with an output
resconant filter. The difference frequency is called the intermediate
Irequency. The choiee of fi is considered helow.

A convercer using a harmonric of the hetercdyne is sometimes used To
provide decoupling between the circuits of thge heterodyne and the input
circuit of the mixer. In this case £i=mfh-fs ar fi=fs-mfh, where m is the
number of the harmonic.

A frequency converter is a linear clement of a receiver for signal

ascillations, where the envelope of the heat frequency, acting in the
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linsax range of the voltaspere characteristic of the nanlinear element,
carries informavion about the signal. At the same ticme the converter is a
noalinear element Zor heterodyne oscillations used for beating and which
operate In the nonlinear region of the mixer characteristic.

A frequency converter is characterized by the following basic paramcters:
conversion coerficient Kfc‘ noise figure N o+ Pasa band AF“. input and eutput
adzmittance Oin re 2od gout fc”

INe concept of conversion ccefficient Kt.: encompasses the ratio of
voltage at the output at fregquency ’:i To voltage at the input at fraquency
I;. The remaining parameters are the same as the analogous parameters of
the axplifier,

The value of ch and Ntc depend on the amplitude of the herodyne voltage
Uh end bias volrtage Ub' Uh and Ub are consides =< optimum when the noisec
figure is sufficiently small, and the conversion coefficient is sufficiently
large. Note that in converting harmonics of the heterodyne, Krc £5 decreaased
while the noise figure N is increased.

In radar receivers single-grid and crystal type i‘requency CORVITters are
used. Furthermore, mixers with tunnel diodes or traveling wave tubes and
semiconductor parametric amplifier—converters may also be used.

Single-grid frequency converters,. In single~-grid converters, which

are used in the ceter and decimeter ranges, peitodes or tricdes are used as
the nonlincer clement of the mixer. Heterodyne and signal voltages are
applied t0 the control grid.

Ine prinscipal circuit of a single-grid tr.l!quem:y converter is shown
in Fig. 8.24. In contrast to the amplifving mode, the operating peint of
the suXe in the converting mode is chosen on the low bend of the plate=grid

characteristic. Conversion at the first harmonic of the heterodyne is

optimum if L'h = Ub' Uh 5 Q.7 £E_ ., wvhere E__ - cutoff woltage of the tube.

- 3] o

Figure 8.24. Schematic af a single grid frequeacy converter.
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The required value of Ub Is established, as a rule, by the constant
component of cathode current, which provides the least shift in the con-
version mode from optimum for a change in voltage. JThe tube is sometlimes
biased by the constent component of grid current set up by the heterodyne
voltage Irom a fixed sowrce. The reguired heterodyne voltage is providad
by ths amount of coupling between heterodime and mixer, Capacitance, auto-
transiormer, transformer, and cathode coupling are used. The most comnmon,
as well as the simplest, is capacitive coupling.

To irsure stable and reliabie heterodyne cperation, and alcy to 2li-
minate reciprocal effects during tuning, coupling between heterodyne and
mixer should be low.

Conversior. parameters are determinad by the following:

Ky -_~i,°—=_; (8.18)

o, .

8F, =g (817

: 2
or v+ ogiured
N, -y B o FEDNCYR 9, (8.18)

where sc transconductance of conversion in the optimum mode, equal tc
(0.25-0.28)5 s

) total admittance of the anode circuit of the mixer ot the inter—
mediate frequency, cgual to the sum of plate circuit admittance,
plate load admittance, converter output admittance, and inmput
admittance of the IFA stage;

go total admittance of the mixer ¢rid circuit at the signal fre-
quency, equal to the sum of the converter input ciEcuit admit-
tance, mixer input admittance (g, ;. = O.59_ - so-% , output
admittance of the last stage of the HFA, czlculated at the mixer
input;
Rn - eguivalent noise resistance of the tube in the conversion made;

this resistance is considerably larger than the resistance of
the same tube in the amplifying mode;

f:z total capacitance of the mixer plate circuit.

Crystal frequency convertcr. In crystal frequency converters, a semi=

conductcr diode is uscd as the nonlinear element of the mixgr, Thesa con-
verters are used in the centimeter and decivweter wave ranges. At decimeter

wave lengths, vacuum tube dicdes are sometimes used as the nonlinear elements,
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and the converter is then called a diode converter.

Coaxial (Fig. B.25 a} and waveguide {Fig. 8.25 b) constructions are
TJST commonly used to transait signal energy and heterodyne energy to the
noalinear elem.nt (diode). In some cases strip lines are used, which have

the advantagesof simple preparation, compactness, and wide band widtk.

fﬁ
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Figure B.25. Schematic sectian of the construttion of a crystal fre-
quency coaverter: a - coaxial construction; b - waveguide

constructisoc

The construction of a converter should provide:
transmissicen of maximum signal power frow the cavity resonator (CR)
to the diode with minIinum losses in the Dorerodime circult, HFA cireuit,
and minimm veoriation in diode parameters in the cavity resonator;
transmission to the diode of heterodyne power reguired for optimum
conversion mode, while simultaneously pr-wi.d:'.ng stable ¢peration in the
heterodyne and no power transfer from the heterodyne to the receiver input,
These problems can be solved by placing the dicde in the maximum current
in the coaxial construction and in the maximum electric field in the wave-
guide construction and by matching the m‘.xiuq chamber with the cavity resonator.
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sinizaa loss of signal nowar Is oduzinel Dy providing icw couvpling between

niNer Lnd heterodyme and oy dnciwding a quarter-wave Silier in the inters
edlizie Ifrequency circuit. The oIlect of dicde parazeser breakiown Is
dozcensed Ly choosing the seetien Iroz tiae dlode up to the rescnatzer egual
0 an odd nucber of 15/8 ang assuring thut its active upedance varies livtle
wiil variations ia the load aver wide rongesa.

The second mroblex is solwdd Ly virying the couniing beilween Leterodyne
sna Tiuer. To sssure seadle operoricn of the heterciyme, a disc resistor,
STGELL TO noe woave izpedance of The feeder Is Included, né ihae secticos
SITm e zrede fo inls resisior are choscos scsewkii Less Than ;‘h/Z o Ceo~
senscoe Tur the reeetange of the prode and nze &is8 Losisior. As o resulk,

& Trevellng wove is set up in tie feedar, couplisms the Zeterciyne wizh ihe

=iier, amd the mixer &o@s =ot allect Leterodynd ozsraticn.

enargy Trensmissiin I-oo Coe neitaroiyrme 30 ihe receiver
Impuil, the distonce foez the prole TO Lha cavivy Descnaior Is chosan egual
To & guomter weve lengik ol the heterciyne. This segment inm the cavizy
resczazor sectlon Iy short=cincuited; thesclore tTho probe sectlion Xas a
& I=gedance which proniliss emesgy AIcsm wie aételrccy=e Iros extexring
Tha cavity Sasonaser. Tho cowiny sesoniies nresanis o low Impedance to the
Letesclynme Jroguency, Since IS pass Lo s suall (3igk §), zaud The reso-
=zvor Is shoosly de-timzd raliacive to :.‘:,_,.

oe optizin coxversion zuda IS cealronled by ke valve of t=e constant
carpenent of dicde currens whiel Is shout L50=E30 A foo gemmatiic Cdicces
wné SC0-800 pa for silicen éiodes.

For mixing ¢lodes, lasses L _ ané relative nolse tecsercture T, (see

<B ic
Cheze V) zore introduced, waich are used 10 express wniguely the conversion

covszicient and noise figure of tThe ziXes:

Huteredynes oe seilecxciting low-powes fonesailsss. —wey saoull .
rrevice suitadle power 3o the mixor for obtaining ofiimu=m coaversicm and
ciently hich frecuency stebilicy, sufficiently wide Turning range,

w2l low Inirinsic nolise.

e
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In the merer and dccimeter range loww-power electron tube generatoTs
with capacitive feodback are used as heterodvnes. In the mater range circuits
with lumped parameters are used, and in the decimeter range, circuits of long
line segments are used. Reflex klystroos are usually used irn the centimetar
range,

The cperating principle of a reflex'klystron is based on interaction of
the electron flow with the elastromagnetic field of the resonator (Fig. 8.26).
The electron fun sets up an electron flow which i= acceleraioed by & constant
voltage between cathode and resonator 2, and which penctrates the grid of
the cavity resonator., The electromagnetic field in the gap between grids
affects velocity modulation, that is, the velocity of an electron leaving the
gap will be greater or less, depending on the phase of the field in the gap.
In the sSpace between réxonater 2 and refl. <or 3, the electrons are turned
back because the reflector potential is negative relative to the catlicde
poteatial. As The electrons continue to move along, velocity molulation
becomes density madulation: the slower electrons which were accelerated in
the resonator begin to overtake the elecirons moving with average velocity,
while the faster electrons, which have been slowed down, overtake the remaining

alecTrons. Electron Lunches are formed a5 a result,.

The eleccron bumches ag:zin enter the space between resonator grids and
undor gortain conditions (cexiain gimensions and voltases betweem the Kiyscron
elecirodes) decelilerate, giving off energy to the eloctromagnetie fielé of
<The Tascnator, and maintaining susrained oscillations in the resonatar.
Oseillations generated by the Klystron are led to the mixer aver coupling
cirgnits and a coaxial cable.
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Figure 8.26. Construction ¢of a reflex klystron: - ¢lectron gun;

2 ~rescnator; ] -reflector; 4 -output; 5 accelerating
electrode.

Frequency of the oscillations generated by a kKlysirun may vary smoothly
with variations of the reflector potential within certain limits. This
property of a klystron is used for attamatic freguency control (AFC) of a
betarodyne. In this way the AFC system varies the reflector potential so
that the difference between heterodyne and sigaal frequencies is equal to
tke nominal intermediate freqguency.

In case a wide rauge 0f electron tuning is required, and also in the
millimeter wave range where klystrons are not effective, backward wave
tubes (BWT) are used as heterodymes.

Axaxiliary reception channels

A superheterodyne receiver has, along with substantial advantages,
certain shertcopings in comparison with direct amplifier receivers. The
major shortcoming is the presence of auxiliary channels of releption, also
called parasitic, since all kinds of noise are produceld in them.

Parasitic reception channels are caused by the presence of signals
with frequencies different frowm the Signal Irequency which, acting in the
frequency coaverter, ereate os¢illaticns ui an intermediate frecuency at
its outpur, Combined oscillations sre formed in the converter becanse of
interaction betw_een The input oscillations nt.’in and beterodyne harwonics m:rh.
This produces oscillations at the 1FA inpg‘a whose frequency is determined
by |afint mfale=f i

fumZmely
. b
vhere m = 0,'1, 2, 3,eee3 B =1, 2, 3ess
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One of the vaiues of f:'.n correspords to the vaeful =ignal f; {n=1;
z=1 or 2, sign -~ when rh is choren less than fs, or — when fn>1‘s), and all
the rest are parasitic signals. Since the amplitude of the combined oscii=-
laxtions drops sharply with increasing m and n, practically speaking the
most dengerous parasitic chamnels are the mirror symmetrical (n = 1, m the
szme as for rs. and opposite in sign) and the direct pass channel (n=1, m=0)
osciJlations with frequency fi.

Since the frequencies of %l.e parzsitic channels are sransformed at the
converter cutput to the same intermediate frequency as the useful signal,
the useful signal cannot be separated from (filtered out of) noise at the
converter output and in the IFA.

Up to the converter, the frequencies f the parasitic signals differ
froz the Irequency of the useful signal; consequently freguency selectivity
in the circuits preceding the converter (HFA, input circuit) is a likely
mathod Zor aliminatiag parasitic channels.

The degeee to which parasitic channels are reduced is quantitatively
characterized by the attenuation factor o.

The attenuation facter of a Stage ¢ is equal to the ratic of useful
signal azplitude to the parasitic channel amplitude at the stage output,
when the ratio of these amplitudes at its input is equol 10 cxze.

The value of O for a single oscillating cirevit is found by the ratio

. 3 - 27 >
where AL = :rs-rk(; "—"}/1 g (!s?j'

fk - Irequency of the k-th parasitic chappel. For a wirror chamnel,

i = 2f,.
3

The total attemation of several stages i= equal te the productsof

their attenuation factors.

8.7. Intermediate Frequency amplifiers

Intermediate frequency amplifiers carrty out the primary amplification
of the signal. Using a constant intermediate frequency considerably lower
than the freguency of the received signal makes it pessible to obtain a
high, wmdistorted amplification of the oscillations at the reguired free
quency band for stable operation of the amplifier. The nuzber of stages
in the amplifier, commonly called a ruler IFA, may be from six to 10.

Single-circuit and multi-circuit intcrmediate frequency amplifiers
are most widely used. In single-circuit amvlifiers, the circuits of all
stages mey be tuned to one frequency or mutually stajgered; in both cases
the circuits are the same. Such a circuit is showm in Fig. 8.27.
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Figure B.27. Schematic of a single-circuit intermediate freguency
amplifier stage.

Dual-circuit schemes (Fig., 8.28) are tte most widely used multi-circuit
interoediate frequency amplifier devices. IFAs with dual-circuit staggered
stages and IFAs where one of the stzges has several (three or four) coupled
circuits (the so-called concentrated selection filter) are sometimes used.

Intermediate frequency amplifiers are characterized by the following
Parameters: nominal intermediate frequency :!'i, gain X, pass band AF,

effectiveness ¢, aod rectangularity coefficient K::ﬂ 1-

Figure 8.28. Circuwit of an intermediate frequency amplifier stage
with two coupled circuits.

In considering the nominal intermediate frequency, it must be noted
that there are reasons for choosing either a higher or a lower frequency
'Ii. The fundamentazl advantages of a higher frequency are the greater
selectivity in the mirror channel, smaller inductance windings, better
separation of the intermediate and video frequencies. The advantages of
a lower fi are tha greater amplificaticn stability and the fact that the
breakdown parametars or the ciycuit are mot so critical, The intermediate
frequency for radio pulses should also satisfy the inequality

0 zn?'t:b .
2

In practice £, = 10-100 Miz; K =1.55 K, = 10*-10°,

Q.1



RA-015-68 335

The product of the resonant gain times its pass band is called the
effectiveness of one stage.

The product of the gain of on¢ s$tage times the pass band of the whole
amplifier is czlled the effectiveness of applification e.

The greater the effectiveness of a stage, the greater pass band it will
have ot constant gain, or the greater the amplification which can be obtained
with constant pass band. Amplifiers are classed according to effectiveness.
Amplifiers with tuncd (resomant) circuits have the greatest effectiveness,
multi=circuit IFAs have high effectiveness. Ampliliers with coupled circuits
bave higher effectiveness than amplifiers with staggered pairs.

The sclective properties of an intermediate frequency amplifier are
characterized by the coctficient of rectangularity Kro.l‘ which indicates
the ratio of the Z{requency band at a leval of O.1 of the maximm gain (or
output voltage) to the pass band, For an ideal amplifier with a rectangular
fregquency characteristic, Kro.!. =1, In practice Kro.1>1' An amplifier
is more selective the more c¢losely its freguency chpracteristic approximates

the rectangular, and conseguently, the more closely o approaches one.

K

Amplifiers with single circuits have lower selecxt?:rity than amplifiers
with two ¢ircuits, etc. The remaining amplifiers are approximately equivalent.

In practice IFA with single tuned circuits are more widely used for
amplifring radic pulses longer than 2ps, since these axmplifiers, except for
the faults discussed above, are quite superior in comparison with other
types of IFA: they are simpler to build and time, have the shortest delay
time, do not have parasitic blipa in the radio signal, and arc least
critical toward brzakdown of the circuit elements, especially the tube
capacitance.

For applifying radio pnlses less than 2us in length when the amplifier
should have high effectiveness, for which the IFA using tuned circuits should
have 10 to 15 stages, six to cight stage ITFAs with staggered tuning (in
duplicates) or IFAs with two coupled circuits are used. Tzble 8.3 shows
the calculated relationships for n stages of these types of IFA and a
comparative estimatec of their effef:tiveness.

8.8. Detectors

Detection ic the prucess of transforming the modulated signal to reveal
the informotion. This process i1x the reverse of modulation.

Depending on the form of the modulated signal, detectors are classed
as amplitude, frequency, and phase detectors.

Amplitude detectors. Amplitude detection comprises two fundamental

processes:
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Table 8.3. Summary tabla of formulas for IFA paramcters.
1 - jaramecter; 2-— type of TFA; 3 ~IFA with single tuned
circuits; & —IFA with staggered pairs; 5 =IFA with coupled
ciccuite; 6 —gain It: 7 - pass band AF_; 8 - amplifier
effectiveness €5 9 - rectangularity coefficient Km 13
10 = ratio of IFA effectivenesses. =
creation of a low frequency signal (envelope of the amplitude-modu~
lated oscillation or video pulse) on the basis of a high frequency AM
oscillation or radio pulse;
separating (filtering out) useful low Irequency signal from the high
Irequency oscillations,
An amplitude detector consists of three basic eleéments: a nonlinear
element, a load resistance R, and a Yilter {capacitive locad) C. The most

common are amplitude dicda detectors. Their circuit is shown in Fig. 8.29.

Figure 8.29. Schematic of a diode detectar
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The first part of the process in amplitude detection is carried out by
the diode and the resistance K, tho second is carried out by capacitor C.
When the high frequency signal modulated by a low freguency oscillation acts
on the nonlinear element, <urrent with a cozplex form flows in the diode
circuit, creating a voltage on the load resistance R with the frequency of
the envelope of the AM oscillasion, and the remaining current components
\-'bi.ch have higher frequéncy flow through capacitor C, which presents a low
impedance to these¢ Irequencies. If a radio pulse acts on the nonlinear
element (Fig. 8.30), the diode conducts current during the positive half-
period of the high freguency osedillations, setting up a voltage en resistor
R, and the capaciter C charges rapidly. In the negative half-period of the
high frequency oscillations, the diode is dlocked, capaciter C slowly dis-
charges through R, creating a voltage of the same polarity ¢n it ax that
created by the current flowing through the diode in the positive half-
pericd. Consegquently a positive vides pulse appears obn R with pulsations
&t tke tip which are removed by 4 special LC filter cemnected between the
detector and the video smplifier. The polarity of the output sigoal depends
only on the way the dicde is connected, .

v o r oz

| L fombaae
yUuuuy
I8

Figure 8.30. Craph of veoltages in an amplitude detector: 1= voltuge
at the detector input; 2 -voltage on the load

An amplitude detector sppeéars as a nonlinear element of the receiver
to the input signal. It deforms the signal spectrum and impairs the signal/
noise ratic becawnse of the interaction of ithe frequency camponents of the
signal spectrum acd the moise spectrum.

The latter ph won decr for uina(o.s-zl V. where the detection
process becopes linear, i.e.; uout is proportional te Ui.n' At low signals
U, . is proporticnal to ”;'nz' acd the detection process is quadratic.

A radic pulse detector is characterized by the transmission coefficient

K,, rise time T, and decay time T, input and internal impedance, R_ and

Ri respectively. .
These parameters are uniguely determined by the slope of the voltaapere

characteristic S of the nonlinear element and by the load parameters R and
C:
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Fy=cos 9, 5 =22RC(;
— a0 R,=""—e:—9k,

L g,

(8.19)

l pot

R R

L PR S
in KD in S@=—wexsO)’

-

where © - ¢cutoff angle, by definition equal to half the period of oscillation
in the course of which the diade conducts current (Fig. 8.30), and uniguely

determaned by: 120 —0=—"r. (820)

The load elerents are usually found Ifvem the conditions:
RCC g €100 (621}
where C;ﬁc anode—Gathode capatitance of the ciode.

Electron-tube and scemiconductor triodes which, depending on the method
of connecting the detecteor load, may operatc as grid, plate, and Cathode
detectors, are used for the detection of AM signals. For details see [L2]
and [L3].

Synchronous detactor, Detecetion of AM oscillations may be done by

lirear elements (L, ¢, R} with varying parameters. These detectors have a
valuable characteristic: they permit synchronous (commutator aor amplitude—
phase) detecticn. Derection is comsidered synchronous when the amplitude
and polarity of the omtput signal depend on the difference in phase of the
oscillations received by the detector and the oscillations changing the
cetoctor paraneters. This permits these detectors to be used in radar
stations te ;i‘stiaguish vetween moving objects and statianary objects or
passive roise. The diode detector is the simplest of tuis type, with its
internal resistance changed by a special gemerator which has the sane
frequency as the signal received by the detector.

A coberent hetercdyne is generzlly used for this purpose in rador
stations. To obtain maximum output signal from the detector, the oscilla-
tions of the coherent heterodyne and the input signal skould have a certain
phase shilt, depending on tha ratio of their amplitudes.

Asynchronous detector. Since in many cases it is difficult to swm-
chronize the phase of these oscillations, detectors which do not require

synchroaization are aften used. These detectors are called asynchronous.
In the simplest case, an asyuchronous detector is a diode detector, with two
signals applied to its input:
the signal from the intermediate fregueoncy amplificr output;
oscillations from an arbitrary low power genarator with frequency zh=ri.
These detectors bhave many advantages over the usual diode detector
{larger transmission coefficient, better signal/noise ratio, and others).
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Preguency detector. A frequency-modulated signal carries information

in the variations of its frequency. The process of detecting this informa=-
tion is called frequency detection (FD).
Frequency detection in the majority of detectors consists of two
procasses: ’
converting frequency-modulated oscillations into an amplitnde-modu-
lated signal;
azplitude detection of the latter and exposure of its information.
Any linear system whosé¢ transaission coefficient depends on freguency
may be used for the first part of the process., The simplest system is an
oscillating circuit detuned relative to the center frequency :rc of the FM
oscillazions. In this case, depending ca the ratio Of signal frequency 1,
and intrinsic frequency fo of the cireunit, the amplitule of the oscillations
varies at the output (Fig. B.31). This preserves the frequency modulation
in the output signal, f.e., the signal at the ocutput has botr amplitude and
Irequency modulation, and is called amplitude-Iregquency modulation {AFM).
amplitude detection of AFM oscillatiens is us@ly dozne by diode detectiors
(Fig, 8.32).

ot [TF to AP _| Asplitude ut
Uiﬂ I cmartujﬂ' datector uaut
T

¢

Figure 8.31. Process of converting frequency-modulated escillations
into amplitude-frequency-modulated oscillations.
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Figure 8.32. Circuit of the simplest frequency detector.

A frequency detector is characterized by tho slope of the amplitude-
frequency characteristic s:c a indicating wvoltage change at the ocutput for
a 1 Mz (or kHz) change in frequency from Lz

W, QK ;
=D 3.29
£a  fo(l +a3)" R

where uo = maximam voltage amplitude ‘on the &ircuit at resonance;
X, transmission coefficient of the amplitude detecter;
initial detuning of the circulty
Q Tigure of merit of the circuit;
oL = ii.c-fs"

Two-cycle frequency detector circuits are employed to increase trans-
conductance S., and the allowable detuning (deviation) 4f of the FM oscil-
lations iFig. 8.33) when the circuits are detuned symmetrically relative
to the center frequeacy of the FM oscillations and the cutpiit voltages
of the dctectors are mutvally subtracted. If the signal frequency is not
£_, voltages on the detectars will be different ard a signal with positive
or negative polarity, depending on the type ¢f detuning (:>£c or £<:tc)
will appear at the output.

Detectors operating analogously to phase detectors (fractional
Irequency detectors, heterodyne freguency detectors, see [L3] for details)
zay be used for freguency detection. A frequency detector is one of the
basic elements of antomatic frequency centrol system.

Figure 8.33. Schematic of a twe-¢yele Irequency detector
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Fihasce detector. 1In phase modulation, information is carried in the
phase variations of the high frequency oscillation. The phase, varying
with time, represents the speed with which trequency changes. Of covrse
sSpeed must be measured with reference to another object. Therefors, to
evaluate phase changes, the phase ol the modulated oscillativas must be
compared with the phase of ansther oscillation teken as reference.

Phase detection (PD) involves two processes:

addition of phase-modulated (.i‘s and the reference oscillation Ur
ferming an amplitude-phacse modulated oscillation;
amplitude detection of the oscillation obtained.

The simplest circuit of a gingle-cycle phase detector and the vector

diagram of the addition at its inpot are shown in Fig. 8.34.

ef’

T
. T 2h
U | v

Figure 8.34. Phase detector:
a-circuit; b -vector diagram of voltages at the input.

A phase detector is characterized by the slope of the amplitude-

phase characteristic indicating the woltage change at the cutput for

Sta
a one degree chenge of phase.

A balanced circuit PD (Fig. 8.35) is used to increase Sear
stanéing feature of this circuit is that the signal is applied to the dicdes

out of phasa, and the reference voltage is in phase. Thus, if the phase of

Ihe out-

the signal and the mhasa of the reference voltage do not coincide, a voltage
@ifference will appear an the diode, and ihe polarity of the signal may

change.
Si.gn;:l.__?

H 1
fenmelee
Figure 8.35. Balanced circuit of a phase detector.
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The value of Sf.d depends on the relative amplitdes of the reference
raltage Uref and the phase—modulated signal Ua as well as the phase shify
¥ between them.

F. = U -
S s/Uraf s

$o =Ko ([cos F|+ | F): (8.23)
form < 1 .
Sfd=215usm9'
Phase sensitivity (slope) is most even wheo Us = Dm, and under these

conditions is maxXimum for ¢ = (.2n+1)%.
Aoplitude limiters are used to limit the signals s0 as to eliminate
the effects of variations in signal amplitude on the cutput voltage.

8.9 Video Aoplifiers

The purpose of the video amplifier in a receciver is to boost the
detected signal (video pulse) to the level required for normal operation of
the irdicator devices.

One of the pessible variations of a two-stage video amplifier is shown
in Fig. B8.36.

FPigure 8.36. Videso amplifier sireuit

AS a rule the first stage operates as a limiter to.prevent overlcaaing
the indicatoxr deviees.

The second stage (a cathode follower) matches the cutput iwpedance of
the receirer to the wave impedance of the cable and transuits the amplified
signal along +the cable ta the indicator devices without distortion.

First stage gain

K= SR,. (829)
vwhexe S ~ slope of the tube characteristic;

R‘a plate load impedance.

First stage gain is usually equal to 10=20.
For non-distorted amplification, -the stage should L{aﬂe a sufficiently



RA-(15-68 343

wide pass band. The pass band of a video amplifier is the difference of
its uper and lower limiting fregquencies.

The upper boundary frequency is foumd from the resistance and capa-
citance of the plate cireuit: .

fox = SR G2

Capacitance Co’ composed of the tube capacitance and the essembly
capacitance, is usuzlly equal to 15=30 pF.

The value of rw uniguely dege?mmes the pulse rise time

o=,
* fax

To increase f . (d,e:rca\.se rise time of the pulse) high-frequency
correction is sowetimes employed, cunneCti'ng an inductor in series with Ra.

The lover boondary frequency is dctermined by the transfer capacitance
Cg and resistance Rg; ’

e LI {896)-
fin= =R
The value of rmin uniquely determires drop G at the tip of a pulse
with duration T = < _ g5 g
P U-—z’::p' aan

Accerdingly, to decrease fni.n {drop G at the pulse tip} Rg and cg
should be quite large. Sometimes low Irequency correction, choosing C@ of
& certain value depending cn Ra and Rg’ is used to decrease G.

The gain of a cathode followar is less than one, since all output
voltage from the resistar is again applied to its contrel gird {100%
negative feedback).

However, a cathode follower with low cutput irpedance may feed into a
cable with high capacitance, and this is one of the major reasons Zor its
use.

The performance figures on a cathode follower are determined by:

SR,
Ee=ride |

- 14 SRy,
fiox 10™= mp R, (8:27).

L 1
AR,

where Rk - impedance of the cathode load.

If necessary, the signal may be further amplified before it is applied
to the indicator by video amplifier stages in the indicator block.
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8.10 .mplifier Control in the Receiver

When a statioco is operating, radio pulses of differing intemsity,
depending on the distance to the target, its reflecting surface and other
factors, are applied to the receiver input. Weak reflected signals, as
well as strong ones, must be observed. This requirement can be met if the
receiver amplification can be changed rapidly, which requires the use of
automatic gain control.

Over o period of time, the tubes in the receiver age and are replaced;
consaquently its gain changes. But for a given signal at the input, a
given signal iateunsity should be obtained at the output, This is accom-
plished by using manual gain controls (MGC). Manual gain controls allow
the operator ta choose the gain depending cn the intensity of the reflected
=ignal.

The most comwon method of autamatic «md manwal gain control in radar
receivers is based on changing the transconductance of the tube in one or
more stages of the intermediate freguency amplifier. Coatsrol is sometimes
apolied to the video amplifier.

Transconductance of a tube may be changed by changing the voltage on
one or more of its electrodes. Bias voltage and voltage ocn the screen
grid are most often used for control. Changing plate voltage and voltage
o l.bc shielding gric are not very effective.

The disadvantage inherent in coatrelling gain by changing voltege on
the screen grid (Fig. 8.37) is that, with bias constant and gain decreasing
{docreasing screen voltage), the grid charactaristic shifts to the zight,
increasing the danger of overloadinag the stage.

Figure 8.,37. Controlling gain by changing voltage on the screen grid:
2 =schematic of the siage; b —graph of input and output
voltages of the stage for two operating modes
Bias may be changed by changing the potential of the cathode or the
zontrel grid. A control circuit which varies csthode potential has large
inertia and rejuires considerable energy from a constant scurce, which is
dissipated as heat in the control elements. The control circuit with
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variabie control grid voitage shown in Fig. 8.38 eliminates these faults,
Protecting a recelver from active and passive noise is discussed in
Chapter XT_

Figure 8.38. BSchematic of zn IFA stage with gain controlled by

varying controel grid potential



Chapter IX
Displavs

Radar utilizes various types of displays tc observe the alr situatien,
detect targets, and establish their coordinates.

The type of display used depends on the purpose for which the radar is
intended. PPl displays can be used f+r detection and for making rough approxi-
matisis of coordinates. Range-izimuth and range-beight type sector displays
can be used if more accurate aneasurcnents of coordinates are required, and
if rarget characterisiics must be found more accurately. Special displays,
an which conventional signals and symbols will glow along with the radar signals,
can be used when the radars are linked with automated control systems.,

9.1. Effect of the Display on Radar Characteristics.Conditions for Signat
Cbservation and Visibility

The display is the fina) link in the radar system. It reproduces all
the signals received by the antenna and produced by the receiver. It is the
task of the operator watching the screen to make a careful analysis of all
the information on the display in order to separate the useful signals from
the interference.

O1ce the operatar has detected the targets, he has a second task to
perform, that of estahlishing the range, R, the azimrth, 8, and the height,
H, after which, aad in s¢ far as this is possible, he must establish target
characteristics.

Consequently, the most Important stage of radar aperation is associated
with cbservation of targets on displays, and, naturally, the efficiency with
which the displays function is a very impartant factor in the successful
caapletion af an assignen_i pission.

Modern radars make widespread use of displays with intensity markers
and afterglow, Displays with amplitude markers are also nsed.

Receiver noise catses a characteristic "noise background™ on the
screens cf intensity marker displays. The background cousists of a great
many lunincus spots of different widths, brilliance, magnitudes, and shapes,
with many of them resesbling targets, at least at first glance, thus making
the work of the cobserver difficult., The structure of the noise background
is the recsuli of many factors, the mast important of which are the pass
bands of the IF and video amplifiers, sweep speed, antenna rotation rate,
and svme others. The pass band, AF, will be close to optinm in this case
if it is assocjated with the pulse width (Tp) by tae relatioumship at (8.2).
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The so-called visibility Zactror, . {See Chapter I) is used to sake a
qualirative assessment of signal visibility against a background of noise.

The smaller the vwisibility factor, v, the lower the power of the
detected signal.

The different factors bearing on the Ilundamental engineering charac—
teristics of the radar have a very definite effect on the magnitude of the
visibility factor.

Those with the greatest affect on the magnitude of the visibility facter

pulse repetition frequency, Fp;

receiver pass band, AF;

sweep speed, v 3

pulse widtk, -rP;

the quality with which the electron beam in the tube used in the
display is focused;

external conditions prevailing when the observation is made;

antenna rotation rate.

The dependence of the visibility factor on the pulse repetiticn frequency
is shown in Figure %.la. Signsal obser\rabilify jmproves with an inerease in
the pulse repetition frequency and, consequently, in the number of pulxes
handled in the receives.

The effect of receiver pass band at the intermediate freguency on
observability can be followed Irom the graph in Figure 9.1b.

The curr; in this figure is for the case when the sweep speed, vs, and
pulse width, T_, remain constant and the ocnly facts that changes is the pass

o tg by oy ad

o]
band, AF,
; — r -ilwl YW -
TR EEEE [ D T N A T
et B &N
T T ’gxlu/ ST T
iy f 1 Il‘I—E s | ‘.;_31\1 y 1
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I ; ] il fa]in:'l:.:--ﬁ
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The dependence of the change in observability on sweep speed is shown
in Figure 9.lc.

Degradation of observability with increase in sweep speed results
beciuse at high speeds of passage of the beam over the surface of the screen
the conditions under vhich the screcn is cxcited arc degraded, and besides
there is an increase in the "graininess" of the noise background, that is,
tlic markers from the noise blips increase in'magnitudes

S0 far as observability is concermied, the optimum magnitude of a marker
for screcons with intensity aarkers is considered to be

:opt (1 to 34, (9.1)

where

ds is the spot dismeter.

iy i = 1 = -
¥Widely used displays have ds 1 ma, opt 1 to 2o

The effect guatily of 'focusing of the eleciron beam has on observability
is to degrade ecntrast, because when focusing is poor the target amd noise
marikers "dissolve.*

Chservability is effectea significantly by the average btrilliance of
the noise background brightening the scrcen, by the external conditions
under which the observations are being made., This is fixed on the one hand
by the properties of the cathode ray tube, and on the other by the special
Teatures inherent in the human eye (see #9.10).

Antenna rotation rate too has a definite effect on observability because
when all other conditions are equal, the rotation rate is what determines
how many pulses will be present at a definite point on the screen,

The number of pulses ir the train will decrease with increase in antenna
rotation rate, and this will result in a reduction in marker brilliance.

Zffect of Display on Radar Detection Range
The radar equation at (1.48) defines the dependence of radar detection
range on inherent parsmeters and targef chwracteristics.
Detection range for a surveillance radar can be found through the

following dependence on the visibility factor

k
<

R 2-%?' {9.2)

ko is a coefficient that takes radar and target parameters inteo

where

cousideration.

The smaller Vo that is, the smaller the value of the threshold signal,

the longer the radar detection range.
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Widely used. three-zcale PFls have approXimately the following visi-
bilizy factor magnitudes:

on small scale - V, & 3.5

on medium scale - vva:B;

on large scale = v, R 2«

The change in the magnitude of the visibility factor with change in the
scale on the screen is theiresult of the change in sweep speed.

The relationstip at (5.1) links the magnitude of thc spot, 6y, and the
length, 1, of the marker on the screen in the optimum cascs At small scale
settings for the sweep this condition camnot be satisfied, and shows up in
the magnitude cf the visidility factor.

The linear dimension of the marker on the screen can be compuzed through

the formula
1 sy Rscale/Ls.ds, (9.3)
where
R is the scale used on the screen;
scale

L1, is the linear ditension of the sweep.

Effect of Display on Radar Resolution in Range and Azimuth

The relationship at (2.9) is uscd to estabiish the range resolution for
the radar. It can be written in the following fornm

- p(Tp + 487) Recale {s.4)
SR = - qa
2 Ls E

where
@ is 2 coefficient that takes the wmagaitude of the "gap" heiween two

adjacent markers into consideration.

The second term in the right hand side of the expression at (S.k)
defines the display's resolution, éRd, or, putting it another way, it
demoustrates the degradation in radar resélution attributable to the display.

An analysis of the second term will lead to the comclusion that improve-
ment in display resolution can be arrived aT in the Zollowing ways:

reduce the range sector dispiayed on the screen;

increase the linear dimension of the sweepj; that is, increase screéen
dimensions;

roduce the dimension of the spot on the sereoeh.

The only way resolution can be improved for a sclected type of cathode
ray tube is to use several range scales. Two or three different scales are
usually used.
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The first scale, the smallest, covers the entire scanning zone at
miXimun range. The second scale is a one and onc-half to two-fold amplifi-
cation of the first, while the third is a four- to five-fold amplification
of the second.

The display’s resolution changes accordingly as the shift is made from
one scale to another.

At long ranges the PPIs include a ring scan, that is, individual
sectors (rings) covering the whole of the zone of observation, ¢an be locked
at at large scale. Ia this case range sweep begins after some delay cor-
responding to the distance to the beginning of the sector being looked ar,
rather than at the moment the main pulse is radiated.

Resolution in azimuth can be foud through the formula

B=9, v /L _-d_, ($.5)

-5 scale’ 5" s
where 5
Sx ale is the magnitude of the azimuth sector in degrees;
Ls is the linear dimension of the azimuth sweep;
m is a coafficient that takes the magnitude of the gap between markers

into considerationa

The second summand in the right hand side of the expression at (9.5)
characterizes the resclution in azimuth for the display, 536. In the case
of the PPI the magnitude of the sector ﬁaacale is always 360°, while the
length of the sSweep wWill be variable, depending on the distance the marker
is from the center of the screen.

The linear dimension of the sweep can be calculated as the circumference
of a circle, that is,

L = 2w,
where

r is the distance the marker is from the center of the screen.

Analysis of the second term in the expression at (5.5) leads to the
conclusion that in order to increase the resclution in azimuth it is necessary
t0 reduce the magritude of the sector brought to the screen Ior the type of
catliode ray tube selected., The use of the sector sCan wode is saught out
for this purpose.

It is also possible to simultaneously reduce the magnitude of the
scctor Bscalc, and increase the lincar dimension of the sweep, L. This is
aonc in special scopes of the range-azimuth type, in which the azimuth and

range sweeps form a rectangular rastera
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Effect of Display on Coordinate Me¢asurement Accuracy

Errors resulting from the inaccuracy in distingquishing the centers of

target pips and scalce wmarkers because of their finite magnitudes. Since

target pips as well as range and aziputh scale markers have finite dimen-
sions, the gperaior has to make a visual determination of thecir centers, cor-
respouding to the true pesition of the target, or of the scale macrker. This
operation always contains an error. The mean square crror, dctermince
experimentally, is about 3% of marker magnitude,

Errors associnted with poor focusing., The error in fixing the center

increasas with increase in the marker resulting from poor focusing. The
mean sguare error in range is on the order of tcms of meters, in gzimuth on
the oxrder of minutes.

Errors in interpolating the peosition of the tarcect pip between the scale

divisions. Interpclation involves a visual, proportional division of the
segment beitween two scale markers within the limits of which the target pip
is located. The mean sguare error in interpelation can be computed through

the formula

Oy =k » 0,008 __ . (3.8)

where
k =1 to 2, and depends on the scale setting;
Asc ale is the distance between azimuth or range markers.

Errors cansed by nonlinearity in sweep. Nonlinearity in the sweep

causes errors in measwring the coordinates, and these errors are associated
with thosce of interpolation iIn various sectors of the sweep. DNonlinearity
in range sweep results in range determination errors.

In this case the mean square arror can be found through the formula

Tint = B bscate (5-7)
where
& is the nonlinearity in the sweep.
As will be sa@en {rom the foregeing, the errors in interpolation have a
significeant dependsnce on the distance between scale markers, expressed in

terns of the scale setting used.

9.2 Dlan Position Indicators

The PPI can be used to make a rough determination of target range and
azimuth, as well as to make an approximation of target characteristics. On
the PPI the air situation is in the form of a projection on the herizonial
plane. A PPl screen is shown in Figure 9.,2. The PPI wsually can be used
to scan in thYee operating modes:
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circular scan, during which the entire radar coverage zone is lcoked at;

Prrdaw
apyraeacd piapa A8 BT A

Figure 9.2. Images on the PPI screen in three operating modes, a ~
circular scan mode; b - ring scan mode; ¢ = sector scan
mode. 1 - range markers: 2 - azimuth markers; 3 - reflected
signals; & - signa's reflacted from local objects; S ~
signals reflected Lrom <louds,

ring scan, during which the entire radar coverage zone is looked
at by sectors at enlarged scale;

sector sCan, Wien oaly a specific sector is looked at.

A range sweep delay circuit, inserted in the range sweep chamnel, can
be used to obtain the ring scan mede.

A circuit for dispiacing the center of the sweep can be used to obtain
the sector mode.

The chamnel for forming the aziruth sweep provides range sweep sSyn-
chronized with antenna rotation. All PPIs can be éivided into two groups
with respect to the mothod used to obtain a rotating sWeeps:

those with a rotating deflection system;
those with a fixed deflection system.

The distinguishing feature of those in the first growp is that rotation
of range sweep with respoct to the azimuth can be synchronized with the
antenna by rotating the deflection system mechanicaily, causing the range
sween to rotate.

The deflection system in the PPIs in the second group is fiked. Sweep
rotation occurs as a result of rotating the magnetic field.

The block diagram of a PPT with a rotating deflection system is shown
in Figure 9.3.

The trigger stage is the soirce forming the range sweep znd can be used
in any PPl operating mode, not only to eliminate pulse pickups, bBut to get
staple trigger pulse amplitude. A wideband resistance-coupled amplifier
with bottom clipping can be uscd as the trigger stage. Chapter VI contains
the ¢ircuits of similar clipping amplifiers,

Specific requirements imposed on circuits for trigger pulse delay are:
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to restore.the original condition, particularly important

in the case of long delayss

linearity of

the delay over the entire range of the scaia.

These requirements are best satisfied by circuits in which the voltage

drops linearly and which are, moreover, the most efiicient.

A circuit providing smooth trigger pulse delay, and widely used in

displays, is shown in Figure 6.9. Jump delay circuits can also be used,

A block diagram of a possible variant of the jump trigger pulse delay, and

voltage curves, are shown in Figure 9.4.
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Figure 9.3«

Blotk diagram ¢f a PPI with rotating deflection system.

1l - trigger; 2 - trigger stage; 3 - channel for forming
range sweep; % - trigger pulse delay circuity; 5 - expansion
¢ircuit; 6 - sawtooth voltage genexrator; 7 — sawtooth
current amplifier; 8 - outgoing trace intensifier circuit;
© = focus coil; 10 = center shift; 1] - deflecvion coils

12 - center.shift device; 13 - cathode ray tube; 1& -

range markers; 15 - azimuth markers; 16 — target sigmals;
17 - procedure signals; 18 - signal mixing and amplifying
channels 19 - circuit for mixing incoming signals; 20 -
cmplificr circuit; 21 - sector scttingy 22 ~ brilliance
control; 23 ~ deflection coil rotation chanmel; 24 - focus
control; 25 - anteana coupling; 26 - elements for contrclling
operating modes.
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Figure 9.4. Block Qiagram of jump trigger pulse delay and voltage
time diagrams for various points in the delay. 4 - delay
setiting; B - triggez; 1 - linc valtage generator; 2 -
threshold circuit; 3 — coincidence cirecuit; & = rauge scale
markers; 5 - output stagej 6 - change in level of constant
voltage and delay setting; 7 - firing level; 3 - restoration
level; § - delayed trigger pulse.

The trigger pulse excites the generator, the sawtooth voltago from which,
added to the constant regulated voltage, acts across the grid of a tube with
a clipped operating level (the threshold circuiz). If a change is made in
the magnitude of the constant component of the veltage acting across the
tube grid, the tube will fire at different sawiooth veltage levels.

The magnitude of the constant voltage can be changed smoothly by rotating
the arm of the delay setting potentiometer, and correspondingly charging the
mement in time the tube fires. The pulse corrasponding to the moment of
firing is fed into the coincidence circuiit, into whichk range scale markers
are also fed for synchronization purpeses.

The coincidence circuit produces a pulse which can be used as the
delayed trigger pulse,

One of the fundamental rcquirements imposed oo expaasion circuits is a
minimum time reguirement for restoring to the original condition.

Various types of triggers, in which cathode followers are used to cut
restoration time, can be uscd as expansion circuits.

Regardless of the circuit used, therc is distortion im the shape of
The expanded pulse, the resuli of the transition pracesses that take place
during current and voltage drops. This has a negative effect on the operation
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of the sawtooth voltage generator. Different types of clamping clipping
circuits eliminating these distortions can be used to improve the shape of
the expanded pulse. Chapter VI contains a description of clipping cirvuit
operation.

A voltzge that changes linearly, and produced by the sawicoth voltage
generator, is used to deflect the cathode ray tube heam from the center to
the edge of the screen.

Generators with positive feedhack (see Chapter VI) have been widely
used in practical circuits.

Special features of a PPT with a fixed deflection system. In order 1o

obtain 2 radialecirtular sweep with a fixed deflection system, it is necessary
to ¢reate a magnetic field that changes linearly .and rotates in synchronism
with antenna rotation in the throat of the tube,

A f£ixed deflestion system consists of twe pairs of coils positioned
mutually perpendicular with respect to the ca:t.hode ray tube axis. A sawtooth
current, modulated in accordance with the antenna rotation law, and displaced
with respect to the phase in these coils by 90°, flaws through these coils.
The cmrrents in the deflecticn coils are

i = £(7) sin OAt,

1
i, = £{T) cos OAt.
where £(7) is the law in accordance with which the sawtooth current changes;

QA is the angular velocity of antenna rotation;

QAt is the cuwrrent azimuth of the antenna.

Magnetic fluxes, changing in accordance with this same law, occur as a
result of the effect of currents i, amd i_,

1 2
él = zt{T) sin QAt,
éz = o (1) vos QAt'

where =z is a coefficient fixing the relation hetween the current in the coil

and the magnetic fiux.

The resultant field, which deflects the eleciron beam, acts in the tube
throat

2 2

Qrcs = Ql + §2

= =f{T). (9.8)
The position of the resultant field vector can be calculated as follows
arc tg (sm Qnt)= QAt =

cos QAt {9.9)

that is, it corresponds to the present azimuth. The resultant field therelore
rotates in synchronism wi't.h‘ antenna rotatjon. Consequently, formation of a

rotating sweep requires the generation ¢f a sawtooth voltage and medulation
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of that voltage by the sine and cosine law for the antcnna rotatios angle.
The sawtooth voltage is generated by the generator in the range sweep channel.
This volrtage is then split into two components, 90° apart. Each of these
components is modulated by the antenna rotation law.

Most often used for splitting are sine-cosine rotating transforzers o
sine-cosine potenticmeters. They are mechanically reliable and can be used
6 lozad the deflection coils directly.

The block schematic of a PPI with a fixed deflection system is shown
in Figure 9.5. The only difference betwec. it and that for ths PPI with a
rotating deflection system is in the azimuthal sweep rotation channel.
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Figure 9.5. Block schematic of g PPI with a fixed deflection system.
A -~ aziouth swaeep generation channel; B - sine-cosine
rotatable transformer; C « horizootal sweep amplifier;

D - vertical sweep amplifier; E - cathode ray tube; F ~
range sweep generation channel; 6 = sawtooth current
generator; H - expansion circuit; I - trigger pulse delay
circuit; 5 -~ trigger; K - outgoing trace intensifier
circuit; L ~ amplifier circuit; M = signal mixing circuit;
N - signals; O - mixing and amplifier channel; P - focusing
cireuit; Q - brilliance contral circuit; R - cathode ray
tube coatrol chamel.

The sine-cosine rotatable transformer in this channel has a rotor
winding and twa stator windings located perpeandicular to eacli other, The
rotor is mechanically coupled to the antenna shaft and rotates in synchronism
with it.
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The rotr winding is the sawtooth current amplifier lcad in the range
sweep generat.on channel.

‘:l.'he magnetic flux arcund the rotor winding, the résult of the flow of
sawtooth current, induces emfs in tho stator windings, the magnitudes of
which depend on the mutual pesitiening of the rotor and stater windings.

It is highly important that thoere be a Jived central poinr, correspanding
te the origin of the sweep, in scopes with fixed deflection sysitems because
positive and negative sawtooth veltages appear across the amplifier tube
grids. Controlled level clampers, designed to restore the originzl potential,
are used for this purpose.

PPIs for combining situational information. The data received Irem

several radars can bc combined on the screen of onc PPI.

A single system of synchronous and cophasal antenna retation, and a
single trigger for the transmitting and indicating devices, can be used to
combine the infermation.

Figure 5.6 is the blotk schematic of a PPI for combining situational
information from twe unsynchronized radars.

As will be seen frim the schematic, a catbode ray tube and a fixed
deflectian system, are used in the indicator.

The indicator utilizes the time division of aignals method wherein the
sweep voltage relative to the X and Y axes, corresponding to the positien
of the antenna associated with radax Ne. 1, is fed to the deflection coil
during cne time intérval, with the sweep voltage frow racdar No. 2 fed to,
and the sweep woltage from radar No. 1 discomnected from, the deflection
coil during the succeeding tim.. interval. The result is the appearance of
two sweeps on the indicator screen, the positions of which corrazspond to the
azigutha? positions of the antennas for radars Ne. 1 and No. 2 (fig. 9.7)-

The echo signals from the radars are switched simultanecusly with the
sweeps, and at the moment the sweep frow radar No. 1 is generated, the echo
signals from that radar only are fed to the cathode ray tube modulatar.
Echo signals from ragar No. 2 are cut out at this time.

The functions of signal tice division are carried outr by a special
circuit.

If the radars are quite a distance apart an additional ecircuit for
taking the basc into consideration is used, and this circuit superimposes
the origin of the sweep at a point on the screen corresponding to the posi-
tion of the radar on the terrajn.

When the radars have idemtical repetrition frequencies, or very nearly
so, the sweep trigger frequency of one of the radars is reduced when informa-
tion is combiued on one indicater.
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Figure $.6. Block schematic of a PPI for combining situational
information. A - Radar No. 1; B - sweep gemerator; C -
servo—amplifier; T - unit for generating the X and ¥ axis
sweeps; B - trigger puise wvmit; F - trigger pulse; 6 -

conventionzl symbol generator; H - unit for selecting and
pesitioning conventional symbols; I - tipe selection umit
("wait® circuit); J - indicator; K - Radar No. 23 L -
Radar No. 1 sweep voltage, X coordinate; M - Radar No. 2
sweep voltage; N - blanking pulse.
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Figure 9.7. View of a sereen of an indicator showing the combined
situation (a) and the screen of an indicator when the
information from two remote radars is combined (b). A -
Radar No. 1 sweep; B - Radar No. 2 sweep; L is the
distance between radars no. 1 and no. 2.
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9.3« The Azimuth-Range Sector Display Indicator

These indicators are used:
to improve azimuth and raage resolirtion;
to increase the atcuracy with which ccordinates are read;
to find the height of a targer with a radar producing a V-beam,
Expanding the $Weep scales in the azimutherange indicator is unavoidably
connected with decreasing the scan zone, A view of the screen of an indicator
of this type is shown in Figure 9.8. The reflected signals are reproduced
on the indicator screen .as vertical, or horizontal, lines; the scale markers

in the form of rows oI vertical and horizontal lines.
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Figure 9.8. View of an azjmith-range indicator screen; A - azimuth

scale lines; B - taryget; C - range s¢ale lines.

Usually used to obtain an image on the screen of a cathode ray tube is
fast range sweep (horizontal or line scan), and slow azimuth sweep (vertical®
or frame scan), controlled by the antemna. The deflection system in these
indicators therefore consists of two mutually perpendicular, fixed deflection
coils, one creating the range svweep, the other the azimuth sweep.

The vertical deflection coil is supplied with current from the range
sveep chanunel, similar to the¢ range sweep chanmel in the PPL with a rotating
deflection coil.

The horizontal deflection coil is supplied with current from the azimeth
sweep chapnel, changing in proportion to the angle, or to the sine of the
angle, of rotation of the anteana, )

A typical azimuth-range indicator comsists of the following main elements:

a cathode ray tube with a fixed deflection system;
a Tange sweep channel;

an aziguth swaep <channel;

an amplification chacmnel;

circuits for supplying and controlling tube operation.
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Figure 9.9 ig a runctional diagram of a typical indicator.

The azimputh sweep channel is designed to develop the current, the
magnitude of which changes with the angle of rotation of the antenna in
azirmuth, that is

where
Kk i3 a constant;

B8 iz the angle of rotation of the antenpa in azimuth.

The channel consists of two main elements; the modulator, and the
deflection system supply circuit.

Azimuth sweéep channel using an azimuth pulse transmitter. The block

schematic of a sweep chamnmel using an azimsth pulae transmiiier and the
valtage curves, are shown in Figure $.10.

A special device ( a tranmmitter ) generates short.pulses that are
related to the angular position of the antenca as the antenma rotates in
azimuth.

The pulses from the transmitter output are fed into the gating cireuit,
which alse receives the intensification pulse voltage for the sector selected.
Thus, a "bundle” of azimuth pulses is formed at the ocutput of the gating
circuit. The width of the "bundle" is fixed by the width of the azimuth
intensification pulse and fixes the magnitude of the working sector in
azimuth.

The pulses obtained at the gating circuit output are then fed into the
counter and then into the cirouit for converting the code into voltage.

The -esult is to gefierate a stepped voltage which is then swoothed out by
a Tilter,
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Figure 9.9. Block schematic of an azimuth-range indicator.

Reproduced from
best available copy




Figure 9.9.
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Block schematic of an azimuth-range indicator.

A - range sweep channel; B - trigger pulses; C - trigger
stage; D - delay circuit; E - sawtooth voltage generator;
F - sweep output stage; G - intensification circuit; H -
mechanical coupling with shaft for reotating antenna; I -
azimuth sweep chammel; J - circuit for genersting the
initial azimuth sweep voltage; K = amplifier and output
stage; L - circuit for generating azimuth sweep inten-
sification pulse; M - circuit for generating azimuth
markers; N = mixer; O = circuit for generating range
markers; P - video applifier; Q ~ echo signals from
receiver; R = vertical displacement circuit; 5 = hori-
zootal displacement circuit; T - focus circuit; U - control
electrode; V -~ cathede.

A "parth" pulse can also be generated at the instant the antenna passes
through the north point, thus providing for correct selection of the operating

sector by the transmitter.

The azimuth sweep chbannel with selsysn modulators. The most widely used

circuit for gemerating azimutl sweep is that using a selsyn couple (see fig.

9.11].

Figure 9.10.
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Block schematic and azimuth sweep voltage curves when an
azimuth pulse tranamittexr is used. A - antemna;, B -
azimuth pulse transmitter; € - gating circuit; D - storage
¢ircuit; E ~ amplifier with negative coupling; F -~
deflection coil; G - sector selection cireuit; H - azimuth
marker pulses; I »~ azimuth; J - sector selection voltage;
K - sector; L = pulses at the gating ecircuit putput; M -
voltuge across the storage circuit output.



RA-015-68 362

The variable voltage used for selsyn supply is usually called the
carrier frequency voltage, and the selsyn ithat modulates this voltage in
emplitude is called the wodulator.

The carricer frequency should be a great deal higher than that of .
selsyn rotor rotation in order to simplify the process of detection and
voltage cavelope discrizination.,

A selsyn transmitter can be used to modulate the carrier frequency in
accordance with the antenma rotation law. The rotor winding of the selsyn
transmitter rotates in synchronicm with the antenna. A voltage is induced
in the stator winding, the load on which is the three-phase winding of the
stator of the selsyn transformer being used. The amplitude of the voltage
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Figure 9.11. Block schematic of an azimuth sweep channel with a
selsyn modnlator. A = meodulator; B — carrier frequency
generator; € — selsyn transaitter; D - antemna; T -
selsyn transformer; ¥ - cathode follower; G - sector
select; H - phase detector; I - outgoing sweep trace;

J - intensification pulse; K - sweep amplifier; L -
deflection coils; M - retwrn trace.
across the rotor winding of the selsyn transformer depends on the mutual
positioning of the rators of the selsyn transmitter and tho sclsyn trans-
former. Siace the selsyn :Transmitter rotor rotates at antenna rotation
frequency, a voltage, amplitude modulated by the antemma rotatioa frequency,
is induced in the selsyn transformers bhraked winding.

Zerc voltage amplitude means that the positions of the selsyn rotors
match. By rotating the selsyn tracsformer rotor we can change the moment
zZero is established for the output voltage cnvelope. At the same time the
zere amplitude for this voltage will correspond to the different angular

positions of the zntenna in space.
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The pihase detcctor in the azimuth sweep channel is used to zake the
rectified voltage proportional to the sine of the antenna rotation angle.
When a comventional detector is used this dependence could only be arrived
at within 180° limits. The lirear section of thi= voltage in the 20 to &°
range of antenna rotation in azimuth (fig. $9.11) is used to generate azimuth
sweep. .

Use of the cathode follower is the recult of a need to generate a high
input resistance in the azimuth sweep channel, because it is customary in
radar practice to connect several selsyn transforumers to one azimuth sweep
voltage sclsyn transmitter.

A powerful output stage is necded to convert the voltage of the sinu-
soidal envelope obtained across the phase detector output ints the current
for deflecting the *tube beam.

Switching the video amplifier input by intensifying only the outgeing
sweep trace can be resorted to in order to eliminate the superimposition of
imanes of the ocutgeing and return azimuth sweep traces.

9.4 The elevation-position type indicator for measuring altitude

m.e elevation-position type indicator is included ameng the indicatoers
with rectangular sweep, and in design is little different from the azimuth-
range indicator. .

The horizontal sweep caumrent in this indicator is proportional to the
range, and the vertical sweep cuwrrent is proportional to the angular posi-
tion of the beam in the vertical plane.

Those radars with a Vebeam radiation pattern have the wvexrtical sweep
current in the selected sector praportional to the angle to which the antenna
is twned in azimuth.

The elevation scanning voltage in the radar with a "rocking horse"” beam
in the vertical plane can be generated by devices that cause the beam to
wobbleas

Lines of different heights, Hl, H2, H3, etc., are constructed using
the range and elevation coordinates, in order to read targat height. These
equal height lines, as well as the range and elevation lines, are plotted
on a transparent light filter and plared atop the tube screen.

WVhen a scale such as this is used the determinmation of target height
can only be made after a careful matching_ of the electrical scale lines
for range and elevation with similar lines of the plotted scale. The
accuracy in determining the height depends on the accuracy with which the
match is made.
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Figure 9.l2. View of a height indicator wiia scales for the different
heights and the markers for a radar with a V-beam. A -
marker generated by the e¢cho signal from the tilted
beam; B - curves of equal heights; € - initial angular
scale marker; D - marketr generated by the echo signal
from the vertical beam.

Line« of equal height are in the form of hyperbola in the elevation~
position indicators (or angle of rotation-range for V-beam radars), and
the coustant current lines are in the form of horizontals {fig. 9.12).

There are two basic shortcomings in these indicators; ai lozg ranges
the egual height lines converge and a comsiderable error in seading the
height results, and much of the useful aren of the screen is wasted.

Iwo scales, range and elevation, are often used in order to eliminate
these shorteconmings.

As was indicated above, the vertical sweep voltage for the V-beam radar
is preportional to the angle of rotation of tho antennn in azizuth, not to
the angle of elevation of the antennae.

Since echo signal pips can appear at diZferent ploces on the screen,
it is necesSary to match the original zero line of the angle of the mechani-
cal scale with respect to which the grid of anmtenna rotation angles was
constructed with the eclio signal pip from the vertical beam in order to
determine target height. The height reading is taken from the position
of the echo signal pip from the incident beam relative to the lines of
equal keight.

The zerc line on the scale can be matched with the echo signal pip
from tha vertical beam in one of the following ways:

Ly correcting the position of the sector selection setting; that is,
changing the pesition of the signal pip frowm the vertical beam with respect
to the lines on the fixed mechanical stale, a procedure complicating the
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work of the operater and resulting in substantial measurement erxorsj

by shifting the mechanical scale wntil its zZero line matches the center
of the trace of the signal frem the vertical beam.

This mwethod permits determination of target height an the secend
antenna revolution.

But it is only possible to shift the scale When the vertical sweep
voltage can be changed linearly from the angle of rotation of the antenna.

The most effective way in which to establish a vertical linear sweep
based on the angle of rotation of the antenna is to use the azimuth sweep
circuit with pulse accummlation reviewed above.

The method that utilizes summing of the sine voltages can be used in
the circuit with selsyns to cobtain a linear azimuth sweep. For example, it
is possible to obtain an output voltage from the two selsyns in Figure 9.13
that will be proportional to the angle of antenna xotation.

Cune of the seélsyns (the primary) can be rotated in proportion to the
angle of rotation of the sntemna in azimuth'8, while the other (the linearizing
gelsyn) =28, with both selsyns fed from the same carrier frequency generatdr.

If 1/8b of the output voltage from one selsyn is subtracted from the
output voltage of the other the summed valtag_e will be a linear function of
the angle B, and will be accurate to within 1°.

In the case of mechcnical scale shifting it is convenient to use a
scale of egqual height, projected optically. This makes it easy to shift
from one sgale to another in the event the indicator uses two scales and
8lso reduces the parallax errors

Figure 9.1% is the sthematic diagram of an elementary optical device
witn one mirroer.

The operator cbserves the tube beyond the screen through a mirror wit;:
partial reflection. Mirror 1 Is set up at an angle of A5° to the tube axis,
Scale 5, whick is engraved on a plastic plate, is end lightea.

The plate is set up perpendicular to the tube snreen and at some
distm90 from the mirror such that the coperator sees the image of the scale
on the surface of the screen.

When the switch is made to the other scale, the lighting for scaie 6
is cut in, and that for scale 5 is cut out.

Lighting can be switched by the same knob that switches scales, When
the plates are moved the image of the scale on the indicator screen is moved.
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Figure §.13. Schematic diagram of linearization of the azimuth voltage.

A - selsyn transmitter; B - selsyn irarsformer; C - to
amplifier input; D - linearity adjustment; E - antemnna
shaft; F - sector seloct.
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Figure 9.l&. Schematic diagram of an elementary optical device with
one mirror. 1, 2 - mirror; 3 - observer; 4 - scale
lightirg; 5, 6 = scales.

9.5 The Range-Height Type Indicator for Measuring Height

As distinguished fram the foregoing, in thé range-height indicator
the scale of the elevation sweep expands with innrease in the renge and
thus simplifies reading the height. )

In order to ¢reate sweep in height-range coordinates in an indicator
with fixed deflection coils, it is necessary to feed cuwrrent inio the
horizontal deflection coil, and the magnitude of this curremt is propor-
tional to the horizental range to the target:

ihox- = k].[%u:x- = kz*‘ cosiE
where
k]. is a coefficient fixing the sensitivity of the deflection system;
k,

C .
2 Rlﬁ'

¢ is the rate at which the electromagnetic energy is propagated;
e is the tarQct clevation.
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At the same time, the vertical defle:tion ¢oil must be supplied with current,
the magnitude of which is proportional to target height

Lot =k3H =k!,t-sm €

where

-

The qiagrams of the currents flowing in the deflection coils for this

case are shown in Figure 9.15a, and the lines of egual height are deplcted
on the screen by a family of hoerizontal lines. ’
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Figure 9.15. Diagrams of currents flowing in the deflection coils.
A -~ vartical; B - horizontal; C - vertical deflection
sweep current; D - horizontal deflection sWeep current.
If a small sector of the clevation i5 depicted on the indicator screen,
time t is often used as the horizontai coordinate (Sweep current is propor-
tional to slant range), and sin ¢ &~ ¢ is used as the vertical coordinate.
The reading of range data can be simplified in this case, but the lines of
equal height bend upward somewhat with an increase in angle ¢.
Corvature in the lines of equal height can be eliminated if the hori-
zontal deflection coil is fed a current proportional to the range, and
thz vertical deflection coil is fed a current proportional to the height
{£ig. 9.15b), that is

ihoruklR:kzt,
ivert=k3H=k,*tsin€

A sawtooth voltage across the input to the output stage will result
in a sWeep CwrTent proportional to the range.

In order to obtain the sweep current to feed to the vertically deflected
coil, it is necessary to farm a sawtooth voltage and multiply it by the sine
of the a.ngle-of rotation of the antenna in the vertical plane.
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The earth's curvature, and the refraction of radic waves, must be taken
into consideration in determining the height relative to the earthta surface
at lang ranges. The formula for so doing is in the rorm

H=Rsine~+ i
2
e
where

T is the cffective radius of the earth.

In this case the sweep current flowing in the deflection ¢oils must have

been changed in accoxrdance with the fallowing law

s'hor = kpt, iveﬁ’. =Xt sin ¢ + ksta,
that is, the current flowi.g in the vertical deflection coils must have an
sdditional parabolic camponent.

Integration is one of the simplest methods to use to obtain a para-
bolic—-shaped voltage. Integration changes the sawtooth into a parabolic
voltage. Chapter VI discusses integration circuits,

In range-height indicators, the sweep lines go oIff the tube screen at
high elevations and heavy Sweep currenit is required to create them. During
sweep flyback the high rate of decay can cause excessive overloading and
damage to deflection coil insulation. Heace, rise in current at xigh
elevations must be eliminated in indicatora. This is done by using circuits
liaiting applitude sweep veltage axplitude or by using circuits automatically
changing the sweep voltage duration,

Tre level of limitation is fixed by the moment in time the beam reaches
the upper «ige of the scale oz the indicator screen.

946 Indicators for Semiautomatic Pickaff

Seniantomatic information pickoff, antomatic trausmission, and repro—
duction of target pips is the procedurc used to reduce the time required
to transmit and reproduce measwred dz.n. Semiautomaca~ pickoff can be
accomplished with counventional radar indicators of various types, but the
indicator must be equipped with a special optical-mechanical pickoff, as
well as with apecial indicators for semiautomatic pickoff, using the elec~
tronic=optical pickoff method. This method involves the reproductiom on
the indicator screen of a spot of light which the operator mechanically
matches with the target pip, thus “pianing down' the <-ordinates. The most
widely used practical method is the electroniceoptical cne, the essence of
vhich involves reproducing an electronic marker on the screen, the position
of which is fixed by the values of the constant components of the voltage
picked off the arms of the potenticwetexs in the pickoff device. The
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electronic-optical method is realized in special indicaters, the principle
of zonstruction of which differs substantially from that Qiscussed in the
foregoing. In these indicators the glow of the primary radar situation is
superimposed on the secondary signals, which later ean be target pips,
markers, symbols, figures, and the like, Canstant veltages must be used

to reproduce the secondary signals. One fixed deflection system Wwill Tepro-—
duce the primary radar situation and the secondary signals. The block
schematic of the apparatus for reproducing the primary situation iz ne
different in principle from.the PPl with the fixed def)]ection system dis-
cussed in the foregoing, one in which the situation is reproduced in polar
woordinates, Speeial equipment is usually needed in the indicator because
the pickoff is ustally in rectangular coordinates. Figure 9.16 is a func-
tiona: schematic included to explain the principle of the electronie=-
optical method. An electronie marker, the position of which is fixed by
voltages U . and D

xM yM*
R= and Ry, is brought out on the acreen. The arms of these potentiomcters

picked off the potentiometers in the piclkwff divide,

are moved by the operator through a mechanical transmission, and the marker
moves oa the screen. At the moment the marker and the target pip satch the
pickoff button is pressed and relay P functions. The contacts of this relay
counect the outputs from the coordinate poteuntiometers to the sgtorage devices,
Cx and Cy, in which voltages U::M and UyM are clamped. These voltages can
then be transmitted to the reflecting device directly, or it can be coded
first and thwx transzitted over cammunicetion chamneis in code. Marker pip
reproduction requires cutting off, for some period of time, the scanninzg
sawtooth voltages fed to the deflecticn eoils, and, at this same time, feed
in the eonstant voltages for the marker. The frequency at which it is neces~
sary to cause the marker’to glow should be such that on the one hand the
marker ean be observed as a non-flickering point, aad on‘ﬂ:\e other, that

the information lost as a result of the eurtailment of the sweep be a minimum,
It is eonsidercd that a marker glow frequency of 15 to 16 hertz satisfies
this requirement. Curtailment of the delivery of the sawtocoth veltage sweeps
is carried out by a special inhibitor which can be synchromized off the
common synchronization system. In addition to inhibiting sweep intemsifica-
tion, a marker intensificativn pulse must be delivered to the tube's eontrol
eloctrodes
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Figure 9.16. Functional schematic of the electronic-optical pickoff
method.

A - tripger pulsSes; B - synchronizatiocn pulses; C -
marker intensification pulses; D - circuit for inhibiting
sweep intemnsification; E = interrogation pulsesy F -
mixer: 6 = radar signals; K - swesp intensification; I -
pickoff; J - amplifier.
Figure 9.17 shows the voltage diagrams explaining the electronic-cptical
pickoff method. When the semiantomatic pickaff indicator is matcd with a
shorterange radar, the inteusiﬂcation of the primary situnation and the
secondary signals can be carxied out in ome sweep period. A variety of
conventional symbols and mmbers can be intensified an the semiastomatic
pickoff indicators, simplifying the work. 7Two pethods are used to intensify
numbers and sycbols: the first is by the use of Lissajous figures, the
secoud by the use of the small raster format method. The block schematic
e¢xplaining the principle involved in the first method is shown in Figure
9.18. Basic components in the circuit are the sine voltage gemerator, pro—
ducing a frequency oscillation, fg, and a doubler, pmducing a frequency
oscillazion 21' The sine oscillations produced are ted into a special
detiection syston, and an image resembling the number 8 wil1 appeci on the
screen. Dy intensifying the individual sections of this ntuber we can
obtain all numbers from 1 to §, as well as several conventional symbols.
The sensitiring pulses can be shaped from these sine voltages, shifted the
required magnitude n phase, &s well as vy the sensitizing pulse shkaping
circuit. The small raster format method is on¢ in which a television type
raster is creagted at the pwint at which the symbol or number is reproduced,
and the individual sectionz of this raster are intensified. This method has
greater possibilities far reproducing mumbers and symbols than does the
method which forms from the Lissajous figures. '
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Figure 9.17. Voltage curves associated with Figure 9.16.

A ~- trigger pulses; B - synchronization pulses; C -
sweep inhibiting pulses; D - semsitizing pulses.
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Figure 9.1B. Block schematic of symbol reproduction.

A - to deflection system for -mmbers; B — generator, L ;
T - doubler, 2f ; D = intensification shaping; E - owtSut
stage; F - to control electrode.

Symbol Indicators. The semiautomatic pickoff indicator lets us combine
the propertles of the conventional indicator with the possibilities for
reproducing special symbols and numbers. However, there are indicators
which can reflect a signifivantly greater asount of information by using a
variety of syzbols. These are called symdol indicators. The basis of
indicators is a symbol-printing tube, with a special matrix with symbols inside
the neck. The alectron beam, passing through the matrix ai the reguired
place, “prints" the symbol on the screen, Symbol indicstors are most often
used as terminals in electronic digital computers in cootrol points.

9.7+ Scale Marker Formation Methods
Azimuth Marker Formation Methods

Azimuth scale markers must be fixed, and vigidly synchronized with
antemma rotation, if target azimath is to be established accurately.
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Each azimuth marker must be intensified by just one cycle of the out=
going trace of the radial sweep, and must alvays begin with the beginning
of the sweep. If this requirement is not satisfied, the scale markers wil:
appear chaotically, they will be scen te flackar, and will be defocused.
Aziguth determination is @ifficult in this case. This can be eliminatel by
rigidly synclhronizing the beginning of the azizath scale markers with the
beginning of the range sweep.

Marker width, ts, must satisfy the comdition

8 < Tp
whexe
rp is the pulse repetition freguency for the radar.

If this conditicn is not satisfied, the markers will be intensified by
more than one range sweep, and this will camse some of the mparkers to appear
more brilliantly than others.

A typical circuit for obtaining azimuth scale markers is showa in
Figure G.19. Herc the transmitzer is comnected to the antenna shaft and
produces the primary signals as the antenna passes through predetermined
angles, the magnitudes of which can be fixed by the required resclution for
the azimuth markers. The primary signals are triggered by the circait for
shaping the expanded pulse and producing a pulse with a width somcwhat
greater than the pulse repetition period for the rader. This pulse is fed
into the synchronization stage, whici: is a coincidence circuit. Trigger
pulses are fed into the other input of the synchronization stage. At the
poment pulses coincide the circuit functicns and feeds a pulse into the
scale marker generator, where the synchronized azimuth marker is formeda
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Figure 9.19. Block schematic of the formation of azimuth markers and
voltage time diagrams at various points in the formaiion.
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Figure 9.19. Block schematic of the formation ¢of aZizmuth markers and
voltage time diagraxs at various points in the formation.
A - reduction; B - transmitter; C - expansion circuit;
D - trigger pulses; E -~ synchronization circuit; F -
scale marker generator; G - to cathode ray tube; H - Tp.
The electric-mechanical method. In tiis method the transmitter is a
cam {fig. 9.20a) connected ta the antenna shaft through.a reduction and

closes contacts 1-2 as many times during one antenna revolution as i3
required to produce the aziomuth markers for ane antenna revelution. For
example, if the 5° scale markers are to be farmed, the contacts must close
72 times (360/72 = 5%). At the moment the contacts close there is a pulse
acTross resistance R, and this pulse is also the primary signal for the
subsequent formation. The advantage of this circuit is its sigplicity.
It does have significant shortcomings, however, including short contact
life, and a road scatter in times of occurreance of the primary signals,
and this, in the {inal analysis, rehects on the accuracy with which the
scale markers chart.

The photoelectric method. The principle involved in cobtaining markers
by the photoelectric method is explained in Figure $.20b.

Basic components are the light source, the opaque disk with radial
apertures, the photo electric cell, and the amplifier.

The disk isconnected to the antenna shaft through a reduction. As the
antenna rotates the light beamn passes through the apertures, strilcing the
photoelectric cell, and producing a pulse of currznt. The amplified pulse
in then uted as the primary signal. The pulse repetition period, ‘Eﬂ depends
on the reduction ratio and the number of slots in the disk, and equals
_ 3eo°i -

L ! (5.10)

s

where
ir is the reduction ratio;

ag is thc number of slois in the disk.

This is a wmore c¢omplicated circuit to manufacture, but can be uscd when
antenna rotation rates are high,

Selsyns and the Zero Reading MNethod

This method is widely used in circuits for forming azimuth markers
becausc it is simple and dependable. The basic ceomponents (fig. 9.20c) are
the selsyn transmitter, the selsyn transformer, and the shaper.

The selzyn transmitter rotates with the antenna. 7The selsyn transamitter
rotor will rotate at a rate that depends on the reduction gear transmission
ratioc.
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The selsyn transfcrmer, th» rotor of which is fived, is eicesrically
connected to the selsyn iranmi&ter. A voltage with a frequency that of
the voltage supplied to the 3tator of the selsyn tranmpitier, but modulated
by the amplitude of antemna rotation Ifrequency {(or a multiply of it) appears
acroas the rotaor windings. This is the valtage that is applied acreoss the
shaper, which detects and forms the envelope.
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Figure 9.20. Azimuth pulse transmitters.
a - electric-mechanical; b = photoelectric; c « selsyn.

A - light ‘source; B - disk; C - photo electric cell; D -
amplifier; E = reduction; F - selsyn transmitter; 6 -
selsyn transformer; H — shaper.

Every time the envelope thus formed passes through the zero value, a
trianguler pulse is formed at the shaper output, wnd the width of this pulse
can be regulated by changing the shaper clipping level (fig. $.21). These
pulses are also used as the original pulses for furtber shaping of the azimuth
markers. .

The reduction transmission ratio, ir' can be found from antenna rotation
rate and marker graduations through the formula

. 248 ¢
i = TR (9.11)
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If the scale is to have two, or wore, graduaticons, there must be
several channels, differing only in the i‘: ratio.

Duplex synchronization is reguired for the formation of aziputh ssale
pulses, First, the markers for the lowest graduation mmst be synchronized
with the trigger pulses, and, second, the marker for the highest graduation
must be synchronized with the markerns for the lowest graduation.

Range Marker Formation Method

For convenience in reading the ¢oordinates, the range scale markers
should be snaped in ihe form of short electricul pulses, the amplitudes of
which @iffer according to the marker graduations. Ordinarily, the amplitude
of the marker used with the highest graduation exceeds that of the marker
used with the lowest graduation by 20 to S0%.

Range scale pulses should be formed while the ortgoing trace of range
sweep lasts, and the accuracy with which they are plotted should remain
constant over the entire range scale.
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Figure 9.21. Shaper operating principles.
A = clipping level.

A finely controlled cxystal oscillator, which functious tontinuously
{fig. 9.21} is used as the marker oscillator. The crystal oscillater
frequency is divided into stages which make the division into magnitudes
corresponding to the repetition period for the markers, and this is dene in
order to obtain the gynchronization pulses.

In this method the range scale markers are formed from the IF voltages
generated during crystal oscillatar frequency division. In this case, the
crystal osacillater frequency must nat be lower than the repetition freguency
for the scale markers on the lowest graduation, that is,

&
f<:o =R (5-12)
res

Heé
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where
n=J1, 2,3 auej;

tres is the specified resolution for the scale markers,

The principle invelved in divizion of the repetition frequency for the
scale mavkers for the lowest graduation to the required magnitude is used
to obtain the scale markers for the highest graduation. For example. If
the markers for the lowest graduation are l0-kKm markers the racurtence
frequency of 15 kHz must be reduced by a factor of 5.

9.8. Three=Dimensional Indicators

There are two basic methods that can be used to obtain three-—dimensional
indications:

the use of the stereo effect which creates visii:ility of three-dimen-
sicaal images;

building three-dimensional indicators using eptical and mechanical
equipment .

The first method utilizes the principle of a special optical system
superimposing twe flat images to obtain a three-dimensional image. Figure
9.22 shows a schematic diagram explaining the fumctioning of an indicator
of this type.
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Figure 9.22. Three-dimensional indicator using stereo effect.
A = polarized glasscs; B - signals from radar.

Two cathode ray tubes, pesitioned at an ang.: of 90® to each other are
used. The images on the two tubes are displzced somewhat relative to cach
other. Polarized filters, C and D, ave jlaced in front of each of the
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