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SHIPBOAID RADARS AND THUIR YSE

[Serman, Viazov, Kozan, lakov, Skvortsov, snd Slutskiy, Sudovyye Radio-
lokstsionnyye Stantsii i Ikh Primeneniye (Spravochmoye Rukovodstve), Vol. 2,
. Shipraiiders ~ublicaing Jouse, Leninprad, 1970, Pepes 27Li-342, Rursien 4

N CIAPTER IV
ANTENY: SYSTEMS, CONTR LLING ANTENNA SATTIRNS
1. Purvoses »f Antennss and Their Principel Parasmeters

‘jeneral Information L2704

Shipbosrd radsr sntennas receive and transmit electromsgnetic enerpgy.
Their m~in nurpose is tc convert high frenuency current enzrgy into radio-
wave energy and the reverse, convert the enerpy of an incomins signel into
high frenuency current energy.
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; In addition, an antenne is recuired to concentrate source energy in
e space, » fact neces-itated bv the re~uirament to extend the effective range
nf sction of the eqiivment, and, secondly, by the need for spetia’ selecti-
& vity of detected otjects. Sometimes, sntennss are designed to produce a
rational redistribution of energy in space, as, for example, when providing
- 43 uniformity of signal pover in reception at different angles of site from

H a racar targst.

' The essential parameters of an antennsare wcverned by the purpose for '
vhich the rader unit wes desirmed.

5 Jasic Antenna “arsmeters

Tae antenna of a shiphnrne radar unit is characterized by a number of
~lectrical and stractural narameters,

{3 The elec'rical paremeters include the following:

-~ amnlitude rad’ation nattemn;

- -« vhase radiation pstiern;

-~ opolarization cheracteristic;

& -~ input impedance;

-= coef{ficient of drectivity (or the effective abs~rntion area of
R 2 receiving antenna);

3 -~ radiation efficiency;

k- -~ transmis: on frequercy chesracteristic; Reproduced from 9
4 . -- effective transmitted vower; best_available copy.
s -~ recranine beam “renuency and scenning are.
S The stracturnl v ~vemeters include the follow ng:
i . -~ tyse of antenna focusing element (reflector, lenms, elc) »nd
E aniznna exciter;
g -- beric antenna dimensions (height, width, snd swren radius);
3 -~ mtuel dir - - ion of sntenna elsments;
.
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-~ antenna speed of rotation and scanning arc in the horizontsl and
vertical planes;

) -~ the nresence of a radar dome;
-=- weight of the antenna;
-- tyne of stebilization system use.

T2 electrical perameters of the antenna are closely related to its
struciural features.,

*
L
=

5]
3 2. ilectrical Parameters of Antennas %
2 o
Amplitude and Phase Patterns 3
L The 1aw governing the distribution of a field radisted into svace in %
5 the different directions @, O (IV.1) is illustrsted by the antenna's ra- g
cinrtion pattern. f?
& z
3 The comosaite amplitude of cdiresctivity of an electrical field of any &
5 rad_ator with finite dimensions at an arbitrary point M 1in a far zone is A
determined by the expression 3

3 E=Af (@, 0) eIk, (1v,1)
in which r

A is # constant usually tsken as the amplitude of the current at a
certain point of the antenna; r, @ , O are the coordinates of a sphericsl
system of coorcinates which determine the position of e distant point of
observation M in, s -ce3, k = 2n/A, is the wave number; f (@, 0) =
af(@,9)e?P (&, ®) 45 5 certsin complex function desending on the
4 wasirp of 2 osrticuar antenna, which at r = constant determines the
: raci-tisn »-’torn of the antemns.
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iz, 7. 1. Sphericel system of coordinates

The =oculus o° tne function (P , 6), which determines the rels-
\ tionehir of -he p-:litade of *he antenns fieldé voltape (st voints in the far
- & zome ermidistant from it) to the direction of observstion is called the an-
. te u~ asplitade charscirristic or radiation psttern. feometricelly, it is
formadt by *ne surfsce cercribed by the end of the redius vector T of a [2'7‘3
s u~ricel cvstenr ol coc~'nz‘es ':ho e magnitude is nroporticnal to the am-
alitaude 5 “he Tield voltspe ~roduced by the sntenna in a piven direction.
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i Spatial redistion patterns are not convenient tc desaribe a situation 2
. hence plane diagrems are most frequently used. These diagrams lie in sec- %
3 '} tions of a spatisl diagrsm which are formed by planes nrssing through the o
4 diractions of msximim radistion. Two mutually perpenviicular plsnes sre / 276 !
g ' . selected for this purpose, In the case of linear polarization one of theae
— 3 5 - plenee coincides with the plene of nolarization end ‘s referrsd to as the
g E # plene, and the other is called the B plane.
+
‘ § ) Pl-ner radiation pstterns ~re representeted in 2 polar or rectilinesr
) svstenm of cnordinctes. ''hen denicted in a2 polar sysiem they offer a more
H effective visual representation, wheress in a rectilinear system they insure
-4 grester accuracy.
&3

i
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Antennas with multiple lobed rndiation pstierns ere most commonly used
in shipborne radar. The princivsl indicators of e multiple-lobed radiation
oattern are the width of the major lo'e &t the half power points of measure-
ment 28g,5p, the width of the mejor lobe at zero points 2 8y, and the
level of the side lobes close to the mpjor lobe,

S N

a,

Urdinsrily, & standardized smolitude rattern of directivity is used
thet is revresented by the formula

r(cp,e)-JJ?*—lf 8 (IV.2)

nax

The maximum value of the standsrdized pattern F (P , 8) is equal to unity.
Not infrenuently, the following powe: rsdiation pattern is used
Ty (P, 8) ~F (P, o).

To describe 2 pattern of directivity with very low level side lobes use is
made of the logrrithmic scnle in which the function F ( , 0) 4is measured

in decibels
F(<p,e)-101grp(cp,e)-2o:.g1~‘(<p,e).

antenrnas in which one of the plene diagrams is close to circular in
®srm cre used in radio navigstion, 2nd antennes with needle-shaped pstterns
(with eporoximetely the ssme directivity in both planes) »re used in sets
53 for trackins tarpets by two sngulsar coordinstes. . 'hen it is necessary to '
2 determine only one snpuler coordinate, antennas with fsn-ghaved radistion
; patterns sre used.

Tre nhzse nottern of directivity P (@ , 8) cheracterizes the rela-
tionship of tae hsse of tlie radisted field to the direction at an ecual dis-
t~nce from the sntenne., Thir pattern can #lso be regarded as the geometric
nusition ol soints in the Zar zone in which the field intensity is of /277 ‘
the some phase., %This kind of s distribution coincides with the wave front ‘
or egni-phaee surfsce conceot, !
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‘\ The antenna phase pzttern equation msy be written as ( ) :
. 17,3

oduced from R
- 5 g:;' avdaﬂablo com} DG, 0= D, - A 2,,_1'»‘ '




in which Dy is the distance inthe direction @ = & = 0; k = 2i1/A
is the wave number;

. If ecuation (IV.3) describes the surface of a sphere, the antenna can
be regarded as a ooint source radiator, and, therefore, the center of the
sohere is the phase center of the antemma, Generally, the phase pattern
will diffe: from the spherical pattern, and in such case the phase center
is missing. In linear =ntennas the nhase center is disposed in the center
of the antevna with an even distritution of current amplitude relative to
the anterna snd with a zero phase distribution [20/.

If there is no pohase center 2 viecemesl ap roximation of the antenna
nhase diagram can be achieved by means of oortions of several spherical sur-
faces with their own vhase centers,
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Like the smplitude radistion patterns, phase patterns are depicted
in the principal planes. The planar phase pattern of a muitiple lobed an-
tema 1s step-shaped in chrracter since the field phase ch-nges abruptly bv
180° on transitting thruupgh zero radiation.
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L/ Polarization Characteristics of an Antenna

2

The antenna field slso has the nuality of polarization, i.e. time change
in direction of the voltage vector of the electrical field in a plsne per-
pendicular to the cirection of wave propagation. The kind of polarization
denends or the tyoe of entenns used and its orientstion in spsce. Generally,
the antenna has elliptical volarization when the hodogreoh of the E vector
is in the form of an ellivse (fir. IV, 2).

e ol
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R

Tae "ield of ellipticrsl can te represented ac the sum of two coherent
orthoronel, linearly onolsrized fislds Eg and Eq, shifted in ohase by
G anele § .

Jre ellipticnl nolarization equation which combines 1he instantaneous
va.ues of the ortnhoronal comionents eg and ep aorears ss

- e 2 a v A — cin? {IV.h)
-_'- (—E-;-) -t (-Z;\. -—-2—5.'—7:.;-“)56-5“1 6.
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From (IV.l;) it follows that whend, = nn (n =0, 1, 2, ...) the field

2 has linear polarizstion, and when S - (2n+ 1) N/2 ¢nd E e" E¢ [578
b The polarization of =n antenna field is characterized by the coefficient

. of polarization p -nd the sangle of inclinotion U of the large axis of
e the ellipse relative to the horizontal angle e(P .

. The coefficient of nol-rization is enusl to the ratio of the small sani-
- exis b of the ellinre to the lorge semi-axis »

‘e b / —| ) (1= q:',:'_‘;_-.{,‘i'&,g_xi‘
' T F A (1v.5)

i~ Reproduced from
3 Y4 | best available copy.
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jnwhich q = Eq) /Ey o

The sngle of inclination of the large axis of the ellipse is determined
by the formula .

o = arclg q.

(IV.5)

Fip., IV, 2, Ellipse of Polerization

Coefficient of Anterma Directivity

The coefficient of directivity is used for totsl eveluation of an
antenna’s cirectional properties. It shows how much greater is the power
. the radio siensl at a certsin point in soace radiated by a directional
sntenna thsn that of a signal radisted by an omnidirectional sntenna at
that ssme point with the same smount of power fed to the sntennss.

The magnitde of the coefficient can be computed by the following
formules: .

G(‘Po 0) =3 -’:’.‘-}-‘;:.‘J!;

G, 0') = xR (s 0) (IV.'{)

j!n(q. 0) stn 0 dg
[

in wnich Py (@ , 6) 1is the nower of radiation of a directional sptenna;

Py 1is the power of rsdiation of sn omnidirectionsl antenna; F (@ , €*)

is the value of the radistion psttem in the direction ¢' s 8'; and F (@, 8)
is the standard field radiation pattern.

Somet:i mes, snothn~ pserometer is used in technicel litersture to de-
scribe the direction=l properties of antennas -- the coafficient of direc-
tivity rel-tive to the half-wave dipole G A./2 [219
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] Py (9,8
G‘.'T £, 0) o -z-,”'; (‘2'.-02,' ' (IV. 8)

in which P A/? (Q) , 8) 1is the radiniine nower of the half wave dipole.

If the coofficient of directivity of the dipole relative to the omni-
directionnl antema (4isotronic source) is cnual to 1.6L it follows from
exession (1y. 8) that ]
G(V- 0)= 116'307-/'3 {z. 0

The magnituce of the coefficient of directivity demends ¢: 1y on the
amlitude charscteristic of entemne directivity, snd its maximum value
coincides with the maginmum lobs of the radiation pattern

4z
Gon = 33575

J J F4q 0) sin 0d Oy (1v. 9)

The coefficiont of directivity of the antemna in any direction is
found usinpg the formula

G{g, 8) = G,,.[* (y, 0). (Iv. 10)

The erache-sualytic method (ef “asrt I, Chap. 1) is frequently used
to ret ap =i roximnte value of the ccefficient of directivity; it consists
ef sooroximstions of the diegrsm of functions of F (@ , 8} which meke it
nossitle tc compute the integrel (IV. 7). In & case where it is difficult
to s2lect rn spproximating function the integral is resolved by the numeri-
cal integrstion method.

I2 the radiation wattern is approximeted as en ellipsoid of rotation
with semi-axes a,; b, and ¢ the maximum coefficient of antenna directivity
crn be determined from the following formules /L /:

At

. 6. ~ 4(12—1) i

Ll VE=T

‘ HYy a1 Y1
i 1 <t
N 4{1— 1)
. Gmx‘\‘ 1 3 YT::—‘-; H
Vi e
where ! =1"ppy, 21 =alb, py = ale.
Input Impedance and Antenna Radistion Resistance /280

The conceptl "entenna radigtion resistance" is used in cetermining the
rediation nower of sntennas consisting of thin leads with a current of Ip.
iz far az the transmitier is concermed the sntenns of & radar set is consid-
rred a complex lord “hose ves'strnce Zpy = Bgy + JXpx ir termed the input
impedance of the antenna, 7he active compcnent BBX characterizes the
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active power required (radisted) by th. antenna, while Lhe reactive component
characterizes the reactive power of the field which oscillates between the
antenna and the field of the antrnna near zone.

The energy »+uired by »n sntenna is excende¢ for radiating and to over- ‘.
come losses due to hesting, ionization, snd the like, Therefore, the active 1
reeistanes f an antenna will be made up of radistion resistance Rg and

loss resist.qces Rn . Radiztion power is rel~ted to radiation resistances
by %he formula

’?.
Pz=-—,;~ R.\:.

(1v, 11)
The power emitted by the antenna is determined by the expression
2n a
. Y] (]
p:::?ré?r(\sé; ,..(‘f, O)SInOdﬂdq. (Iv’ 12)
Ly substituting we ret the following result: \
2x n '
Rs = = | | I (4. 0) sinvd0dy.
7 1a g (17, 13)

In the case of e Hertz dipole of length 1 the field intensity
smplitude is equal to

V4 b

the amplitude function
f(p, 0) = -9%31- sin 0,
~nc the racdiation resistance will be l

Ry =802 (4-)'. (19, 1)

The maximun coe*ficient of directivity is related to the radiation
resistance by »n expfession of the type

5
Iy

Guax = ‘;)%":' - (Iv, 15)
Radiotion Efficiency and Anterna Gain 28 ’

The efficiency of an sntenma ¥ is a term ap-lied to the ratio of

rsdtr-i).ion pover (nseful nower) to the power applied to the entsnns (total
power

SRR

W, = --'-’}“-—- RF... . %
Ul Py R ER, (IV. 16)
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Antonns gain g 1is the product of the coefficient of directivity
and the efficiency of the antemna

g =0, (Iv.17)

In the cass of shipborne radar antemas Na= | and, therefore, g G.
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Deternination of gain is of speciel importance in the study of antennes.
This parameter ezn be measured in three different ways,

The first method consists in comparing the power of the signal received
P by the sntenns mc.r consideration with that received by a standard antemnz
P3 whose gain g g x lmowns,
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The second method is bassd an the use of two similer antemmas with
N unknown, though equal, coefficients of amplificatioits One antenna is used

£ . to transmit the signal snd the other iz used to receive, If the distance ;
3 . between the antennas is D the wavelength is8 A, , the pover at the imput ;
1 to the receiving antenna is P“P s &nd the power at the ocutput of the trans- ;
‘; * mitting entenna i8 P, then :
., .". __ 4a Poo
3 . g=5-0Y 2. (1v.18) |
E: A ; The third method is a mocification of the second. One an‘tenna is
-3 re~lace’ oy 7n idesl flat screen placed at a distance of D = 8 74.% from

3 the antenna being examined, where M is tho size of the antemma zperture.

5 The cross section of the screen h» 8 & . A metering line is conaected :
‘ntc the weveguide circuit to measure the traveling wave coefficient kg .
tntenna gain is determined by the formula

g=-D (459 (17.19)

[ Antenna Passband '

., The radio signal radiated and received bv the antenna of a shipborne :
S radar unit is polychromatic, snd, therefore, has a certasin frequency spectrum. i
: An sntemns vesponds in different weys to the electromotive foree effect of
different frequencies, hence it can distort the incoming signal. The bend
& of frequencies in which the electricel parameters of an antenna respond to
¥ certain recuirements is termed the antenna passband or the opersting band

3 in which the electricel parameters of the antenns gre res~onsive to the
reruirements set. Essentially, these parsmsters include the input impederce

{or kg ), firectional nroperties, and the nolarization of the radisted
wave.
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The passband is determined by the frequency characteristic, i.e. by
the relestionship of the electrical par~meters of the antenna to the fre-
quency.

In the case of long wave antennas -- usuelly consisting of thin wires -~
The frequancy characteristic is the relationship of the current amplitude
at anteme input to the frecuemcy Ipy (@ ) at constant input voltage.
The passtand is computed at the 0.707 Igy ... level,

In the centimeter, decimeter and millimeter wave bands vhere the con-
cept of antenns current loses its definiteness the operating range of the
antenna is found by means of the functional relationship ke w f (@),

Changes in the frenuency of th2 feed voltage leads not only to changes
in Z3x but also results in a redistribution of current in the antenmna,
which, in turn, involves changes in the radiation pattern and the coefficient
of directivity. Accordingly, we hsve the concept of a passband for the
radistion pattern and for the coefficient of directivity.

Parameters of a Recelving Antenna

The parameters of receiving antennss include effective absorption
area, coefficient of effectiveness, and noise tempersture.

The receiving antenna may be regarded as an absorber of the energy
of »n incident wave, therafore we introduce the ided of an active or ef-

fective antenna absorbing surface, similar to the concept of effective
length in lirear antennas.

The effective area of a receiving antemna A3¢é (m2) is determined by
the ratio of the power received by the antenna P (watts) to the density of
the electromagnetic field of tha incident wave S (watts/m2).

Different portions of the anterma receive and transform the energy of
an incident wave in different ways, conscquently, the effective area A 3¢
yi1l not be equal to the geometricsl area of antenna aperture A. The ratio
A3¢/ A =M is referred to as the coefficient of utilization of en antenna

surface. Antennas with flat radiating apertures are used in shipborne
radar, For such antennas [2-83

-
g (Iv, 20)
ilfi(x. ¥)irdxdy

“ E (x, y) dxdy
Aw: -—--A

and the coefficient of utilization of antenna surface is

H E (x, y)dxdyr (v, 21)

‘L.‘-'—--— —

]
Axlﬁ(x. y) Bdrdy

9
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in which E (x, y) 1is the value of the field in the antenna aperture.
It follows that 0 <m él, The limiting value of the coefficient b = 1

occurs at a uniform, rhased distribution of the field in the antenne sper-
ture.

T T e &

Since the efficiency of an antenna durine receotion is not cqual 5%

v tc 1008 we introduce a parameter known as the coefficlent of effectiveness , :“

- for use in evaluating the receiving qualities of en antenna ‘ 2

. q = Q. ’ (Iv. 22) %

£ The relationship between the parameters of an opernting antenna ?
| during reception and transmission is established by the formulas: } &
5 4 4 P
s’: Gax = “ﬂ'a’!' Al‘ = 'f;'i' Aw: (IV. 23) ' é
3
=- 4 k.
Gmu = —5":— A,"'na' (IV' 2’-‘) :é
Due to the employment of very sensitlve receivers in radar work the :*Z
H range of operation of radar eouipment -~ and this includes radio sextants -- %
$ is restricted by the level of interior and exierior noises. The latter are &
2 due to the thermal movement of electrons in the conducting portions of 3(-
k- the antemna. i %
:&’ 5’?‘5
- The magnitude of thermal noises ic determined by Boltzmann's equation §
-J %
33 P, = kT 4], g
in vhich Py is the magnitude of the noise in watts; k = 1,38 + 10723 |3
g joules/degree ~- Boltazmann's constant; T is the temnerature of the noise . 3
source; and A f 1is the receiver pasaband. E

§: It is therefore convenient to use the antenna noise temperature para- %
meter T,. It represents the mean temperature intensity of the surrouncing k.
suwece with respect to antenna directivity and is determined by the integral ;
3 e :
[57 | /284 4
Ty= 5 [ Glo. O) T o, 0) i, (1V. 25) B
4 , :‘%
in ;uich T (Qp, 8 is the temoerature of space in the @ , @ directions; 3
4 ¢ (¢, ?) is the coefficient of antenna directivity in the same direction. S F

3 L[ the =ntern~ has inherent losses the useful signal anc the noise j?g

e ievel rel-~tec to the nropagation of radiowaves will decrease while the ther- 2
5 m~1 n iser of the antenna will increase. i E
The -esaulting noise tempersture of the anterma with losses Ty is 3
1 celtermined from the ex:ression i
Reproduced from P T —u) T,

& bzg'oavuaileabler copy. Q Ty =0Ty A+ — ) (Iv,26) %
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ir which ' i: ine lemperature of the space surrounding the antenna. 3
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Eecause of the irreguler distrib-tion of the luminance temerature in
soace the termerature T, devends to a considerable degree on the orientation
of the antenna, the width of the main lobe, »nd the side lobe level of the
antenna radistion pattern.

The surface temierature of the earth is T 2 330°%K; in the ionized 2-
. layer it is 300 - LOO%X; in the F-layer it is 1000 - 20009K; and the

teﬁperat e of the sun and certain discrete sources of cosmic radiestion is
10 degrees Kelvin.

~,; For sharply directional antennas with orientation toward the zenith
on: wavelengths of A< 1m TgR210-{ with the antenna beem oriented along

the surface of the esrth the noise temperature of the antenna increnses
up to LOK,

To lower the sntenns noise temperature it is necessarv to constrict
the mzjor lobe of the radiation psttern, lower the sice lobe level, and in-
crease the efficiency of the antenns-waveguide circuit.
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Characteristice of Shioboard Antennas
Classification of Antennas

Antennas presently used on ships c¢sn be divided into six groups.

dinee gy

1. Doublet types whose elements consist of dinoles made of thin wire
or tubirg (in the first case the diameter of the wire is considerably less

than the w»ovelength, -~nd in the second case it is commensurable with the
wavelength).

2. 3Slotted antennas.

Horn antennas consisting of met=1llic hornr of various shapes.
L. Uptical antennas, reflector and lens twvmes. 285

¢. J,ntennas with rotating (civcular) ool-rization, both helical and

»
T e T L e

norn.

Sadilte
e

4

4, Surface wave sntennzs -- dielecirieal rod »nd “1at antennas with :
rihhnd struo ure or a dielectric covering. :

o4ty
A

g
el

Doublet Antennas

e
e

i
¥

Inol"dnd sronpe < ublet ontennas are tho:e mode in the form of dipole
AreNVe muTtiplement arvav r~ntenras) and wave duct tyoe =ntennas. Both ,
tvpes of gystems ~re widely used in detection r=d»rr e~uipment snd in televis- )
= ion set in the decimeter 2nd meter wave bands. Thev consist of 2 ¢ombina-
-3 1ion of diccrete rrdi-tors in the form of a nunbe of active ond pascive §
ig'?i dipoles. 1In contrast to phased multielement array antennas "wave duct"

~ntennss ere excited with # £hift in ohase, Current samplitudes in the
divoles ere not eqnal,
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Slotted Antennas

Slo' ted antennas are used in detection rader sets and in navigation
eouipment. They are convenient to use because of their small size,

Slotted sntennas are made in the form of waveguides, rectangular or
circular in cross section, on the surfaces of which slots are cut of a
width considerably less than the wavelength., Narrowdots of this type can
be regsrded as linesr divoles,

Horn and Optical Antennas

Antemnas of this type are used in the centimeter and millimster wave
band and are peculiar in that their dimensions are considerably grasater
than the wawlength., In systems of this type the radiation field is formed
not by discrete radiators, btut by rsdisting surfaces -- by a wave front.

To compute the radiation field of antennas that produce a wavefront we
can use methods borrowed from optics, ss well as those employed in the audio
wave band. The enoroximation method, which is based on the well-known
duygens Principle of optics, is widely used in designing reflector, horn,
and other types of ~ntennas, The chief advantages of reflector and horv. -mn-
tennas are their simplicity of desipgn and the low side 1-be level.

Dielectric Antennas /286

Because they are portable dielectric antennas can be used successfully
on units in which the problem of decreasing antenna dimensions is important.

~n electromagnetic wave pronagated in & dielectric medium is subjected
to considerable absorption, the losses being greater to th s cause with
nigher fre-uency of oscillation and grester field strength. Taking this fact
into sccount, it is most desirable to use dielectric antennas in the deci-
meter wave band. Furthermore, it is rather difficult to obtzin narrow patterns
of radistion in dieleciric antennas. For that reason they are generally
used in senrch »nd navipation tynes of radar enuipment.

The erlectromagnetic field in dielectric antennas is excited by a source
1'ke a stub or the onen end of a waveguide , 2nd it is pronageted along a
dielectric rod penetr-ting throupgh the open surface into outer snace.

Surface 'Jave Antennss

Surface wave antennas consist of two elements -- the exciter and director.
The exciterc in surface antennas can be horns, linear dipoles, or a series
of slots fed by » wavepuide, The director is ~ mets1lic sheet covered with
2 dielectric of certain thickness or a ribbed surface., The directing surface
with dielectric layer c-n be regarded as & dielectric rod of rectangulsr sec~
tion disposed on = metallic surface. Insofar ss the nature of their action

12
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is concerned the projections of the ribbed surfsce are similar to & flat
metal-dielectric lens. The ribted structure can be regarded as a layer of
. 8 synthetic dielectric.

Surface wave antennas are similar to multi-cdipole aniennas with
sxisl radistion; they differ only in that the entire directing surface of
. the untenna serves as the radiator and not its individuzl elements. Thus,
. conversion of the electromagnetic radiations of the exciter into a surface
wave gids in improving the directivity of radiation compared with the di-
rectivity of a single exciter.

S %
4 Due to retrrdation of the wave in the dielectric laver the main por- X
4 tion of the energy transmitted by the wave is concentrated in the immediate ﬁ
vicinity of the antenna surface, and it increases exoonentially as cne é
j increases the distance perpendicularly from the surface. In the process, b
3 the energy from the directing surface is continuously scattered; in other §
' words, a diffraction of the electromagnetic weve takes rlace on the surface ;
3 of the dirsctor. E
3 4
s Directivity of radistion is determined by the length of the wave and 7
E: the structural parameters of the sntenna, i.e, the length, width, thickness §
e and dielectric penetrance of the lever or the dimensions of the ribbed struc- E:
E ture in the case of the ribbed surface. i
i Because of the scread out design and compsratively good frequency band é
B char-cteristics, surface wave antennas cen be used as low profile shipborne z
E antennas, especially in decimeter band eauipment. 287 %
& Helical Antennas ;
s Axislly rsdisting sntennas with rotating polarization are made in the ks
pg form »f meto1lic helixes with high conductance. This kind of radisting sys- g
A tem c-n be fed bv a conrxisl cable or waveguide. In the former, the hetical X
v confictor is connected to the centrsl core of the cable. Given the specific :
3 rzt o~ betwnen the dimencions of the helix snd the length of the wave (when 3
3 tae “ength of » helicnl co’l is approximntely eoual to the length of the 3
k: wave) the helix becomes s longitudinally radisting antenna and its field 3
3 will heve rotating polarization. The direction of rotation ¢f polarizstion 2
3 is governed by the cirection of the vincing in the helix. If the antenna %
3 radistes a levorotatory fielc¢ of polarization it will not receive s dextro- g
. rotatory field and vice versa. 3
E %
4 The radiation pattern of a helical antenna depends on the number o 3
& ¢nilr, the diameter ~n¢ nitch of the coil, as well as the frequency. . 3
3 Ylelicsl antennas are broad-bmanded: their input impedance and width of ra- §
3 diaticn patlern remain stable in a broad band of frequencies. ‘ #
4] The advantages listed in the foregoing adapt helical entennas for use 5
B in sesrch radar equipment in which it is most important th»t the antenna i
R gystems operate within s broad band of frequencies with rotating polarization. §
¥ Because of considerations of desisn helicsl antennas are ured in decimeter §
3 waves and in that oortion of the centimeter band contiguous with the deci- ]
A meter bsnd. g
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Multiple-Unit Phased Antennas

With the development of electrical methods for controlling the phase
end amplitude of the antenna radiation field (reference is made to the use
of ferrite snd semiconducter devices) it is now possible to mske antennas
in the form of a system of phased discrete sources, By wav of elementary
sources we can use low directivity antennas of the following types: half-
wave coubletas, slotted, open end waveguide; dielectric rod, and other kinds
of sntennas.

The chiel advantages of muliipls element phased antennas include:

1. The possibility of forming in the same system of sources resdistion pat-
terns which can bs controlled in spgce with regard to shape and positicn.

2. Convenience of placement =nd installation on vessels in that the antenna
ocan readily be pdapied into the ship's architecture duz to its design. /258

#l. Broadly Dirsctional Antennas
Liresr Dipoles

In the meter and decimeter band of radar sets symmetricsl (half wave)
and non symmeirical (quarter wave) linear dipoles are wideiy used as indepene
dent antennas and as elements of complex antennas. .

The intensity of an electrical field of radiation of a symmetrical di-
pole (volts/meter) is determined in accordance with the following formuia

E=| 6;)2;1 e—ItD cos(.‘c!cc;s"?}u——cm M ) (. 27)
in which D 4is the distance from the antenna to the point of rsception

in meters; I, 1is the current on the dipole terminals in amperes; L dis
the length of the dipole arm in meters, @ is the sngle measured from the
dipole axis; and k = 20 /), is the wave number,

For a half wave dipole ( 21 = 0.5;\) the standardized radistion pat-
tern is Jdetermined by the expression
) i cos (—21 cos t)) :
F(0) == <ol == |-

60 smo |
In the magnetic plene {the pisne perpendicular to the dipole axis}
the dipole doss not have directional properties, i.e. F ( ) = 1 owing to
axisl symmetry.

(Iv. 28)

The field phase of a svmmetrical divole is not a function of direction;
the phase center is located in the center cf the dipole, The current in the
dinole flows in a streight line »nd for {hat reason the dipole has linear
fieled volarization,

The phase of the field in a symmetrical dipole is not a function of
direction; the phase center is located in the center of the dipole. The
current in the dipole flows in a straight line, and for that reasson the
dipole hes linesr fielo polarization.

14
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The effective lenpth of a h-1f-wave dipols is equal to
Iy

[
N
The resistance of s raciator of a svpmetrics] dipole relative to the
. curr#nt antinode is detrrmined by the following [ .~mula ZlE?
Ry =30 120,577 - lu 24l C[lki) ¢+

4 {0,577 +~ In kbl C 4kl - 2C 2k1) cos 2kl +
++ (Sidkl -~ 28.200 sin 24},

For a half-wave dinole RS = 73.1 ohms.

The cocfficient of directivity of any wire antenna in the direction

of maximum radistion i¢ com>uted by the exvressian [589
(\ qu
T = 3R

For » h3lf wave-wave dipole Omgx = L.EL.

The input irpecdance of a symmetrical dinole c»n be computed using the
following ap-roximation formula:
7 = Ry i 14 sin 201
foe = T Ro 0Ty TRy Y T

(-!%—) = sin? Al ('Ti;—) -+ sin? Kl (IV.. 29)

\

- e—
A

The resctive c~mponent of the input immedsnce of a dipole is equal to
zero at 2 1 = 0,5 A\ . .owever, due to the mitn=1 influence of one section
of the divole on the other the reactive component of the input impedance is
equa! to zero when the length of the dipole is somewhst less than that given
by tnhe aporoximation theory. when the length 1 = 0,25 , Xpy = 42.5 ohms
and 7oy = (73.1 + 3jL?.5 ohms).

The »mount of shortening of the dirole A1 which cimpensates for the
renctance when A1l K is enual to

Al -, (IV. 30)

drdinarily, the ~mount by which it is chortened is only a few percentage
noints, the fimre increasine as the dipole pets thicker,

A non-syrmmetricel dinole can be represented as a symmetrical dipole

one arm of which is renlaced by a nlrnar, ideallv conducting surface of in- i
finite length. Hence, the field of a non-symmetrinsl dinole will have the
sene structure as the field of a svuametrical dipole has., Consequently, the

radiation pattern of 2 non-symmetric=1l dinole in one semi-sphere corres~onds
r L to the raciation psatterr of a symmetrical dinole, The voltage at the imput
Af the non-cvrretricsl Ai~nla ¢ Yalf as preat as it is at the input to the

- . [ e % e R
et o Rl SR AR AU . e

& symmetrical dipole, anc, therefore, the innut impedance and radiation imped- g
-nce 2 2 non-cymeed ricl dirole Ls half as prest as it is in the symmetrical ]
=
15
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The characteristic imprdance o n dipole (in ohms) in detcrmined from
its lenpth 2 1 e the thickness a by the formuls

W= 190 (lu —ff . l). (Iv.31)

The non-symretrical quarter wsve dipole has a characteristic impedance
h-1f as great as the half-wave dipole. The coefficient of directivity of
a non-symmetricsl dircle is twice as preat as that of a symmetricsl dipole.
This is exvlained by the rhielding effect of the conducting surface. /290

. o o Ty A it A e

The pass band of a dipole is computedfrom thne exoression

A== fo 2 Ko (1v. 32)

It follows from the formula that the pass band increases as the
characteristic impedance decreases and as the active component of the imput
impedance increases. The band cheracteristics of the dipole are determined .
by the relationship of the reactive component of the input impedance to the '
frequency. f

8 ¢ : §
P na et : 3
b4 4t H - o
i o
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Fie. "V, 3, Plate dinoles: a - triangular; b .- rectanculer; ¢ - prid
type; d - fan-shaped; e -~ perforated type.

o ——— s A

‘arre mathods are ured to improve the bond chsracteristics of a dipoles

Lo ‘eereasins tae cherscteristic impedance; 2. Increasine the active
component of the ‘nout imoecance; 3. lompensatling the reactance of the in- H
out impedance. 2

‘the characteristic imprdance of a dinole is lowered by increasing the
1atepal dimensinns,

oyl SoSrP I R TN SetERARR 8,k il itz R

‘ack arm of the dinole wmay ba cylindricl, spiwroidal, or conicsl in I g
shage. 1n the radar band of frequencics flat types of wide band dipoles are ¢ El
videly used (Fip, 17, -\, % g

increasing the aclive vortion of the invul impedance is schieved by g ?
impzrtine a2 loop-shaped desien to the dipole. The first nercon to propose ! ﬁ
sucn A design was A. A. ’istol'kors (Fip. IV, ). It cousicte of s short- ; g
circuited twin wire line so shaped that the directisn of the currenis in the i ¥
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upper and lower conductors coincides as a result of which the dipole will
radi~rte »nd receive radio sipnals. iirce the radiating nower is directly
proportional to the square of the current, and the current of the twin loop
dipole is twice as great as the current of a simple dipole, the radiation
resistance of a twin loon dipole will be »poroximately four times greater
thrn the radiation resistance of an ordinary dipole 1591

- - Rgn = 4Ry =300 ou. -

a)
'.:'im_};—z} o ;
= (= Mnd i
2 qé Ui _pgz
2 A7 Ci%"\ 'TT

| T 4@ |
| g5 |

had )

Z‘o( ¥ I1C 3)!
(@ )

Fig. TV. L. Looped divole 'sugrested by Pistol'kors: a - forming
a loop dipole; b. twin loop dipole.

For » ¢tpole with N porsllel arme  Rgn N2R

Since the voltsge rode is at noint 3 (ef Fig. IV. L), the loop di-
poles can be attached to mests at these points without the use of insuletors.

The resctive portion of the input impedance of the dipole is compen-
sated for by connecting a short-circuited reactive stub whose impedance value

at the points of contrcl in 2 vnarticular band of frequencies is equal but
opposite in sign

3

¥ig. IV, 5. Dipole with compensator

The length of the compensator 1 (fig. IV. 5) is determined when the
wavalength is close to resonance from the condition

Wetg kI = W) tg kly (Iv. 33)
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in which ! and V, are the characteristic impedances of ths dipole and
comensator; snd 1, 1, are the lenrths of the dipole and compensator aimn.

The above methods of extending the frequency coverage insure a hsnd
coverage coefficient of
K,= fouax 53—4.

min

In many cases this kind of dipole is not adequste to the situetion.

So~-called logsrithmic antemnas, i.e. dipoles with srms whose curvature
conforms to logarithmic law or with dipole elements arranged sccording to
logarithmic periodicity have the best bend charact:ristics, 292
Antennas of this kind may be planar or spatisl (flat or three dimensional ;
(Fig, IV. A). They have a 20-30 coefficient of overlap. The broad bsnd
cov-rage of logarithmic antennas is expl=ined by the fact that the projections
anc troughs represent dipoles whose coefficient of reflection are approximate-
ly emual in magnitude and opposite in sign; this situation insures their )
being corpensated pronerly at the points of feed.

4

4

| ||
Fig. IV. A, Loparithmic antennas: a, b -~ planar; c - spatial.
Slot Antennas

The slot antenna consists of a slot m~de in a metallic surface such
as screen, the side of a waveguide, or the side of a resonator, If such a
surface has s current component that flows laterally with respect to the
slot a voltage will spnear at the edges of the latter; beyond the limits
of the slotsurface currents will be induced, rasulting in the radiation of
radio waves into outer snace,

Serving as a basis in designing slot antennas is the theory involving
sn ideal slot, i.e. a slot cut into an infinite, ideslly-conducting plenar
screen, It is assumed that the slot is nsrrow, i.e. the width is consider-
ably smeller thsn the length and much shorter than the length of the radio
~gve. The fielc of an ideal slot antenna is deturmined from the field of
ar equidimension~1 lineer dipcle /L7, [293

A comporison of the slot field structure with that of a corresponding
tyoe of dipole shows their similarity. This similerity is expressed by

1y

\

:
MH}"‘: PEEREY, 4 P
- L
hﬁ!m

e i AC ariva o £ et a Meatar ra TR AN A AR AED Y




B AT

Zetabilil s SR b

S sy e A AT
i ra oy PO

A
R L

5

adait
s

oo o

LN

iy o
s

o
o Liatmas
ot

R AT

e g

ith Lo

R 7Y

£
F3
b+
g
3

. e e -

o

the folloxing equalities:

within the limits of the openings and the surface of the dipole
EW=0, Hu=0,
outside the limits of the openings and the surface of the dipole
- H,..:—:O; Em=—-0.‘.

Between the current in the center of the dipole Ipg and the voltage
on the rime of the slot Umo the following relstionship holds true:

154607 = U 0. (Iv. 3h)

The similarly oriented slot and dipole have differing polarizations,
Whereas the vertical dipole is vertically polarized, the vertical slct is
horizontally polarized. As a practical rule, use is made of antennas with
half-vave slots whose radiation pattern reveats the radistion pattern of
a half-wave dipole, i.e. in the H plane

-’-'—cos 6)

€os
Ful0) = I—(—;".—r—

and in the E plane
Fule)=1,
The radiation conductance of s slot can be determined by the radia-
tion reristance of the dipole ,
Gu= =k
W™= “Tg0ny - (17, 35)
From formulas (XV. 3L) and (IV,35) it is appzrent that one ampare of
~ipole current is ecuivalent in radiation power to A0 volts at the slot,

The relationship between the input conductance of the slot and the in-
nut impedance of the divole is as follows:

Zaz. »

Yaw w=—Gonp~ (Iv, 36)
For » slot vwhose length L & 0.54.

Yar w=~ —g [Ros + i (425 — Wetg 2],

(1v. 37)
in wnich v = 120 ( 1n .l‘.da‘ - 0.577) is the characteristic impedance; and
d ‘s the width of the slot, 1294

it is sonarent that the half-wave slot has a reactive input conductance
that s cabnacitive in character.

In orde» that Ihe innut conductence of the slot be purely active, the
slot should be shortened, The amount o” shorteming AL is determined from
the formula

19
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(Iv. 38)

The narrower the slot the less it should be shortened., For a shortened slot
radiating in both hemisoheres

\ B0 o e
Go. m <= gy = 2 10°° 40,  Ryy =500 ehrs

In the case of single sided radiation it can be assumed that the power
of radiation is decrsased by one-half, and, therefore,

—b.: ,,‘-k 10°* mhos %
R'x, u‘k lO’ Ohmﬂ %
. {
N ‘[
NS \ Q§
e —

Fig. IV, 7, Dumbbell shaped slot

Affecting the conductance of the slot is its width d which in actual
conditions is selected out of conslderation to electrical durability

Uwmax
d=kp—p (Iv, 39)

in vwhich 1 is the maximum voltage in the sloti;
voltage of if:s slot (for air the figure is 30 kw/o

E P is the penetrating
m)3" K
ficient of durability reserve (ususlly equal to 2 - 4).

np is tha coef-

The widtn of the s ot affects the active snd reasctive components of in-
put impedsnce. As we can see from formula (IV,38) when the width of tho slot
is increased its resonant length L , which corresponds to zero reactive
component, decreases, while the active component increases.

In some inst-nces it it necessary to increase the length of the slot I
considerably for structurasl considerations. In such case so-called dumbbell
slotc may be incised (Fig. IV, 7.). The circular openings at the ends of
the slot are equivalent to concentrated inductances. The relatiunship of
the resoncnt length of the dumbbell slot to the diameter of the holes at
the end D with a relstive slot width d/L 220,03 is shova in Fig, IV. 8.
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“he above rrl-tionships hold true for a slot cut into a screen of ine
finite lengta. [n the slotted antennas generally used the slots ere made
‘n met-1 surfaces of finite dimensions (plane surfaces or cyvlinders),
Becsuse of the interferences of the slot field and the current field on s
scregen -~ o metallic surface -- the resulting field in the far zone intensi-
fies in some directions and sttenuates in others, Therefore; the major lobe
in the radi~tion pattorn apvears somewhat dissected.

r——— e ato—
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The results of an an:roximation computation of the directivity paitern
(in the E ploane) of a half-wave slot cut in the center of a rectangular
plate (Fig. IV. 9) sre shown in Fig. IV, 10 /B/. These results coincide
setisfactorily with experimental resuita,

L 1)
Apes 2y
445\ e
- vz
05t —t-——N g Al
» 17 57
TN 7
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L e S B L : | ///7
Fig. IV, 8, Cz\ﬁe showing the Pig. iV, 9. Elot on a rectun-
relationship betwees rssonant length gular screen.

of duibbell slot snd the dismeter of
the torminal openings.

The radiation pattern of a alot cut out on the surface of a cylinder
depends, tc a very considerable cxtent, on its diameter 2a. The larger

the electrical diameter of the cylinder 2a/ the weaker the diffracted
field,

The directional characteristics of a slot cut into a circular cylinder
(Fig. IV, 11) are computed as follow: in accordante with formulas / 13_] :
for a longitudinal slot in the elsctrical plane

2 emi™ cosme |
m, ’ N
Mad) W (haj "

fe (o) =

for & lateral slot in the magnetiec plane

ma {
= i cos Tk cosmyp
L (1= () | o |
in "nich 2 if m«0;

Cpy ==
"L iE m=0;

)

(2
'y (k2) is a second degree Hankel function.

For engineeving computations it is sufficient to take m ) 3ka from
the sum of the first members.

The rodiation pattern of a slotted source in the verticz1l plsue (in the

nl-ne of snples ) given a lorng cylinder cen be corputed from the formmlas
for an ideal slotted antenna.
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Yige IV, 1N, Tadiation ootterns of a slot on » rectangular screen:
, . n—Ly= 0,5\, Hy=0,5M, G—Ly=0,5),
."‘ e ”’= oom; ‘,‘_‘:’)‘1 ’_"‘-9; 8“[-,,’-" ‘, .
5 Hy = 2,250; & — Ly/A = 00, Hy/A = oc.
| The slot source is an sntenna with a low order of directivity. To
i .increase the directivity slot sources are combined into linear srrays [597
b (rwitiple slot antenna:j. The svstem of slots changes the enargy rate of :
ey feeding waveguide which substantislly determines the power that is fed to j
ke the slot antenna and the nature of the amplitude~phase distribution of the :
3 field along the array. :
E The power radiated by a slot antenna deponds on the dimensions of the i
2 slot, its location on the side of the waveguide, the shape and dimensicns |
. of the_ feeding waveguide, as well as the powsr and frequency of the excita- :
“ﬁ : tion wave. The slot will radiate when it cuts across the surface current !
1 lines i.e. vhen it is located along the magnetic lines of force. ;
b L 22
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Fig. IV. 11, Slot incised in a cylinder: a - longitudinal; b. lateral.

Uccasionaily, when matching polarizations for structural or other
considerations, it is nccessary to cut out slot sources across the magnetic
lines of force as well. In such case, use is made of stub type oscillators
which nroduce a field distortion such that a longitudinal component of the

magnetic field s-mcars. Three types of slots are usually deslt with in the
constructior of 3lot antennas (Fig. IV. 12),

tor a longitudinsl slot on the broad side of a rectangular waveguide
 oa ax .
&= WCOS’ ("';ﬁ) sin? ("“&L);

8= F0my

in waich g1 is ine unilatersl internal radietion conductance of the slot;
#y b are the dimensions of the wide and narrow sides of the waveguide; [598

§ 7 )1 @)t - ¢ the vetardation of the main wave;
W,- /e 120 ohms
by 245

%y i~ the displacement of the slot relstive o the axial 1line of the wide
side of the wavernide; gg is the radiation conductance of the slot into
outer spsce; Rg is the radiastion impedance of the dipole,

J Fig. IV, 12, Types of slot
sntennas: 1 - cdiaronally position-
ed on broad side; 2. loneitudinal;
3. diegonglly -csitioned on narrow
side.
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The conducta&%e referred to is equal to

g = -lg? 5% cos? ( '12ﬂ) sin? (;‘E-'-) .

From this ex»ression it i.s apparent that the longitudinal slot does not
radiate on the axial lin. of the waveguide because the lateral component of
the surface current is absent at that noint.

Maximum conductance occurs at the slot that is cut out at the edge of
the wall, “hen Xy = 2/2

. 1530 a
8imsx = BpR: cos? (-QE) .

The conductance of 2 dirsonal slot on the narrow wall of a rectangular
wavemide =s referrecd to in the forepoing is computed in accordance with

formula [2.7 96 At [ sin @ cos (-.-‘2fi sin a) Jz

8 =Ry TP T—(snapP
‘hen the slot angle of inclination a < 30° we can use the following
approximetion expression [599
' , 183 (b
& NTK-('E;) ﬁs.na.

The diegoneslly biased slot on the brosd side of the waveguide is excited
by both longitudinal end lateral currents, and, therefore, it is most dif-
ficult to comsute its conductance.

Tae in~ut admittance of a diagonally biased slot (when the waveguide
is mptched with the slot even at resonant slot length) is complex in nature.
dowev:r, after selecting a2..~ropriate values of x1 »nd we can obtain a
ohare displacement ©7 such tha* the clot will be fully matched by the

reactive element «isvosed in the centrel section of the slot. Diaphragms
and rods are usec¢ as the reactive elements.

The care of a slot anfenns in an infinite waveguide is realized in
rractice by disvoring in the end of the wveruide an absorbing load for
which the reflection f-ctor in the . ‘:ratinp band of frequencies is equal
to zero. It is not desirable to use chis kind of antenns because the slot
11 mr* radiate over 50% of Lhe nower supplied. To decrease losses a short
circiting piston is nleced at the end of the wavesnice instead of the

shcorping load wilh the a2id of which the nature of the incident and reflected
vaves chanpes in the desired direction.

11 »mtrrst 1o infinite and semi-infinite weveruides a slot anteuna can
be tot~lly matched {coefficient of reflection is equal to zero, kg = 1).

Sormlete motchinge occurs when there is equelity of piston and slot reactance
(short-circuited stub) =nd the signs 2re opnosite.

hrn the antennz slot is tured this achieved by nlacing the slot in the
-nt inote area of the excit’ny surface current or in the masnetic field anti-
noce; inis, in turn, occvrs hen the following conditions are fulfilled:
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for » longitudinal slot  h=@a-+1) 2%, nw=0,1,2,...;

.0y

Tor » lnteral slot  h=n-st, n=0,1,2...,

in which 1y is the length of 'he short-circuited portion of the waveguide;
ané A is the lencth of the wave in the waveguide.

Loop Antenna

A lono or frame antenna is essentinrlly a flet coil of arbitrary cross
section circular, ~uadrangular »nd the like in form. As a rule, the leads
in 2 1000 antenna are much rhorter thon the length of the wave. The chief
versions of loon »ntennas are shown in Fig, IV, 13, [300

The intensity of the electric field in 2 loop ~ntenna in the plene
nernendicul~r to the plane of the sntenmna cen be computed from the formula /57

E = 1202* 3. cosp,

in vhich ¥ 1is the voltage component of the fleld varallel to the plane of
the »ntenna in volts/meter; I is the current in the frame in amperes; n

is the number of coils; S 1is the ereca encompassed by the loop in m?; r is
the distance to the point of reception, meters; A is the length of the wave
in metera; ¢ is the angle with the plane of the frame.

If the dimensions of the frame are considerably less than the length
of the wave and the current I 1is constant throughout the entire perimeter
of the frame the radiation psttern will not be a function of the form of the
cross section of the frame, and it will have the shnpe described in Fig. IV.
14, The radiation nat!crn of the frame reveats the radistion pattern of the
h=1f-wave dipole whose axis is nernendicular to the plone of the freme.
The aol»rization o!' the frame is determined by its nosit.ion,

If the frame 2antennn is receiwving the signal the voltage on its ter=
minnls will be eyual to

P

U(b) = %3 nSE cos¢. gcproducad from }
: v .

est_available cop

The radistion imccance of » frome antenna is obtained from the formula

) 0263 ,

Ry lomy < 55- 101 —-’-’;f;—-a:'mﬂi*’('--g )‘, o (IV. L0)
in hizn o is lhe r~res encomasced by the frame; P is the perimeter of
the frene. /30

“hen L K 01N the reciation impedrnce o 2 frame antemma is low and
15 meegured in hundredihs of »sn ohm, therefore, with the unavoidable losces
in tha splenna baine nregent tte officiency is extremely low. For this

25
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reassn, leme ~m ured only sof receivine antennas. Increasing the frame

nerimeter vrovider ~reater g=in th-n increasing the humbter of loops. The
radir* ion nrttern of » frame antenna in the olane of the loop is aporoximate-

1v eirculsr in shane.
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*ig, IV. 13. Vercions of loop Fig. IV, 1h. 2adiation vattern
antennas: 2. rectsnpular; b, o® frame antenna: ». dipole;
rhombic; c. loop; &. shielded. b. looo plqne
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“'ayepulde Radiator

Py,

The open end of 2 wavepuide is knovm as a waveguide radiator. It is
tne simplest kind of antenna in the centimeter, millimeter and decimeter

wave bonds,
The waveguide radiator has weak directional oroperties, therefore in

redsr work it is used for i1lumirating reflector and lens antennas. The
phase center of a waveruide r-dintor is =pproximately in the center of the

radisting aperture.
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Fig. I7. 15. Onen end waveguide radiators:
a. rectangular; b. circular.
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“nst frequer*lv vsed are radiators consisting of open ended rectangular
iave mides with a harje Hyn wave and a circulsr wavemuide with H,, tvoe wave
(Fie, 7, 010+, ‘'averuide sonrces of this kind creste linearly polerized

r~dintian,
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4 strict solution of the problem of radiation by an_open end of a
vavoriide was accomplished in 1948 by L. A. Vaynshteyn [ 3]. However, such
s ralution is charactrrized by complexities. Therefore, in enginsering
nractices this protlem is recolved as an apnroximation on the basis of the
Yuygens-Kirchoff method. The essence of a~~roximation consists in dizre-
gording the higher tyne waves and surface currents on the exterior surfaces
of the waveguide., Expcrience has shown that these avproximations are

- within acceptable 1limits. [302

The intensity of field radiation at the open end of s rectangular
wavernide at a distance D in the E »nd H onlesnes, respectively, is
deternined ty the formulzs:

Eab o f Pory R \sin g
E e~ S| a1 (1 05 2 +eost) Sl

Faab iy o g {1221y 2 05 '
|E|u"=—'7;':'ab"|(l-i-l;)(r:—'ir:-,:_‘-%-COSO).—_‘._*

R

in which 5 is the field amlitude in the center of the waveguide sperture;
; a and b are the dimensions of the waveguice aperture; Xo iz the length of
the wave in the waveguide; r, is the reflectance factor of the wave from
the end of the waveguide; © 1is the anrle measured from the longitudinal
sxis of the waveguide;

i h
Vg == - sin 0, ¢y=~n —‘-,"—sm 0.
,
The meximum coefficient of dircctivity of a rectangular waveguide
A is determined by the ex:ression
t . dauh [ 2 Dy %
K (,:‘Q_-._.:.. s ] 4.0 .
' ! L 4 [.‘l A ( 7.") J (Iv. bl)

Ordin~rily, on an opersting wave W/;\p 0.71, therefore

. 4.
Gonax = 0,84 57~ ab. (1v. L2)

sar » wavegiide of ctandnrd dimensions & = 0,72A, b = 0,32 s
and Gmax = 2.L,

B

::2 ~

_ o~ ~

. 4

, 3
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; fir, 1Y, 14, nen end of waveguide with .! ~n il flnanges
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Tn oréer te ensngs the form o the radiation pa*!«rn of the waveguide
gze lz mrde of £ rnd H plene fl:nwves (Fip, IV, 16) sn# wedpe-shaved
cections with pins (Fig. IV, 17).

Increasing the electricel length of the flange L/N rrsults in lowering
the level of the rear lotes »nd in chansing the shape of tle major lobe.
For exsmple, when L = 0,25 N the wicth of the msjor lobe is reduced by one-
helf compared with the pattern of a simple open ended waveruide; when L =
= 0,75 A the radiation pattern becomes bifurcated; snd vhen L 3 2A the
mejor lobe expsnds considecably, accuirine a multi-lobed structure with
sm=1l troughs ﬁ_l].

“he relationship of the wid*n of the waveguide radiation pattern with
> werre-ghaned section to shear angle 1is shown in Fig. IV. 18, 303

the r-diation fielc of a circular wavegnuide with a basic type Hy; wave
in the two nrincinal * and H plqnes is determined ~ccording to these

formulass ” T3
Bl = it nad | (1 -+ o o cos0) )]s

E b—F, 2 0y ﬂ))_.._
| E by = iy 20| (57 +cos) ,L_(._L)’ '
. ﬁ”l

in wnich 3, 1is ' e initial value of the field; I ic the reflectsnce fac-
tor; @ ic the rrdine of the wavemuide; A is the length of the type Hyj
weve in the waveruide; © is the anple measured from the longitudinal axis
of the -avepguide; A\ (’\P) is the A-function o” the first degree; ‘) is
en:=1 to %a sin 0, P-ill = 1,8,
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¥im, IV, 17. “edpc shaped wave- Fie, IV, 18, Relation of width
«nide radirto with nin, of mrjor lobe of wedge-shaned
wavepuide to shear angle .,

he condition for excitation in a circuler waveguide with radius @
nc wave tvne Hyp will be:

geproducnd from E 0,588 < .%:‘.‘. < 0,766.

est avasilable copy

D Ot 0 e mein 1lebe in the radiatio- patiern ‘n e ¢’rculsr wave~

guide i: det - rmined from the formmla

0 5 = (50 < 75°) . (V. b3)
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The coefficient of directivity of a circuler wavepuide radistor upon
4 matciing the wavegulde with cxternal space can be computed from the formula
i

% Gy =095 - (Iv. LY)
3 : T A82,4q;

; A4 T e M ﬁ’z}: S
" 0,6 A - ,
: 10 ' 30
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_',. Fige IV, 19. YNomoeram for det:rmining the principsl varsmeters of a
; rectangular waveguide radiator
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Fir, IV, 20, Homopram for determining the principal psrsmeters of
a circular waveguide radiator.

‘he principal parasmeters of waveguide radistors (directivity factor

~né width of radiation nattern) are obtained from nomograms [Tﬁ&ij7 described
in Fig. IV. 19 and Fig. IV. 20.

The marnitude of the coefficient of directivity of a rectangular wave-
muide is de!' rmined nv adoine toprther the auxiliary perameters g and
np which ~re obtained from the nomogrrm throurh the dimensions a »nd b
sne. the lenzth of the wave, 7The width of the radiation vattern of a rectan-
rular vinvepuide in the ® rnd H nl-nes (A Bpry A Pr) 12 detcrmined from
. from the ratios &/Annd b/A (Fig. IV. 19) and the level of the pattern ¥,
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The initial data for determining the psrameters of radiation of an open

end circular waveguide (Fig., IV, 20) are ihe diameter d , the length of
the wave A, snd the level of r in decibels,

7 5. Antennas as a System of Discrete Sources

Clnssification of Systems of Discrete Sources

The =ntenna as a system of discrete sources represents the sum of in-

dividus]l racistors or elements located in svace and fed in a specific man-

ner. Any concentrsted sroup of sn.ennas or sources cen be uced as such

elements, esneclslly h=1f-wave dipoles, slots, open end wavepuides, and the.

1ikn,

Antennas as a syetem of discrete sources are used for the purpose'of
obt' ining preater directivity snd a higher level of radiated power than

can be achieved with individual elementary sntenmas. The use in antenna-waﬁe—

guide circuits of electricslly controlled phase inverters, attenuatore, ‘
and changeover switches in the form of ferrites and: eemiconductors opens up -

great op-ortunities for controlling the shppe and besition of: the antenna
radiztion pottern in space,

The following are the mnst commonly uxed alternatives in the arrangement

of discrete sources:
-=- linear arrangement along a straight line or in a circle,

or snhere;
- volumetrxc errargemcnt in » parnlleleuibed or cylinder,

ihe 1ntervnls between discrete sources in an sntenna system can be the

sname r they may differ. In the first case the system is termed equidistant

~nd in the necond -= non=emuidictant.

wriidictant aveterr of diserote sources are nlso knowm or referred to
s rrtenpnn avrnyg,  lenending on the monner in whlich discrete sources are
fod vo differertiste between uniform ~nd non-uniform systems, whether the
currenl namplitudes in the sources are the same or different and whether

they »re nhased or non-phased, whethcr the phases of the feedinp curvente
are enual or unequal, -

In nractice, onec most often encounters equidistant systeme with con-
stont Yvertsking" /nnbeg/ of phase (phese difference) between adjacent

. sources. lor convenience in constructing a system of discrete sources they -

are made up of monotvpical elementary entennas whose radiation patterns are
the same. In ruch case, the radiation pattern of the system will be de-
tarmined by the oroduct f(P , 8) = f, (P , 8) fayst{ P , 8)°

in which £, ( P , 9) is the radistion pattern of the elementany_an%ennl;
syet( P, ") i the multiplier in the system. [ o .-oducod Ifom
st available ¢o

31

surface arrangment on a plane or on the surface of a cylinder, cone,
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Linear Sysiem of iccrete Sources

The resulting field of radiation in a system of discrete sources at a

far voint M (D, 8) (Fip. iV, 21) is obtrined by taking the sum of the fields

of all N sources.

For sn eauidistant linear system with interval d the radiation pattern

is determined by the expression: | [(6) = folt) <

WV e
Y. ¥ Ajelvightd =1 cus® (X7, L5)
=

in hich 4y = Ii/I3 1is a coefficient characterizing the relative value of
the current of the i-th source; and q:); is the phase of that source,

¥(02)

A
/- o b 2

In

Fig. IV, 21. Linear system of discrete sources

In the case of 2 uniform and linearly non-vhgsec svstom of sources
ni =1, Pi =<1 -1) A (A - the advance 2long a series of sources) the
rullinliecr ~7 the system will be

sin [g— (kdcosO—-At;)]
0) = .
e O = | (19, 16)
renoting ’ ;
‘e N kdcos0 — - Ap =9 —va
we will get foncr (6) = _s_‘ﬂ.%_l
sin W
(IV, b7)
The maximm v~lue of the Tunction fgygt, (@) occurs hen W = Nnx
=0, %1, 22 <+ feouer (Mnas = ¥, hence the fixed multiplier of the sys-
tem ic e~u=) to '
. 1 sin
| (0) =y ——1-\%." * *
sin — (1v. L8)
“he direction of the nrin lcte of the radiation cattern Oax 1is de-
tarmine¢ ty the fcllewin: e 1ty |
A Ay .
€05 0, = —':,—- + -7,%-, (1v, L9)
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in which n=0, +1, +2.., ..

Considering the multiplier of the system within the limits 08 &N
it is necessary to tske into account the condition

|cos O, | 1,

whicn can be fulfilled with sevn.ra.'l values of n. l!llence, the radiation
of the sys'em can have several major lobes.

An unermbipuous determination of the direction to the object ic possible
when the rediation pattern of the antenna has one major lobe., A condition
for a single maximum of a3 msin lobe is the inequality [ 1__7

L -

d
< et (1v, 50)

Inecifically, for = phased antenna,'when éhax = A/2, the condition
for » single major lobe will be a< A , »nd for an antenna with axial
radiation (traveling wave) it well be d < M/2 when 8y, = 0.

Given » large numbe— of radiators (N> 10) and fulfilling the conditions
for ~ sinrle main lobe, the radiation pattern of a system of discrete sources
is simil-r to the redi~rtion p»attern of #n antrnna with an uninterrupted
distribution of sources of length 1, = Nd. Consemuently, upon analyzing the
radiation pattern of mnltielement antennas we can make use of relationships
obt2*re¢ for continuous antennass,

Occasionally, in ce-tzin spccial kinds of equipment (for example, radio-
interfercmeters) it is necessarv to utilize multi-beam radiation patterns,
Such petternr ore fomed n discrete systems with interval d>A . The
nurter of wain maxirame in this case is determined by the ine~uelity

d 2d
2‘1"‘”5""“"<T+ 1. .
Cnonrine the nosition of the main lobe of the radiatisn pattern
car 1o z¢ irved hv cnaneinp (deviating)the freouency of the signal at which
romanste raith of Aq) i1l ~~ ar at the source sys*em. @9

1 ovabanting the poscibiilities of the method of frequency deviation
froe oo noint of view of berr seanning in snace, uce is made of a snecial
rorsre-ter -~ the ansulor frequency sensitivity of the sntenna. By angular
frequency sensitivity of a system of discrete sources we mean chenging the
rngle of inclinetion o the radiation psttern mejor lobe 6y in degrees by
the sercent of change in the frequency of the oscillatoy f

) 0,573 (\q d('ﬁ'::k) (1Iv. 51)
Op = =4 G /g7 = €08 Ousy ] )

1% fellows from ihis that antennas with powerfully dispersing waves have
the oreatest anpular frequency sensitivity, that is, those systems in which
changes in the phase o” the wave depends grestly upon the frequency.

lhe direction of zero radiation of a system of discrete sources, as well

¢s the direction end level of the maximums of its =ide lobes are computed
from t e allowine formulas:
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in vhich / n/ -1,? 3, e oo/ n/ Fml;/m/=0,1,2, ...

A Ag
Wsoo max == (” 2’) Nd + *d
!
Pﬁ = = ’
" W sin [(n -i--—%—-) -2-]

n

M ]

. ’mz\
withhn)-=1, 2, 3, ...;ln;--;:lm\,__ Jiml=0,1,2, ..

It it apparent that the number of side lobes increases with 2n increase
in the electrical length of the system N3/ A . The level of side lobes with
gimilar amplitude is greater than the side lobe level of an aatenna with
irregulsr distribution. "“Yhen N33 10 the levele of side lobes of continuous
and discrete systems are practically the same,

Hon-uniform systems of discrete sources have a lesser level of side
lohes but a wider m~jor lobe in the radiation pstiern.

Host commonly used in practice are systems of discrete’sources +ith an
amplitude distribution slopinff qymmetrically toward the edges
A=A+ (1—qysn ($=a),
in ~“hich A s the nrenitude of the drop in the field on the edpe of the
system.

For such a dintrikution the coefficient of the system is determined
es follows: [310
vhen p = 1 .

* . N pr 3

\ sy 1—A “(“"*‘N-—l bl
Feuen () == | =300 - .
sty - - \Itl{ﬁ(¢[~_12)] -

X
4 .ﬂi(.. _::‘;‘:gt 7). }| (17, 53)
tn [ (v -2 )] ]

when o = 2

Fover () = l.'_+_A. sy -’-“l - (v+y =) _

I sin —~

&

N
’*- sin (¢ - T’:‘l’— .'() '
sin [._l... (¢' — ._‘_\.'.'1_ I
v V=i )J
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Satial System »f Niscrete Souvces ‘

Snntisl systems of discrete so rcus are used in the formetion of nare
rovw radiaticn natterns in the twe vrincipsl vl-nes.

If the combingtion of sources forms a snatial zirld ihe main parameters
cf which are:
ay, 82, a3 -- the intcrvals tetween the sources disposed, correspondingly,
»lonp the ox, oy ~nd oz axes:

Gy @3, Gy o "prbegi" [advances/ of the phase slong the linear systems
on the ox, oy -~nd o0z 2Xes;
q1s Q2, a3 -- the number of sources in the system along the ox, oy, and
oz direcliors;

M - the length of’ the wave;
Fo (@ ,0 ) -- the rrdiaiion psttern of the source, then the radiation
patte-n of the system is detrrmined ty formula

Fe(o, 6) = Fole, 8} F, (g, 0) Fy (9, 9) Fy (9. 0),

in which
sin (N '
Fy @ 0) = ———; i
! sin -";l i
1
i
sin —q-’,-,”l sin g, —'2& i
F’(f[’, 0)=-_"_::—; F.a(‘?r 0)=.‘-.'—?;_; !
sin “g"+ . sin 5 i
t

s

‘naly: is of the foarmulas indicsated will demonsirrte that control over
the directicnal ~ropcriies of antennas in = systrm of discrete sources cen
he -chieved hy the t.1owing methods: phasing the sources; repulating the
amplitude “~ctors of the vources; chrnging the number of sources; selecting
matn~l distosition of sources; ch-nging the operating frequency of the

CYSTCM,

2: :
Ty = ;lai sin ¢ cos 0 -+ o; 5
I

e

P4 . . {%

V2= -3~ sn ¢ sin0 + oy &
T3 = S5 050080 -} @, g%
L s

b

Wave Front" Type Antennas

Characteristics
"rve Trent" teecr L rntennas inclvde the horn, reflector and lens
varieties, iwrmed in the outnut ovenings (apertures) of these antennas is

» firle (tre current is on the »ntenna surface) with a continuous distribution,
or, as is cormmonly s~id, s "wave front" is created,
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The varameters of this antenna include the following:s field (current)
amplitude distribution law in the radiatine opening; field (current) phase
distribution law in the aperture; length of weve or frequency of the field;
dimension of the wave front; shape of the wave front.

The "wave front" tyne of antenna consists of the primary radiating
element and the radistor which forms the antenna radiation pattern. Sources
with poor direciionel characteristics serve ac excitere for reflector and
lens antennas., They include the open end of a waveguide, a divole, » slot,
and others, [he reflector 2nd radio lens, respectively, form the radiation
pettern in these antennss. 1ln the case of horn antennas the waveguide serves
as the exciter, and the horn adapter is the shaping element.

The n=iure of the distribution of »mplitudes and phases of the field
on the wave front of the antemnz is » function of the radiatin nattermn of
the exciter, its nosition relntive to the focal voint of the shaping element,
2nd the dimensinmms of Lhe latter. 1312

The chief advantape of "wave front" antennas is the simplicity of *heir
design. lowever, such antennas have limited possibilities in changing the
peremeters of the "wave front" and, therefore, the shape and position of
the ~ntenne beam in space.

The radistion oat!ern of a "wave front" type of antenna is computed in
conformity with the two nrincipal vlanes -- horizont=1l and vertical or the
£ »n¢ H pl-nes with respect the field amplitude =nd phase distribution
in the respective plrnes.

The volumetric radiation natiern of the sntenns is e-ual to the product
of the pl-nar radiation cat*erns

F (¢, 0) = F (¢) F (6).

The rrdialion pottern of F (@ ) 1is determined by the law of dis-
tribution of field smlitudes A (x) and fielc phases P (x), while the
sattern for F (@) is determined by the A(z) and @ (z) 1-vs of distri-
ruticn, :

Directionel Pronerties of Linear Phesed Antennas
¥ith Continuous field (Current) Distribution

The radisticn n~ttern of -~ continuous linesr system 2/2,-- a2 =as a
sorainl gnee 2l p ~l-nop svsiem (Fig, IV, 22V is determinecd by the integral

7

af2

10 == Alz eI'I‘(l)LkacosO dz.
F(0) [P @ (IV. 55)
. ot e C»:r; = 0 and jts pencr:lized radiation pattern
Lo ers
1 ‘ 3
Fuy= [ A, (Iv. 56)
-1
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in which U= ';;“ c0s 0 is the generalized sngular coordinate; a is the length
of the linear radistor; N 12 the length of the wave; @ 1is the angle meassured

; in the zoy plesne from the Oz axis; ~nd t .- 22/a is the standardized linear

3 coordinate,

v . The coefficient o directivity of the antenna can be corputed from the

§ 3 formula _ . -

PRI ‘ G =T 7;{:"‘"““

e ' _ F(v)dy
7 . If the utilization factor of an antemna surface equal to the ratio of
the coefficient of directivity of a given antenna and an antenna with
uniform amplitude and phese distribution is determined by the expression
. Sl
2 IO . K I Ft (v) dv (IV, 58)
:’: .E : . -:ﬂﬂ/,\ . ’
E | then  G=2p%. : ‘

For specific lews of field distribution integration gives us the fol-
lowing expression / 1 /:
Uniform distribution, i.e. A ( g) -1, /E/él

Fo)e= 205 p= |r,2T.

The distribntion A (&) = cas? x--ﬂ--g /§/<1'
when n is »n odd number
F(v) = {

- nlcosy 2
(=172 ; . ‘

‘ 2 A2
I e+ 12—

oA 24 — ]2 *24 6 vo(20)) |

: B=57 17795 360 ) ;

L | ;

K5 ey n ir osn ever number }

" sin v

- 1. . fnl ———

b 1. ”w=mr_'—;“:

5 '

2 I [eor - 5]

._. Azl .

] (= [ [l A D .
t= 2:4:6.0-8 (- 1) (n 4 3pe- -(In-—-l) 3" j

ne risivibution

Aﬁrw—u—mvdﬂsu
F(v)_:[slnv +(l—-A) £ (sl:v)];
(24 A)®

... .. »
an Ty P
oSSR S s S SR R
- - ey - - .
Y,
i Bl
LA T .
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r= 2 1 T

: s[1—F =M +g 01—y
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9 A;f Of practical importance are the so-called "optimal®" antennas, i.e.

p: E antennas with a minimal side lobe level at a given magnitude of width of ‘

31 3 the major lobe. Optimal antennas require s field distribution at which .

E o infinitely great fleld surges occur on the rim of the aperture, It is

A 1% avrnerent that such a distribution is not practically rsalizable. Antennas :

A i with distribution A (&) which coincide with the optimum, but having , :

S PP undershoots of the field or current sre referred to as "yuzsi-optimal." ‘
4 gt _ The standard radiation pattern for mnasi-ontimel sntennas is deter- :

H f. ’ mined by the formula /18/ o @

3 ,;: Flv)= chVArch;‘r_“—| & — cos v ’ (1v. 99) :

N 3 . ! :

l? ?-%1 in which r 1s the side lobe level. ' i

N L. A
A Amlitude distribution is in accordance with SR
L A(§)-;———-—2 'j' h ) Archir —of } cos vt d (Iv. 60) i
& ; = Fu=T | ch }” Arch? r — v* — cosv) cos vt du. . ,fj
'_ N “".;:‘ . ..:a
i S e Corresponding to it ere the relative drops of the field or current on g
E: the erges . : :g;
E | A(=1 _ a Archdr . .3
THETOH T TR ) : 3
k- ((ch V Archir = &2 —cost)do .
- o
¥ |, z g
A Crleulations /15/ snow that for a sice lobe level of ry = 20 db b
SRR and ry w» 40 db, My = 0,95 and }12 = J.74, while the differencees ir cur-

- vant on the soerturé rim are equal, resoectively, to 0.37 and 0.082,

E 3%?; The parameters of quesi-optimel antennas can be determined from the 3

nomogram (Fig. IV. 23).
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The formulas cited in #8 can be used for computing radia’ ‘-~ »atterns
snd cetermining the efficiencv of a rectangulasr wave front.
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Fig. IV, 23, Nomogram for determining the parameters of "quasi-optimal"
antennas

Pnased Antennas With
Circular Apertures

The radiation pette'n of a circulsr, phased wave front with an am-
nlitude distributior A (&) along the radius D/2 is determined by the
? integral

1
Fry= j A@®) Jo (WD) Bz, (1v . 61)
39
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in vhich g = 20/D ie the stand»rdzwd coordinete ir the sperture; p 1is
the nolar coordinete in the anerture; J, (v E, ) i= » zero order Bessel func-
tion; v =01D/9, ¢in ® is the veneralized spatisl sngular ccordinote; »nd

@ is the s=ngle messured from the norm=1 to the wave front. 316
The coefficient of directivity of a circular wave front is enual to
6=(5)"w (I, 62)
in which . .
JAMﬂ

-
jmew&
0

For distributions 4, () =1 A, (8 =}—8 uw 4, @) = (I—§*  the
pattern, the surface utilization factor, snd the coefficient of directivity
are determined by the following formulas:

F,(v) J|(¢) "1__10 Gl=ﬂ’ (%)2;

F () __-.!Hl, =075, G=74 (-,

. 2
fs (l-’) == “3—(’21", pa = ,u ), Ga = 5,53 (_‘) N

in which Jy(v), J2 (v), 2nd J3(v) are Besrel functions of the first, second,
and third orders.

affect of Pnase Distribution on the Radistion Pattern of a Wave Front

The radiation pattern of a wave front with a field phsse distribution
(4;) is determined by an integrel of the following form
- —
1
F(v) = — /(o ()~ (B)) g,
) = _le@)e d (17, €3)

Annlysis of this exnression shows that phase distribuiion substentially
affects the form of the radiation pattern and, therefore, the value of the
antenna coefficient of directivity,

in general, phase distribntion is a non-lfnear function which can be
approximated bty the following series: o [

D (2) =B, +By2 "f‘ﬁz‘:!‘z B2 e ee = X Ba2". (Iv. 64)
s a rule, the snecific value cf members of the fourth order and higher

ordrr* is low, hence in oracticel computgtions only the first four terma
sre taken ‘nto accounl., The first term ) ¢ corres-onds to a case of vhase

oniformity slong the eperture. No change in the radistion pattern is pro-
duceds The sccond term charact rizes the linear phase distribution. The
1 expr sses the maximum deviation of phase on the sperture edge.

4o
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in which & = 20/D is the ctandardizad conrdinete in the sperture; p is
the polar coordinote in the arerture; J, (v § ) ic 2 zero order Bessel func-
tion; v =110/, «in @ 15 the reneralized spatisl 2ngulsr ccordinate; =nd

e

is the =ngle measured from the norm=1 to the wave front, [316

The coefficient of directivity of a circular wave front is e~ual to

.

6= () wm . (1v. 62)

in which . ' ','

J" @) dt

p,=

1
[1a@ea
0

For distributions 4, () =1 A, () =} —8& w 4, B = (1 —&*  the
pattern, the surface utilization factor, snd the coefficient of directivity
are determined by the following formulas:

F;(v)..—:;’_':_"’. =10 G =a (

.

Fe@ =252 =075, G,=74 (&

Fg(v) = ']"?(aﬂ » B3=055, G,=5,53 (_?-)2'

in which Jy(v), J2 (v), end J3(v) are Bescel functions of the first, second,
and third orders.

iffect of Phase Distribution on the Radistior, Pattern of a Wave Front

The radiation pattern of 3 wave front with a field phase distribution
ct)( ) %s determined by an integrsl of the following form

1
F(v) = —;-JlA () e/ o ~0 ) gy, (1v. €3)

lnalysis of this exnression shows that phase distribuiion substantially
affects the form of the radiation pattern and, therefore, the value of the
antenna coefficient of directivity.

In general, vhase distribution is a non-lfnear function vhich can be
aporoximated by the following series: 317

) S L e . : - T
Q@) =By +Fiz B2 b2+ o = 3 fan (IV. 6L} -
*s a rule, ihe snecific value of members of the fourth order and higher

ordrre is low, hence in oracticsl corputations only the first four terms
#re taken "o account. The first ‘term D o corresvonds to a case of vhsase

iniformity along the operture. lo change in the radistion pattern is pro-
duced. The sccond term charact rizes the linear phese distribution. The
megnitude ﬁ}l expr sses the maximum deviation of phase on the sperture edge,
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The radiation pattern of a wave front, given linear phase distribution,

is determined by the integral o

F@) = I A (2) el tkz cos 0-p12) gz,
g [
solution of which, with A (2) = 1 rives the expression
o o] )] |
O T e aer B | (17. 65)

From formula (VII. £5) it is spuverent that the direction of maximum
radiation of the radiation pattern is oriented at an angle of @y = arccos -
(_ ._f;:__) to its sperture. The shape of the rediation pattern remains the szme.

The third term in the formula (IV, 6L) p 222 determines the magnitude
of the quadratic ohase error which appears either as a result of inaccuracy
of performance (shifting of the exciter from the focal point along the axis
of the reflector) or because of shortcomings in the very design of the an-
tenna itself, { r example, as in s horn antenna,

a2
In a uniform amplitude distribution F{o)= I elhacos0g—(puat gy
., =—aft
which, after applying the following substitution ;
. !
2 [ kcos® :
t= ‘ 71—( 2B z) !
H
becomes . fe o g
1/ 7\ 15
F(6)='¢7VT\S’. Tty (IV, 66) !
. ¥ : .
in which ¢

fy,2= l/-—_gt_-}-,’;‘;'—(—'}"-cosoi -pT‘”’—)

The integral (IV. A6) is computed through the Fremnel inteprals C(t)
*né¢ ¢ (t) by the formuls 318

FO =1V 5 WEG—CHF TG —S@P.

.nn g~uare error procduces 2 symmetrical distortion in the radiation
-'791‘1,"'?.

In is rusarent from comutation that non-uniformity of the wave front
weakens the effect of the square nhase error. The generalized radiation
oatterns of the wave fronl with scuare phase error are shown in Fig. IV. 2k,

The [ourth member of the series (IV. 6lL) 6 3z3 is called the cubic
phase error. This hese error anpears when there is a marked lateral shifting
of the primery radiation elements in reflector and lens type antennas away
feom their focuses in » nlone nervendicular to the focsl sxis. Here, the
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deflectiza in the radiation pattern is sccompanied by a distortion in the
shane ot the mnjor lobe nand bv an increese in the side lobe level.,

Formulas for the computation of the radiation pattern of a wave front
with cubicel phase distribution are given in ﬁ_?] .

The integral . )
s
F (0) = j A (2) el thzcos 0,2} 7
~af?

is computed in accordance with the following formulas:
when v < 2f — 1" 3p

V?%’ﬁco&—'-(uﬂ-—lm‘cosﬁ-{-%)
F@)= &‘}S/‘;"—[uuo U(t)— ;

(5 ——F w0 +3) — 3

when v > 3p + 3P
cos-%- (ap ~~ ka cos 0 4 2P)
( ap ———cmﬂ-*.ap) _.i‘:.. ;

F(8) = C.é'w

when 2p — 3/33/1"’355-- v 3p

Fo = Ll/y_,l e (VZ(—u+5)v=a-

(=1 .

~o(V 4 :-‘ft)]m_s_(v v =a)+[s(V w1 =7) -
=s(/ L (p—v + ) =7l

xsin( — 2 |/ TR)| + 5 sin—v),

in which
A(2)=C,cos :-’-, Vie = —%—(kacoso -+ Ba x xn);

aS
B==PBa—g Ul {¢ the *iry's integral whose magnitude is determined from
tables for the sreument , . l':”;‘ 3p. B20

The relationship of the pgeneral radiation pattern to the magnitude of
the cubic nhase error with different amplitude distributions is shown in
Fig. IV, 25,

In actual practice we often desl with complex amplitude~phase distrie
butions which do not lend themselves to accurate approximstions. In such
circumstances comput~tion of the integral (IV. 55) can be achieved by the
numerical integration or "st-tinsnary ohase" methods [ L, 127.
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In the first case the complex integral is the sum of two integrals to - -
each of which i3 applied one of the formulas of numerical integration, as,
for example, the Simpson formula

an? a/? :
3 F0)= j A(2)elro ) dz .- j A(2) coskp(2) dz +
i ~8f2 —af2
2 . a2
* +i | A@sinkp @) dz=dy + jug
3 . —a/2 . ;
b Jy= g O+ 40 + 2+ 405+ o+ + 40y 1) a
|- Ji= g G+ 4+ Bat oo + 4B+ 0, g
. #n which 2
) kp(2)) = kz;cos0 + D (2);
5 ne=A(z)coskp (2)); & =A(z)sink}(z), gi
n 1is the number of segments of the interval [ - a/2, 8/ 2_7 . %
4 g FV), 36 ) :
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The "stationary phase" method gives the following asymptotic expansion

of the integral (IV, 55) /17/: 322
: e 1y K. 1

3 51‘ A (2) el gz = ]/ Wf,‘l“-"'g'{ e+ «]{.A(c) + X

- ) —an’
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in which c¢ 1is the value of a point of the stationary phase determined

Gt

from the equation dike @) _

i e

3 Horn Antennas

29

A

3 The horn antenna is a waveguide equipped with » horn adapter in the

< form of a sector, pyremid or cone. The uniform change in the cross section
H of the horn virtuslly excludes the formation of higher type waves in the

o sntenna,

? Yle distinguish between the following kinds of horn antennas (Fig, IV. 26):

sectoral ( H plane anc E plane) types formed by expsnding the waveguide in

3 one of the planes; pyramidal; conical; =nd biconical (one-sided and two-

i sided).

E‘ A uniform transformation of the waveguide field to free svace occurs

s in the horns. Increasing the horn aperture "a has the effect of narrowing

B the radiation pattern. Attemots to mastch the waveguide with free space and
ke to decrease phase errors has the following effect: as the I .m aperture

B is increased there is a correspondine increase in the length of ite 1 value.
>

,ﬁ If an )0 tyne wave is excited in a wavepuide feeding the horn, the
= phase error on the edges of the sperture whose angle does nat exceed 60°
-5 is equal to:
K for an H-plane horn
:'f‘,f" a

:‘ (D,,. = IV H

¢ for »n %-plsne horn

. &

;- d’m = i

_ﬁ The amplitude ~nd phase distribution for the H- an¢ Z-plsnas of horns,
A respoctively, is: [323

- along the a dimension -
. {,

'3 —_ ag . 3 2x

& . AQ)=cos 55, Q@) =0, E-- X,

a

A== op=o
45
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Fig. IV, 26, Horn antennas: a - H-plrne; b - I'-plane; ¢ - pyramidal;
d - conical; e ~ une-sicded biconicel; f. two-sided biconical.

»long the b dimension

Ap=1, 0@H=0, =2,

AR=1 0@ =0

“he radistion pattern of sectorsl horns is derived usine the following
formulas / 16 7 7w "
sin ( o sin 0)
FO) = ——0p— i (IV. 67)
Tﬂﬂa
in the H plone 32k

F (0) = {[C (a) + C () — jS (et)) — jS (m,)}] e".%' +

-2l
+1CB) + CB)— S B)-- iS¢ j»  (IV. 68)
in which
V= —1';' sin 0, n= (Dm/;(, (Dm= ﬂ(l'/-’“\l;

on | T L3} X
Uy = 2n — = =}"2n 4- ~—F=— Uy = 0 —ou-
3 V = V In ’ a’ ] 'i T Tn » 1 PR

*or ‘he B=nlasne hora:
in the H ol-ne

R PR (I, 69)

TS . P
S A L A T T S T o . e E T
Bt & & = Fro) 35 pd etk At

it -;t‘w‘ ey

il

3
4
1

o

SBAEEROAIF AL . 4 i SR R M D s

o SRee R Lot

A
;

N S S AT AN LS P R S A 1

ERP S PLIR IR

e 4 S50 (L SRR I e v e



ntilization factor of the wave front.

from the exprecr-ions:

in the £ plane
F@) ={IC(y)-+Cy)1—IS (v -+ Sl
1% which (2V. 70)
u

=V — —r, yo= ).
" Vi ™ } + prve -t

u=35in0, 1=, O = bY4AL
Formulas (IV. 68) and (IV, 70) make it possible to compute the radiation

patte ns of pyramidal and biconical horns. In the case of the latter they
are anplicable to the vertical plane [ formuls (IV. 68) in horizontal polari-
zation and formula (IV. 70) in the vertical system of polarization]

The optimal construction dimensions of a horn (L ~ length of horn i.e.

the distance from the peak of the horn to its aperture, »nd €, the horn
aperture anrle) are determined by the following expressions:

for the H-plene horn

-LH='30£""'%’ —922- = arccos ———35—8,‘:&' ; (Iv. 71)
for the E-plszne horn
L5=-2%,_—— %, —%L:arccos -;—EI:;_E:-X-; . (Iv, 72)
for the conical horn N ' T /325
L= —%;0:15 A, —0,} = arccos L_-f-Ld,'sT‘ (IV. 73)

“he coefficient of directivity denends on the magnitude of the surface

- 41‘: .
6= abp. "

(Iv. 74)

For sectorsl li~ ~nd E-plane horns the utilization factor is determined

by = e {C () —C @)1 + [S (@) — S (W)*};

e = ol {[C @) + (S (@)1,

(Iv. 7%)
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For optimal E- and H- plane horns byny = VoA, Aopt, = m
ther-fore, pA g = 0.6L, »nd Jb i = 043,

The surface utilization factor of a -~yrsidel horn sntenne is found
from the formula

2
b= 2L 1€ (0)— C () + 1S () — S ©)1%}
X {1C @) + IS @)1*}, (1v, 76)
in which Lg and Ly reprzsent the length of the horn from its peak to the
aperture in the EFE- and Heplenes.,

Fig. IV, 27 is a nomogram used for determining the coefficient of
directivity of a nyramidal horn, The velues Gy and Gp are found from the
construction psrameters and then from the formula

3
. G =35 GuGe (1v. 77)
the required coefficient of directivity is obtained.

The diameter of an optimzl conical horn is equal to

end the coefficient of directivity corresponding to it is determine-: ‘zom

the expression /19 7 o [327
d

G=(20lgn - —2,82). (xv. 79)

The coefficient of directivity of biconica® horns czn be computed from
the value of the coefficient of directivity of sectoral horns /16_/. Thus,
for = biconical horn with v rtienl nolarlzation

G =Gy =, (1v. 80)

6uK

and for a beconical horn with horizontal polarigation

=G, o5 (1v. 81)

Gg PET

oux

To improve the bslancine conditions of the horn antenna and to improve
the coefficient of directivity use is made of exponential or smooth trensi-
tions from the waveguide to the horn, ohase-correctin lens inserts, length-
ening and shortening the horn inserts, and replacing one long horn with a
grid made up of short horn antennas.,

Lens Antennas

Lne lens antenna consists of an exciter with coor directivity and a
lens {Fig, I¥, 28). The lens consists of a redin vermittive body with one
or two surfaces of o sacondery order(quadric surfaces), Its principsl
dimensions are D and d. It is designed to convert the spherical or
cvlindrical '-aves of the exciter into the planar wave front of the entenna
aperture which forms the narrow radiation pattern. Such s transformation
of the radio wave in the lens is possible when its indes of refraction n ¥ 1,

48
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Lens entennas are classed according to the method by which they perform
their basic function., One cifferentiates between the following kinds of ;
lenses: delaying (vq < ¢); accelersting (v4 > c); and lenses vhich delav ;
owing 1o changes in the difference of beam travel (v¢, = c), [§28 ;

of
A A e, (AR S b o Cipn s SRR SR S e e e e BN AR

25

from the structur-l stendnoint lenses m~y be dielectrical, metel-cielec-
tric, metel-nlrstic, anc motazlwair.

“he cross cection of a deleying lens is 2 hvm rbola described by the
zauation

x? (n’.—— 1) + 2fx Zn —1)—y* =0, (Iv, 82)

in which n=c/v =& > 1; g is the relstive dielectric nenetrence of ‘
tae lens et ricl, f
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The cross aection¥d£ accelerating lenses is described by the equation
for an ellipse

(- ,"1) + 2/x (1 —n) -+ !I"',:—‘ 0, (1Iv. 83)

in which * A =¢clv=VT—02a*<1i 4 is the distance between the _
varsllel pl-tes of the lens ( a > 0.5A); and £ 1is the focol distance of
the lena, . :

The relationship bétyéen the dimensions of the plano-conveit lens of
the antemna, D, F, d , onid the coefficient n is established by the follow=-
ing expression: ; -

d i | R
-b'.:V (n+ 12D T3 D(nt1)” (Iv. 8L)

It is apparent, therefore, that the thickness of the lens decreases as
' incresses and the focal distance f increases. Consequently, the
weight of the.lens can be decreased by lovwering the efficiency and increasing
antenmma dimensions. In designing antennas with retarding lenses D is
usuzlly taken as equal to f and n = 1,5 - 1.7, and the thickness of the
lens d = (0,15 ~ 0.20) D,

To decrease the weight of the antenna the lens is zoned (Fig. IV. 29).
The idea behind zoning is to exclude those areas of the lens body within
whose limits the field- phases change by a whole number of 2R radians.
In contrast to the nonwﬁoned_delaying lens, the zoned lenses heve a narrower
frequency band,

Delaying lenses 2re made of dielectrics with &' = 2-3; have low loss,
and possess high mechenical strength end thermostability, Satisfying thﬁse
requigements are materizls like polystyrole ( € =2,3 =26, tgd= 104 -
- 1073), polytetrafluoroethylena-h (&' = 2.0, tg8§ = 10-4) and artificial
dielectrics (metal-dielectrics). iMetsl dielectrics consist of metallic ele-
ments- (balls, plates, dises) disposed in a-definite way in the body of the
dielectric lens / 7.7 |

The refractive index of 2 metel-dielectric can be computed from the
formuls [329

.n_—_V;;;;.'V(l +-”7l°i) (1-+-"5"il)., ' (Iv. 88)

‘ L
in wnich &;, M, are tne dieleciric and magnetic penetrances of the medium
in which the metallic elements sre suspended; & and X are the electrical
anc magnetic susceptibilities of the elements; N is *he number of elements
per unit volume of the lens.

The parameters @ and X depend on the form and cimention of the elements.,

The relstionship tetween the dimengions of *the plnno-concave accelera-

tins lens T, f, snd & -~nd itr index of refraction n is determined by the
Y
d

equation /1

— f — i‘ ) —— l .
D =D( Fn) (V+a)D* — 4(1—n?) (1v, 86)
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Fig. IV, 29. Zoned reterding lens

The radicand in formulz (IV, 86) has real value in the condition

A T+n
D > 1—n?
! therefore the focnl distance of the accelerating lens should be 73> 0,50,

3 The metal-air lens =rienna consists of a system of two metallic plates
E: between which TEM or TE; type wave are propaged. The medium inside the
antenna is uniform. To incrcase the electricsl strength the interior space
i8 cometimes filled with a high quality dielectric.

The optical paths are bslanced *o obteain a phased wave front in a metal-
air lens by equelizing the pesmetric paths from the radistor to the different
noints of the averture. Structurslly, this is echieved by curving the metallic
surfaces of the antenna. Shown in Fig, IV, 303 is en entenna with a "humped"
lens. The height og the hums in the center portion is grestest, decreasing
to zero on the edges,

Beceuse of the lerge dimensions of the pletes the metzl-air lens can
be considered 2 flst waveguide in which TEM (Fig. IV. 30 b), TH, and TE
(Fig. IV, 29, b) waves cen be genersted. For TEM waves the critical wave )
is e-uwal tr infinity, hence such lenses have good broadbend characteristics,

. [ 4

)
:
X
i
o

I RAN IR

Fige [V, 0. Metel-nir lens: a - general view of antenna; b - struce
ture of TEM wave field; c - stracture of TE; field.
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To suppress higher type wsves the distance between the plates is selected
g from the condition

. e< w--' . (Iv. 67)

[]
jn which- € is the relrtive dielectric nenetrance of the medium that fills
the interior space of the lens,

“hen the TEj is excited the critical wave is f- nltexu = 2a and the
. index of r=fraction will be equal to

g | n=V e — (). (17. 88)

The distance hetween the plates for this kind of wave should be
selected from th: condition

B
b

s
k!

Ay o
?17?<a<7_7'—°. (Iv. 89)

From exnvession (IV, 88) it is seucprent that the metal-air lens with
T8y wsve nhrs disncrsional nronerties ~ac, therefore, it hes 2 lesser
frequency bsnd, -owcver, a lens of this twne is cavnable of transmitting a
great. amount of oower; its metsllic surfaces can be secured together by
means of metollic rods because they are perpendicular to the E  vector,

M
Fen

SE i

¥.

Bk

e

'f ‘et~llic surfaces in the form of conic sections, circular cylinders,
s condensers, »nd the like mry be used in the construction of metsl-air lenses.
-3
: .
E Tn mony instonces it is convenient to hnve 5 lens with flat surfaces
k. of refrsction (Fie, IV, 31); the focusing is done Ly ohancing the index of
g refraction from the center of the lens to the neriphery. If the index of
¥ refraction decreases from the center toward the edges 3 phased wa ve front
A will form at the lens output,
3 The index of refrnction can be a functiuva of the distence r from the
E: exciter to the lens o
3 nly =77 .
v () (17, $0)
% or » function of *he Cistance x from the focol axis Z-lq;7
A n. .
a n(x)=-
3 8 =5 (1, 91)
B d
E ir vhich n, is tne index of refraction is in the center of the leans.
;i ! varisble coefficient of refracticn can readily be mede in metal-plas-
3 tic ~nd metnl-dielectric lenses.
‘. T4e ¢iscontinuous Lunenberg / 23 / lens ‘resents » swccisl interest in
i connectior «ith the resolution of the nroblem of undistorted, circular
3 scanning, This lens is shened like a cylinder or sohere whose index of
b . refraction is » function of ithe radial coordin-te p
- '. P 2 Iv. 2
e =Ve— (%) (- 92)
: ni in which 2 1is the radius of the lens.
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" waves in the reflector entenna, The reflector, which is in the form of a

ol

~
2/2

Fa ‘14

o

I S
S

Fig. IV, 31, Metol-plestic lens with variable index of refraction

. Reflector Antennas

Reflector entennas are deemed the best UHF antennas insofar =s radio
engineering characteristics »re concerned, and for that reasson they are
used in most shipborne redar units. The basic elements of these antennas
are the mirror or reflector, and the exciter, 2 low directivity type antenna.
The most common reflector type zntennas include the tollowing (Fig, IV
32): parabolic (paraboloid of rotation and prrabolic cylinder); spherical
and sphero-parabolic; specisl orofile (to form cosecant radiation pattemms);
snd multiple reflector /333

Spherical er cylindricsl waves from the exciter =re converted to plane

oaraboloid of rotation or a s-here, is used to produce a needle~shaped
radiation vattern, and the parabolic cvliuder is used to creste a fan-shaped
radisiion o-ttern. The latier can be formed, 2ls:, by # truncated para-
boloid of rotation.

Vs emd e cua

The following mey serve as tho primery radisting element in a perabolic

or spheric-l reflector: dipole with counter-reflector (fir. IV, 33a), §
e double slot source (Fig, IV, 33,b), the coen end of a weveguide.and a horn. &
z ' 3
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7. TV, 35, Reflector antenna at other than the focal po*at. §
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+ parabiokoid (Fig. v, 3'4): . t.'.

The tollowing linear radintors are used ar reflectors in the fom of
a perabolic cylinder: waveguide-slo', horn-lens, segmented and semi-segmented

In enginrering practice spproxim~tion methods are used for computing V!
the field of rsdiation of reflector antennas. These include the method ‘
cf surface currents and the aperture method., The first mckes it vossible
to solve the radiation problem somewhat more sccurately, but the most
common is the sperturas method becuase of the simpler msthemstics involved.

PPN L T

The radistion patterns of s reflector antenna in the two principal
plrnes are determined from formulas cited above in the discussion on the
linear ohesed antenns with uniform field distribution through sporopriste
amplitude-phase distribution. The l-tter iz computed by the known aperture
a , the focel distance £, , the radiation nattern of ihe exciter, and its
vosition relative to the reflector focus.

Geners1ly, when the exciter is moved away from the focal point F,
to 2 point with.the coordinstes p, a (Fig. IV, 35), the distribution func-
tions of field amplitudes and phsses .a the sperture are determined

formules /%] as follows: [33
O a=YEEL T anoey
p= V(Mu-— Nsina) +- [i —-— (-9-‘5‘1)’-- N cos a]’; (IV. 9k)
o )\'{Muslna-[- [1_(_‘%5->’]ma}._£’2.’_
O ()= -2 P

in which A_(x) is the emmlitude distribution with the exciter located at the
focsl noint of the reflector;

a2 et R e S AL AL s o R A e MR A S e e Bty

=2, =L, .
U= r N o M T
The coefficient of directivity of a reflector antenna is detarmined
bv the ax~ression 4nS
G = —5 tpatts, (1v. 9%)

in ‘ihich : is the reflector srerture srea; M, is the multi-lier which takes
into sccount the ciscontinuity of the wove front and the fact that it is out
of nhase

“’ A (S)e"”‘s’éslz '
. L

R duced from — 3
b:ftmavailable cepy. % 4 Sé"'" (S)dS

Mz ¥s 2 multi~lier which tokes into account the "srillsge" of exciter energy
beyonc the edges of the reflector,

jrg (. 8) sin €0 dg
—_ «

\ F3(q. 0) sin 640 dg’
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@ is Llhe =01id -nple rounded ov !te perivhery of the reflector; FO(CP ,0)
is the recistion nottern of the exciter; M 2 it » Factor thich takes into
rccount the rhield np effect of the reflector speriure hy the exciter

im (S)dS— j Ar(S)dS

4 Ity == g Soga .
: { Ar(syas
! 5 .
Spga4 i the shielding »rea of the exciter.
'ﬁ : To eliminr~te the undesirable nienomenon of "soillage" of energy out-
3 cice the edges of the reflector it is ~dvienr»le to increase the sperture of

the 1=tter, decrrase tre focel distrnce, or utilize »n exciter with great.
. directivity. The letter method of incressing the coefficient j, results in
iy incr-2cine the dimensions of the exciter (Segw ). This brings about greater
g shielcing of the reflector eperture, reducing the volue dgand intensifying

“% the reaction of the reflector on the excitcr, as = result o” which the
3 conditions for metching the ~ntenn~ »n- the osecillator in the set are less
"4 favorable, 1335
B telector reaction on the exciter can be eliminsted by sevaral techni-
g crl nrocedures. The most common of these are the following: compensation
~?§ for reflection by mesns of quarter wave plates; utilizinc non-symmetrical
N reflectors; use of cross polarization.
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Tig. I7, 3. ’n‘enna with non-symmetricsl reflector
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" the compensatinz plate [+ inserted at the vertex of *he reflector on its

i il1twn’1-~terd ride. The trickrasc of the plate should be ¢ multiple of an
= oad nawbher of  usrter vaves, Tle dismeter d o»nc ‘he thickness of the
. vlate 1 , tsking into sccount the nersbolic form of the reflector, should
< 2 he nnasY to .

" ,:‘ — /-In.i‘ . i_ ..._—L

d=2 /5= (=@ tD—q7, (1V. 96)
g in “thich f, is the foarl Jirtance; ;L is the length of the wave; snd

n=0,2 3 ...
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If we use for the reflector a nortion of s varaholic reflector lying
above the focal axis (Fige. IV. 3f) ~nc¢ the exciter at the focel point F,
8o pl=ced that the maximum lobe of its rrdiation pv~ttern be oriented =pnroxi-
mrtely toward the center of the non-symmetricrsl reflector, the reflected
' signcl will be propegated, bv-passing the exciter, The reflector angles -
should be ancroximately equal to ¥, =~ 2-10°, ¥ = 0..5‘{,,\,,.
? . The anterns with cross nol-rization should have a_second semi-transparent _:
b reflector or a semi-trensparent shield 3 (Fig. IV. 37). The shield is a ! 7
dielectric disc with built-in parallel conductors. The linearly polarized .
- wave of the exciter Eo is totally reflected from the shield, striking f &
< the reflector 3 with the dielectric l~yer denosited upon it 0,25 A in 5
A thickness, T-is layer is also reinforced with an applicstion of conducting 3
meterizl. Due to the difference in smount of travel of the reflected waves | X
31 ~nd E_j the reflected signal E'srp will be horizontally polarized. 3
Z Under these conditions the energy will pass freely throupeh the shieid 3 . 3
- The distance between the conductors of the reflector and the shield gelect- b2
E ed from the condition 3% o
7 . 1 35
ask. (oo
: e e i ; %i
;‘i a ‘ “%
- 1 Y
3 il :
A & fé;
,; N o
3 i
1 / O\ i ]
iifHiI% g
3 E
E Fig. TV. 37. ‘ntenna with cross polsrizstion. 3
]
L To lirhten the construction, decrease the weight, and lessen the sail 3
effect rntenna reflectors sre made in the form of metallic grids =nd arrays; 3
;, they ~re also made in perforated form. The distance between grid elements i
or the dinmeters of the holes of » perforated reflector chould be such thet gi
3 the 2ortion of the enerpy passing through the reflector should not exceed 13, Y
E For arrays coneisting of norallel rods the leakape factor - (ratio of 3
. lerkare pouer to incident power) is equal /27 to 3
; T = ! .5
4 1+ (——*d-—)’ ‘ (V. 98) £
.« 28In—— =a . b
1 a ¥
1 . 3
& in uhich Nis tne wave length; O is the distance between their centers H é
E: end d 1is the dismeter of the rods in the array. 2
p ;g
=2 For ex~mple, in the case of »n »rrav with A A =0,0L and A Jfd =10 'é
the factor T =~ 8 + 10-3, / / ! §3
g 57
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{7, Beam Scanning in "ave Front!" Antennss

Characteristics of Scanning Devices

; i1lectricel andé mechenicel devices are used to scen teams in a certain
3 sector ag in reflector =nd lens sntennes., These devices con neriodically

é . snift the exciter in a certain trajcctory that nrsces through the antenns

¥ focus. [337

Pae m-3or lobe is deflected in - direction opposite thet taken by the

B exciter Fy (Fig. IV. 38). “'hen the deflections are small ag=~ a. In the

3 case of verticel sntennas when the exciter is shiftec awey from the focal

4 noint in a nlesne perpendiculsr to the focal axis by the smount p a non-

3 nhased wave front is formed in the aperture

O ()= -;‘oﬁ X 4 A W) (IV. 99) :
F ) X

>
3

fi ,

.

9

|

R

o

:

3

# Yiv, 14y 78, eflector ontenns with scenning teem.

: .

E "t e sccond term of this exnression represents the cubic ohase error il

3 which decresses the deflection of the maximum of the pattern -nd produces

. ~ dict~rtien in the mrjor lobe., Therafore, the scrnning #nrie will be less

. ther the snule ot deflection of the exciter a , i.e.

a; " I‘.p ‘e (IV. 100) ‘
"7 in *hizh ¥y <€ 1 1is the reduction frctor due to the exiitence of phase

3 ereors.

g,

b , . .

k! "s an average it czn be said that

B
ky~1—0,331g2 S2 (1v. 101) %
. : in ~ich 2P, ie the merture angle of the reflector, g
B H fad . - s (3 . £
2 WSy, WO ot 1. verm in the sector 2ag i1l s necessery that thae 3
3 exciter re 2oener - ~erfirr 2 reciprocating motion within the limits of %
3 i AT e ??. .
b !
o 13 .

b
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2 To redu-e phase errors during scanning use is made of » focusineg sys-
i tem vith two refrecting (aplanatic lenses) or two reflecting surfaces
k2 (dual reflecting systems). In the cese of couble relector ~ntermas it is
K more convenient to scan the beam bv rocking the second (smell) reflector.
f To increase the sc-uning sector sphericel and sphero-n=arabolic re-
A flectors are not infrequently used., Ffhe exciter in these »ntennas is
4 ) shifted alenf the circular arc of a concentric sphere of *he reflector,
o “he racdius of the arc is apcroximetely equal to 0.5R of the sphere. One
3 of the drawbacks of a spheric~1 reflector is the fact that a2 wave front
3 . with 2 s~m2re phase error is formed in the 2perture. [338
4 In the customary norobolic sntenna when the reflector is wobbled
A relotive 1.0 the fixed exciter to get the same angle ag the required angle
5 a neec be one-helf as preat »s that required when wobbling the exciter.
e The curve along which the exciter moves should satisfy the following
3 contradictorv requirements: the need for minimsl phase errors; constant om-
- nlitude distribution on the reflector; the curve should be technically
; realizable bv the electro-mecnanical scsnning devices at a given scamning
i frequency. In this connection the circle is the most convenient trajectory
5 for the movement of the exciter,
:
,
74 Conical Scrnning
33
f{ nnicsl scanring on the axis of symmetricsl reflectors (or lenses) is
v sccorr:1ished bv rotatine the exciter about the focal axis (Fig. IV, 39).
.. Tcanning the beam in sprce in this menner makes it possible to attain zones
b of enurl strength in *he two m=in planes; these esre used in radar work
e for nrking nrecision measurements of two angulr r coordinstes.
-
iy
3
f
i.}
.
4
I
‘,
_7 [RAE "o }Qo "-nten'ir"‘ ".'.lti‘: Fic.o ]"v,o !!"; ;\ntenna ‘Tith 1 heli“
9 ©ic~l gcanning cal tyne of scrnning device,
R R ) 2 L [
5 11 tea Tyne Scenner Z§39
2 .
3 “hie tvee 0 seonner ir ured in metsl-air lences (Fig. IV, UN). The
4] fist nart o the lens ir nquinned with a slooing, flrt reflector snd turns
;ﬁ . into 7 helix m the enc -oriion of :rhich !'n1e exciter urrerives a rotery
AR motion,
-
59
2
4
n \ 3.5‘
£
s el s Lty yoi¥. 9\4 » . . 5 ey KA . X !}i
A . R A L PER S Frs h bt e R AT N e s, LAY RN A AR TS L P By Ty B i




P e e Al S A A R
TR, T SRR A T e N T
B Wl Porabarta s NS

“he ledie~) sernning device o verts e cirealar movement ol Lhe
axc -t into the linear sconning of Lthe antenna beam,
of pesm vobbling within the limits of 2ag
ol the exciter,

The complerte crcle
is ~chicved In one compleie turn

""he nelicrl scenner hees sufficient broad band »nd nermits beam scanning
at r~ rreut f£requency.

otary Scanner

SRRk

g
@

[}
s

%
2 ‘ne rotary scenner (Fie, IV, i11) consists of a fixed exciter, » fixed 4
4 adsater of bent sveguides (st-ter) -n¢ 2 movable wavepuide adapte- (rotori. %
3 The raciating element 3 illuminates cev:ral adiacent waveguides of the §
i rotar 2. Cepending on the position of the ro e enerpgy is transmitte &
: i 2. Tlepending the positi * th tor th v t ittead &
G toward 2 snecific group of wavepuides of steztor 1. This is e~nal to ' %
i shifting the phese center of the reflector or the lens., 4
3 ) 1
Xt ¢
b g
b Ey
! )
7 < %
# fﬁ
i Kl
,
. 7 i
b ¢
R Jiee 70 Wl. Rotary sconner. 1 - stator; 2 - rotor; 3 - exciter.
5 a7 robary scanner does not require rotatng articulstion inasmuch as
§‘ ‘i e4citer is ripid. 1Its sneed of rotation comnared with the helical scon-
E: nor

1% nr preat. breause of the fact thot two rockine cveles occur in
e i 0 tae rstor.

'
Vo

sk
PR R T

ie se-nner has less band eoaverage, however, -nd, becaure of wave
redicet inng from “he onde of the rotor and stator has lower efficiency.
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Conical Scemmers

In con'rrst to the other tmes discussed, conienl scennerrhave a linear
~iirced or direct pharedrather than 2 noint source exciter {_22 7. The
device gounints of & sysiem of tuo co-xirl metsllic cones (Fig, IV. L42)

o which the exterior one 3 is fixed end the interior one 2 rotates,

el &
RS e e

: st

b

"0 Vinnor exciter is connectecd via 2 slot cut lengthwise along the
warersiric of one of the cones. :ne wave propagated in the inter-consl spece
2 roceotal throush the linesr r-erture 1 of *he £ xec cone. Due to the
v ¢resimilar dismeter of 1he beses of the truncated cone the waths of the

60

J—
ot T B AT NS SO R A A Do w2 R

&
&
».:\ »

»
A

P3N

s,

Ty

=
A
. ke ARE el ;v-_ﬂ,x}.._.'”“'i‘."xxlﬁ

3R AR . P A A I o T o 1o IR RIS
ek ATt Tk 3 PR~ 3 b T o &




R SRR B TR T TR Fld SR T TRIRTUT LD WD T e i t AT
Lo ek i

v e e e

b . *... conicel wevesuicde are dif“crent snd 2 liresr non-nhased wave
frart w11 ce £ormec in the sverture. ''hen the rotor turnc the slope of
thic “r:n% cnanges, thereby insuring beam scrnaing.

\ S\
‘ ;S§555\\,\\\\\ Y ; \

7 ///// ///

Fig. I¥. L3. Cross section of conical scenning devices: s - feed i
through the stator; b. feed through the rotor;
c. comb-shoned articuletion. !

oniezl sconner cen be mede in two versions (Fig, IV. 43). The first

o~ version c-11s for switching in the linear exciter through 2 stator slot,
ok »n¢ in the seconc version the exciter is switched in through = rotor slot.
g 't e c7n see, in lhe firet version the wave pronagzrted frem the longitudinal
b clot of the statsr 1 tr-vel. between the cones »f‘or beins reflected
A ; iour limes from the refleectine surfaces 2, 3, 5, ~nd 6 ~n¢ lhen resches
e ; e - e.~ure I, In t»ir ve sion the ref]ecting surfaces of the sconner are
A s=cde ‘a ¢ rb-shroe netierns e reflecting surfaces of the seco-d version
e =re continuous, ihe stetor reflector is m-de in the form of 2 sloping
R orojection 9 and the rotor reflector is mrde in the form of a slot end
g loop 7 with zero innut impedance. Zﬁ%l

fqn £irst derirn reauires extreme accuracy in fabrication, dozs not

! »nqrire rouvrting ~~ticulrtion, ir bread banded, 2nd makes two scans per

} t»rn ol the rotor, The second desirm is simple but covrrs » narrower fre-

- ancy ened cned recairer £ osnecircl rotetion erticulation which enables transe
T mitling the energy from the fixed oscillator to the turning rotor. Only
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3 one sern i: nroduced with each turn of *he rotor in this case,

kL Avlanatic Lens and leflecting Antennas

A on-ciclorting scannine of a beam in lens snd reflector antennas is

- infured b meetine "rcine concditions." By analy with opticel systems antennas

% in =tich this condition is met ~ve known as eolenatic antennas.

4 Reproduced from
. best available copy. 61
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Since aplanatic antennas have t. meet "phased Leam conditions" in ad-
dition to "sine conditions" they hsve iwo refracting or two reflecting
surfaces,.

. in achieving "phasing conditions" ihe emerging beams sre parallel to
the ~ntennr axis.

fhe sine condition is achieved if ~11 the incidenti besms frum the
f£ocal point and their corresponding cmerging beams intersect on a circle
tne center of which lies in the foczl point of the system. The radius of
. this circle vi1l be enusl to the focal distance sf the antenna,

The shrnes of ‘he lens and reflecting, aplanatic antennas can be
computed bv the praphical and analylienl methode using the procedure

descr’ded in [ 1 /. Reproduced from
best available copy,
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CHAPTHER VI

”'FUTOMATIC TARGET TRACKING SYSTENS ,

: 1. Genersl Information //
. Types of Automatic Tarpet Tracking Systems 437

“When reference is made to tracking e target it generally means the
uninterrunted flow of informstion sbout 2 target's cresent coordinetes in
the form of volt»pes or currents or turnms of shaft angles in rertinent in-
dicators., For ex»m~le, when conducting observations with a shiphorne
radar unit of a surface target the tracking »nrocess consists of develop-
ing data relntive to its present renge and any changes in its »szimuth or
course =ngle., 'en tracking »n sir taget the procedure consists in
making continuous measurements of three coordinates: the slamt rsnge, the
szimuth, and the elevation.

In the case of non-2utometic equipment tracking for renge ~nd ~ngular
coordinates is performed manually by one or several operators on the basis

g B e

of data obtained from observing the positions of target markers on the plsn 4
position indicsators., One advantage of manusl trecking is that the opera- ! 2
tor can consciously differentiate between echoes given off by & tracked 4

target and those by other targets., Another advantesge ics that the target
crn be tracked under conditions when the ratio of the useful signal to the
interferences is enual or close to unity.

A disadvantage of this kind of tracking is its low level of accuracy i
in determining present coordin~tes, especially in the case of high speed !
targets, due to del-~yed resronse znd fatigue on the part of the operator.
Fcr thot reason, nresent day high precision radar sets generally heve ine
corporste¢ in them independent servo mechanisms for each of the coordinstes
being determined to insure ~rutometic tracking of a target with a high degree
of accuracy with s minimum smount of lag., Devices classed as discrete or
continuous scting sutomatic control systems are used for mrking sutometic
measurements of oresent range, whereas snalog servo systems are employved
for trecking tergets by enpulsr coordinates.

SRR 2 R i R s e s

= A svstem of sutom~tic target tracking by any coordinste con arbitrarily
13 be corsidered 2s consicting of o direction finder znd a2 servo unit.

¥ cirection finder ¢ nsists of all the elements in » rad~r set with /438
the ~i¢ of wiiich =iennls are received from a terget and initially processed
‘1 provide informatins, about » torpet's coordinates. The basic elements

:E of » direction finder in an active redar system include the sntenns, re-

F ceiver, ancC transmitter; those of nassive and semi-active r=dar systems

Y include the antenna and receiver.

!,2._‘,::;’15’,..—”.:\ i ot

‘

In rader systems for tracking targets in a,imuth the antenna of the
direction finder oerforms the function of a data unit for determining the

eproduced {
Eest availablowgpv.}
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t-rpet :nple nosition relative to the enuisipnal direction. lepending on
the principle involved in deriving equisipma’ uirections and the method
used for comparing signals received from a target, direction finders of
mtomatic trackers in azimuth sre divided into zingle and multiple chsnnel
systems,

In single channel direction finders the eoulsignal Jirection line is
formed using conical or linenr beam scanning in two mutually perpendiculsr ¥
~1lsnes and an sntenna with a narrow radistion pattern. The method of com-
varing the amplitudes of signsls received by s sinele channel receiver is e
used to determine the anjular vosition of a target with respect to the %
equisignal line,

The chief disadventage of single chsnnei direction finders in sutomstic 3
systems of tracking for azimuth lies in the fact that the method of ampli-
tnde comperison is applied to signels received st different times, Most
radar targets however, oroduce signsls whose intensity veries with time --
they =re flucturting signals. Accordingly, an error shows un in the measure-
ment of anpular coordin-tes. This error is continuous with time-random
variations.

The effect of fluctuations can be decressed only by incressing the
inertial proverties of the system, However, incressing the inertisl pro~
perties »f an sutomatic system of tracking for szimuth involves incressing
its dynsmic errors, i.e. the system becnmes incapsble of trrcking fest
traveling targets with a high degree of accuracy.

Autometic systems of tracking for azimuth with multiple channel direc-
tion finders which employ the method of compering simultsneously received
signels sre free of these shortcomings. The method of receving signsls
from two ~oints in space (by means of two antemnas or two indenendent di-
voles with a common reflector) located in the plene of the coordinate
be'ng measured anc then amplifying them in independent receiving channels
is used in these devices to determine one sngular coordinate. With the
directinn finder so designed =n enuisignal plsne is formed in space and
the mnvement. of a tarpet along 2 particulsr anpular coordinote is deter-
mined in relsation to it.
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Te pet the second coordinate the direction finder should have still
~nother noint of receptinn with »n sdditionsl amplificetion chanmnel. /L39
..;wevery in practice e second indepsndent pair of points of reception
snd amplifier circuits are most often used; they form sn eouiripnal plane
ir tn-ce that is nerpendiculsr to the equisignal olane of the first two x
=a'nte of reception. As a result of the intersaction of the two plenes
-n snnce there is formed an equisignal diraction whose position is de=-
termined hyv the ¢ ndition of the elements in the cdirection finder receiver
chennels.,




Accuracy in determining directicn to the target in multinle choannel
direction finders is limited only by noises; it is much prester than that
of sinrle chrnnel direction finders.

The drewbacks of the automstic tracking system with multiple channel
cirection finders is:com-sratively rrest bulk of the aprarstus snd the high
requirements to hove the =mplification c¢bhannel characteristice identical
and stsble. Differences in the amplific~tion channel parsmeters lead to
sngulsr disnlacements of the equisignal direction relative to the eleectricsl
axis of the =atenn», Tracking the target by angulsr coordinates in this
case will ent~il error.

Multiple ch-nnel direction finders czn be used for pulsing or continuous
operation. In multiple chamnel sutomatic svstems of tracking for azimuth
both the phase snd amplitude method of comparison of received signals are
used. The first method is based on the measurement of phase differenses,
while the second is based on the measurement of differences in amplitudes
of signals picked uo in separate points in sn~ce when the target is de-
flected from the equisignal direction.

The servo mechanism in an sutomatic tsrget tracking system includes sll
the elements which ‘nsure sutomatic tracking of a targat for a specific
coordinaste in complete accordance with the dats output of the direction
f'nder. In renge tracking systems electroni~ 3ervo devices are generally
used, hereas in tracking targets by angular coordinstes electromechsnical
serve mechznisms are employsd.

Gener=z1 Principles of Automatic Tracking

The reneral cperating orinciple in ~utometic tracking systems, regarc-
less of which coorcinnte is being determined an¢ the kind of servo mechagism
usec¢, ccnsiste in the following (Fig. VI. 1), The controlling ection Xpx(t)
containing information sbout the actual rate of chenge of s particuler terget
coordinate with respect to time poes from the output of the radsr direction /hlo
“'rder unit {2 tne input of the error signel meter of the servo mechanism,
~nd the sirnal X pex (t) deveioped by the servo mechsnism proceeds from
the natnut of the latter tn the moin feedback circuit,

| Corerrnd ‘Direction ¥, .| ¢ Error
element  >finder |~ -1 gipnal
i cirenit) device lf meter
I - S e LS. T
o, o ._
t | Jirror sip- | D ictunbigd

Jnal ~mplif
v er :.g?] !——-—‘- clement. |~-

"+ X .Lj converter | i

, erter. S

farve mochoanism

ARG BT b ¥ PR e e

P, “i. i, Block cisgrem of an zutomatic tracking system
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= These sipnals nre corpsred in the error signal meter as a resull of which

%; an error sipnel is vroduced thest is ecusl vo their difference

= ]

E ] Bx (1) = xoy ) — X0 ). (VvI. 1) -

3 . After smolificstior and the necess.ry conversions the sigmal Ax (t)

g' . acts on the »ctusting element of the system which ch-nges its position or

: state and thereby develops the cutout signsl X gpx (T) )

'f ’ The work of the servo mechanism is such that the error g8ignal constently

4 g strives towsrd zero: Ax {t) -» 0. As 2 result, the outout signzl X ppx (t)

s 3 of the systom continuously reflects the true magnitude of the crordinate

: E bveing meessurad with an accuracy determined by the quality of its operation,

v Thus, the process of autom .tically trscking a target by any chrordinste is _:
? based on the constant measurement of the disagreement or differencs between
2 the innut and the output sirmals of the system and redvcing this error to zero. A
2
E 2. Principle of Autometic Tracking for Range

- Range 'Tracking in Pulsecd Radar Systems

Antomatic range tracking devicec used in pulsing rada. systems msy ar-

! titrerilv be divided into those whose operation is associsted with the

" renuirement to get markers of the tracked target on the screen of the

cathode ray tube of the system and those whose operation is not tied in .

H with the need to set target markers on the range indicator., The lstter, in :

A turn, are divided into systems with a contrclled delay circuit and systems /LLl :
> with 2 variable frenuency generator. i i
pr From .
2 radar } 3
£ synchronizer !

2 | g
] |UC HoM ‘ ;;:’j
£ *rom Y. P
receiver N S (T &
: e i Time l\_l;i Actuating L/'l’_l Time %
Sy —_ diseri- { 2
i, Ue l minator ; ldevif_e_ _ ‘modl.'ﬂ"a.t:,?r-l 3
E L’ -«Tb'ma. ©om J
1 Tracking i Uy
- onlse '< -

b iFenerator
Fig, VI, 2. Block diagram of =an sutcmatic rarpe tracking system

£ with controlled delay circuit.

1 The former systems =are electromechanical and the latter may be either

electronic or electromechanical.
iR .
The block diasgram of the automatic terget tracking system for range with

- ~a contrelled delay circuit ~nd time-voltape diarrams which explain the
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operation of the system are given in Fipr, VI, 2 and V1, 3 [ﬁ,_:7.

. The opernting principle of the system consists of the following. During
each main pulse repetition period Tn the pulse reflected from the tracked
terget voes to the time discriminator from the output of the r=dar receiver, 3
ond a pair of univolar range tracking pulses enter from the tracking pulse :
gener~tor output. The position of the center of the reflected pulse during
the n-th repetition period relative to the leading edge of the synchronizing
. pulse is determined by the lag time t5 , which is proportionrsi to the
actual range vy of the target during a perticular period, while the line
of contiguity of the peir of range tracking pulses ’s pronortional to the /LL2
lag time t's . This 1lag-time is proportional to the measured (actual)
value cf the range to the tarpet during the n-th period, i.e. ti{= ryr .
During this pulse repetition period, if tg # ty, an 2rror signal appesrs
at the outout of the time discriminator whose mean value and polarity cor-
respond to the magnitude and sign of the time difference &4t =t -t' i.e.

Ay —

e

AU;KBAAI: (VI. 2)

S N R A e L i

in which K, j; 1is the slope of the operating portion of the tine discrimina-
tor characteristle curve im volts/sscond.

oy

The error signsl voltape goes to the controlling device where it is

k: converted into the voltage Uynp which controls the operaticn of the tima

4 modulator. Under the influence of tnis voltage and the svnchronizing pulses
o the time modulator develops delay puises U, whose duration is propertional
. to the sontrolliug voliage

- e e e
‘r-'Vu v YOS YA

% = KUym, (V. 3)

an oy
Y

&

RH: in which K, is the delay control slope, sec/volts.

The range tracking pulse penerator is trigrered by the trailing edge
] of the delay pulse. In *he process, time intervel t; , which determines
4 the pusition of the ranpe pulses rel-tive to the synchronizing pulses, changes
A in the following repeiition periods in such a manner that the time difference
Nt decrnases, approaching a comparstively small value that equals the
tracking error,

Sortialie » -

Since » specific v-lne Y np corresponds to each position of the track-
B inF nulses t-¢ nresent renge (e the terget c¢an be resd from the value of the
E _ contyol voltap=,

Automatiz tracking begins when the tracking pulses first coincide with

s the pulsa reflectad by the target. This coinciding process, depending on Y
4 the structnrrl peculiarities of the redar system, can be accomplished "manusl- 3
9 1y" by the overator by superposing the range merker on the target pip on

R the plan positinn indicotor, Or it can be done autom~tically with the aid

of the scrnning circuit which periodicslly moves the tracking oulses along
. the time axis until Lhe target is locked on.
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The block diapgram of an zutomatic canpe tcacking system with a controlled
penerator is described in Fig. VI, L [ &/,

In contrast to circuics with a controlled delay circuit the operation
of »utomstic range tracking systems with » tuned oscillator is not time-
. rel-ted to the elements forming the syrichrocnizing pulses. Therefore, the
. magnitude of the controiling voltsge in them is not proportional to the
range of the torget. These automstic tracking circuits find =pplication
in radar sets that are coupled to digitsl type computers for processing
stable reference pulses that are time-matched with the echo signal from the
tracked target. Measurement of the renge is achieved by converting into

binary code the time intervsle from the instant the radioc pulse is beamed
to the appearance of the reference pulse,

The circuit works as follows. %“hen the center of the reflected pulse
coincides with the 1imit of contiguity of the range tracking pulses the out-
put voltage of the discriminstor is enusl to zero. In this case the oscil-
lstor being tuned penerates middle frequency oscillations with an initial
, nhase that determir~s the instsnt for starting the range pulse oscillator
; by triggering the pulse formation circuit. The mean frequency of the oscil-
lations penersted is a multiple of the repetition frenuency of the trans-
mitted nulses. If » difference appears rubseauently in the time position
of the tracking pulses and the reflected signal s controlling voltage is
develped by the discriminator whose value is proportional to the error
signal; the frequency of the tuned oscillstor, therefore, departs from its
mean value. Changing thz frequency of the oscillator results in changing
the phase of the oscillations it generates and, consequently, shifting the

range pulses in g direction corresvonding to s decrease in the initisl
error.

E %
3 Receiver _ Time modulator: 3
3 outout ‘Time Controll-| : Controll- | £
H >| diseri- ing lum——a~ed en- 3
9 minator device || erator i f:;f
H Cor T e £
¥ | = Tracking :, | Starter I Ag
% pulse g;i pulse i . A
‘54 T generator ' | forming i §
b e (g itircuit , g
g ——- !
4 £
g Fip. VI. k. Block disgram of an automatic renge tracking system %
4 with centrolled oscillator 3
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Range Tracking in Frenuency Modulsted Radar Systems

Forming the basis of sutomstic range tracking systems used in frequency
modulnted rader sets is the principle of maintrining continuous checks for
chsnpes in the best frequency.

A simplified block diagram of a frequency modulated antomatic ranpe track-
ing system is shown in Fig, VI, § [—“_9. The tracker consists of an /Ll
automatieallv centrolled electromechonical system made up of the following
tracking elements: the range selectcr, & narrow band filter tuned to a

best frequency corresponding to the range of the tracked target; the range
metering circuit, including a beat pulse converter snd integrator; and the
comp=rator circuit and electric motor drive with range processing poten-
tiometer. The automatic range tracking system also containa devices

which are not directly involved in the automatic tracking process. They
make it possible to concduct target scanning throughout the entire operating
b-nd of the system and change it from scanning to target tracking. These

clements include: the scanning circuit, the lock on relay circuit, and the
relay.

The target scen operation is accomplished by continuously retuning the
center freauency of the selector transmittance band with an electric motor
drive that is fed in this operation by the scanning circuit. The time
of retuning the selector filter frequency throughout the full operating
range of the automatic tracking system depends on its bandwidth. The nar-
rower the transmittance band of the filter, the slower the btuildup of voltage
at its output and the slower the scanning rate.
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Fiv. VI. 3. Voltage curves of circuit shown in Fig, VI, 2.
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‘ Mixer Range selector

output N (filter) Pulse Integ-
e and T converter “1 rator [—
_amplifier

| —

range
voltage

Retuning and
“ Processingle. .. ..|selector electri Amplifier (&
= poten- motor with re-

tiometer | duction gear

Compara-
tor &
circuit

A ; Sconning i Lock on

i N h O

Ceireutt chooult

:% AWM bent pulses

n; '11i14il i standard nulses
E 4

e

3 Pig, Vi. 5, Block diagram of »utometic system of tracking in range
3 for frequency modulated radar
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When the target appears st a certain range within the operating band
of the system the selector filter becomes tuned st some moment in time to
the beat frequency due to the continuous retuning of its fregquency which
corresponds to the rsnge of the target. After amplification in the renge
selector these beats are fed to the lock on relsy circuit. The latter
triggers and disconnects the select.: retuning electric motor from the scan-
ning circuit, At this moment the <« _cem chonges over to automatic tracking
of target for range. In this mode of operation the beat pulses go from
the range selector to the pulse converter imput. The pulse converter
changes pulses thet differ in ghope and durstion into pulses of constant
amplitude ond duration. This conversion of beat pulses into standard
nulses is necessary in order to eliminete the influence of shape, ampli-
tude, ~nd duration of beat bulses on the accuracy of range measurement.
The pulse converter is an oscillator with forced starting that develops
standard vulses with 8 frequency equal to the beat frequency.
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% The series of pulses with constsnt amplitude 2nd duration goes from

> the converter output to the integrator which separates out the direct

4 component; the latter is proportionsl to the measured range to the target.
The range voltage is then compared with the processing potentiometer voltage
opposite in sign, whose cursor is coupled to the selector retuning electric
motor. If the sbsolute magnitude of the range voltage is not equal to the
processing potentiometer voltsge an error signal will anpear at the output
of the compsrator circuit; it will be nroportional to the difference between
: these voltapes. After amplification the error signal is fed to the actus-
E: ting electric motor which retunes the selector filter until the range vol-
2 tage -nd processed voltagesare the same. When these voltagesare equal it

Ex means that the range selector is tuned to a sector in which the trocked

2 target is located, As the *arget travels a continuous change in the range
A voltage takes place, and nsequently the center frequency of the selector

CHEE TS Aot ne oon, 3E1 EAT B A S e e S B S R R AN R B s

sty

transmittance bsnd is cont. .uously retuned.

A The automertic ronge tracking system discussed oper-tes well enough only
: at comparetively lew radi»l velocities of the target at which the Dopnler
frequency shift is confined to the transmittance band of the selector
filter. Extension of the filter bsnd is limited by deterioration of ite
interference killing fentures and by a reduction in the operating range

of the system.

3% 3. Basic “lements of Pulsed Automatic Range Tracking Systems
Time Discriminator

The time discriminator is sn electronic device which converts the
time difference between target pulses and tracking pulses into a constant
; voltage whose increase during the target pulse repetition period T
N3 corresponds in magnitude and nolarity to the maenitude and sipn of the
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tracking error At. A varietv of discriminator circuits sre used, but
despite the differences in circuitry the operating principle in most Lh6
of them is the same [-8j7. It consists in that each pulse from & tracked
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target is cdivided, with the aid of tracking ~ulses, into two parts. Portions
of reflected nulses sre comp~red and the error sipnal is developed from
differences in their areas which are proportional to A t.

The tsrget pulse dividing operation in each repetition period Tp is
performed by two coincidence circuits which meke up the time selector, while

the operation of comparing portions of th: reflected pulse is performed with
a diffe-entirl diode or iriode detector /9 /.
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Fip. VI. 6. Time discriminator eouivslent circuit.

The simplified enuiv=lent circuit of 2 time discriminator is showm in
Fig. VT, &, The ratic of volt.pe increase Al at the discriminator output
to the time difference At is referred to as the time discriminator character-
istic. Shown in Fig. VI. 7 is a discriminator curve for rectangular taxr-
get pulses and adjoining rectansular range tracking pulses. The opersting
part of the curve is the centrsl linear portion limited by the walues
Dt =#* /2 and the oversll length 83%1-’[ ¢ in which T, is the du-

on

ration of the target pulse. For this po of the curve the following /LL7
equation holds true

C AU =K, o A, (VI. L)

in vhich Ky . = (dAUidD a0 —  is the transfer coefficient or slope
of the time discriminator curve, volts/second.

+3¢

-— e vt

Fig, VI, 7. 1ldnal®zed time discriminator curve.
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Curve areas nlong the sector 67, = 7., 1lyingr outside the limits of

the operating section sre known as unst-ble tracking aress. In these zcnes
the signal from the target is partislly covereuv by only one trecking pulse,

and with »n increase in the time difference the error signal voltage decreases; ‘%
this mry result in the stopoage of the automatic terget tracking process. :
. Stoppage of tracking will not occur if the error signsl voltsge st a %
& . particular initiel difference is sufficient to move the tracking pulses %
1 at the rate of travel of the target pu. - = ;
* ) The entire area of the time discriminator curve desipgmnated 6 Ta deter- 3
7 mines the minimal interval between nulses reflected from two targets in %
4 which only the pulse from one of them will coincide with the tracking pulses. %
s Therefore, this region is termed the time discriminator zone of sensitivity. k|
5 The length of the sensitivity 7one depends on the duration of the reflected b
9 and tracking pulses, %
; For idenlized reflected and contiruous tracking pulses %
8T, = §Tp - 2Ty = 2ep + Te, (VI, ) 3
3
f and if there is an intervel t, between the tracking pulses §
%
o &%
; 6TA == 2":.1 i Te-i+ 1y (VIo 6) ﬁ
4 The interval between tracking pulses 'tu<:'fb, is penersated to increase
oM '3 .
- the slope of the discriminator curve.
E: The rsnge resolution of a radar set with an automatic range tracking 3
P system, in contrast to sets with a moanusl trackine system, is determined %
: not by the curation of the mein pulses T, but by the extent of the dis- g
! criminstor averture 3 T;>T,. Therefore, to increase the range resolu- 3
% tion in such sets an attempt is made to decrease the duration of both b
B the main snA tracking pulses. ' %
‘ In 2ny case, the time discriminator, 2s an element of the asutomatic g
3 control system, is an aperiofic element with the transfer function Z-QJ7 A
: — Kn.x g
5 Vip) = P4 pTu " (vi, 7) %
: %
L, In expression (VI, 7) the time constant T, is a function of both 4
$~ the charging circuit time constont »né the discharge time constant of the %
3 differenti-1 detector condenser Lk8 b
4 3
4 Reproduced | Toon== -t 3
4 ced trom 8.8 T Th !
k. best available copy.% --f".- o (v, 8) ’§
' ‘ ap pas %
: in which T g4, ir the charging circuit time constant of condenser Cj; §
A Tpaz = 'RC is the time constent of the condenser discharge circuit §
3 throurn the load resistor R. If Taup > % Tap 2 Twn  and constancy Z
s of charging »nd discharging currents is insured, then rerardless of the %
(4 %
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magnitude of the voltage .at the output of the pating circuit of the differ-
ential detector, the dynamic charascteristics of the time discriminator
are very close to the integrating member

“'/l.;(p) ="{\"“?"£§'='§l (vI. 9)

in which F = 1/Tn .

The transfer coefficient of the time discriminator and, thereiore, the
dynsmic prc,2rties of the whole automatic target tracking system depend
substantially on the amplitude of the tarpet oulse, Automstic gain con-
trol and amplitude limitstion of target sipmals are utilized in receivers
of radar sets with sutometic systems of tracking in range to keep the.dis-
criminator transfer coefficient constant.

Controlling Device

In esch repetition period of reflected pulses the controlling device

forms a signal which changes the amount of delay of the tracking pulses t'3 .

Because the information egbout the present range of the target asrrives in
discrete form the time position of tracking pulses should be preserved
during the time interval from the end of the reflected vulse to its
beginning in the next repetition period. Therefore, integrating circuits
ere used as controlling devices in »utomatic pulsed systems of tracking in
range.
I

The simplest intepr-tor used in sntomatic ronpe tracking systems is
the condenser, » component element in the time discriminator. The dis-
criminator condenser is used as an integrating element in a circuit when
the input resistonce of the following stage is of sufficient megnitude

(Tsap < Tpas)e

A cecond type of controlling device is the integrating (operstionsl)
smplifier with capacitive, nepative fesdback. An egquivalent circuit of
such an amplifier ie shown in Fig. VI, 8.

From the standpoint of dynsmic nuslities this kind of amplifier repre-
sents an spericdic element with & transfer function of f?

ky
l 1}
wENT

_ K
Walp) = (K+I)Tp+lp+ {v1, 10)

in which K is tn2 »mplifier gain without feedback; k, = 1/T is the
transfe: coefficlent of the integrating ampl¥fier; and i'c RC.
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Fig, VI. 8, Equivelent circuit of an integrating amplifier

Jith sufficiently lerge vslues of K »nd assuming that the transieat
orocesses in the automstic range tracking system terminste within a time
interval considerably less thzn the time constant T this amplifier can
be rogerded a8 sn integratine member

W’y(p)='T,T=T' (vi, 11)

The chief merit of ‘ntegrating smplifiers consists in that the negative
effect of the amplifier on the operation of the discriminator, especially
# discriminator with differential detector on diodes, is K times less
than that of the integreting capacitance.

u A »
e tplifier Electric -
— ' . oy motor
Tacho
generator

Fig. VI, 9. Block diagram of an electr-mechanicrl initegrator,

Apart from electronic inteprstors sutomatic range tracking systems make
use of eleci!r mechanical integrators, mainly when in order to control
the time position of tracking pulses a mechanical rather than an electrical
simsl is renuired. This signal consi3ts in a chanpe in the shaft angle
with a value that would bz proportional to the integrel from the vcltege
tzken from the discriminator ovtput. By way of example, electromechezunical
integrotors sre used in phase meter automatic tracking systems.

A block diagram of the most commonly used electromechanical integrator
is showvmn in Fig, VI, 9. The integrating element of the circuit is an
alternating or direct current motor., The angulsr velocity of the motor
is proportional to the voltage applied to its armature (in a cdirect current
motor) or to the control winding (in an asynchronous, two-phase motor),
and the turn angle of the =xis A‘w is proportional. to the integral frem
tke input voltasge. The feedback circuit sssembled on a tachometer genera-
ter of aporopriate current (ifferentistes the output signal, the resulting
voltsge comprred to the input voitage, and their difference trigeers /LSO
the electric motor. The processes continue until the output sipnal is
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exactly proportionsl to the integrel from the input signal and their difference i
3 becomes zero. 4
E‘ ' As an element of 2 closed circuit in sutomatic control this iategrating A
;% drive is described by the trausfer function g
! = e R W () = KoKan k
% ) WalP) = oW (p) Wor () — PUF Taap) 17 (VI. 12) :,3?
B - in ~hich “gp (p) is the transfer function of the electric motor, W;g (p) » ;5
“Kagff(+TagPs "rr (p) = Kr (p) 1is the trensfer function of the tachometer g
3 generator; Tpp s the electromechanicel time constant of the motor; Ky, i
d Kgp » end K4 respectively, sre the transfer coefficients of the ampli- i
by fier , electric motor, sud the tachometer genevator, Z
Electromechanical integrators are very precise, tui have inertial ouali- g
ks ties, For that reason they are not suited for use in quick response auto- :
b metic renge tracking systems, Other drawbacks of this kind of integrator ﬁ
include their bulkiness snd 2 cost facter that is substantially greater é
- than that of electronic integrators. %
4 Time Modul-~tors ?
a Automatic range target tracking systems use ss time modulators electronic 5
L circuits and devices which can generate either pulses of constant amplitude £
and veriable durstion or pulses with constant smplitude and duration but 3
7 deleyed, with respect to the synchronizing pulses, for a veriod determined %
*‘ by the magnitude of the controlling effect, l,a
': Time modulstors ms~v be based on the voltsge comperison method or on the E
E: vhese metering method, Modulators of the first group are more simple, P
while those of the second group offer a higher derrse of accuracy. Module- ;§
2 tors of the first type utillze phentsstrons, ssnatrons, and other similar €
' linearly charged snd discharged condenser circuits operating together g
with corparator circuits. 3
E g
Time modulators in which the phase metering method is used consist of =
B a capacitive phsse inverter end the pulse sheping circuit. The block /L5l ]
?‘ disgram, which reoresents the opersting basis of such modulators, with the %
2 voltare oscillograms ~ertaining to them, ere shown in Figs, VI, 10 and 11. p
E: 'he time delsy "[,'3 or pulses controlling the operation of the tracking G
nulse generator is accomplished by means of a capacitive phase inverter &
E: ir. which the phase shif{ of the output signal is proportionsl to rotor turn %
; anele AP, §
Q The delry time Ta iz determined from the esuation §
‘. :
- TJ = -2%:; Tﬂl (VI' 13) %
i {‘-
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in which ' iz the nhace shift of phare inverter n5cillationsy T
the peeriod of girusoidal oscillatiang from the penerator that synchraonizes
the operation of the racar unit.,

is

¥ Sinusoidal

3 oscilla=- oot

K tions from - Mifferen-

g Prase 2 Limiter tisting - Uimiter —;5——-’- .

1 radar syn- Inverter Circuit iggtragg;

3 chronizer . s - formin

3 FroﬁTelectrou circui ;
% A(«’) mechanical Repf°d°°.fdb!"°$ y} %
E integrator best available copy.

Fig. VI. 10. Block diagram of a phase metering time modulsztor.

During eachrepetition period T of m~in pulses the phase inverter shaft

E is caused to turn throuph the angle " A \ by the actuating electric motor
e in the electromechanical inteprator. If the angle of turn of the phase
inverter shaft A

be regarded as the inpui signal and the delsy time
p: as the inout value, the phase meter time modulator c¢an be considered, from
3 the standpoint of the dynamics of control, as a non-inertial element with
p: e transfer coefficient of K, , == v/Ap.

<,

/N 7\
/ d\\zﬂ

\JI
2}*-—‘1 |

Fir. V1. 11. ‘Yoltare curves of circuits shown in Fip, VI, 10,

The time modul-tor of the freouency being subjected to change (cf Fig, VI-L)
consiste of the controlled generator of harmonic oscillations and the trig-
cering pulse shaping circnit of the tracking pulse unit, For s controlled
generetor any frenuency-tunahble penerstor circuit can be used which insures

= proportional relstionship between the gain in frequency and changes in
the contrelling voltare

Af(t) = KoF o (), (VI, 14)
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in which K is the frequency retuning factor; F, =1/7 ; u (t) is

the contrelling voltage. ‘

. As en elzment of the closed sutometic control cirecuit, the controlled
oscillztor is on idesl intezrating unit with 2 transfer coefficient of

“ Kyp =Kp Tn

In automatic range tracking systems with a contrnlled oscillator ordinsry
pulsing circuits capable of converting harmonic oscilletions into signals
. sre used as starter -sulse shaping circuits. Their time of appearance in
each repetition period Tp is strictly relsted to a particular phsse of
such oscillations. The elemental structure of the circuit depends on both
the changine frenuency oscillator layout and the device which develops the
ﬁ trackine ~ulses. In the simolest case the triggering pulse shaping circuit

+i11 consist of » series connected limiter of sinusoidal oscillations and
a differentisting zlement.

ay

Uy

. - " et Atel ORI Fo e et K A o

E‘:{m e s R "m#".&s&#‘gkmwnwéﬁ*r-";‘.é,;zuﬂz\ma’,%%ﬁ%;(m}mmwmuwwm,ﬁum«m“:@umm:m, RSt o SRR e S U i st AT i
SRy 7 ¥ SR o

Tracking Pulse Generators

1
,
:
4
%3
g
H
s

Circuits which produce tracking pulsec are generators which can produce
twc pulses of similar amplitude and duration, paired or separated by a time
interval. Ordinarily, these vulses are formed by a blocking oscillator
‘ with a8 section of artificially long line or with the aid of two delayed
; blocking oscillators; other similar types of pulsing devices may be used,

Wi

© o A bkt
(oo LR Al

k. Dynemic Properties and Opersting Characteristics
E of Pulsed Antomstic Range Tracking Systems

‘ The ope=rating quelity of »n asutomstic range tracking system is determined
3 v the stability of the system, its transient characteristics, the smount

24 of sterdv state error, »nd its inherent fluctuating or rendom errors.

E These characteristics, ond esveciaily accurscy in the measurement of distsnces
i to object in the steadyv stzte, devend on the number of elements in the

i system connble of sccumilating energy (integrrtors). The number of [/ 453
interrnt ing elements used determines the order of astaticism of the system:
gvstems with one intepr-tor »re first order astatic cystems, those with two
E are sec~nd order astatir systems, etc. The higher the astetic order of the
~sstem the more accurately sand precisely the objects are tracked in the

g steadv opersting stete, the shorter the trecking pulses can be, and, con=

. secuently, the bigher will be the renge resolution of the system. However,
~utomstic range tracking systemsbecome more complex and slupgish with a

44 l2rger number of integrating 2lements within them, Most commonly used in

practice, therefore, are ~ulsed sutomai.. range tracking systems with one
<t or two interr~tors.

¥¢ & thoronrh investigation of all ihe properties of automatic range
- trackineg systems by analytical methods ovresents certsin difficulties since
it is essoci~ted with the solution of equations with finite differences.
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Therefore, in the majority of cases when investigsting opulsed trecking
systeme they nre replaced by enuivelent continuous operating systems snd
their characteristics =2re evaluated by a sonhisticated automstic cantrol
+pnaratus based on the linear theory. Any ~ulsed tracking system can be
renresented with an adenu~te depree of accurnacy, foir 31l orectical purposes,
bv en enuivalent continucusly operating system and, thereforz, desaribed

W 2 linesr or linearized differenti»sl e~uation cf an a~nropritzte order

in those instsnces where the time for establishirg transient prccesses

in the system is severnl times sreater then its time constent 1-12J7.

Automstic Range Tracking Systems With One Integrator

Block disgrams of continuous action tracking s;stems with one integrator

1, 5, 8 7/ and ennivalent av“omstic ~ulsed tracking systems are described
in Fiz, VI, 12,

The motion in a system with an integrating time discriminator (Fig VI-122)
is described by a linear, firsl order differential equation with a con-
stant cocfficient

at! .
g ¢-f.; = »
a +K Kt (vi.15)

in which X, = Kz Ky is the speed conversion factor of the system, 1/sec;
N 3s the coefficient charazcterizing the rote of chanre of the voltage
on the interrstineg condenser of the time discriminator with sn error per
microsecond, volts/(microsecsesec); %, is the trensfer coefficient of the
elements controlling the time delsy of tracking pulses.

The trensientcharacteristic in the svstem is

ty= i (1 — ), (VI. 16)
~net Lo error sismal chen es in accordance with /ush
AL Mg (VI. 17)

cr

Al = Ato(l — Kt | -‘_,!!-K'ifg-- ---)&'410(1 —~ Ky, (VI 18)

in vhich %45, At, =2re rvespectively the input effect and the error
#ipns ]l eorresnonding to the initial moment of time; K = Ky Tin is the
cimensicnless transfer coefficicnt of the system: n =0, 1, 2....

Lok (e

)
i

T=iz tyne of automrtic tracking system is stable if 0 <K €2, When %
0 < X <1 =2n aperi.ic transient process obtains, and when 1< K < 2 é
= daaning, jecillatory, transiert procese prevails. “hen K = 1 the 2
error ic eliminsted in »nc m=ain ~ulse repetition period of main pulres. i

i
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The trensfer function of the cloced system is

AT I

o (1'7) == () 14 '/'.'\;:A,Tv

(Vi. 19)

in which T,ca= 1Ky is the time cnstent of the system,

ﬂ) ) am— [
5 '
t Y. Ky | A9 fe | b

= Ko
? J1apsi F §

Fie, VI, 12, Block diagrem of automatic tracking in range .v-:ter with
one integrator: a -~ with integrsting time discriminator; % - #.l.a aperio-
dic time discriminetor,

The tesic characterstics of an automatic range !racking system with an
aneriodic time discriminator (Fig. VI. 12b) ave detr wuined by the transfer
functions of an open and closed systems

%) == K;:_“__ . MHD
W (") == ﬁ| +To. ) (Vl-z())
Reproduced from |
best available copy. D (: = — , (vi.an
est avai () ) 7 ,\cul’2 + 2TAC,".';") +1
. [ Te. . 1
P

The steady state of the sautomatic range tracking system under consideration
cepends on the valve of the rnarsmeter ( . When (> 1 an. speriodic
daminge transient process obt=ins, »nd when ( < 1 » damping oscillatory
trensient process occurs. The transient charscteristics of the system for
cifferent vslues of porsmeter {, »re shown in Fig. V7, 13 [—157.

In both the firct and second systems the static error €5ﬁ;7 =0 1is
~hs nt. (the systems mcasure the range r to the stationsry objects accurate-

1v) but there is a sneed errcr of T w. + In the constant target velocity
ande this error is equel to

Sroc==, . (V122) (VI. 22)

in c»ntrast to automatic range tracking systems with integrating dis-
crininntors the second system has a speed “"memory" that decreases with
time. ‘'hen the target oulses disappoeszr, the tracking pulses do not stop
bt eontinue to move exnonentially in the previous direction for a period

of time arnroximately ¢~unl to T o The process of chinging the celay
time o tracking pulses here is described by the 2quation

a1
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in which t'30 »nd diia / 0t are respectively the tracking pulse delay
time and the estoilished speed of motion st the instent the pulses reflected
from the target dissrpesar,

¢y
23
)

10

“ize VI, 13. Transient characteristics of a“*omatic range tracking
&y stems with one integrator.

tutomatic Renge Tracking Systems With Two Inteprators

“ntomatic tracking svstems with two integrotors zre second order aststism
controlling systems, Therefore, in the cteady state with dr/dt = const
t~e sreed dvnamic error O rek 1s absent and there is no bresk in the track-
ing of ‘he tareet with a temporary disapoesrance of target echoes. In ad-
dition, unlike systems with s single integrating element, these systems are
capsble of uninterrupted sutomstic tracking of s target not only in range
but sreed as -ell. The signal proportionsl to range is tsken from the / L56
oatput. of the second integrator, while that proportional te the radial
velocity of the target is taken from the output of the first integrstor,

futomrtic renpe trecking systems with two series-connected integrators
~re structur=1ly unstable. Therefore, in sddition to the basic elemeats
they hrve sup;'lemental elements which stabilize the operation. Ordinarily,
steobilication 1s achieved by the use of & boosting element in the loop which
imparts the necessarv dvnamic characteristics to it. The circuits vsec in
these correcting filters are shown in Fig. VI, 1k.

e

X

J & R B

—iF =
TN o b1
u, {7 174 ufr £ [I‘ Unz
L 1 . .

Figo VI. 1he Circuits of correcting elements
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Tre first element (Fig VI 1hs) has a trensfer function of
wfu(p) = K, (1 —Tp), VI, 2L)

in which Ky = 3/Ry; Ty = RyCy
while the seconi has a transfer function of

15 T
W’,‘, (p) o= -g-l(-;.—'-’?::"{’-)— , (VI . 25)

in vhich » = Rp/(Ry + Rp); T, = R,C,

The element with the transfer function "KL(P) is meinly used in auto-
natic ronpe tracking systems with sn avericdic cime discriminator, and those
with » transfer function of #)o (p) are used in systems with integrating
time discriminators,

Block diagrams of sutomatic range tracking systems with the correcting
elements mentioned are given in Figs. VI, 15a snd 15b.

Sometimes, another method of correcting the tuning error is used to
arovide stabilization., IY consists in that the controlling action is made
up of two signsls, one of which is proportionsl to a single integral and
the oth-r to the double integral of the magnitude of error signal At
(Fig., 71. 15b),

In ~uvomatic ranpe tracking systems with two operating integrating sme
plifiers in order to produce a controlling action made up of voitages eaunl
o sin~le »nd double sirnal error inteprals it is not essential to use sn
addition~1l »mnlifier and a totalizing stage as shown in the block diagrem
of Fip, VI, 15b. This method of stsvilization can be most simply achieved
by coupling in the Jcorrecting resistruce in the feedbadck circnit of the
first intesrating Amolifjer. : / us?

The charscteristics of the »sutomatic rrnge tracking system shown in Fig.
TP, "5 -re coverned hv 1ne “sllowing tronsfer functions:

. Ky (L =Ty

L= ' (V1.26)

from (B T]
%ig: °:v“;f:b|; copy- P )
"'“ Txf)

h (I"} o~ T '!1“ 'Il_-.l 1\55. I 'i ” , (vl27)

in whinh K, - K NaKGRGR.

feosveten 1s stable only if Ty > Tga o The nrture of the transient
processen s do‘ reined by the nﬂrnmeters of the syrtem T Bj and I(a.
won 7/ Ky <0 - satisfectory transient state nrevails,

"he iransfer Yanction of the systems described in Fig VI. 15b are /Ls8
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W(p) = Ko 03 Ty

P gl (V928

Katt. 1,0

IO T A .
PV G5 s Kogkde s T

(V1.29)

in which K, 7 KK,.

'
AR 1 S i L --...t."-

7(%ep 1) Xy

2 v __":-._ ~ - —— e d Ky
’ ? F Jixpt!

hal

f.’ 4! -'I‘

A Aet Ap> tJ'
e L e & ]
~hiang Ky'. —-—'

" eproduced from
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Sie, VI 15, Block diagrams of »n automatic rge tracking system with
=:n rteseotors: - b we ratom-tic ranpe trocking systems with boosting
¢irments; ¢ -- »~ut astic renge tracking svstem circuits with corrections
for error sirnsls,

This svstem is stsl]m v . .
casiee ! he e--ln\l\'] ‘:. gtr .'] ; dhen K 2 Tk > "lKa Tk or When .q = 1. Ih SuCh
ase the smehility reserve decreases as q approaches unity.

: o @oreclerisvic: of » cystem with correction for error (Fig VI 15b)
re described by the following transfer functions:

o N Ky T X4 .

o (LK)
Puost? =3 % ,\',”\‘y xp - Ku)’

I\‘n. ,'lKN: KY' .

(V1.30)

(D (/I, T,

(V1.31)
in whi- K,
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* stahle condition in the system is determined¢ by the inequality
vk > Kyt Tog 3 it is insured throurh the aopropriate selection of an
‘mvlificption factor for one of the branches of the totalizing device,

In systems with corrections for error which use as their first integrastor

an operating amplifier with capscitive-rheostat feedback, conditions for
stability 2re expressed by the ineauality

A > KaTo (VI. 32)

SR X P TSR SR R AN
AR
. .
>

in which Ry 1is the smplifier resistance in the feedback circuit; R, is
tre resistsnce inserted between the discriminator outout and the in-~ut of
the onerational ammlifier.

In »n 2utomatic range tracking system with two integrators errors in
range measurement will acpear only if the targ-t is in accelerated motion.
The acceleration error is expressed in the formula

8ryoc = s (VI. 33)

in which a 1is the acceleration of the target.

. “rrors in Automatic Range Tracking Systems Caused by Input
"cise and Inctabilityv of Time !elay Devices

lutomatic tracking system errors due to the effects of noise snd various
ingtnahilit<nas in time del»y devices are of 2 random nature. The masmitude
of these errors is estimeted as a mean squsre value.

"o renn saquare error due to input noise is equal to / LS9

Cpg - l/ 55 .J;S..,l(w)lw’(im)i’dm. (VI, 3kL)

an- 'he frrar due *o instahility of operation of the time delay circuit is

o |/ i | Sutolor oy i, (V1. 35)

in wiich ¢ is the sveed of propagation of electromagnetic energy; Spg (w )
iz ' sueelrzl density of the interference voltage at the output of the

' time ciscriminatorl (Note: 1. Lhe expression for Spg (w), provided that
the time error sipn~l does not extend beyond the limits of the linear

' sortion of the time discrimi.ztor curve and the target pulses are not limited
{ in =rmn1't 108, will be founa in reference [—947 ¥y (a>) is the svectral
caveite a7 erpar sienal Ctp.  due to the unstable operat1on of the time delay
‘ fevira: W (i) - W de) is the freauency charsctersitic of a closed

‘ b it 1)

———n.
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svstem error signsl due to noise; W (j®): ——-5— 1s the frequency
chrgacteristic of » closed svstem for the error Aty.; W (jw) 1is the

: frequency charncteristic of an open system; W! (j(ﬂg is the frequency

characteristic of »n open system witheut time discriminator.

Zxnressions for fremency charrcteristics ¢f( jw) -nd 4) (Jw) of »uto-
matic range tracking systems a2re given in table VI, 1.

The mean square range tracking error due to irput noise denends on the
~assband (width of freriency characteristic) of the sutomotic range tracking
system. This error decreases ss the system passband decreases. However,
it shm1ld be borne in m nd that as the band is decreased there is a restriction
in the frequency spectrum of useful input sirnal passed by the system, and,
therefore, there is ~n increase in the dyn~mic tracking error. For that
reason the onazssband of ~utomatic range tracking systems is selected on the
basis of compromisine considerations.

E
;
:
:
5
H

h
M,

ﬁ. “per-*ing Principles of Automatic Systems of Tracking for Azimuth
With Systemstic Comparison of Signals

General Tnformation

Automstic systems for tracking in azimuth with successive comrarison
of signals =rc continuous operating tracking systems with 2 single channel
for Lthe recention of tareet sirmals. Here, formation of the error signal
which sutomatically causes the axis of the antenna svctem to coincide with
the line of sight to the target is achieved by comps..np the amplitudes or
the phaces of the echoes received., Amplitude methods for comparing signals
are most commonly used in shipborne radar sets with automatic systems of
tracking for azimuth; only one antenna is required. ?Phase comp-rison methods
reauire the use of two antennas separately spnced in the plane of the
coordinate measured, and four antonnss are needed when tracking a target in
two planes -- azimuth and elevation.

DAL RR S  E po rceprrad it B AR 3

Depending on the method used in forming the equisignal zone, smplitude
systens of =~zimuth tracking s»e divided into conical 2nd linear antenna besm
seanning systems., The latter, in turn, are subdivided into s, .ems with
scanning in one plane and systems with scanning in two mutually ,erpendicular
nl-nes. AMutometic svstems of tracking for zzimuth with conical and linear
scanning of the radiation pattern in two planes arve used when it is necessary
to ‘nsure simultsneous tr-ckin- of the target by two sngular coordinstes.

e
§
%
%
%

£onieal scannine of a radio beam is accomplished either by rotsting the
exciter, which ic located a certain distance away from the focus of the
narabolic reflector, or bv rotating the reflector about the »xis which is
not ~liened with the direction of maximum radiation of the major lobe of
the antenna's rodiation pattern. Linear scanning of an sntenna radiation
oattern in the plene of the tracked ccordinate is achieved by suvccessively
swilciiing into ihe rader receiving and transmitting circuits twe fixed

a7
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exciters disposed symmetrically with respect to the focal axis of the N
reflector. The successive commtation of exciters is accomplished mechani- : %
caily or with a ferrite circulstor. i =
Tn both conical and linear scanning the direction of maximum radiation ?

or recepti: is shifted relative to the equisignal line by a certain angle %
Y , the magnitude of which substantially affects precision of tracking _%

and the effective range of the system. The optimal value of anple VY is x
equal to — %
m S . ;

‘Yonr‘-:o.dﬁot‘ (\]I. 3.'5) g

N

in which fﬁo is the sperture angle of the major lobe of the radiation é
pattern through the half power points. é
The value of YonT which is determined by mesns of formula (VI. 36) %

is not critical. Dlecreasing 'Y mekes it possible, at some sacrifice of %
accuracy in the equisipnal method, to extend the operating renge snd E:
imcrove the resolution of the system for a particular coo-dinate; conversely, 5
increesing Y results in pgreater accuracy with a reduction in range and &
lowered resolving power. In practical work, therefore, depending on the i
specific requirements imposed on a system relative to accuracy in direction 3
finding and range of action, angle Y is so selected that the power of the §
signal received, without error voltage, be no less than 0.8 - 1,65 snd §
rarely 0.5 of the maximum value, 2

ol

In the case whare the antenna ig set for receilving only

v Yo = 0,6ﬁu- (1, 37)

MAutomatic Svstems of Tracking for Azimuth
4ith Conical Scanning

SRR MRS DG

Ll

T

The basic layout of automatic systems for tracking in azimth with conical
scanning of the antenna beam is described in the block diagram shown in
Fie VI, 16; such systems vsry ss to purpose and area of installation.

Fi~ure VI 17 shnws the cu~ves of signals at the most characteristic points,
.he disprems are cffered for those instances where the target deflects swav
feom *he eqiisignal axis (0x, ) by 8 certsi) svatial angle 0 <Y,

iR s

"a¢ sv:tem onerstes a5 follows, The scannning motor causes the axis of
Ler redin baam to deccribe # conical surface in space at a frequency of £ .
“t ic same eleciric motor turns atwo phase generator rotcr synchronously
with the antenna radiat.on p~ttern. The generator develops the azimuthal reference
voltage u, p= Yon 8inilt and the elevation reference voltage
Ueng = Yoy Cos2t t. These voltages are fed withont conversion or after
conversion into squ-re waves ‘nto anpropriate phase detectors.
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If the antenna axis (equisignael line) does not coincide with the line
of sight to the target, i.e. if there is a nisalignment crror e ,
a periodic succession of pulses u;, 1is tsken off the receiver cutput;
these are amnlitude modulated with an envelope determined by the expression

Ugp == Upp o |1 1= icos (Qf 1 4p)],

in which Up o 1is the amplitude of the signal received when 8 = 0;

m 1is the deoth of amplitude modulation of rsdio pulses at the input of
the receiver; d&is the circular frequency of rotation of the antenna beam;
WP,is tre anpular coordinate of the target in a plane perpendicular to the
sntenna axis, and, accordingly, it is the initisl phase of the envelope
(measuring from the vertical half plsne).

When the misalignment error of © <7 (tracking cycle) the depth of
amplitude modulation is eaual to
me M6
in which gL is the slope of the direction finder curve,

When 6 > (operating cycle during which the equipment locks on the
target for automatic tracking) modulastion becomes non-sinusoidsl end the
second harmonic is the most intensive of the higher harmonics,

The periodic sequence of pulses Unp Procgeds to the error signal meter.

To sep=rate out ihe error signal of frequency i.e. the voltage

teo * Yoo €05 (SUt +W ) use is msde in the metering devices of pesk
detectors with a time constant for the discharge circuit of TDJAE:T and
resonance filters tuned to the basic harmonic of the amplitude;ﬁgaulated
pulse envelope,

Upp
a) e Y "
g Ugo it
b E J /'\\//’ ¢

&7
B, 0.2‘,3 [ 0193 uCﬂF 7 ?
_//// Nt
Upre ‘ .

ox 1N 2N .
N N ’

:gm
. rg%

—

Uynpe

F.T —=

-1

Fir, VI, 17, Component errors of 6 in & plane verpendiculsr to the
‘x.= of the antenna (a) and voltage curves of the circuit shown in

fir, Y 7Ab,
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Fig. VI, 16, Block diagram of system for automat1c tracking of
target in azimth with conicel scanning.

K7f: 1, Reference voltape penerator; 2, scanning motor; 3. drive motors;
. power amplirier; S. amplifier; 6. phase detector; 7. power amplifier;
£, =mplifier; 9. phase detector; 10, amplitude detector; 11l. videc ampli-
fier; 12, sienal error envelops detector; 13. error sismal amplifzer;

14. error signal meter; 1Y. IF amplifier; 15, sutomatic gain control AGC;

17. converter; 19. target signals; 15. target selection in range; 20.
receiver,
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: An sutomatic system of tracking for azimuth czn operate ncrmally only
] if the error signal smplitude is independent of targat dimensions ang its
distance from the radar set. In sctual practice the conszbancy of Ugyq
for various distances away from the target snd for various effective 12flecting
surfaces of targets is insured by the use i) the receiver sf sn automatic
. fain control system which changes the gain in a manner inversely proportional
. to the mesn velue oy the pulses. In order that no noticeable demodulation
may occur on account of the automatic pgain control operation to the error
simmal, which carries the information about the angular position 8 of the
target relative to the equisignal direction, the gain control system

should have a sufficient degree of inertia with respect to the oscillations
of the frequencyLh .

The error signal voliage obtained, whose amplitude is proportional only
to the magnitude of anrle © while its phase unambiguously determines
the direction to the target, is fed to the two phase detectors. In the /u65
~hase detectors the error signal vcltape is broken down ints two direct
current voltages, one of which, uynpB , is proportional to the deflec-
= tion of the target in the azimuthaf'ggéne, while the other, ., is
nroportional to the deflection of the target in the elevstion plene.

Fgkeoriatd

The controlling voltage ¢f each channel is amplified snd fed to thz
aporopriate drive motor. The latter rotates the antenna in a menner so that

s

E: 8 =20,

;. ; Direct current motors operating jointly with electromechanicsl ampli-
1 fiers are most frequently used for driving antennas. Two phase motors

& with bell-sh=ped hollow rotors and magnetic smplifiers are used in some
g ! systems,

The =ntenna scanning frequency (L is the carrier for the input value
(movement of target), therefore its lower limit is taken at 5 to 10 times
preater than the frequency of the essential harmonics of the input wvalue.
'he urper frequency limit of conical beam scanning in space is determined
» the mechanically feasible speeds of rotastion of the anteonna elements.

“e121ly, the frequency of nresent dsy automatic azimuth tracking systems
is between 20 and 100 revolutions per second.

Autcmatic Systems of Tracking for Azimuth “ith Linear Scanning

The bleck disrram of a typicel automastic system of tracking for azimuth
w#ith linear scanning of the antenna radiation pattern in two mutually
E . perpendicular planes is shown in Fig, VI, 18, Scamning in the azimuthal
rlzne is done by a'ternalely switching in the exciters 1A, end 241 to
‘ the receiver; in the elevation nlene it is done bty switching in exciters
2 - 1b ané 2b, The exciters are switched in to the receiver by means of a
“errite circulator controlled ty 2 commtator. During the first half

‘criod of switching, Ty/2 , the exciters 171~ 2 % are switched in, and
. doring the second half vrrind the exeiters 1b -~ 2h  ~ra guiteh

2 1
_______ na.vvusu ..l.n OI‘

E tre other way around., Each exciter remsins switched to the receiver for

] 91
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the period Tx/2n in which n is the number of connections made during a half
veriod,

If the target is on the equisignal zone axis Ox 3 a periodic succession
of constant amolitude video pulses is obtained at ‘the receiver output during
toth half periods of commutation. When the tarpet is displaced from the equi-
signal line by a certain spatlsl asngle © amplitude modulation occurs.

N The pulse envelopes in each half period Ti/2 will be square shaped waves,
> The souare wave of the elevation channel is shifted in phase by 11/2 relative
to the envelope of the azimuth signal channel. For small values of © the
amplitudes of these envelopes sre proportionui, respectively, to the 0p
and 8 components‘of sngle © , and the phases relative to the reference
voltages uonP and wog, developed by the commtrtor are determined by the
direction of deflection of the target.

Inasmich as the zzimuth and elevation channels are identical and operate
independently of one another thez voltage curves in Fig. VI. 19 are riven
only for the azimuth channel. The voltage curves up €3 Ycog s and uon g
g@a differ from the curves of the azimuth channel corresponding to them by the
ot ﬁ& fact tha. they are shifted in phase by 1T/ 2,

S 3 After separating out the wso@ and ugoge envelopes in the error signal
. meter they are fed to the phase detectors. As a result of comparison with a
. suitable reference azimuth at each phase detector output we get a control vole-
tage. The velue of this control voltsge uysp® is determined by the depree
of deflection of the target from the equisignal plane that passes through the

i Oxp 5 and Oyp 3 sxes, the sign beir; determined by the direction of the deflec-
3 tion. The velue of the voltage uynp £ is determined by the degree of deflec~
5 tion of the target from the pi=ne pasé%ng *arough the Oxp 3 and O axes
: ‘ vwhile the sign is determined by the direction of deflection away from this
S plone,
T *fter smplificationr, the control voltages act on aporopriate electric

motors which rotate the antenna until the error signal 8 becomes zero.

i In the automatic system of tracking for szimuth with lir=ar scanning
the smolification »nd error signal conversion channel, as well as the
servo mechanisms are not dissimilsr to those found in the azimuth tracking
systems with conical scanning,

5
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The frequency of scanning cone flipping in one plane varies between 20
and 50 cyeles, Moreover, the frequencies may differ for different scanning

nl.2nes,

A

fatomatic Systems of Tracking for Azimu*h With
Phase Nirection Finders
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fn ~ntomatic svstems o trackine for azimuth with phase direction finders
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Fig. VI. 18 Block diagram of
automatic system of tracking for
azimuth with linear scanning in two
mutu~lly perpendicular planes.

“€Y: 1, Fxciter; 2., ferrite cir-
calator; 3. commut~rtor; li. nower
smolifier; S, amplifier; 6. phase
“Jetector; 7. power amplifier;

8, amplifier; 9. phase detector;
10, receiver; 1l. error sigual
meter,

=y
0 ¢
L]
| = =l
uang, 2n ' 2n
p' 0-—] ¢
| B 7, —
[ 4
Uynpt 2
0 ¢

Fig., VI. 19, Components
of error sirmal 0 in the
plane perpendicular to the
equisignal zone axis (a),
and voltage curves of azi-
mzth chamnel in the cir-
?uit shown in Fig. VI, 18
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[_8, Ty 11_7 and successive compsrison of tarpet sirnsls received the azi-

muth »nd elevation tracking channels are similar both in opersting principle

and mechanical design. The block diagram of Fiv, VI, 20 is basic to both,

The system works as follows, Separated »ntennas are successively switched

in to the error sirnal phase detector by means of a ferrite circulator con-
trolled by a commutstsr. A voltage wuge from a synchronous oscillator is fed
1o this detector to provide informstion about the ansular position of /is68
the tarpet relstive to the equisignal line.

The oscillations of the synchronous oscillator should be synchronized
and phased with the oscilletions generated for illuminating the target.
Therefore, in the sutomatic systems of tracking for azimuth under consider-
stion *the synchronous local oscillator function is performed either by
the oscillstor in the transmitting system or by sn auxiliary, low
directivity receiving antenns whose axis coincides with the equisignal line
of the main antenna. In both cases additional corrections sre made to the
ohase of the ucr voltage with the sid of a phase inverter. The phase ¢p.
of the u,. voltage is so selected that if the target is located on the
equisignal line the error signsl wu,o will be equal to zero.

The voltage developed by the error signal phase detector is amplified
and then passed to the second phase detector whare it is compared with
the reference voltage, The reference voltage is the signal of the commutator
which controls the operation of the ferrite circulator., The controlling

voltage from the second detector is amplified and fed vo the sntenna rotating
motor,

The max:mum speed of operation of the sutomatic system of tracking
for azimuth with phase cdirection finder and successive comparison of
signals is determined by the signal averaging time at the input to the
second detector; it amounts to several periods of the commutator Tk.
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Fip. VY1, 20. Simplified block diagram of sn sutomatic system of tracking
for azimuth with phase dirncetion finder and successive comparison of signals

(=) »né voltape curves of error sipgnal u,, for three positions of target
rel-tive to the Oxp axis and the reference voltage u (b).

Ki¥s 1. Drive motor; 2. commutator; 3. ferrite circulator; ). error sigmal
vhase detector; 5, error signal asmolifier; Sa. phase detector; 6. power
ampliftier; T, ohrse inverter; . svnchronous oscillator; 9. amplifier,
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7. QOpr-rating Principles of Automatic Systems for Tracking
in Azimuth With Simultsneous Comparison of Simals

General Informstion

Automrtic azimuth tracking systems with simultancous compsrison of
sivnals are continuous operation trecking systems.

Depending on the principles of direction finding used, monpulse automa-
tic azimuth tracking systems sre divided into two typss: amplitude tracking
systems and phase tracking systems, / 69

Systems of Automastic Tracking for Azimuth
"ith Separate Utilization of Signals

fienerally, the amplitude, monopulsed sutomatic system of trscking for
azimuth consists of two closed, independently opersting tracking systems:
azimith and elevation systems. The operaving principles of these systems
sre identicsl.
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“TY¥: 1, “ixer; 2. logerithmic »mplifier; 3., amnlitude detector; L. locsl os=-
¢illator: 5. ammlitude discriminator; 6, mixer; 7. loparitamic smplifier;
.o amtlitnde retector; 9, nower amnlifier; 10, »mrlifier; 11, drive motor

Fir. VI, 21, ~lock diagram of a monopulsed autoratic system of tracking
for gzimuth with amplitude direction finder,

The besis of the automatic system of target tracking by only one anpulsr
cnordinate is seen in the sirplified diagram of Fig, VI. 21. The transe
mitter and auxilisry devices for selecting targets in range are not shown
in th's diapram,

To describe the equisipnal zones coinciding with the plzne of the coor-
d‘note being measured, the radi=tion pstterns of two antennas are shifted
b the angle 2 'Y determined by formula (VI, 3A) when the sntennas sre
operating on reception and trsnsmission, and by formula (VI. 37) when the
rvaiprent it for operstion on recention only.

sech entenns or exciter shifted with respect to the psraboloid axis is
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is svitched to a particular simsl converter channel, When the lareget is
deflected from the equisiegnsl line 0O 3 bv a certain angle 8 the fol-
lowine voltzres will appesr on the converter channels: / L70

ty,y == KF (v, 7 0) s ot
Uy = KF (v, £ 0) s oof,

in which K is a coefficient which is a function of the sirnal strength
and antenne voltage eain; F (. . o ) is the standardized antenna voltage

radiation vattern; Y,is the anple between the line of maximum radiation
of the directivity pattern and the sntenns equisignal line.

These voltages are smolified in the intermediate frequency by logarith-
mic nmolifiers sncd then fed to the smplitude discriminator (of the subtracting
device), In order that a comp~rison of sipnal smplitudes only may occur

within it these voltages are first oassed through the amplitude detectors
before being fed into the subtractine device.

After comparine the amplitudes of two simultaneously received signsls

the cortrol voltage at the output of the direction finding device is squal
to

- K =K, U Flya 0
")’r-r - AI-P(HII ] —”'112) == K‘- Pbuuyotn F(Yo + v, * (v.:[’ 38)

in which K., is the smolitude diseriminstor gein; Uy, is the initial
output voltzpe of the logsrithmic amolifier, o

At small angles of target deflection from the enuisignal line j4 O <«<1
mere AL recresents the direction finder sensitivity or the absolute value
of tha rel=tive slope of the radiation psttern at the point of their
intersection, the voltare Uynp will be determined es follows:

Uy, = SK:' tw)Umn x> 21\’0}‘"0

(VI. %)

in which Kn =44 5 U, o (.

The walues of direction finder sensitivity for an approximation of pst-
terns by various functions ire piven in Trble VI. 2,

Loparithmic eamplifiers »re used to eliminate the affacts of a strong
received sifial anc the zain of the receiver on the siope of the direction
finder curve of the systems 1n 3 simple subtraction of detected and smp-
lified sirnzls the control voltsge U, pgo and, therefore, the slope of the
direction finder characteristic curve woulc denend not only on the error
signal angle but also on the factors mentioned above. By using lozarithmie
»rplifiers, however, this drewback is eliminated since the control veltsge

is proportion=1 not to the difference in smnlitudes of the sigmals received
tut to the quotient of the division of »mplitudes.

‘rm1itude boostir~ imceses soecific requirerents on the narameters
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of cacn of the channels in the radio csystem,
in the pain of the sevsrate chsnnels errors will crop up in determining

If there is any ineouality

the equisirmal direction, Special meassures should be taken to meintain
similar and stable transfer constents in both amplificetion channelc.

The volt~ge Uypnp , amplified beforehsnd, whosc magnitude i proportion-
»l to the absolute value of the error signsl 6 »nd whose sipgn determines
the direction of deflection of the target from

3 is fed tc the servo
- rechsnism moteor in the svstem to match the equisignal 1line with the direction

3 to the tracked target. The motor will rotate the antenns toward the target
2 as long 8s the displacement sngle © 1is other than zero.

§ Amplitude Systems in Automatic Tracking for Azimth

4 ¥ith Sum and Difference Processing

. in these systems the signal amplitudes of both chennels are conpared

E directly st the antenna outputs before they reach the recciver, This kind
E

of corporison of sipnels greatly reduces the requirements for equality of

fein by the receiving channels of the system, snd, therefore, it insures
highe~ tracking accuracy.

i

oy

Comperison or alpgebraic summetion of high frequen:y signsls is accomplished
either throurh the use of "double T" waveguide bridgss (Fig, VI, 22a) or
waveguide (hybrid) rings (Fig. VI. 22b)., Both tyves of wrveguide devices

are the same as to charsctoristies for receiving sum and difference signals.

However, the wave-uicde ring is more sensitive to changes in wevelength and
is more comnact since it is disposed in a single vplane,

it N o b
Ay Gt

e Py
L

h,*u,
&) liy ' [

N

b

L

o duced from ‘9

. ﬁf.‘,’.' oavuailablc SOPY.

i Fir. VI, 22, ‘“lavepui-e devices for receiving 4he sum and difference
73 ol ‘wo signals: a2, doucle "Twshrped" waveguide bridge; b, hybrid ring,
E The tvpe circuit shown in Fig. VI. 23 is the bssis of multi-channel sys-
! . iems o nutometic target trecking in two planes, Shown in Fig. VI, 2k are

‘e ecipection2l chinaractrristics of an antenns system used for a summation
arerpel {Fip, VI, ?ls) snc two difference chennels (Fig, Vi, 2ib, c¢).
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The syrtem op-rates as follows. [hree signals are formed from the
voltages uj, up, u3, »nd uj taken off the senarately disposed antenna
exciterss

summ~tion signal

- et IS

Uy = K(u: + ug) + (uy + u‘)f =
=2K[F (v ¥ 0p) + F (v % 8] sin (0t -+ @);

two ciffererice signals

ug = Ky +us)— (ug + ug)] =

= 2K |F (y ¥ 09 — F (v = Op)] sin (wf +f); -
tg = K [(uy -+ ts) = (g -+ 1)} =

= 2K |F (v ¥ 0) — F (v £ O} sin (o - Bo),

in which K 1is the factor taking into account antenna gain and signal
attenuation in the summation devices; F (. . o) is the standerdized radia-
tion pattern; Y is the angle between the maximum radistion direction and
the reflector axisas-the optimum magnitude of this angle is determined from !
the conditions set forth in (VI, 36) or (VI. 37); 6p , 6 are the azimuthal
and anguler displacements of the target relative to the paraboloid axis;

P is the fiexed phnse angle constant,

The signasls ug, ug, »nd ug¢ po to the input of the three channel
suoerheterodyne receiver. In o-der thzt the ranpe voltage uy simultsn-
eously be the reference voltage for the azimuthel snd elevation signals
it is first shifted in phase by the =sngle M/2, In the receiver all thrze
£iprals are converted into intermediste frequency signals, smplified in thet
“reauency, and then fed to the svoropriate phase detectors. In the phase
deteators the gzimuthel signsl snd the angular elevation sipnal sre multie
plieu by the reference signal.

Diyect current nulses, vhose amolitude and polarity impart the magnitude
»nd sirn for »neles HBp »and 8¢ respectively, are trken off the phase
detectors of the azimutha1l and elevation chsnnels., In order thet the
smplitude of these pulses msy not be dependent on changes in amplitudes of
the summation chennel simal (ranpe chrnnel) fast resnonse automatic gain
c niro) systems operating fr-m the swmmstion channel sre used in systems of :
trackin~ for azimuth with sum and difference processing of signals. During !
the process of sutomaticelly tracking a target the fast response automatic
cain control maintains a fixed signal amplitude at the output of the surma- :
tiorn chrnnel snd develops a gain control voltage for the azimuth and eleva- ;
*ion chrnnels whose chonge is inversely proportional to the amplitude 3
voltsge at the input to the surmation channel. Therefore, after the direct
current pulses pass through the appropriate video amplifiers and pulss
detectors they are converted into controlling voltage

PIETOR

PRITTN

Ko aRu yUelF (7 = 09)—F(y = 0 )

Uy g, =< TR per [F(Y 0y —_F_H?:T):)—i T (V1.40)
, . Ky aKn. yUs [F (v = 8) — F (y = 0)) ,
e R FR R R FGg (VMR
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in which K4n -~nd Kg, are the transfer coefficlents of the phase detzctor
and video amnlifier, restectively; ', 1is the amplitude of the output signsl
nf the summation channel if it has a quick response automatic gain controlj;
snd Kper 1ic the transfer coefficient of the quick response sutcmatic gain

¢ ntrol, The poer voliages uynpB =nd uymp enter the power drive
mech-nisms which rotate the antanns until the axis of the paraboloid coincides
with the direction toward the targst, i.,e. when ep and 8¢ are enusl

to zevro.

N v———

Phased Systems of Automatic Tracking fer Azimuth

_ AMutomatic systems for tracking in azimuth with phased direction finders
/79 7 by the method of chunging the sp~tial position of the eruisipnal line
are divided into the system with mechanicsl rotation of the antenna and tha
phase delay (Fig. VI, 25) system,

If there is =n anpular difference in @ between the direction to the
torget and the position of the eouisignel line Ox, ¢ the signais at the
outout of both antennss zre determined by the expressions:

uy= K F @ (ot - Z-dsind);

u, = K,F (") (wl —Zdsin o) .

in ~hich K n is the proportion=lity factor devending on the signal strength
-~nd the antenna gain; F (. . .) i3 the standardized sntenns redietion
nzttern; A is the wavelength; d 1is the distance between antenna foci (base).

The: signais u} and vy are smplified in the apnropriste chsnnels of
the two chonnel superheterodyne receiver. To get a direction finding response
curve with central symmeiry the signel ie shifted in phase by the sngle IT/2
in one of the receiver chrnnels., Uniformity in the slope of the DF response
curve is insured elther through sutom-tic gein control devices or by utilizing
signsl =rplitude limiters in tre IF =mlifier ch-nnels, !

The following voltages zre taken {rom the interwediate frecuency smplifier
gutnubs:
for circiits described in Fig. V. 2%a

Uy == . o SN (m,, of -} —;ﬁ-).

b b A S 3 R

Up = Un. e $in (wn. ul == -g—) .

?

For cirenits snown in Fip, ¥I. 25b

y == Uorp sin (0331. of - '%‘),

Hy == Uprpsin (w,,_ of ~ -g- - sp) ,
101
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in vhich Upn i5 the rmnlitude of sirznel pulses at the IF amnlifier ontput
whose megnitude is stabilized by the autom-tic gain control system; Wy is
the intermeciate frequency; p=2m/4 dsin € is the phase difference of sig-
n=ls received from the dispersed ~ntennas; Ugrp 1s the amplitude of signal
“ulses at the output ot the Limiter; lp is the variable vhase shift intro-
duced by the phase ccascrter,

fhe signa’s n'y »2nd u'p are fed to the phase detec: r which performs
the function of a ohase discriminator in these systemss From u'y and u's
a2t the phase discrimin~tor output & periodic sequence of direct current
nulses i3 formad. lhe s-suence is determined for the circuit in Fig,
Vi, 258 by the expression

Uyep == Kg. pUn. o 3in (-3% dsmo) . (V1. 42)
s "o the circuit in Fig, VIL 25 by
uwp==K¢.bhmﬂn(-%idﬂﬁﬁ—-¢), (I. 13)
in wnicl i<¢? . “nw transiey zoetficient of the phase discriminstor,

4t umall -ngles of error of 9 the voltage at the phese discriminator
nutput is e~nal to

. 2 )
byrp 2= K@. pUu. «8in '—)’1 do, (VI o M‘)
flygg == K\‘;, p(”mp sln (—2}'1— d0 —_— \P) . (VI. hS)

After conversion by the pulse detector and low frequency filter into
direct carrent voltages +Lhey trigrer soorepriate drives which chsnge the
spatial vosition of the equisiznsl line., In the sutomatic system of tracking
for azimuth stiom in Fig. VI, 25a this is achieved by mechenically roteting
the anlenna mechanism , =»nd in the system shown in Fig., VI, 25b it is
achievad through the action oun the phase inverter which controls the amount
of phase delav in one of the channels of the systenm.

The mrrked advantage of the svstem with phase delay and fixed antenna
is its nuick response,:this condition 1s pessible because leovpe masses do
not have to ba disnlaced mechanically,

8. Basic %lements of Systems for Tracking in Azimuth
Phase Detectors {I’iscriminstors)

h nhagse drtec’.or is s~n electronic device used to convert the difference
in phase of two sirnals hoving the s2me frequency into direct current
volteze whose mrgnitude is geners)ly nroportionsl to the smmlitudes of the
eienals, -nd whoge nol-ritv is » function of the nh-se differences of these
voltopes,
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- Phase detectors are divided into brlance¢ and circular tyoes. Balanced
g nhase detectors are generally used in r~dar sets with automatic azimuth
3 tracking systems, The detectors mey be diodes or triodes.

% Reinnced diode detectors ~re designed in accordance with the circuit

- . shown in Fig. VI, 26. Their operating principle is based on the addition

.. and subtraction of »n error signel voltage ug, (of one sismal) =nd a re-

L ference voltage uop (of a3 second signal). g‘outnut voltage of the

e device is equal to the difference in voltage.drops acros3 the resistances

2 * Ry 2nd Rp,

4

e ‘g
k! H
= Usy

£ oy

anrrun Awv—

Fig., VI, 26. Schematic diagram of » diode balanced vhase datector

8 (in 2 balanced circuit Ry = Rp = R; Cy = Cp = C), ;
?; The following disadvantages are peculisr to diode phase detectors: :
3 -- they have a low transfer coefficient (less than two);

E -- the power required from the error signasl source depends on the

3 load connected to the output of the circuit;

' -~ circuit bslance depends on load balance;

B -~ with large error signals it is difficult to insure the inequality

Tm <K Um2.

y: Triode shase detectors have betier performsnce characteristics. They

i not. only convert the siensl but simultaneously smplify it. Depending on

@g the method by which the error sipmsl up, 1is fed triode phase detectors

1} are divided into those with symmetrical fnput and those with ssymmetrical

3 input. The former mgy b2 single cycle or two cycle. The two cycle phase

= detector circuits differ from the single circuits in having not one but

3 two pairs of triodes in 3 two cycle (push-pull) connection.

'f’ Amplitude Discriminatora

i_ M »mplivude discriminator is sn electronic or electromagnetie device

kR | ‘for example, a type of magmetic amplifier) whose output voltage is pro-

* dortional to the difference of the instantaneous values of two input signals.

3 ) . Uy == Ka p(“a‘t"‘ulx 27' (VIo ,46)

3
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in which Ka,p is the discriminator transfer coefficient; Upxy snd Usyxo
are the instantaneous values of input signals.,

Fig. VI, 27. Circuit of an electronic amplitude discriminator

Because of the low input resistance of electromagnetic amplitude discrim-
inalors only electronic types of discriminators are used in azimuth track-
ing systems, Usually, these discriminators are designed according to s
direct current symmetrical differential smplifier (Fig. VI. 27).

Circuit symmetry is obtained by equalizing the plste loeds (Ray = Rpo = Ra)
and having tubes with identicsl parameters. Due to the spresd in tube
parameters the circuits of electronic differential amplitude discriminators
are not ususlly ideslly symmetrical; instability of power supplies slso
affects the outnut signsl. To decrease zero drift on account of instsbility

of power supply, neg-tive feedback, accomplished by spplying s 1large cathode
resist~nce Ry ,is used in such circuits,

Actually, zero drift c=n be disregarded if Ry resistsnce values are
selected in »ccordance with formula

R, = (10— i5) %:-’i"--

(VI, b7)

in which Ry is the internal resistsnce in the tubes; M is the ture
arplification faccor.

The transfer constant K, , of the symmetrical amplitude discriminator
Cepends on the prrameterz of t he tubes used, and the magnitudes of the
resirtence R, and load resistor RH.

. . n Ty .

Ko, = R (V1.48)

Ry Ry
in <+hich R, > R, iR
a 3 JO
Kep= R R (V149
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Error Signal Meter

A device which separstes out and »rmplifies an envelope from the periodic

.1 - train of amplitude modnlated video pulses from the output of the automstic
' azimuth tracking system with successive comparison of signals is known / L80
A as an error (misaligmment) signal meter, :
. . .
: ” amplifier
k: I with filter ;
.[_'9- detector ‘ i
video
o smplifier

;‘)4,\’, oG RIAT

3 Fip. VI. 28, Error sigmal meter circuits. .
¥ Brror signsl metering circuits widelv nsed in such systems sre shown in i
g Fig. V1. 28. 1In Figure VI, 2Ra the signai is demodulated by a separate
- diode detector, and in the circuit of Fiz, VI, 28b demodulstion is accomplished §
by en amplifier tube operating on grid detection. £
.‘, A condition for non-cistorted demodnlsiion of the sigmel in these 5
circuits is the inequslity /6 z
e T m %
',""" w2 VIS (vi. 50} 3
" in which Te, is the video pulse tracking period; T L is the 3
3 envelope period; m is the medulation factor. H
e . ;’3
: '; ‘ This condition is usually fulfilled properly in practice becsuse the / 4481 i
& ratio T2 / Tp4 has ar order of magnitude of 20 - L0 , while n3D 1, 3
For the error sirmal me‘er shown in Fig., VI, %8s the transfer constant o

N 106 3
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of the reak detector is emal to /[ & J

. Uy I
Ra =gy =7~

’
thy w

bogter (Vi, 51)

in vhich S, - S(Rig-i- R) is the dynamic clope of the cetector response
curve; By is the video pulse duty factor; Rjg = 1/5 is the internal
resistance of an open diode; Ry 1is the plate load resistrnce of the
oreceding stage; R 1is the detector load resistance.

The formula is v=lic¢ if the following conditions are fulfilled:

RCy & 051, Riz & R RC: 5 T

ed from ©
in which < " is the duration of the main pulse, t’,‘:{ o;i‘:’:ilab\o copY.

For an error signal meter with grid detection the transfer constant
of the detector is equsl to

— SJR"RR
TRy O0u(Ra+ R’ (V1.52)

Ra

in which S, 1is the slope of the detector tube response curve; Ry is
the clate load resistance; Rjp 1is the resistence of the grid-cathode

portion of an open tube.

Tn addition to the transfer constant Kn peak detectors of error signsl
meters »re characterized by a phase shift (pa of the output sisnal rela-
tive to the input signal envelope and by & time delay equivalent. Ususlly,
the phase shift is of the order of LAC - A0° while the time delsy equivslent,
which is » function of the detector parameters and the magnitudes R end
Cp is considero,bly sm~ller than the time constant equivalents encountered
in the folloving elements of the system. Therefore, the delay introduced
by the detector is not t-ken into sccount. The following voltsge is fed
from the neak detector to the error signal smplifier input in which IJnF
is the amplitude of the voltage at the receiver output

Ue = Ky Upp [+ mecos (S22t +9 ) 7

In »ny case, the amplitude of the alternating component of the output
voltage of the detector is ULy = K, mU;, , consequently the meter output
voltage is » function not only of the megnitude of deflection of the target
from the equisignal line (the coefficient of m) but also of the target's
dimensions -nd its distonce from the automatic system of tracking for azimuth.
“or normel operation of the automatic tracking system, i.e. excluding any
posribility of loss of stability it is necessary to insure proportionality
only between the error simal snd the megnitude of target deflection.

In ~utomatic azimuth trecking systems with successive comparisons of
signals this is insured through the use in the receiver of a conventional
nutomatic gain control (an automatic main control operating on a closed cycle)
anc through a swecial operatine mode of the error siemal amnlifier tube
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in the metering circuit. The amplifier tube is caused to asg;me such an
ooerating mode when its cheracteristic is essentially non-linear; the
direct comonent Uy = K5 Upp of the peak detector voltage is fed to
the tube grid as s biss voltage. Consequently, the slone change of the ]
sms1ifier tube response cu-ve is inversely proportional to Us {i.e,

' R (VI. 53)

) Given the required degree of stabilization of receiver gain by the
sutomatic grin conirol system the gquality of secondary stabilization of the -
error signal deoends on how »ccurately this condition is fulfilled for ;
the whole rznge of changes of U, In many instances, and especially H
when tracking large sized targets st shert range, the dctual character- ) :
istics of tubes may not sstisfy this condition., To obtain the required
relationship between Sz and U, on a broader ssction of the tube g
response curve a small resistance Rk is inserted into the cathode cir-

cuit of the emplitude pentode.

A e LR A i % R 1l

L s
anm——

Error Signal Meter Band Filters

In szimuth tracking systems band filters serve to secarate out the : ;
basic harmonic of the envelope of amplitude modulated pulses. Ordinsrily, :
they are s component port of the error sipnal amplifier contained in the

meter,

l
i
Resonant LC-circuits (Fip. VI. 29s) nnd double T-shaped bridges }
(Fig. 25b) tuned to the scanning frequency of the antenns beam find prac-
tieal aodplication as filters in automatic systems of tracking for azimuth.

dhebhdarAAd Ao SN B v s 8t

}s an element of the servo system, filters are characterized by the trans-
fer function for the envelopes. For a filter reoresenting a2 resonsnt
oscillating circuit coupled inte the plete circuit of the amplifier tube
of the error sirnz)l meter the transfer function of the envelopes is
determined by the formula

WMy e

. sz,
W) = et
M= T (VI. 54)

i in which S 1is the slope of the emplifier tube res~onse curve; / L83
4 Zp is the dynamic resistance of the filter; q'' is the time constant of

q the circuit ... 3’ : ;’ ”"Ei' 3 fL, ic its own resonance frequency; ©
al; —

is the Q-factor of the Eircuit ] -A-'/hé-; B is the filter passband,
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Fig. VI, 29, 1l»rrow band filter circuits used in automatic systems of
tracking for azimuth; a - resonent circuit; b. double T-shaned bridge;
c. tube narrow band filter,

For & double T-shaped bridge filter

W(p) =K :'/\% (V1.55)

in which !
K= T Tagrfy
Ty Ty — U007,
. 2
T = 2] - 1 ;
23 (Ti Tt — T'r"'Ta)
Ty=RCyi T,=RLs Ty=R,Cx
Tewwr== RiCy: Tews = RiCoopz

This formuls is ve'id when Kt .<Z1'Q,, assuming that the "resonant®
frenuency of the filter 2, is close to the scanning frequency.

The double T-shaned filter is used in szirxSh trocking systems in the
discriminating amclifier circuit. It is inserted between the control
rrid and plote of the tube in the amplifier stage on resistances with a
large transfer constant K, (Fig. VI. 29c). / u8L

The transfer fanction of the amelifier included by the negative feede
back tar .ugh the fileter in question is:

K, I 1 Ktp

PO = TR o ST KT W (V1. 36)

Svmmetrical nerrow bend double T-shaped filters are used in [T?_?
discriminating amplifier circuits, The prrameters of such filters are
selected from the relationship

RCy _ _ G+C (V1. 57)
Ry (Re -+ 43) [N '
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The transfer function of a cymmetrical envelope filter is equal to

S
W{P)*— {1, 41t (VIo 58)

end that of an amplifier with such & filter is
. _ Ko
Vo Kot VI
ol Ul (V1. 59)

here Q =

ed from

o
ReP'°duc|gb|c copY. O

best avai

4 9. Power Drive Boosters
General Information

Electronic, magnotic, and electromechanical amplifiers, as well as

B combinations of such ¢smplifiers sre used in azimuth tracking systems,

T As boosters, they contrcl the electric motors which direct the antenna

k- toward the target. The kind of system to be used for target tracking by

< angular coordinated is governed bv the type snd power of the driving motor.

If the drive motor is a two phase asynchronous unit, provision is

» ususlly made for a modulator in the structure of the amplifying device;

g its function is to convert the d¢ controlling voltage developed by the

' phese detector or amplitude discriminator into sc voltage with an amplitude
proportionsl to the meggnitude of the input voltage and a phase determined

; by the polerity of the input voltage. Since it is difficult to get stable
, amplificatiun with d-c electronic amplifiers, the mocdulstor in systems

E of this tyne precedes the voltage amplifier,

E If 2 direct current motor is used as the actuator there is no need /L85
, to convert the control voltage snd the inmput signal is boosted by the
o direct current smplifiers,

The power smplifier ic usually the terminal stage in boosters designed
to drive d-c or a-c motors. In the case of lower power motors the power
amplifier may be of electronic design with single cycle:circuit. A push-
pull circuit is used to obtain 2 relstively grester amount of power; in many
instances masrnetic amplifiers are used which have an efficiency greater
then that of tube power amplifiers. In systems with d-c motors electro-
mechanical amplifiers are most often used for power boosters.
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Modulators

Modulators are devices which convert = direct current signal into
altcrnating current voltage with an amplitude proportionel to the magni-
tude of the input voltsge and a phase determined by the polarity of the

. imput voltage,

Depending on their opersting principle moduletors are divided into
. commitetor and balsnced types. In the former the signal is modulated by
the commutetor of the vibrator type suxiliary device or by a rectifier,
In the case of balanced modulstors the signal moduletion occurs by
disturbing the circuit bslsnce when the direct current voltage is fed to

the input.

TR TV FIT YT e w

Fig, Vi, 3, Ring modulator

Pepending on the elements used modulstors are divided into [—7;7:
electromechanical types besed on the use of vibrator relrys;
rectifier types bssed on the use of semiconductor vszlves or diodes;
electronic types with electronic smplifier tubes;

magnetic types based on the use of magnetic amwlifiers,

~a

The rine moduletor (Fig. VI. 30) scts like a commutating type in its
osercting crinciple, but 3s far as the elements used it rel-tes to the
rectifier type. Conversion of the direct current input signal into an
s1tern=ting current sirnrl is bnsed on chenging the resistance of the /186

by

§ rectifier as a function of the voltage spplied.

Z? The circuit operntes as follows. The commutating voltege wuy is fed

f- to one of the Jdiagonals of the rectifier bridge by way of the steo-up transe
former Tpj. For normel operation of the modulator the commtating voltage

fed to the disponal of the bridte is tsken considersbly grester thsn the
input voltage upx which is fed to the center points of the windings

of transformers Tny -nd Tpp. The output voltage ugy, x is taken

from the secondary winding eof the transformer Tp2., Because the commtating
voltage is considerably greater than the inpul voltage the operation of

the rectifiers in rine tvne modulrtors is governed by the voltage L)

b inring one h=1f period of this voltage the resistance of rectifiers "2 and
- 3 is very low, while that of rectifiers 1 and 4 1is very high. In the
next half period the opnosite conditions holds trues rectifiers 2 »nd 3
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are operating under conditions of very hirh resistance.

The circuit in a ring type modulator is symmetrical. ilence, in the ab- {
sence of an input sign»1 the output voltage upg,x J.s equal to zero due
. to tre fact thet currents eaquel in magnitude and oprosite ir sign flow

overate in » condition of verv low resistance, while rectifiers 1 =nd N
. throurn the orimery winding of transformer Tpo,
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Fir, V. 31, Baslnsnced two helf-period type modulator on triodes.

S “hen s direct current sipnal is fed to the modulator the balance of the
= resistences in the rectifier bridge is affected, Apart from the two current
; components caused by the commtator voltage, a third component appears in |
k. the primary winding of the outrut transformer; this one is csused by

e the source of the innut voltare. The current components in the primary
28 . windine of transformer Tps which apreared under the influence of the !
23 voltage u ,x  Are compensatec for, just 8s was true in the case where
j up, = O ‘nerefore, the magniiude of the resulting current and voltage
on the pr'm—ry wincdine of the output transformer are governed by the
inout voltape, This is »n »ltern-ting current of sauare shaped waves '
with the frenuency of the commutating voltage source. When the

polarity of the input voltage changes there is a 1809 change in the phase :
of the output voltage. ,

A

TN e e

The t:alanced, two hs1f-oeriod modulator (Fig. VI. 31) consists of ;
f'our electrnnic tubes the plate circuits of which are fed by alternating i
current u; . WNot onlv triodes, but tetrodes snd pentodes csn be used
35 the modulator tubes. In esch particular case the type of tube / L87
uced is determined by the amount of modulator amplification required.

The direct current vnltare up.is converted into alternating current
voltage ug, x Wwith a ’requency determined by the source of the commta-
ting voltage in this cirenit in accordgnce with the following.

R W T
VAVE LA DA

S R

A AP

If no input ciem»l is a-vlied to the control grids of the tubes, currents
of enunl mngnitude flow durine the first and second (positive snd negative)
. 1218 cycles of commutating voltage in the secondsry windings of the trans-
former throurh the nlste circuits of the tubes JI,Jl, snd JI,Jl,. As a
result, the output voltage taken from resistances Re, Rg, pnd Rl is

I

R
oA hiaaos

-
bova

& . erm=1 to zero, ‘hen a d-c sipmel is fed to the innut of the modulsic E
4 the circuit becomes unbzlsnced, i.e. the current from tube.n1be:umes 3
3 112 ’
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uneqnal to thst of tube Jl; during the first h-1f-period of the carrier
fremuency voltage, and the current from tube J1, is unenusl te that of
tute 1y in the next half-period. As a result, the output voltsge up, .
determined by the difference in potential between the mean currents

of the secondery windings of trsnsformer Tpl is net equsl to zero.

The smplitude of voltage ug,,x , which chanpges with the power supply
voltege frequency J,. , is roverned by the magnitude of the direct current
voltage which acts on the input to the cireuit, whereas the phase is
determined by the polarity of the voltage upy . When the polarity of
the input sigmal chanres the output voltage phase changes 180°.

The linearity of the response curve in the two halfe-cycle modulator
circuit «- the curve represents the relationship of the output voltage
amplitude to the magnitude of the input voltage «- 1is determined by
the operating condition of the tubes and the position of the operating
point on the triode plate-pgrid ecurves.

Fig, VI, 32, Electromechanical modulator

The megniture of the unbsl-nced output voltage when u =0 , which
characterizes the zero stsbility of the modulator, depends on the accuracy
of the potentiometer Ry indicator setting. Tube replacements ordinarily
produce a ccrtain unhalance in the modulator due to differences in their
perameters; this unbalsnce decreases with increased values of load resistances
Rf, Ry, and Ryg.

Condensers C; and Cp »ct as filters in the circuit and decrease
the amount of distortion in the output voltage wave form,

The electromechanical modulator described in Fig. VI, 32 consists of
the electromechanical commutator P which is fed from the commtator
noer sup' ly »nd the voltsge ~mplifier on the triodes Ll]‘?ndzj12’ . /.88
Contacts X3 and Ky of the commtator are closed periodically as a
result of which » direct current tsken from the resistance R, is fed
altern»tely to the control grids of the tubes,

The cormutotor neriod of oscillation is enual to the voltage period uy.
Muring the first half period of the alternating voltage contact K; 1is
closed, -nd durine the second half perisd contect Ko is closed, VWhen
commut=tor cont>et Ky 1is cloced the grid notential in tube L/]1 is de~
termi~ad bv the bi-s vnltspe [R7, Cq) and by a drop in the input voltage
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across resistences Rj »nd that of tube dﬂg,is determined only by the
biss voltage. “nd conversely, when contact Kz is closed the grid poten-
t1sl of tube .7, is determined by the bias voltsge, whereas the potentisl
on the grid of tube °/7z is determined by the bias voltsge ~nd direct cur-
rent voltage drop across resistance Re¢ which is enusl to the resistance
of Rj. As a result, during esch half cycle of carrier frequency voltage
the tube plate currants are unsqu»l., During the first half cycle the
current of cne tube is greater, end during the next half cycle the current
from the other tube is greater,

The plate currents of the tubes are pulsed¢ and contain direct and alter-
nating current comonents., Due to circuit symmestry or balsnce the positive
components of the currents are the ssme in magnitude but opprosite in direction.
Therefore, when flowing through the primary winding of the input transformer
thev mutually compensate one another. The slternsting components of the
plate currents produce » magnetic field in the irsnsformer which has a smuare
shaped wave with the periodicity of the commutating voltage and initisl phase
determined by the polarity of the input voltage.

A reversal in the polarity of the imput voltapge changes the phase of
the alternating magnetic field, es well as the phase of the output voltage
by 1800,

.Electronic Amplifiers

The electronic =amplifiers contezined in the servo drives of automatic
seimuth tracking svcetems sre desismed to amplify the error sismals; the
orincinal function of the amplifier in the servo mechanism is to amplify
error cign»l intensity. Crdinarily, elcctronic amplifiers in servo drives
are nsed when the output power is under 100-150 watts.,

Tlactrnic smolifiers of servo drive mechanisms used in azimuth tracking
gear clessed 2s low frequency »mplifiers of 50 hertz and above, Direct
current. smplifiers are used when it is necessary in the servo drive to boost
the mis-lienment (error) sipnals which chonge very slowly at a frequency
o from 0 to 10-12 hertz.

Tre operatine choracteristics of direct and alternesting current am-
nlifiers include the following: coefficient of amplification; power and
voltage on the lo-d; efficiency; »nd distortions introduced by the amplifier,
Circuits of electronic amplifiers used in the servo drives of automatic
azimuth tracking svstems are shown in Figs, VI, 33-VI. 35,

The push-pull direct current amolifier (Fig., VI. 33) responds not only
to chonres in the mapnitude of the input sienal but also indicates its sign.
lesistrnce Ry in the cnthode circuits verforms the functions of a stabil-
izer of the zero position of the amolifier in addition to creating an
automatic tirs,
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- Fig. VI. 33. Push-pull direct current Fig. VI, 34. Push-pull alter-
3 amplifier nsting current amplifier with
d-c power sunply
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The operstine orinciple of the push-pull ~lternating current amplifier
circuits shown in Fips. VI. 3L and 35 is similar to that emoloyed in a
oush-pull “irect current »mplifier. As was the case in the d-c smplifier,
the alternating current amplifier tubes operate simultaneously, Here,
in the alternating current fed ~mplifier they operate only during the
positive h=1f cycle of the feed woltage. If the error signal ugy is equal
to zerc the plate currents of the tube »re equal to one another provided
z the branches of the circnit asre symmetrical with one another. Since
k. § these currents flow throwph the primarv winding of the output trsnsformer
3 Tp 1in opposite directions the magnetic fields they oroduce are mutually
conoelled out and upyx * 0. If up, # O volteges that sre 180° out
of passe act on the prids of the tubes. Accordingly, the plste current
increases in one of the tubes »nd decresses in the other; the voltage at
3 the output of the circuit hes the zame frequency ss the inout siemal. /490
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Fir, VI, 35, Push-null sec amolifier with a-c power supply.
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- © vary imortant adventape of sushepull eircuits is the fact thst with
3 complete svmmetry of the branch eircuits the output voltape has no even
B . nsrmonics,

(341
LA L bk RS e,

In awc -mplifiers the transformer T,2 serves to match the load
. resistance Ry with the resistance between the plates of the tube Rge

Here, the necessary mntch is =ccomlished hy selecting the right trase-
formation rrtio.
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The condenser C in the amplifier circuit comiected in parallel ‘o

\ the prinacy winding of the output transfurmer serwes ‘o derive the greatest
5 . smount of power from the tubes. The capaci*ance value of the conconser is
8

selectec such as to resonance tune the circuit to the frequency of the
alternating current of the pover supply.

3 ! Hognetic Amplifiers

Magnetic smplifiers / 10 / are electromagnetic devices which amplify
the power ancd voltage of electirical signals. Despite the multiplicity
of magnetic amplifier circuits used they are all designed around the game
physical principle -- utilizing the ratio of the magnetic penetrance of

3 ferromagnetic meterials with slterrating current L, to the magnitude of
4 a magnetizing field. '
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Fig. VI. 36, A simple choke-coupled amplifier: a. circuit; b. the

e d i o s
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2 function ti..= f (Iy); c. the function I ~ =f (Iy).
f; In it¢s sirmler asnects :

the mognetic emplifier ccnsisivs of & choke
with twe windings, one of which is fed by an alternating opowrer snucce

é

< i o i
- A =u¢ the other is ~annected to the direct current power swpoly {Fig. VI 3%a). !

EL The core is simultaneously magnetized by a dirvect current Iy {lowing ip ! 3
: the control winding ;% and the slternsting current I ~. , flowing /L9 ; .
g in the winding w, . Due to the constancy of the pover source voltags U~ i K
8 and the non-linehe nature of the core magnetization _urve the valus ¢f ] :
E: mammetic oenctronce is determined only by tnhe current of the contrcl winding i :
o : Ty. The sonroximate form of the relationship M, = T (Iy) for a choke 3
g cowpled =molifier is shown in Fig., VI. 36b, ' i
3 i ,
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At small values of sctive resistonce comprred to the inductive resctance
o>f the choke winoing the magnitude of the current I . flowing tarough it
is detearmined by the expression :

| =Y=
T el (VI. 61)

in which U ~_ is the power voltage; «w L 1is the induclive reactance of
the winding W,.,; »nd L is the inductance c¢f the winding,

Sy is the cross section of the msgnetic circuit; snd 1, 1is the mean length
o} the wmagnetic circuit,

Incressing or decrewsing the magnetizing current resulis in increasing
or decreasing the current I ~~ in the winding w ~~ ; changes in the
current I ~. are considersbly prester thar the changes in the current I,
The function I~ = £(I,) is the magnetic amplifier control charscteristic.
Its nature depends on tﬂe materisl used in the core ard on the paramsters
of the emplfier,

in a simple, megnetic, choke-coupled amplifier, becsuse of the fact
thaet a reduction in the magnetic penetrance A ._is not & function of the
direction of current flow in the winding the response curve of
I ~ =f (Iy) 1is synmetricsl to the ordinste azes (Fig. VI. 36c).

The current amplification factor of the magnetic ampﬁifier is exual-to

~

K= (Vi. 62)

uc.cd ‘

and the amlification factor for voltage is e ocopy

d
%:‘:: oaval\a

Kp= ok, (V. 63)

in which Ry is the resistance in the control circuit.

To increase the gain in magnetic amplifiers use is made of ferromegnetic
moterials with » verv marked relationship between the il .,and the value
of the magnetizing current I as well as the positive feedback; this
means that a certain portion of the power of the output circuit is used
tn control the magnetic >molifier slong with the input signal that enters
the winding wy. Of the many existing varieties of feecback (externsl, / L92
intern~1, nd crossed) the most commonly used in servo drives are the
external and internal positive feedback systems. Externsl feedback is
ordinarily used with hirh voltagzs »nd small currents, whereas the internal
syrtem is used with small voltsges and lsrge currents,
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Fig. VI, 37. Schematic diagrams of the simpler type magmetic smpli-
s E fiers with positive feedback: a. witn external coupling; and b. with
‘ internal coupling; the function I ~ = f (Iy). i

i

Diagrsm: of simpler magnetic amplifiers with positive feedback »re
. given in Fig, VI, 37. #xternsl positive feadoack is obtained by introducing
] » supplementsry vositive feedback winding w,, which is connected into

the circuit so that s direct current proportional to the load current may
flow through it.
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At a psrticulsr polarity of the input signal U, the magnetic fluxes

-8 of the windinps and W are additive; this condition corresponds to

3 positive feedback,” With a change in the polsrity of the input signal / L93
g megnetic fluxes of the windings of wy and w,, act in opposite direc-
tions thus weakening the resulting magnatized field; this corresponds to
negstive feedbsck., In view of the fact that positive feedback becomes
negstive with changes in the polarity of the input signal, magnetic choke-
coupled amplifiers with negative feedbsck are used only to amplify signals

-t

e

- e
SERkEdbe b5
B 7

'i, ) having a fixed polarity.

;; Interr -5 feedbnck is ~ccomplished by coupling in single half cycle
- . rectifiers ia series with ench of the alternating current winding w_ .
g 118
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A# a vonsenuence, vwulsing currents fiow in the windings creating a magnetic

fizld feedback. This will be positive for one poirritv of the input signal
anic negative for the other.

The power amplification factor Kp for s magnetic amplifier with feed-
bask con be determined in accordarce with the following

l"iRu :-__B_‘LK?I_: 4 Rut’-‘?,

= I=Tu —, VI, 6l)
Ke I'f.R., Ry Ryw?_ (15K, o) (

& M o RATY st A LR T bR A

in which Ko¢ = woo/w . 15 the feedback coefficient.

The feedh-~ck coefficient is regulated in amplifiers by changing the
numtes of coil turns or by bypasssing the winding woe through shunting

of the feedback rectifiers or by changing the 2lternating component of the ;
magnetizing force.

In the simpler single cycle choke-coupled magnetic amplifiers with
nositive feedback the no-losd current 1 increases with an increase in
the feedback coefficient Kgeo In many cases provision is made for special
windings (biss windings yp) to shift the response curve of I = £(Iy) along
. the abscissa sxis in order to decresse the current Ixy and select the
e/ necessary opergting portion on the control curve in amplifier circuits,

The bias windings may either be alternating or direct current fed.

The most commanly used method is that in which the bias is obtained by
feeding the windings with a direct current,

hh s

T3
R

3
‘%
2
A
i
A
B
B
B4l
5
%
2
i%
4
¥
*
)
3
x
%
]
2
2

g
.%
p
1
4
%
By
2
'%
!
B

oy
+ L
LA

Ak

‘:&"‘; Aoy

Multiple stage megnetic amplifiers for servo drives are usually designed
as push-null circuits with st-ges heving separate input and output

(Fig, VI. 38a); or with common imput ond output (Fig. VI. 38b); or with sep-
arate ~nd common input, as well as separate and common outputs (Fig., VI, 38¢).

in advantage of the structured amplifie. circuit made up of stages wita
separste input and outout is the relative simplicity of matching the stages
2nd more completely utilizing the stages for power vield »nd gain., The
drawbnck of such systems is the marked influence the following stages have

i

H

on the preceeding ones and the relative instability of the circuit with %

1 chanpges in the U ~_ voltage 2nd the temperatur-. :
ik !
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Tne chief advantage of ~mplifier circuits mzde uo of stages with  / 495
4 common innul »nd common output, i.e. with series connected w, windings, i
i is t-.¢ lescened effect the followins stages hsve over the nreceding stages '
4 than 1s trae of circuits with sepsrate input and output, and the comparatively :
Freater stability of the ~mplifier's chsracteristics when it is operating
under conditions other than normal. The drawback of these structural diagrsms
ir their lerser amplific-tion factor »nd grester complexity of design.

;':»Xiar i

Sombination block disgsrams of magnetic amplifiers (»mplifiers m~de up
of both nrimary ang secondary type stages) are free of the shortcomings pe-
eilisr te s lifiers naving sU-ges with separate input and outout, and those

havine stapes with comamm input and output. For that reason they are most
¢omonly 1sed in servo crive mechanisms,
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Fig. VI, 39. Diagrams of choke coils used in the intermediate stages

of magnetic amplifiers with series (a), bridge (b), snd parallel {c)
coupling of rectifiers.

— g

The types of intermediate stages to be used in multiple cascade magnetic
amplifiers are determined by the kind of amplifier circuit selected., The

choke coil systems most cormonly used for the intermediate stages are
descrihed in Fig, VI, 39a, b, c.

Xy ,f-ﬂ“m;:“ RN T ,.u-;‘ R S

i

‘ Most widely used in the output stages of servosvstems with slternsting :

.3 current low and medium power drive motors are feedback magnetic amplifiers !
-3 with differential and bridge circuits. In the case of servosystems with ' ]
3 high vower motors, bridge armplifiers without positive feedback are most 5 :

commonly used, Typical circuits of output smplifiers sre shewn in
Fig, VI, LO.
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“When using » direct current motor that is directly controlled by a / 498
magnetic smplifier in sn autometic system of tracking for azimuth the
circuit shown in Fig. VI. LYa can be used for the output stage of the
mapnetic »mplifier. When the direct current motor is controlled by an
electromechonical amnlfier the circuit shown in Fig, VI. L1lb csn be used
in the output stage.
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2. Within the limits of the linear portions of the curve I = (I,)
' push-pull single stage magnetic amplifiers can be regarded, with certain
allowances, a8 speriodic elements with a transfer function
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Amplidyne excitation windings
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Fig. VI. Ll. Circvit diagrams of magnetic smplifier st-ges for servo
drives with direct current motors: s. push-pull circuit for direct

control of motor; b. differentirl circuit for control of excitation
3 windings of amolidyne.
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in which K, is the static voltege gain of the stage; T is the time
constant of the stage (seconds) determined from the expression

0.4aSewy (wy -+ Kpae) ang
T = R . t ?
. ynio

(VI. 66)

in which R is the resistence of the amplifier control circuit;
d Rawe == OB,'0F, is the differentisl mesgnetic permeability.

For multiple stage magnetic smplifiers in which the following stages
. exert only a mild effect on the preceding stages -=- this is sccomplished
either through series coupling or bypassing the control windings of
the stages with capacitances -~ the transfer function in its general form
is detérmined by mesans of the expression

TR
TR B A Nt

TR

,
B — U o iy R b e

Ky
w (”) = (1- Tp) s Tem o) Tap) * (VI. 67)

QTR A WSRO

in which Ty, Ty T3 . ¢ s+ « o« Tn are the time constants of the
individusl stsges.
: Reproduced from }
PY.

best available co
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Amplidynes

The amplidyne is a direct current renerator with longitudinal and lateral
excitation caused to rotste bv a built-in direct or alternating current motor,

The following are some of the cdesirable features of the amplidyne:
it can be driven by motors of up to 10 kw in power; hass = preat power
amplification coefficient ( ~— 102 - loh); cepable of comparatively high
operzting speed; has low operating power renuirements (about 1 watt);
snd hes 8 simple system for toteslizing seversl cignals.

-
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3

‘mong the drawbacks of this type of amplidyne sre: its reauirement for
» snecis] svetem to imnrove commutstion; inrctebility of its o~rameters dw
to a2 leteral s*ort circuited circuit and a tendency to oscillate when
over-compenseted, / LS9

Electrodynes are used in the servo systems of automatic azimuth tracking §
systems as power rmolifiers to control d-c drive motors. !

: The chief static features of an amplidyne include its no-1load chsracter-
.- istic, which is expressed by the ratio of the electromotive force E to
the magnitude of the control current, »nd its internal characteristic,
which is expressed by the ratio of the output voltage Up,x to the load
current Iy with Iy =constant, "he effect of controlling the magnitude

of the output pover is evaluated by the power gain Kp vwhich is enual :
to the ratio of the amplidyne output power to the power fed to the E
control windings

L]
i oAl

T4 . i
43 K, = = .
‘ “TERR,’ (VI. 68)
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in vhich R, is the resistance of the conirol windings; Rp 1s the load
resistance.

10. Controlling Actions of Automstic Systems
of Tracking for Azimuth

Automatic Tracking Errors
Controlling Actions

In pgeneral, the controlling actions of automatic systems for tracking
in szimuth are the angulsr displacements of the targets in two mutually
perpendicular plenes: the bearing angle plane =nd the elevation plene
of the target. If the target travels st uniform speed in a straight line
at constant sltitude (Fig, VI, 42) the chsnges with respect to time of
the resl sngulsr cocrdinstes of the tracked target and their first de-
rivativas sre determined by the following expressions:

Vil

B(1) = arcty ot (V1.69)
. v, .
L s (V170)
p(li-Tgrﬁ) .
£ (1) = arcl ——— e (VLTY)
¢ p. :_ V:l‘.
de BV
o T B e ’ \,[.72 :
d Vit VIR (5 -+ VIR 4 1P) ( )

in which Y, is the terget velocity; H 4is the flicht altitude of / 500

the target; p is the course psrameter.

Course parameter is defined as » segment of a straight line perpen-
diculsr to the target's course projected on the horizontal plane and

nassine through the puint where the sutomatic azimuth tracking system
is positioned.
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Fig. VI. 42. Uniform rectilinesr movement of target at constant altitude

(a); graphs of changes in sngular coordinates and first derivatives
from them (b, c).

Errors in Automatic Systems of Tracking For Azimuth

Automatic szimuth tracking system errors are divided into those caused
by the controlling asctions snd fluctusting or rsndom errors resulting from

the effects of interfering signals (static), noises, parssitic changes of
target pulse prrameters, ate,

Errors dus to changes in the coordinstes of s target describe the sc-
curacy of an automstic tracking system for a specific chermel with normal

operating changes of input effect. Bescause of the identicsl characteristics
of the channels for target bearing snrle trackin

and tracking in elevation
the overall sngulsr error of the syatem is times grester thsn the
error of one chennel. / so1

The magnitude of totsl error for » specific system for any of its
channels denends on the varameters of the system and the principles under-
1ving chenges in » prrticnlar action, i.e. B (t) or € (t).

The totsl
smount of system error for any chrnnel is determined by the expression

X da\N, < } lp.\’x- ]

AX (ty = CoXn 1) -+ €, 8% 4 gy Ca 50 1 (VI, 73)
H X

+ayCige +

chrodnq'cdb'hou; L@
copy.
.125 best available P
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in which 4%X(t) 1is the automatic tracking error for a particular coordinate;
Xax(t) is the input sipnal of the system; » C1, C2, »nd C3 are the

. error coefficients computed throurh the use of the formuls
3
(4 [__1-_1)
, Ci= ldp(” [1 T WipM fp= (VI. 74)

in which W(p) 4is the transfer function for s psrticular channel of sn 3
open system,

The first member of the series in VI. 73 determines the static error;
the second detemines the dynamic velocity error; snd the third member
determines the dynamic acceleration error, etc.

Automatic systems of tracking for azimuth with first and second ordsrs of
astatism are used in field cperations. The error coefficients of such
systems have the following values:

for systems with first order astatism

Iy
Comts Com s G 252

K
e
For systems with second order astatism bezr:i:ff;i,:rcmpy
Co=C,=0; C;x &, !
b
) in which K 1is the transfer constant of an open automstic tracking system;
tp max is the meximum time constant of the system, ;

‘herefore, with acceptable values of stability reserve, accuracy in
tracking tarpgets by aneular coordinates with automestic azimuth tracking
svstems is roverned by the megnitude of the trensfer constant »nd, therefore,

by the effective passband AF 3. The latest tracking systems herve K values
runnins to the several hundreds.

RO

TS WA

In this case the passhand of the servo system is equel to / 502
1- 1,5
M~ : (VI. 75)

The speed of operation of a system =nd the trscking error components

p due tn the effects of interfering signals sre dependent upon the effective

E: psssband, The wider the AF3 the hipher the speed of operstion of the
. system »nd, therefore, the smaller the dynamic automatic tracking errors

of a m:meuverinp; target. At the same time, the various kinds of inter-
ferences exert a stronger effect.
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For optimal frequency characteristics the stabilization time in a system
(resoonsiveness of a system) is related to AF 3 by the expression

ty~ 35— (VI; 76) ;

4

E 5
,; .« The megnitude of random errors, i.e. errors showing up in automatic
cB azimuth tracking systems due to the effects of various disturbing factors,
is #3sessed by their mesn snusre vslues in terms of the spectral density
of perturbation and by the transfer function of the system determined

with respect to the point of spplication of a particular disturbance

B e

L o DO

;= ]/-21{-]. S; (o))‘(l)‘ (j(o}).l2 de, (vx. 17)

bt

in which 7 1is the mesn square error of the system due to the i-th dis-
turbence; @+ (Jw) 1s the transfer function of the system with respect
. to the disturbonce, and S; (W) is the spectral density of the i-th

3 disturbance.

% Automstic systems of tracking for azimuth heve a sufficiently narrow
3 passbend AFg which falls within the limits extendine from 0 to ,5.2
E: § herts., Therefore, in the first approximation the error value due to some

disturbance of a statistical nsture c=n be determined as

T o oo 3

o ‘\‘:‘ .S; (O) .\F” (VI. 78) ;

in which S34(0) 1is the spectral density of the i-th disturbancs on the
zero frequency of the system,

Tue total error of any sutometic azimth tracking system is the mesn i
sousre value of sll the errors.
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