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This book is concerned with problems of monopulse radar. In
it are 'examined fhe.design principles and the fundamental functional
units of monopulse systems of directlon finding; questions of accuracy
and resolution are analyzed. Theoretical questions of the simulation
of .monopulse systems with the aid of electronic computers are dis-
cussed; an analysls is made of interference shielding of monopulse
position findérs in the presence of various forms of interference.
Flelds of application are described and the fundamental tactical-
technical characteristics are given for some foreign monopulse radars.

This book is designed for engineers, technicians, and students
of advanced courses at higher educational institutions which

gpaclialize fa the field of radar technology.

This book contains 10 tables, 166 figures and 134 references.

FID-MT-24-962~71 '




e

INTRODUCTION .

Becai.s of the substantial increase in the-.speed of aircraft,

» the development of rocket and extraterrestrial technology, and also
‘the 1mproveme§t of jamming facilities, accuracy requirements have
‘become strictel, also the definition of ‘angular coordi.aates, the rate
of data .processing, and the requirements for interference shielding
-of radars. These reqiirements, to a certain extent, have been satis-
fied by monopulse raaar systems which, in the last decade, have been
widely distributed .abroad.

Initially, monopulse radar systems implied pulsed radars which
accomplished multicharmnel reception and were able, in principle, to
measure angular coordinates according to one pulse reflected from
the target. Subsequently, this concept was expanded and encompassed,
in addition to pulsed radar, radars with continucdus and quasi-
continuous modes of emission, ‘Sometimes systems with instantaneous
comparison of slgnals are called monuvpulse systems.

Because of the intense development of monopulse radars, much data
concerning the individual problem of monopulse radar have been
published. This invormation is found mainly in articles and advertise-
ments, as well as Various periodicals and patents. As of yet there
have been no books covering the subject of monopulse radar thoroughly.
Monographs by D. R. Rhodes [41] and E. F. Svirdov [U45], dedicated to
the general theory and the comparative effectiveness of several types
of monopulse systems, do not cover the entire range of questions
which are of interest to persons specializlng in the fleld of radar
and jamming. Hellgren's work [55] does not touch upon a number of
problems of practical importance in monopulse radar.

«: In this book we have attempted, as much as possible, to zorrect
this deficiency in literature and have arranged the chief protlems
of monopulge radar in a systematized form, making this availabile to
a wide cirWle of specialists in the field of radar.

FTD-MT-24..982-T1
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‘We.have -used in this book open material from the foreign and
domestic pPress, as well as information from studies carried out by
the authors. Chapters 1 (except for § 1.5, 1.6), 2 (except for )
§ 2.5); 3.9 and § 5.4, 6.2.1 were written by A. I. Leonov. Chapter
8 was written Dy A. I. Leonov with the aid of V. N. Vasenev and
F. V. Nagulinko. Chapters 4, 5 (except for § 5.4), 6 (except for
§ 6.2.1), 7 and § 1.5, 1.6, and 2.5 were written by K. I. Fomichev.

The authors express their sincere appreciation to S. I.
Krasnogorov and E. F. Sviridov for the{r valuable remarks during
the review of the manuseript. Particular thanks are expressed to
E. F. Sviridov for his aid and helpful criticism in preparing the
book for print. )
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CHAPTER 1

THE PRINCIPLE AND METHODS OF MONOPULSE RADAR

§ 1.1, PRINCIPLE OF MONOPULSE DIRECTION FINDING

Determining the direction to a target is one of the basic tasks
of a radar.

Uatil recently, the most widely used methodé of determining,
accurately and automatically, the direction to a source of signals
were methods of conical, linear (planar) scanning and sequential
switching of radlation patterns, which were performed by single-
channel direction finders. Based on these methods, the direction
to a source was determined by a comparison of signals received !
sequentially by antennas with varlous radiation patterns. Character-
istic of these metheds 1s alsc the fact that angular information
about the target is shaped in the form of amplitude modulation of
signals received. The modulation index determines the value of
error in direction finding, while the phase is the direction of
antenna axis mismatch with respect to the directlion to the target
being worked.

Since the modulation method of angular error signal shaping
requires the reception of sequentially reflected pulses, it 1s
sensitive to amplitude f{luxuation in the signals received, generated H
by random variations in the effective scattering cross section of
the target. This is one of the most substantial deficiencies of
single-channel methods of direction finding, using conical and linear
scanning of a beam or the sequential switching of radiation patterns.
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"ﬁecentlyxaehieving,wide use- has vesn the monopulse method: of
direction finding, with which the reflected pulse gives complete
information on the angular position of the target. This explains
the origin of the term "monopulse® {one-pulse) direction find;ngh
Since ~in .monopulse systems direction finding is accomplished with
one pulse, the amplitude fluctuations of the reflected $1gnal do not
have a noticeable effect on the measurement accuracy of angular
coordinates. ‘

Multichannel reception can be used for moncpulse direction
finding. Therefore, the principle of monﬁbulse direction finding
lies in the reception of signals reflecteﬁ from a ‘target simultaneously
along several independent receiving chanriels with the subsequent
comparison of their parameters, Usually, two independent receiving
channels are provided for each coordinate plane; two channels for
azimuth and two channels for elevation. '

Originally the monopulse method was developed for precise
automatic target tracking. Today the monopulse method is also used
for ‘monopulse survelillance radar systems. Under surveillance we
include monopulse systems which determine the angular coordinates
of all targets found within the radiation pattern and which can be
resolved with respect to range, for each position of the beam in
space. As a rule, electric beam control is used in monopulse surveil-
lance systems, and they are coupled with electronic computers which
perform programmed control of the beam position in space in accor-
dance with a selected surveilllajice method, determine the coordinates
of all targets located in the beam, and plot their trajectories.

There are two basic methods of monopulse direction finding, 4
depending upon the character of the extraction of the target's
angular information from the signals received: the amplitude method
and the phase method.

In monopulse systems with amplitude direction finding, in order
to determine the angular coordinate in one plane, two intersevting
antenna radiation patterns are formed, spaced at an angle of




1ﬁ6:fnom the equisignal direction (Fig. 1.1). Figure 1.1 shows the

radlation patterns in the elevation plane. When the circuit deviates
by angie 6- from the equisignal direction (RSN) and the target is

found at point A, the; signal received along the lower pattern is
greater than the signal received along the upper pattern. The differ-
ngncé in amplitudes of the signals received indicates the amount of
%arget deviation from equisignal direction. ‘e sign of this differ-
ence characterizes the direction of the displacement of equisignal
direction relative to the target. When equisignal direction coincides
with the target, the amplitudes of reflected signals received along
both patterns are equal, and their difference reverts to zero.
lTarget azimuth is determined similarly with the aid of the azimuth
channel of the recelver and the second palr of radiation patterns in
the azimuth plane.

Fig. 1.1. Determining angular coordinates in monopulse systems with
amplitude direction finding.

In monoﬁulse systems with phase direction finding, the direction
to target in one coordinate plane 1s determined by a comparison of
phases of signals received by two antennas. In the remote zone each
antenna irradiates the same volume of space, as a result of which
reflected signals originating from a point target are virtually
identical in amplitude but differ in phase. Figure 1.2 shows two
antennas a distance of 1 from each other .
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The 1line of sight,of the target forms angle 6 with the. axis
perpendicular to the line connecting both antennas, i.e., eqﬁisignal
direction. The distance between antenna 1 and the target is

and the distance between antenna. 2 and the target is

Ry=R— - sind,

(2)
ANinenwa 1,

Fig. 1.2. Determining angular coordinates and monopulse systems
with phase direction finding.

KEY: (1) Target; (2) Antenna 1; (3) Antenna 23 (4) ESD.

The difference in distances from target to antennas

AR == R,-R,:lsinﬂ

gives a phase difference of

. 9 .
o bp=TrAR=2 gy, (1.1)

where A 1s wavelength.
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This makes it possible to determine the angle of approach 6 with '
respéct to the measured quantity of phase shifts of signals reflected
from the target and received on two spaced antennas.

Expression *(1.1) shows that the phase shift of signals A¢ reverts

to zero not only with 6 = 0, but also with other displacement angles
corresponding to condition

ey 2 %
f=<arcsinn i’
where n = 1, 2, ..., ]
2=
=7

Due to this, the direction finding characteristic is sign-
alternating and has, along with a main direction, many erroneous
equisignal directions. This is the reason for the ambiguity of
measurements by the phase method. However, the ambiguity 1s not
a very serious disadvantage if the erroneous equisignal directions
fall within the main lobe of the radiation pattern. For this, 1t
is necessary that the distance between centers of receiving antennas
not exceed the diamete~ of each of them. Such a system can be

made, for example, in the form of two antennas arranged in a row.

In addition to the main methods, there is also an amplitude~phase

method (or complex) [11, 41, U45], which i1s a combination of the basic
methods.

As a source of angular information in the methods listed, we use
amplitude, phase, and amplitude-~phase ratios of signals received by
independent channels. Different methods of extracting angular infor-
mation, in turn, generate certain differences in processing signals .
received and, consequentiy, in the structure of a monopulse system
on the whele. Let us examine a structural diagram of a monopulse
radar system in a general form. \d

B
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§ 1.2, STRUCTURAL DIAGRAM OF A MONOPULSE
RADAR 'SYSTEM ‘

As ‘mentioned above, in monopulse systems, the information
'cqncerning the' angular position of a target is obtained by comparing
Jpairs of received signals. With such a comparison the voltage at
output of the monopulse angular measuring system does not depend
upon the absolute value of the amplitudeé of received signals, but
is determined only by the signal arrival angle. The direction
‘finding characteristic of a monopulse system must indicate the value
:and’ sign of the arrival angle of the received signal, i.e., must be
an uneven actual function of the signal arrival angle. The initial

4 datg‘concerning the arrival angle, contained in the signal pair, are
formed upon reception by the monopulse antenna, which is called the
angle-data transmitter.

In accordance with these assumptions, the signals received must
be handled so that there can be obtained a function, a substantial

part of which would satisfy requirements imposed on direction finding
characteristics (independence of signal intensity and oddness relative

to equisignal dircction). ‘

Let us examine analytically the possible solutions to the
problem posed [41, 45]. The field strength at the point of reception
in complex form can be written as a function of time t:

E(f)= Emexpi(at—9) O0<t<T, (1.2)

where Em is amplitude;
w 1s frequency;
¢0 is initial phase of field.

. The radlation patterns of the antenna system, which are complex
"functlons of the angle, are expressed by relationships

} ()= F,()expig, (B).

. . (1.3)
f2(0)=F ,(0)-exp19,(0),




H

where Fl(e) and F (0) are amplitude radiation patterns;
¢l(e) and ¢2(6) are phase radiation patterns, .

‘ Phase radiation pattéerns will be assumed mipror reflections of

patterns are identical and their maxima displaced by angle +e0 rela-
tive to equisignal direction, i.e., : X ! !

v.(")&-%-v(ﬂ). 73'(05=_;;--—'2'~v(0). : :\.

R®=FO—0 F@=ro+n, | .

i
]
¥
1

where ¢(8) is the difference-phase radiation pattern of the antenna

system.
]

‘be written as:

t

; .

Refleeted signals which are received by the spaced antennas can

B¢, 0=E®70),
. By t 0= E(‘) it(ﬂ}'

.
} | |
» .
|

Then the ratlo of the two received sfgna&s can be written

. i . .
Bi(t, 0) __ i (0) o 5o {8)ep ey (8
Bo(t, ) h(8y Fal0)expip(8)

v 7 1

Im(0) =

The ratio, which subsequently will be called multipllecatl
under certain conditions, can be the basic ratio for forming a

direction finding characteristic.
[

use the ratio of the difference signal to total signal

& ¢, e)-—é. @8 . f. G —js 9

ra{8)=

(1.5)
1

a8

\
!

(1.6)

]
Ve,
{

Ey(t, )4 Ex(t, )

3
!

10

z! (3) ’i‘ }‘ (6}

(3.7)

In order to form a dlrection finding characteristic, we can also

‘edch’ other relative to equisignal direction, while amplitudé radiation,

I
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'which is usually called the additive ratio of received signals. The
relaticnship between multiplicative and additive signal ratios is
established with the ald of the foilpwing.expressions.

1
' . e B =1
S - nO=CeE

: rll) 1.8)
;o .m@=§5ﬁ% (1.8)

.

In addition to multiplicative and additive vatios, we can form other

ratios which satisfy requirements imposed on the direction finding

characteristics off a monopulse system, When we multlply multiplicative
; and additive ratios by d complex constant

! i 1 1

K ! Co a=a,expif,

. we:obtain linearly transformed ratios [U45]:

1 " ' | . ‘

P -. ' ;-lu (e) et ('“.IM (0), }
\ . 1.
Fy (6) == dr, (0). (1.9)

! 1
Devices wh'ch form the sum and difference of recelved signals

or perform the operation of multiplying received s/gnals by coeffi-~
cient a are called convertérs since in them, generally, we can
convert information from amplitude ratios to phase ratlos and back.
Thesk conversions are accqmplished usually at high frequencies with
the use of passive elements because of their relative simplicity
i and stability of characteristics.

1 ', '

. The operation of calculating the ratio of two signals, converted
cr unconverted, cannot be done without their preliminary amplifica-
tion. lThe,device containing active elements, including amplifiers
and comparison circuit, which distinguishes multiplicative and
additive ratios'and forms ‘'the direction finding characteristic, is
called the angular discriminator.

; <
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With amplitude direction finding, angular information is contained
in amplitudé'diqgrams.Rl(e»’and Fé(el. In. this case, with identical
phase diagrams, multiplicative and additive ratios aré expressed only
through amplitude radiation patteins

)= Fa()) _ p(f)—1 -
V¥R 70 1

D I =

(1.10)

Wifh phase direction finding, when the amplitude patterns are
identical, angular information is contain ° in the phase difference

¢ (0)= @, (8) — 92 (6). (1.11)

A ]

. Multiplicdtive and additive ratios are expressed only through
phase pattern

i 1 9 .
f:,.(9)=2§-72-r:7§0—;=exp1?(0),

ra (8) = expig, (8) —expig,(6) —itg"(e)

explo,(B) Fexpie, (3) —  °72°

(1.12)

Amplitude ratio p(8) and phase difference $(6) will be called
multiplicative functions of the angle, while the ratios

(p(6-1))/(p(6 + 1)) and tg (¢(6))/2 are the additive functions of
the angle.

An angular discriminator in which in order to form the direction
finding characteristic the multiplicative function of the angle is
used, reacting only to amplitude ratios of received signals, is called
an amplitude discriminator, while one reacting only to phase ratlos
is called phase discriminator. An angular discriminitor which reacts
both to amplitude and phase signal ratios and in which, in order to
form the direction finding characteristic, the additive function of
the angle is used is called a sum~-difference discriminator.

12
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Table 1.1.

Thus, only three differeht mechods: of angular meagsurement are
possible (three types of anguipg~discr;minatops):
-and sum-difference. Each of thém can bg used erther with amplisude
or phase or complex directién finding. .Since each of ihe typés'oﬁ
direction finding can be used in combination with any of the angular
discriminators, nine basic classes are pcosible for monopulse .3ystems;
their classification is presented in Table 1.1 [45]. .

Based on the classification taken, the first word-in 't'ie name
of a monopulse system will describe the type of direction finding
and the sec-~d the type of angular discriminator.
a monopulse system with amplitude engular discriminator and amplitude
direction finding will be called an amplitude-amplitude system,
whereas with phase direction finding it will be .called a rphase-
amplitude system. A monopulse system with & phase angular discrimi-
nator and amplitude direction finding will be called an amplitude-
phase system, and with phase direction finding a phase-phase system.
- A monopulée system with a sum-difference angular discriminator,
hepending upon the type of direction finding, will be called an
amplitqge sum-difference system, a phase sum-differerce system, or a
complexisum-difference system,

(23
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(6)  Amuauryauudt (A) (9) AA (10)PA 11) KA
(1) $azosnit (P) 12) A® (13)9¢ 1) Ko.
Cyuuapuo-p@;locnma (CP) Ki5) ACP . | (16X0CP 17) KCP

KEY: (1) Measurement method (type of angular dicecriminator); (2)
#Main classes of monopulse radar systems for three types of direction
finding; (3) amplitude (A); (4) phase (F); (5) complex (K); (6)
Amplitude (A); (7) Phase (F); (8) Sum-difference (SR); (9) AA; (10)
FA; (11) KA; (12) AF; (13) FF; (14) KF; (15) ASR; (16) FSR; (17) KSR.

emplitude, phase,

Thug, for example,
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Fig. 1. 3 Block diagram .of a monopulse system.
KEY: (1) Angle-data tiansmitter; (2). Information converter, (3)
Angular discriminator. .

Of ‘the nine possible classes of monopulse system, indicated in
Table 1.1, four systems are the most widely used: amplitude-amplitude
(Aa), phase-phase (FF), amplitude sum-difference (ASR), and phase
sum-difference (FSR). These monopulse systems will be examined later.

Based on the sequence of operations performéd‘by the monopulse
system, its structural diagram must contain the.following basic
elements (Fig. 1.3): .

— an angle-data transmitter which forms signals in whose parameter
ratios 1is cortained information concerning the éhgular;position of
the target;

— an information converter which converts the signals' parameter
ratios; Y

of the signal's parameter ratio uniquely connected with the arrival
angle.

The angle-data transmitter 1s the antenna of the monopulse system
and the most important element. It possusses certain peculiarities
which will be examined in detall in Chapter 2.

As a converter in monopulse systems 1s used, a /2 phase switcher
which performs the operation of multiplication by +i, and a sum-
difference converter, for which an annular wavegulde bridge or double

waveguide T-joint is used. (The -sum-difference converter is also
discussed in Chapter 2.)

14

— an angular discriminator which distinguishes the actual function
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Fig. 1. L Block. diagram of an amolitude angular discriminator°

KEY: (l) Mizer; (2) Logarithmic i~f amplifrier; (3} Detector; (U)
Heterodyne; (5) Differential amplifier; (6) Mixer; (79 charithmio
i-f amplifier; (8) Detector. , o

Diagrams of each of the three types of angular diséfiﬁinaﬁors
are presénted in Figs. 1.4-1.6. 1In each diagram there is one
héterodyne for forming intermediate frequency in'both’receiving
channels, which makes it possible to preserve symmetry of the two
channels and maintain phase coherence between them. The ratio of
recelved siénals r,(8) or r (e), which characterizes the direction
ol arrival, is formed because of the normalizing property of amplifiers
used in these dlagrams.

In the amplitude angular discriminator presented in Fig. 1.4,

the ratio rm(e) is obtained by subtracting the values of the amplitude
logarithms of the two signals; which 1is equivalent to forming ‘the
logarithm of the ratio. Sinée the values of the amplitude logarithms
of the two signals are subtracted, the output voltage does not depend
*upon the ahsolute level of slignals received. The expression ln rm(e)
becomes equal to zero in the equisignal direction [rm(e) = 1] and

has uneven symmetry relative to this direction, i.e., it can be used
to obtain the direction finding characteristic

SO =Relnry (0)=1In|u,(t 0)]|—In|u,, 0], (1.13)
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where |ul(t, 8)] and lua(t, e)l are signal amplitudes at output of

‘receiving-amplifying channels as a function -of time and angular error
in-direction finding" ey e

: v
k]

PhaSe difference‘between sigrnals at .amplifier input does not
.affect the- ratio 8 (0) since signals are(detected ‘before. the amplitude

,z,,

lmgarithms of these :glgnals are subtracted. o

In: the phese ahguléﬁ'disﬁriminaﬁof-y;th normalization, it is
bcéeééary'to‘éiiminate amplitude modulation. For this either amplifiers
‘with limitation (Fig. 1.5a) are .used, at whose output the amplitudes
do not depend upon the amplitudes of the signals received, or indepen-

J/dent quomatic regulation of amplification in both channéls 1is used
"(Fig. 1:5b).. To form the direction finding characteristic we can use

“function ~ir (9), determined by equality (1.12), since its effective
part

. S()=Rel—iexpig () =sinp () ~
” ‘ - (1.14) -

2

LS
does..niot take into account the amplitude ratios.

In a-sum=difference angular discriminator the ratio ra(a) is

ensured by the automatic adjustment of amplification in both channels
in order to form the voltages of which the total signal is used

(Fig. 1.6). As a result, there is a normalization of the amplitudes
of the sum and différence signals with respect to the amplitude of
the sum signal.’ '

In order to obtain the direction finding characteristic, the
additive function of the angle 1s used; then with identical receiving
channels, in the case of amplitude direction finding,

() —h 0) . Fi () —Fa () | .
3“’-’-‘“"%%:’;"({) Fr O F2 ) (1.15)
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and ir the case of phase direction finding,-

o N du® | @ y

After examining the structural diagram of a monopulse gystem,
we proceed to a more detailed description of thelméét.frequently
used monopulse radar system.

1,6 (1) 2y e
| LoEOUMENS 1= s pyve

" W) [Toassdua 15(6)
<y em demexmop |
- k
20, Y e N
2250t emecumens | spanuvent vq) "
. . )
87/ (7) (11 o
‘E()-Canmmm - 9WJ
| v
o) azotui 1S
& Jdemerxmop
. L i L‘l
10) (11) i
.Iéﬁzh WELUMENS yny ..47
: : d] )

Fig. 1.5. Block diagram of a phase angular discriminator with different
methods of normalization, limiting (a) and AGC (b).

KEY: (1) Mixer; (2) I-f amplifier with limiting; (3) Heterodyne;

(4) Phase detector; (5) Mixer; (6) I-f amplifier with limiting: (7)
Mixer; (8) Heterodyne; (9) Phase detector; (10) Mixer; (11) I-f
amplifier; (12) AGC.
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Fig, 1.6. Block diagram of sum-difference angular discrimindtor.
KEY: (1) Difference channel; (2) Mixer; (3) Heterodyne; (4) Phase
Cstector; (5) Mixer; (6) Sum channeli (7) I-f amplifier; (8) AacC.

§ 1.3. MONOPULSE RADAR SYSTEMS OF AUTOMATIC
TARGET TRACKING

1.3.1. Amplitude-amplitude monopulse system. As discussed in
§ 1.1, in monopulse systems with amplitude direction finding, the
reception of signals reflected from the target is carried out with
the aid of the antenna system forming in each coordinate plane

two beams deflected from the equisignal direction by angle ieo (Fig.
1.1). '

(1) (23 o (3)

.1 Wezapup:| 1 .
‘;;:f,“‘ o-{MuvecKuil po ‘S,'Z;' .
() Al
3 (5) (AL 77
fNeperxawva- remepd| - ., Crema Yeunumens
n’p"u’::w- Juw © dmg:m-- cuzgan
nepedavu "L (9) u ousSnu
' 38 Nozapue] | o)
Mecu Aemex-
\\ paide »—m%’zxudu o
\
\ : eordam:
\ vur ‘

| VO NS

Fig. 1.7. Block diagram of amplitude-amplitude monopulse system of
target tracking in one plane.

KEY: (1) Mixer; (2) Logarithmic i-f amplifier; (3) Detector; (4)
Send-receive switch; (5) Heterodyhe; (6) Differential amplifier;

(7) Error signal amplifier; (8) Mixer; (9) Logarithmic i-f amplifier;
(10) Detector; (11) Antenna control system; (12) Transmitter.
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Thé unbalance with respect to signal amplitude in the independent
receiving channel is more directly related with tracking error the
greater this error is. In the absence of mismatch, signals received
by independent channels are equal in amplitnde. In accordance with

. this?‘direction finding of targets is achic¢ved by turning the antenna
system up to the moment of amplitude equality for signals received.

Figure 1.7 presents a simplified block diagram of an amplitude-
amplitude monopulse system for target direction finding in one plane,

in which' normalization is accomplished with the aid of logarithmic
i-f amplifier.
]

If Anto the input of the antenna signal E(t) = Emej'“’t entars,

reflected:. from the target, when the target deviates from equisignal
direction by angle 8, at antenna output of the first and second
channels the signals recelved will be determined by expression

/ E,(t, 6) = EFy (0) expiut = E.F (b, — O)expi of,

/ Ey(t, )= EnFs(8)expint= E,F (0,-}-6)expiwt.
! ' ' (1.17)

After frequency conversion, ampliification on intermediate
frequency, and linear detection, signals at the input of the
differential amplifier are equal to

" u,(0)=1nk,EnF io.—o),

Uy (0) = In 8,EF (8,1 9),
(1.18)

where kl and k2 are signal transmiséion coefficients in the channels.

At the. output of the differential amplifier we obtain

' oF (8 —9) .
S(t)=1n 2ELa (1.19)
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. E¥ror signal from output bg'tpg differential amplifier is fed
fo the amplrfier‘and'then~to~the anténna control system.

‘Fnom-equality (1,19)'it is apparent that the direction finding
characﬁeriStic in such a mionopulse system depends upon the radiation
patterns; the propenties and ldentical nature o” ‘the logarithmic
amplifiers. Therefore, instability and nonidentity of amplitude
characterfétics of the logarithmic amplifiers lead to a distortion
in the direction finding ¢haracteristic 'and, consequently, error in
det%ymining direction to target.

i

,//“ With identical receiving channels (k; = k, = k) and small
///angular errors, expression (1.19) can be written in the following

form:

F(8,—0) _ F(O.)(l—l-}&o) l+l""
SO=InzEIg=" "”‘—F(o.)(l—:w) T— ™

~2 [M-l- B ] =~ 2,

(1.20)

where F(eo) is the amplification factor of the anterina in the equi~
signal direction;

n is the-steepness of the working section of the antenna radia-
tion pattern.

The need to maintain high identity in amplitude characteristics
of the amplifier is the main disadvantage of the system with an
amplitude angular discriminator.

1.3.2. Phase-phase monopulse system. A simplified block diagram
of a phase-phase monopulse system which ensures direction finding in
one plane is presented in Fig. 1.8. In this system signal reception
1s performed by an antenna sy¢ em which forms; in each coordinate
plane, two beams oriented ir parallel.

?1
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Fig. 1.8, Block diagram of phase-phase monopulse system for tracking
a target in one plane.

KEY: (1) Antenna control system; (2) Mixer; (3) Send-receive switch;
(4) Heterodyne; (5) Phase detector; (6) Error signal anplifier; (7)
Mixer; (8) Phase converter; (9) Transmitter° (10) 1-; amplifier.

Signals received by antennas with identical radiation patterns

are written in the form

.
’

Ev(t, )= EnF (Dexpi («»t + 5;-)

&«,_e):E...m)expi(ot+m-5;—). (1.21)

where A¢ is phase shift because of difference in the paths of signal
approach from target to antennas, determined by equa;ity (1.1);

Y¢ = /2 1s initihl phase shift necessary to ensure that output
signal equals zero. when equisignal direction coincides with direction
to target (6 = 0).

Signals at i-f amplifier outputs are equal, respectively,
to

¥

i (1, 0) = ,EnF () expi (gt + ),
i‘g(t, 0)=!C:Emp(6)expi(“’npt+‘g°—£2!')' (1.22)
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"When limiting is used for standardization, sighdls -at Ihput:
of the phase detectsy .can be repiesenteg in the form of the following
-expression

i D =T 01 (ot 1),
ws(t, 0) = %lo,, e)gpi:(gg!,,g.g._;_;,.*é_z!.).,

(2.23)

where Uorp is the threshold of amplitude 1limitation.

If the amplitﬁde detector and the phase detector are operating
in the square-law detection mode, i.e., ﬁhe phase detectqr performs
the multiplication and averaging of input signals, the aignal at
output of the phase detector can be written in the form

S(0)=rq'xRe [&', (t, 0) @s{t, O)), (1.20)

where k¢A is the transmission factor of the phase detector.

Consequently,

S(@)_—_.—x"U:,,sit_lA?o (1.25)

Substituting in place of A¢ its value from (l.1l), we obtain

2 cin (2hsing ).
' 3(0)-‘-‘-"0!”“.5“?( ) smﬂ,) (1.26)

The error signal from the phase detector 1s fed to the, error
signal amplifier and then to the antenna control system, which turns
fhe antenna to the necessar& angle.

The main disadvantage of systems with a phase angular discriminator,
as will be shown in Chapter 6 in detail, is the considerable depen-
dence of direction finding accuracy on the identity of the phase
characteristics of the recelving channel and their stability.
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1.3.3. Amplitude sum-difference monopulse system: A monopulse
system with g\éum-GEfference angular discriminator has less strenuous
requiremengs"Ah the identity of the characteristics of thé receiving
channels and, therefore, is more widely used in contemporary radar
stations, ' In such systems: the signals received from the target
move from anvenna output to the sun~difference converter (waveguide
bridge) where tﬁey are added and subtracted. From the: outputs of
the wavegulide tridge the sumtandldifferenﬁé.high-frequéncy'signals
are fed to the sum and difference recelving channels where they
are converted to signals of intermediate frequency and amplified to
the'necessary value. The amplitude of the difference signals determines
the amount of angular efror, while the phase difference between the
sum and difference signals determines the sign of the angular error,

i.e., direction of target deviation from equisignal directiop.'

R (1)

(2) damwun) ()
.ffepenmovamens . (3) dammua
npuemo-nepedave |  Comvaprene Karan . _danswochd

 Gte- o] g Ly | AT

& | 8 meme | oy demexmyly

(8) . :
| fepuntel 3 E | o
11l) -
62| remeoo-| | api dasolii |
“ 3:? APY Jemexmap ;
) l L ' . s \x"
fpueno- - Younurent
e, . Lol | b i
wEE N B - -
(16) [ : iy ,
Cucménlz
\\...... ﬁ‘i”.’.’.".’.”.‘i.‘z_’”l“ﬂ.. — e o e e ynpao‘/}eﬁa,g
. anmennot

Fig. 1.9. Block diagram of an amplitude sum-difference monopulse
system of target tracking for dlvecfion finding in one plane.

KEY: (1) Transmitter; (2) Send-receive switch; (3) Sum channel;

(4) Range signal; (5) Mixer; (6) I-f amplifier; (7) Amplitude
detector; (8) Snnular waveguide bridge; (9) Heterodyne; (10) AGC;
(11) Phase detector; (12) Send-receive antenna; (13) Mixer; (14)

I-f amplifier; (15) Error signal amplifier; (16) Difference channel;
(17) Antenna control system.
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- A block diagram or an amplitude sum-difference monopulse system
for direction rinding in one piane is presented'in Fig. 1.9. Signals
at antenna output of the first and -second channels with small target

deviations fggm eguisignal direction are determined. by expression °
] N i

E. (t 0) E.F(8)exp mt_-E,,.F(ﬂ —-O)expiut- ‘ :
“"Emp(ao)(l —Hsﬂ)expi;et, ' ' . T

Est, )= EnFs(d)expiot= EnF (8, +0)expol— (1.27) ’
—-E,..F(O.)(l-pe)expi-t : , P S |

i
|

The sum ené difference signals at putput of ‘the waveguide bridge, . f
taking into account the pcwer balance, assume the form : . .
'
B, 0= 6 O EG 0= | o
= ZE.F(B)expiot, -
. 1 . . o .
; == ’ ke t’ o -'-:: .
Ey(t, 0=z [E:(h ) E,(s = (1.28) |
' ;V'Q‘E".F(o,)i.o“exp?.t. , o -

« o ]
[
0y

The dependence of the error signal on amplitude of received !

signals is eliminated by the AGC sys'tem. i , _ r '

After frequency conversion and amplification, taking into account _ )
the work of the AGC system, at input of the phase detector the sum
and difference signale can be represented by'expression

ot O)=expifontto) , | . '
a'z, (¢, 0)==T':f-p.0 expi(m,,,t'+9,), ! ,

E -
o (1v29), \
where ¢1 and'¢2 are the phase shifts in the channels. - \
¥ I
11 I L] i
At phase detector output we obtain

i ! ' 1 v

(1.30) '

S@)="xox 7"‘-:-_- p0 cos (g, — Pa)-
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The sum and difference radiation-patterns of an amplitude .sum-
“difrérehce monoplilse system, with the‘conditional designation of
phase ratips by the signs M"+" and "-" are illustrated in Fig. 1.10.
From the figure it is apparent :that the phase of the difference
, signal at antenna output changes as a function of the direction of
‘ targét deViation relative to equisignal direction and can either
coincide with the phase of ;the sum signal or be in opposite phase
" to it. In the absenge of disagreement, ‘when 2irection to target
c&inc{des with éqgisignal direction of the antenna system, the signals
reflected from'the tgfget at the ;npuﬁ of the receiving channels have

] H
!equal gmplitude, Due to this, the difference signal is zero,
! : 1
The difference signal is ‘used directly in controlling the posi-
tion. of the antenna system in the prqcess of direction finding or
in the process of, automatic target tracking.

, . i
The sum signal forming upon reception is used not only as the

reference signal'but also forftarget detection as well as measurement
of range té target and its velocity.

F15)
v : Fol6)

! . ¢ () 6)te)

Fig. 1.10. Radiation pattern of an amplitude sum-difference mono-
pulse system with direction finding in. one plane: a) partial patterns;
b) sum and difference patterns. .

Yy f H N

1.3.4. Phase sum-difference monopulse system. Let us examine
the processing of signals in a phase sum-difference monopulse system
(Fig. 1.11). 1In analogy with the phase-phase system examined in

1.3.2 the signals at antenna output, in the given case, can be written
in the form \ VY
A ! ) 26
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£, 0)=E.F() cxpi (c,n‘t-’l— A—“,’-)

Eu(t,8) =EnF () expi- (@’l —A;")

(1.31)
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Fig. 1.11. Block diagram of a phase sum~-difference monopulse system
of target tracking in one plane. .
KEY: (1) Send-rezeive switch; (2) Transmitter; {3) Sum channel;

-l

(4) Mixer; (5) I-f amplifier; (6) Amplitude detector; (7) Signal for
determining range; (8) Annular waveguide bridge; (9) HelSerodyne;

(10) AGC: (11) Phase detector; (12) Mixer; (13) Phase switcher; (14)
I-f amplifier; (15) Error signal amplifier; (16) Differénce channel;

(17) Antenna control system.

At output of the waveguide bridge we obtain the sum and difference

signals in the form

Belt, )= = EuF O [expi (o +-3 )4+ |
—I—expi(mt._%’_ ],
Ep(t’ 0)=-71‘—2_: EmF(e) {expi mt-—'—-:?—)_.

—-expi(mt—%!-)].
)

(1.32)

26




‘,,,,,
S
<

2SRRI

[

W2
to
<

SR

(12} .y

"

Av .output of the phLase detector affer frequeqcy.conversiqh;and
amplification, takihg into accourit the work of the AGC and the
additional phase shift in the difference channel by w/2,we can write

Re it (1. 8) it%, (1. 8) . 5

Sth)= (£ 0) et 8) (233

where ﬁg and ﬁg are the complex conjugate values of signals at output
of the sum and difference channels.

Taking into account (1.32), expression (1.33) assumes the form

__ K sind¢  ka .
S(O)_n, K‘b'"l-i-cosA?—"rc, Kyn 18 2" (1.34)
After substituting values of A¢ from (1.1), we obtain
v v o 'f' 4
N (0):.—“%;-‘1:‘,.,‘ 1g("T sin 0 )
(1.35)

Error signal from output of the phase detector is fed to the
antenna control system. )

§ 1.4, MONOPULSE RADAR SCANNING SYSTEMS

In § 1.1 we mentioned that systems which determine the coordinates
of all targets located within the antenna pattern and resolvable with
respect to range for each position of the beam in space are called
monopulse scanning systems., Let us examine these systems using the
example of systems with amplitude direction finding.

1.4.1. Amp]itude-ampiitude monopulse system. As mentioned above,
an amplitude angular discriminator with logarithmic amplifiers has
a considerable disadvantage in the need to maintain high identity
and stability of the amplifiers' amplitude characteristics. This
disadvantage makes its practical application difficult in amplitude-
amplitude monopulse systems.
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/ We shall examine another ;structupal diagram of such @ SJstem,

vmhﬁch ‘makes 1t possible to’eliminate ‘the use of logarimhmio amplifiers.
In the system Whose block diagram is presented 4in Fig. ‘1., 12 no
logarithmic ampliTiers are used and standardization is,accomplished
accd?ding tother gum 'signal formed at video frequencx.

Let ‘us ‘describe the formingsof the direction finding characteris-
tic in an amplitude-amplitude mondpulse scanning systeém witbwstandand—
izatioh according to the sum signal formed at video frequéncy’

v (‘l/annnu(s)
(1) - (2) (3) (4) {5) _ana onp«menu
(7) “eurramenelel TN - ﬂuﬂruub‘u Qemen | (- w2 00} Koemy
rae 11, R wond ummp[| Y4 T map Y
o r———
: fe-:wm? 8) :
":9
Purp A o g nmmee s N
Oamarans- ) [larzanei | | demen-)otef, Oena Yups| Txena |
v':;(wm-fo s gu‘z:vaﬂ '.'ym; “ .l- ~ ’ hCHAl Hﬂenm.ﬂ_'
(10} LI TIeEr (1’3‘)" '(1'&9,‘9‘ _u_‘,_:.

Fig. 1.12. Block diagram of amplitude-amplitude monopulse scanning
system for determining coordinates in one plane.

KEY: (1) Heterodyne; (2) Optimal filter; (3) Linear i-f amplifier;
(4) Detéctor;.(5) Summator; (6) Signal for range determination; (7)
From antenna output; (8) Hetérodyne; (9) Mixer; (10) Optimal filter;
(11) Linear i-f amplifier; (12) Detector; (13) Differential ampli-
fier; (14) Divider circuit.

' When the target deviates from eqqisignai direction by angle 8,

the éignal at antenna output will be determined by formula (1.27).
At detector output the expression for signals assumes the form

4y ()= &, E,,F-(8)/(1 4 uf), } '

e (0) =w;E,,F (8,) (1 — n10). (1.36)

With identical receiving channels (kl = ky = k) at the output
of the summing device we write ’

.

e w ==ty (0)-4-us (6) =2k EwF (B), (1.37)

-




and at the outpit of the 'differéntidl amplifier

o

==ty (8) — s (0) == 20 i, F (6, 00,

(1.38)
Then at output of the. divider circuit we obtain
i ____QKEN:F (90) P'e — 0
SO= i =" ray " (1.39)

1

A comparison of equalities (1,20) and (1.39) shows that they
~.coincide with accuracy up to the constant coefficient, i.e , and in

thé gyStem\ﬁith standardization according to the sum signal, at
output thére is recéived a signal proportional to the angular error
in direction finding and, therefore, it ¢an be used as angular infor-
mation in detérmining angular coordinates of targets.

In practice, when building amplitude-amplitude monopulse radar

scanning systems with standardization according to the sum signal,
which must have a dynamic range of 80-100 dV, linear i-f amplifiers

cannot be used. In these cases, it is necessary to use logarithmic
i-f amplifiers in which, in order t»> eliminate the need for main-~

taining high identity of logarithmic amplitude characteristics of
amplifiers in varlious channels, it 1is necessary to perform standardiza-
tion with the ald of a periodic sequence of monitoring signals and

then construct the processing circult as shown in Fig. 1.12.

1.4.2. Amplitude sum-difference monopulse system. A block
diaéram of an amplitude sum-difference monopulse scanning system is
presented in Fig. 1.13. By comparing this block diagram and the
ona presented in Fig. 1.9, it is apparent that in both systems
standardization is performed according to the sum signal. However,
in the scanning system standardization is performed not at intermediate

v frequency with the aid of AGC, but at video frequency by dividing
the signdl from phase detector output by the sum signal. This is
explained by the impossibility of using an AGC system in mecnopulse
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\ ééénhiﬁg'syé%ém§ because in these systems it is ‘necessary to determine
‘the ‘coordinates :of ﬁil targets located in the beam and resolvable

_ ¢dhindt operate with. several, closely located targets. ..

W ar
- g “;€AOWDWWJTM‘K . ;) 'éh. ©
IR 1 'ty | {Truvars-|: kLN . ) ..
i L gt £ V8 : yilel & -
[Far L Tarent (Wil laetesmes)  [ocoeiear
. 2rne 88wl ' pres
(8) Jmtem = <. . )
Chx22[T Femesoy(9) ‘ | ,
Y [T .
Frr B wl PO PO R CEV R LN (E5) ()
. . Yl ewees Joamuwaand lond [P220803 | | crews | .
. ﬁmel'Zﬂcuunh Mol gemeicmes Jerenus 1&;

Pasncemnn xoweqls )

Fig. 1.13. Block diagram :of an amplitude sum-difference monopulse

scanning system for determining coordinates in one plane.
. ~KE¥: . (1) Sum channel; (2) Mixer; (3) Optimal filter; (4) I-f

amplifier; (5) Amplitude detector; (6) Signal for determining range;
(7) Waveguide bridge; (8) From antenna output; (9) Heterodyne; (10)
Mixer; (11) Optimal filter; (12) I-f anplifier; (13) Phase detector;
(14) Divider circuit; (15) Difference channel.

Let us examine the formation of the direction finding characteris-
tic in an amplitude sum-difference scanning system. The sum and
difference channels at the output of the wavegulde bridge are deter-
mined by formula (1.28).

. At phase detector input they can be written, respectively, as

te(to-8)= V2 K, EmF (1,)expi (0npf +9),
(1.40)

ty (6 )= VZ k,E.F (8) nhexpi (0gyf +95).

The sum signal at amplitude detector output, considering its
transmission factor equal to one, will be

tte=V/2x,EnF (8,), (1.4

and voltage at output of the quadrabic phase detector will be
Uy n=2K z,; [EmF (3,)}* 19 cos (9, — 9,). (1.42)
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‘When using a quadratic phase detector in the block diagram
presented in Fig. 1.13, it is necessary to provide a device' which
. will square the sum signal at. amplitude detector output. Then at
' divider circuit output we obtain .

S()= "-":25 =Ky %’;—M o8 (7, —9a):
e (1.43)

A comparison of :formulas (1.43) and (1.30) shows that they agree
i.e., standardization according to sum signal -at video frequency
gives the same effect as standardization at intermediate frequency

. With the aid of AGC.

The création of a monopulse sum-différence scanning system which
has high resdlution with respect to range (on the order of 10-30 m)
can prove to be iﬁpossible because of the technical difficuity
involved in making a phase detector which will operate with pulse
width near 0.1 us. In this case, we must turn to the development of
amplitude-amplitude monopulse scanning systems.

§ 1.5.. DESIGN PRINCIPLES FOR MONOPULSE SYSTEMS
OF DIRECTION FINDING IN TWO PLANES

The monopulse radar systems examined thus far have been designed
for finding targets in one plane. Direction finding systems for
two planes are considerably more complex.

Monopulse systems for terget finding in two planes with amplitude
and phase angular discriminators can be made by a simple combination
of two monopulse systems, one of which 1s designed to operate in
the azlmuth plane and the second .in the elevation plane. From the
block diagram of the amplitude-amplitude system for direction finding
in two planes, presented in Fig. 1.14, it is apparent that such a
design requires the use of an antenna with four radiation patterns
and four ampliflcation channels. However, in systems with the above
indicated angular discriminators, in two-plane direction finding
there can be one amplification channel for both azimuth and elevation
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planes.
System as a whole:

This simplifies antenna desigh and. the direction finding
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Fig. 1.1&, Block dlagram of ampii%ude;amplitude molliopulse system
for direction finding in two planes.

KEY:

(1) Mixer; (2) Logarithmic i-f amplifier; (3) Detector; (4)

Heterodyne; (5) Differential amplifier; (6) Send-receive switch;
(7) Mixer; (8) Logarithmic i-f amplifier; (9) Detéctor; (10)

Mixer; (1l); Logarithmic i-f amplifier; (12) Detector; (13) Differ-
ential amplifier; (14) Transmitter; (15) Mixer; (16) Logarithmic
i~f amplifier; (17) Detector; (18) Elevation error signal; (19)

Azimuth error signal.

As an example; a simplified block die

avem ¢f one of the first

phasé-phase monopulse radar system is presented in Fig. 1.15 [41].
The antenna system of this radar consists of four rigidly connectead
One of the antennas is the trans-
mitting antenna and the others are receiving antennas; one of the
latter-1s a common antenna for azimuth and elevation channels.

parabolic reflectors with feeds.

The main disadvantage of this system lies in the ineffectlve use
of ahtenna aperture since part of the antenna is used only for direction
finding with respect to azimuth, part for direction finding with
respect to elevation, and part for emission.
radiation patterns this disadvantage is eliminated since for receptlon
and transmission the entire .-antenna aperture can be used. '
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Fig. 1.15. Block diagram of a phase-phase monopulse system for

. direction finding in two planes. g

KEY: (1) Azimuth drive; (2) Azimuth error signal; .(3) Elevation
drive; (U4) Mixer; (5) Preliminary i-f amplifier; (6) I-f amplifier
and AGC; (7) Mixer; (8) Preliminary i-f amplifier; (9) I-f amplifier
and AGC; (10) Phase detector; (11) Mixer; (12) Preliminary i-f
amplifier; (13) I-f amplifier and AGC; (1l4) Phase detector; (15)
Magnetron; (16) Local heterodyne; (17) Elevation error signal; (18)
Modulator; (19) Range gate} (20) Signal for determining range.

In monopulse systems for direction finding in two planes with
a sum-difference discriminator, unlike systems of direction finding
in one plane, an antenna with four radiation patterns (instead of
two) and three or four wavegulde bridges (instead of one) is used;
there is also added one difference recéiving channel and a number of
other elements. Figure 1.16 shows an amplitude sum-difference system
with direction finding in two planes, using four wavegulde bridges;
signal processing in such a system is shown in Figure 1.17. The
method of signal processing using three wavegulide bridges i1s
illustrated in Fig. 1.18.

In & monopulse system with four waveguide bridges the sum
signal is formed by paired preliminary summation of signals 1 and 2,
3 and 4 on the first two bridges and then a final summation on the
third and fourth bridges. The high-frequency power of the transmitter,
with the aid of these bridges, is distributed equally and in phase
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Block diagram of an amplitude sum-difference monopulse
n two planes. _ sum output of bridge;

finding 1

A - difference output of vridge.
s (2) Tpransmitters; (3) Heterodyne; )
mining rangeé;

key: (1) sum channel;
jtude detectors (6) Signals for deter
nh; (8) Mixers 4 s (10) pifference channel
ectors

1.t amplifiers (13) Phase det
. (15) Mixers (16) I-£ amplifiers (7N
(19) Annular waveguide

(14) Azimuth errOE 3
; (18) Elevation error signal;
1s for elevation.

Fig. 1.16.

system for
(W) I-f

in order to obtain & difference signal for azimuth in the fourth
pridge, the gun of the signals of radiators 2 and 4 is subtracted
from the sum of the gignals of radiators 1 and 3.

be represented in the form of

Analytically, these gignals can
g,expressions:
ut of the sum pranch of the third pridge)

the followin
(at outp

- sum signal

Eo(t: e)—_=;‘2'—-E(t) \F,(ﬂ)+F.(°)+F.(0) +-Fa @ (1.44)




~ .dt¥fferénce signal for eievatiqn (at: output of the difference
branch of the'third bridge)

Eyyult, 0= EO{F,O+F: 01

—-— [F 3 (°)+ F.(O)]} * (1.45)

- difference signal for azimuth (at output of the' sum branch
of the fourth bridge)

Eyuslts =+ EQ{IF, O+ F O —

== [Fs (0)+ F (O]} ‘
' (1.46)
702 (1)
. [1+2+3+%] Copmmapmerd xavan -
(2) !
z z £ E Paswocrnnsid xaman
- B 3.4 A[(y.;).(:;./,ﬂ . ho yeiy méema
’ 2 vt 1-2 )
3|+ } T [[1-2)+(3-4)]=[{1+3)-(2+ 4)] .
: Pasnoemie'd xanan
£ xm . gy
3-4 S

Fig. 1.17. Diagram for forming sum ané difference signals with the

use of four wavegulde bridges. I - sum output of bridge; A - difference
output of bridge.

KEY: (1) Sum channel; (2) Difference channel for elevation; (3)
Difference channel for azimuth.

The output of the difference branch of the fourth bridge is

usually not used and terminates in the dummy.

With the use in a monopulse system of three wavegulde bridges
the sum signal is formed by the preliminary paired summation of
s;gnals 2 and 3, 1 and 2 on two bridges, and then by the final
summation in the third bridge. The difference branch of the third
bridge 1s not used and terminates in the dummy. The difference signal
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ein Orie ‘pléne is .formed. by the: dift'erence of signals 1 and 2 and in
the other plane by the difference of signals 2 and 3.
. -;ﬂbﬂ . o .
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Fig. 1.18. Diagram for forming -sum and difference signals with
the use of three wavegulde bridges. I - sum output of bridge;

A - difference output of bridge. '
KEY: (1) Difference channel for elevation; (2) Sum channel; (3)
Difference channel for azimuth.

With the application of three waveguide bridges the sum s’gnal
is determined by equality (1.44) and the difference signal is equal

to
Eyyn=75EOIF, O —F @) ° -
e,.a=-;,’—2.13«) [F2(0) — Fs (O)). (1.48)

Amplitude and phase sum-difference monopulse systems are identi-
cal in method of processing angular information; however, they have
principal differences in the formation of the antenna pattern.
Kﬁgular target information in an amplitude system is contained in
the ratio of signal amplitudes, and in a phase system in the phase
shift caused by the differernce in signal paths from target to antennas
of the corresponding direction finding channels. .

Combined monopulse direction finding systems have certain
advantages in design. They are based on a formation of antenna .
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radiation pattern which ensures- the obtaiﬁing of independent target

information simultaneously with amplitude and phase relationships

of signals received. 1In this case, it can be avoided with direction
finding in two planes only by two interconnected channels with one.

waveguide bridge at their input (Fig. 1.19).
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Fig. 1.19. Block diagram of a combined monopulse system for
direction finding in two planes.

KEY: (1) Signal for determining range; (2) Send-receive switch; (3)
Transmitter; (4) Sum channel; (5) Mixer; (6) I-f amplifier; (7) Phase
detector; (8) Elevation error signal; (9) Annular waveguide bridge;
(10) Heterodyne; (11) AGC; (12) Mixer; (13) I-f amplifier; (14) Phase
detector; (15) Azimuth error signal; (16) Difference channel.

The principle of forming angular errors based on two coordinates
is illustrated at the same time by the vector pattern (Fig. 1.20).
Designations 61 and 62 correspond to signals in the vector concepc
for the first and second channe.s. Signals differ in amplitude and
phase.

Difference signal ﬁz'ﬁl’ as seen in the figure, can be represented
in the form of two independent components, one of which is found in
quadrature with the sum signal, which 1s characteristic for a phase
direction finding system, and the other component 1is in phase or
in opposite phase with the sum signal, which is characteristic for an
amplitude direction finding system. The first component, as will !
be shown below, can be used as an azimuth error signal and the second
as an elevation error signal.
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. The- two 'beams formed by the ‘antenna in the vertical plane. are

deflected: from each other by angle 260, and in the horizontal plane
] ' i

are parallel 'to each ‘other and separated by a distance Z, which
ensures target finding in the vertical plane by the amplitude méthod
. and in the horizontal plane by the’phase method. ., >

:

~
]
H

-

Fig. 1.20. Vector diagram illustrating the principle of a combineq )

direction. finding system: A - is the_cophased lcomponeént of the

aifference signal (elevation error),‘B is the quadrature-phase !

component of the difference signal (azimuth error).
I ! 1 .

In order to form beams which are parallel in the azimuth plane,

linear feeds of the antenna are tilted and irradiate the left and |,
right halves of the parabolic cylinder.' In order to slant the beams
relative to each other in the vertical plane, the feeds are 1located
on different sides from the focal plane (one above and'the other

below) (Fig. 1.21). ' ‘ ! \ '

To extract angular information with respect to each coerdinate,
at output of receiving channels there are Fwo phase detectors,‘one
of which forms the elevation error and the otﬁeg the jazimuth error .
signal. The difference signal 1s fed tg the azimuth phase detector o .
with a phase shift of 90° relative to the sum signal, which is the
reference signal. The other elements of a combinedlamplitude~phaée 4

] . b
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system a;e similqr'ko the eléments of the amplitude and phase systems
diéqussed\auOve. ‘ ‘ : ‘ '
I
Let us :examine the formation of the direction finding char-
i acteristic in a combined amolitude—phase moncpulse system, Let the'
object of thé direction finding be .displaz ed from equisignal direction
in~°zimu¢h by angle © as and in elevation by angle ey . Then the

signals at antenna. oupput will differ in phase in accordance with
the azimuthal displacement of the angle and in amplitude in accordance

with.its elevation displacement and ¢an be represented in the form
of the following expressions:?
. ) !

4 .
H

: Ey(t, 0= EuF (8uc) F (fy— by ) expi ’(mt+.A_;a),

S N roe ; o
. Ei(t, 0)=EnF (o.,f)r(e.,+,o, i) expf(mt-—-é%'-'-), o (1.49)

' 8 Bepmuxanswold nACCNILTIR

.
! pot

) Yo

' Fg. 1.21. The principle of formin
a
monopulse systems. g radiation patterns and combined

KEY: (1) In the horizontal plane; (2) In the vertical plane,
N 1 !
. 1 At output of the waveguide bridge the sum and difference
! signals, with an accuracy up to' the ronstant coefficient, can be

‘wrigten in the form

I ‘ :
.
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E ¢ 0= E, [Fo- By.) expi (§t+‘—ﬁ'ﬂ)+
f +F(0+0,.)expl(at ")]
E,,(t 0)__[:‘,[r (85— 0y.) €xp ;(mt+ Bris\_
-F(o +0,u)eXPi(at "'-')]

e

vwhere
, .
N ik

without taking into account phase shifts and signal standardization,
‘we obtain

e (t, 0) = Exxte [F(eo""O!l')expi(‘”‘“’"*-A'_;!'!)-"-'1 J
C4FG, +e,..)expn(»..pt--1'—')] -

#e(t, 8)= Exk, [F(O -o,..)exp:(en,t-l-"") i |
.. PO ei (su—23)): (1,51)

At output of the quadnétic phase detector, taking into account
signal standardization in the receiving device, the error signal
is determired by expression

Re u, (t, 9) n* w(t: 0) 0)
AT YORTAO N

S(l)y=1#xes
(1.52)

In accordance with this, at output of the elevation channel
phase detector, after elementary conversion the error signal will

have the form

4o

After frequency conversion and amplification in the I-f ampl;fier,“

Ay .




VO SOy=keagEX
v \ X \ F (99::-01 ») — F1(0s+ 0y5)
INFR (033“ (= ..)+F= (o.+8, ..) +2F (8 — 8, ) F. (0.+0y ) c08 Byga: (1.53)

. :‘-

BEH
Y [
7 SO

. In the pfesence Effemall‘angular errors, when a linear approxi-
mation of the radiation pattern is valid,

F (8, 5 Oy )= F (8) (1 =0y ) . ‘
- (1.54)

P (055 8y~ P 00 (1 2220y, (1.55)

Then expression (1.53), when the transmission factors of the
recelving channel are equal, can be changed to the form

.

S(oyu)—-”cm 8

cos? A;ﬂ ‘ (1.56)
In the absence of disagreement in the azimuth plane (A¢ = Q)

we obtain

‘ ’ .
S(0y)=xpn 8,

Gy =Hon ¥ (1.57)
i.e., expression (1.57) is similar to expression (1 30), deduced for
an amplitude sum-difference monopulse system unden the condition
that the amplitude-phase characteristics of the receiving channels
were ldentical.

At output of the azimuth channel phase detector, taking into

account the additional phase shift of the difference signal by n/2,
when kc = kp , we obtain
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\]\ Expression (1.58) .agrees with expréSsion (1.34), obtained for

) a phase sum-difference monopulse system. The error signals obtained
tfare useq .for turning the antenna system: or for indicating the value
mMand directionﬁof antenna mismatch by the usual method.

Py,
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Ehus, a combined amplitude-phase system ensures the obtaining
of an erron signal in both direction finding planes in the presence
of only twoxchannels.\lIn this lies the advantage of such systems

over purely ampliﬁude or purely phase sum-difference monopulse

systems, since with direction finding in two planes they normally re-~.
quire four radiaticn patterns, four hybrid bridges, and three i-f
channéls. ' However, we mus‘ keeg in mind that the radiation pattern of
a combined amplitude—phase system has considerable lobe propertles and
: the amplirication or the sum rad ation pattern and direction finding

"y

sensitivity are approximately 3 dB”below optimal., Therefore, we

must choose a combined amplitude phase system on the basis of thorough
calculations taking into account all the advantages and disadvantages

of these systems. We should also consider that combined systems

have. the potential of increasing resolution with respect to angular
coordinates. This is due to the fact that ‘when using them, only two
_channels, and two antenna feeds are necessary. The use in such systems
of foup or more independent feeds furnishes extra information which

can be used to compare an additional number of equations which determine
target positlons in space and to ensure the resolution of targets
located at the same range within the range beam. This wtll be dis- ¢
‘cussed in greater detail in Chapter 4

v
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_ Singe: corbined systems have certain structural advantagés,
they have found wide application in airborne radar technology where
the welght and size of the equipmén. is of prime importance.

One of the first monopulse radars operating by the combined
method is the AN/APG-25 experimental aircraft radar in the 3~cm
range, designed as part of the fire control system in the tall of
a US Navy patrol aircraft [94].

Along with combined Systems of the sum-dlfference type we can
use combined systems with postdetector signal processing, similar
to simple amplitude ‘and phase monopulse systems.

§ 1.6, DESIGN PRINCIPLES OF MONOPULSE SYSTEMS
OPERATING IN CONTINUOUS AND QUASICONTINUOUS
RADIATION MODES

Characteristic for monopulse systems operating in continuous
and quasicontinuous radiation modes is the use of target selection
with respect to speed, which makes a certain impression on their
design scheme. Figure 1.22 presents a typical block dlagram of the
receiver of such a monopulse system.

Each of the receiver channels, in principle, is like the
l-channel angle-measuring devices used in a radar with continuous
radiation. After frequency conversion and amplification, i-f signals
are fed to the mixers (4) and (5), the heterodyne voltage for which
is the reference signal of the transmitter on intermediate frequency.
The Doppler-frequency signals forming at mixer output are then
amplified in Doppler-frequency amplifiers (D-f Ampl.) and selected
with respect to frequency.

For the selection of signals based on Doppler frequencies,
which corresponds to the selection of targets based on speed,
in the receiver are provided mixers (6) and (7) at whose output
narrow-band Doppler filters F-1l and F-2 are installzd, whose passband
width is selected in accordance with requirements for target ‘
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Fig. 1.22. Block diagram of a receiver of a monopulse system with
selection based on speed. :
KEY: (1) Signal from antenna output; (2) Mixer -1; (3) I-f amplifier
~1; (4) Mixer -4; (5) Doppler frequency ampiifier -1; (6) Mixer -6;
(7) P-1; (8) Error signal; (9) Phase detector; (10) Mixer -2; (11)
I-f amplifier -2; (12) Mixer -5; (13) Doppler frequency amplifier -2;
(14) Mixer -T7; (15) F-2; (16) Reference signal; (17) Mixer -3; (18)
I-f amplifier of reference signal; (19) Heterodyne; (20) Tracking
heterodyne; (21) Frequency dilscriminator.

Signals from oufputs of the Doppler filters, containing informa-
t;on concerning the direction to a chésen target, are fed to the
phase detector where the error signal is formed which is used in a
direction finding system on the usual order.

Direction finding systems with selectlon based on speed are
rather narrow-band. This imposes additional requirements on the
receiving channels with respect to the ldentity of their amplitude-
phase characteristics. Nonidentity of channels, particularly of
Doppler filters, will cause target finding error. Since the narrow-
band filters have great steepness of phase-frequency characteristics,
while target speed and Doppler frequency connected with it, i.. the

4y
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tracking proéesé based on speed, varies within considerable limits,
even a slight nonidentity of phase-frequency characteristics. of

-the Doppier filters will cause a large parasitic signal phase shift

entering the phase detector and bring about considerable error in
directlon finding. o .

The quasicontinuous mode of radiation, which characterizes 'the
emission of pulses with a low duty cycle, also makes it possible
to select targets based on speed. Therefore, the design of the
receiver of a monopulse quasicontinuous radar is similar to that
discussed above. The only difference llies in the fact that when
using a quasicontinuous mode of radiation, there is introduced into
the receiver..a gating of the i-f range amplifiers. Requirements
for identity of receiving channels remain the same as tﬁey are with
a continuous signal.
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~ MONOPULSE ‘RADAR SYSTEM ANTENAS

§ 2.1, RELAT&ONSHIP BETWEEN THE RADIATION
PATTERN OF THE AN”ENNA AND THE CURRENT

"DISTRIBUTION ON ITs SUBFACh

The antenna is the iain element of a monopulse radar. It
connects the radiating source -and the angular discriminator. The
main characteristics of monopulse radars depend éonsiderably upon
the design of the antenna system.

. The shape of the radiation vattein in a monopulse radar has

a considerable effect on the direction finding characteristic., In
order to obtain a predetermined shape of radiatlon pattern and,
consequently, a predetermined direction finding characteristic, we
must select the proper current distribution on the antenna surface
or the field distribution in the aperture.

To derive the relationship between antenna radlation pattern
and current distribution on the antenna surface, we should examine
a rectangular antenna (Fig. 2.1), whose width in the direction of
the y-axis is d. When d >> A, the expression for the electrical
field intensity in the remote zone hag the form [443

d
. '2" .
d . 2 .
E.(:—A—smo.)m—g— s ¥ (Fy)exps
-4, '
2 .

Po. B o n
(21: —-sind ) dy, (2.1)

where
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(.3_ ) —a (——y)expul'(—-y)

I's the complex function of‘éurrent distribution on the antenna
surface at distance y from the center of the aperture; gy is the
generalized coordinate of the antenna aperture; "Q sin 6 is the

A
generalized approach angle.
After change of the variables
. 2
u==-rsinh; o=—y (2.2)
equation (2.1) can be wWritten in the form
1
E ()= S‘D‘(v)expiuvdv, (2.3)
-~ :

where

W (0) = A (v) expi ¢ (v). N

x4

1
w\R
>

Fig. 2.1. Radiating aperture of antenna.

Equation (2.3) in mathematical respects is similar to the inverse
Fourier transform. Consequently, the theory of Fourier transforms
can be applied to the calculation of the field intensity pattern
if we know the current distribution on the antenna surface.
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o " The Fourier transform of function £(t) is written in the .
following 'manner:

F(H= = fiwe“*"dt. (2.1)

and the inverse Fourler transform has the form

s s '

f(t)=j1~‘g)e"'df.' 25

A ‘ ‘ —® )

ﬁi ‘ In equation (2.3) the limits of integration can be extended to
o ) , .

S an interval from - » to + « since current distribution ¥(v) is equal
;i to zero for |v] > 1. Then ‘the function of current distribution on

3 the antenna surface is a Fourier transform of the field intensity
B diagram E(u): '

3
3 ©
_ ¥ ()= 5o S E @)e™"" db.

. = (2.6)

Thus, based on eduation (2.6), we can Tind current distribution
¥(v), which ensures the obtaining of a given pattern E(u) and, based
L on equation (2.3), we can calculate the antenna radiation pattern
7 with different current distributions for the antenna radiation pattern
i field in its aperture.

For example, for a uniform field distribution in the aperture,
when the constant value of fileld amplitude is AO, and phase dis-
%’, tribution along the aperture constant, the antenna radiationh pattern
calculated according to equation (2.3) has the form

l. '

. : — luo s!na .

L Fl f do=: A, 8L, (2.7)
i -1

g This radiation pattern in coordinates "u" exists within limits

i}~ from - » to + « (Fig. 2.2). However, since the function of fileld
distribution in the aperture must revert to zero heyond the antenna
b aperture, angle 0, measured from axis Z, cannot be greater than
$+90° and - 1 < sin 6 < 1.
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‘Then the range of effective approach angle lies within®
- n% fug n% and, consequently, only the part ofhthe antenna pattern
located in the above mentioned interval corresponds to the physically
possible ranée of approach angles. The portion of the radiation
pattern located outside this interval can be defined’ag "invisible."
In reference [15] it is shown that the powers in the "visible"
and "invisible" portions of the radiation pattern are connected,
respectively, with the active and reactive powers in the aperture.

’

7Y B

.

-«%ﬂ R\ M. W u

Fig. 2.2. Antenna radiation pattern in the case of uniform field
distribution in the aperture.

The presence of an "invisible" part of the antenna radiation
pattern represents certain requirements on the multiplicative ratio
of signals rm(u). When using for direction finding either amplitude
or phase patterns, it is necessary that rm(u) be independent of the
unused ("invisible") pattern for direction finding [41]. From
equation (1.6) it is apparent that the necesséry and sufficient
condition is the requlrement that the usable radiation pattern
be an even function with respect to equisignal direction, i.e., for
purely amplitude direction finding

n{u)=qe(u), (2.8)

and for purely phase direction finding

Fy(u) =Fy(u). - (2.9)
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The requirements, imposed by equalities (2.8) and (2.9), on
the unusable: radiation patterns are‘limitgd’in a certain manner to
the form -of -current distribution on the‘ahtggng supface. As indicated
in Chapter 1, in mondéﬁlge direction finding 'systems it is usually
accomplished by ‘thé¢ displacement of two amplitude patterns by a

4smail angleAGO relative to- equisignal direction or by the displacement

of the phase centers of the two patterns. Amplitude pétterns at an
angle to each other are formed by currents which have a 11near phase
distribution function. A displacement of the phase centers of the
two patterns éan be obtained only if ‘the phase distribution function
is constant.

\

In réference [62] it is indicated that with linear current phase
distribution the maximum possible antenna amplification is ensured.
Therefore, we shall assume that the phase distribution function 1s
linear for amplitude direction finding and constant for phase direction
findiﬁg. With this assumption, amplitude distribution for amplitude
direction finding with linear phase distribution must be a symmetrical
function with respect to the center of aperture, while for phase
direction finding with constant phase distribution 1t can be any
arbitrary function [411].

Fefuese) Filuu) U

Fig, 2.3. Antenna radiation patterns with displaced equisignal
directlon.

The introduction not of the approach angle itself 6 but of
generalized u as an independent variable makes 1t possible to extend
the basic theoretical positions of the monopulse method, in the above
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assumption, 'that équisignal direction is perpendicular to- the plane
of the antenna aperture, to the case of an arbitrary direction
for the equisignal line.

Figure 2.3 presents antenna radiation pattern of a monopulse
system for direction finding in one plane. If the initial pattern
F(u) is displaced along axis u to a generalized displacement angle:

of equisignal direction Usng? connected with the physical displacement

as
angle ecga by equation

wd -
Uegn ==y~ Sift Oepus -

» (2.10)
the displaced comple ilation pattern, in accordance with equation
(2.3), is written in the form

] . ® .
f‘("““w)":j”(")EXP{ili'(‘{)—(u—ucun)v]}do (2.11)

The displacement of the radiation pattern 1s achieved physically
by a linear shift of the initlial distribution in the aperture by
quantity Ue eV If the initial pattern was displaced with respect to
equisignal direction by angle

ﬂd .
U, == ——-sin 0
AP ¥ o (2.12)

the displaced pattern also will be shifted with respect to the
displaced equisignal direction uc.ma by angle Ug

The multiplicative ratio of signals recelved with displaced

equisignal directlon will be determined by expression

N i —tey) ,
m ()= oy | (2:13)

.
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‘which when u = -0, reduces to-the usual‘detérminatioq‘ih\accordénce

cae

with (1 6).
: Thus, radilation patterns and monOpulse ratios are preserved )
without distortion in the presence of a:oitrary displacement of | |

equisignal direcbion, ‘when they are expressed in ‘terms. of a generalized :

coordiriate of the radlation pattern. '

§ 2,2 PARABOLIC ANTENNAS . ) ) ’ ’ ' . !

A diagram of a parabolic antepna, which consists of a metal !

mirror in the form of a parabolcid of rotation and a feed is presented

in Fig. 2.4. ; |
1

The main properties of the parabolic mirror are the following

1) diverging beams, proceeding from a source, installed in the
focus of the mirror, after reflection from its surface become
parallel; ' - v !

2) the distance crossed by an§ beam from focus to ﬁirror and
after reflection from a plane perpendicular'to the axis of the
parabolold does. not depend upon the: angle at which the beam left
the focus. Because of this, a plane wave fropt with a uniform phhse
is formed. )

A paraboloid which has an aperture éngle,of Qe > W is called
a short-focus, and a paraboloid which has 2a0 < 1T a long-focus. ]
For a short-focus paraboloid the ratio of focal distance.to mirror
diameter is fn/dn < 0.25, and for a long-focus paraboloid it is !
f,/d, > 0.25. Parabollc antennas for monopulse radar stations
usually have [ /d ratios lying within 0.5%1, which makés it possible
to inters . the radiation patterns at the prescribed level., :

The most widely used Cype of feed for parabolic honopulse
antennas 1s the wavegulde horn which can be installed by one of !
the methods indicated in Fig. 2.5. In both cases, the wavegulde
feeding the horn passes through the reflector, which leads to a
shading of the aperture and the appearance of a reverse reaction
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on\the feed. because of the energyererlected from the mirrcr, The,
:ﬂeed “the waveguide, and the attachment element shade the aperture
of the. mirror and!changes the effective radiation pattern, while
the energy réflected from the mirror, falling on the feed and being
propageted in the reverse“direction along the waveguide, causes
] ﬁismatch in total resistance and worsens the transmission char-

~act§r£$tic. |

¢ - ' l- 7

?

W\ apabonuvecrod | .
mﬂnwmuwaqll".

1 . Y 2 . . H
o A AN N | - Y )
, . . 0fnyvamens '

Fig. é.u. Diagram'dr a parabolic antenna: drl -~ diameter of parabolic
mirror, rn - focal distance; F_ .- focus of mirror; 2a0 - angle of

aperture., ! ' r.
KEY: (1) Parabolib mirror; (2) Feed,

ax

/

’a). {a) g (b))

N ) . H
'Fig.{2:5. Methgds qf aﬁtaéhing feeds to parabolic'antennas.
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Fig. 2.6, ' Change in direciion of maximum radiation with displacement
of feed.

KEY: (1) Parabolic mirror; (2) Displaced feed; (3) Main direction
of maximum radiation; (4) Direction of maximum radiation with dis-
placed feed.

If the feed is displaced from the focus of thz parabolic
aritenna by angle oy along a circumference with a center located at
the apex of the paraboloid, the direction of maximum radiation is
deflected from the axis of the mirror by angle Ass somewhat less
than angle o, (Fig. 2.6). The direction of maximum radiation is
turned to the direction opposite the displacement of feed.

In monopulse systems with amplitude direction finding, a pair
of feeds displaced symmetrically from the focus gives symmetrically
overlapping amplitude radiation patterns for direction finding in
one plane (see Fig. 1.1).

Fig. 2.7. Antenna of a monopulse
system with phase direction
finding.
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Fig. 2.8. .Parabolic mirror vith
slanted feeds. ;
KEY: (1) Parabolic mirror;

(2) Feeds.

In monopulse systems with phase direction finding, the antenna
system for direction finding in one plane consists of two separate
parabolic antennas spaced at a distance ‘(base line) I (see Fig. 1.2), ,
with the feed located in the focus. One of the anpeﬁnas or both
of the anteﬁnas can be used for transmitting. An example of such
an antenna is the antenna (Fig. 2.7), used in the first monopulse
system, developed by General Electric [41]. In design the antenna
consists .of four 16-inch parabolic mirrors, cut offﬂand weided together
with separate feeds located in the corresponding focus. For reception,
three antennas were used, and since for elevation and azimuth
direction finding two reflectors each are used, one is common for

both planes. The use of a separate transmitting antenna eliminates
the necessity for switching the antenna system to transmission and

to reception.

The'development of monopulse systems with phase direction finding
led to the creation of single-mirror antennas with a four-horn feed
located in the focus of the mirror; however, each horr is slanted
with respect to its axis (Fig. 2.8). In this case, in each plane
two parallel beams are formed. ;

§ 2.3. PARABOLIC ANTENNAS WITH A PRIMARY RADIATOR

Parabolic antennas wlth a primary radiator (“assegrian) have
found wide application in monopulse systems because of a number of
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advantageés which(will be discussed below In such antennaa,(Fig.
-2.9) the feed is 1ocated at'the ap'x of the paraboch mirror, and
a hyperbolic primary radiator is, loqeted between the apex and the
focus of the parabola One of the two foci of the hyperbola is

e the actual focus of the antenna:system Fp and iz located in tiae
centercf the feed; the other is the imaginary F' and is located in
the fccus of the parabola. Points F' and Fp are conjugate foci

of the hyperbolic primary radiator. Waves from the reflector and
primary radiator are reflected according to laws of geometric

optics (Fig. 2.9b) and after reflection, the beams proceed in parallel
and the wave front is flat.

Parameters of a .parabolic antenna with a primary radiator,
indicated in Fig. 2.9a, are connected by the following equations

[561: .
fg S du
2 ="
(2.14)
I 3 1 fo -
TR T (2.13),
sln( c';a’ )
'——-'2'!—."0
sin(ﬁfﬁ—); _ I : . (2.16)
Usually parameters dn, Tn, fp and ap are determined based on

the necessary dimensions and characteristics of the antenna system,
and «ccording to them 09> dH and fO are calculated.

If we consider the primary radiator a hyperboiic mirror' creating
a mirror image of the feed at F'n , located in the focus of the
parabola, an antenna with a primary radiator can be considered an
ordinary single-mirror parabolic antenna but with another feed
(Fig. 2.10). Then the solid angle 2ap, formed by the primary radlator
at point Fb, will differ from solid angle 2a0. The imaginary feed
has a erfective aperture smaller, while the radiation pattern is
wider, than actuél, i.e., amplification occurs because of the use
of a hyperbolic primary radiator and 1s equal to
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=1t . ’, * (2.17)

where L i .

o K] b

{ . ‘ : - sin (—!j;-’—-) '
. c » AR

Cp BB o o =3
. s — %
sin_(-————-.\ ) ) )

is the eccentricity of the Hyperbolic primary radiator.

Napasoriuvecxos sepxase (3)

Fig. 2.9. Diagram of parabolic antenna with primary radiator:

a) geometry of antenna; b) principle of ‘antenna action.

KEY: (1) Actual focus; (2) Parabolic mirrer; (3) Imaginary focus;
(4) Hyperbolic primary radiator.

Amplification is also equal to the ratio of the difference ;
between the distances from primary reflector to real and imaginary
foci to the distance from primary reflector to imaginary focus

kr'.‘_-"iﬁ.::!-.-. (2'18)

I

However, on the other hand, the use of a primar& reflector in
such an antenna system leads to the shading of the aperture, which
causes a dip in the amplitude field distribution, as a result of
which amplification decreases and the level of the side lobes increases.
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_fn order t6 reduce shading, we can reduce the dimensions of the
primary reflector, simultaneously increasing the directivity of the
feed or bringinglit nearer the primary reflector. However, the
shading of - the aperture can be ‘caused by the feed itself and can be
greater than the‘shading caused by the primary reflector. Therefore, *
when selectmns the dimensions of a primary reflector, we must find ;
‘a compromise solutionc ”Shading is minimal when the. size of the feed
and the distance are selected éo that shadings caused by the primary
reflector and the feed,are approyimately the same.‘ In reference [56]
: the chief conditiqn fon minimal shading is obtained (Fig. 2.10):

'v P b .
SR R R ,/ SEo
N i} :'(», .“2 * PR !
I 2 '] o ,‘.k'dv.-‘ ,ds' - .
TR NS s AU I
‘I": ‘,’t‘.’u:?_zﬁﬂk' "d'\l,"”” 3 (2‘19>

i "n" « ' P "' "' ' T * .
F~ .
where d is the diameter oﬁ)therfeed aperture, kf is the ratio of

effective and geome@ric diameters of the aPerture of the feed.
A R T D
‘.’5\\ ;, R I ’ l '

!

The approximate equality (2 19) is obtainedfon the assumption
angle ap and af are\ mall and the primary reflector is located con-
siderably nearer the\imaginary rous than'it is to the feed.

\! - l
4 ! . ' ' !
\ H {
o W ) R ¥
. . - .l)
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 Pagmewenr (1)
nwmwumum =

HHUWU(Z)
obnyvamens

‘ g‘f 2;\ Fode

- — ks doed (3)

d, | <22 e derdyun 2
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T =t i
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- - I

Fig. 2.10. Minimum shading of primary radiator.
KEY: (1) Actual feed; (2) Imaginary feed; (3) 4, = d3 min.
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Fig. 2.11. Antenna with turning of polarization plane to eliminate

shading of the primary radiator. 1 - horizontal polarization;
2 ~ vertical polarization.
KEY: (1) Mirror which turns polarization plane.

The miminal diameter of shading is approximately [56] v

dam=‘/-,,27 fat: . ' . (2.20)

The relationshir: examined above for minimal shading are valid
for uperation at any polarization. However, in case of operation
~»'th only linear polarization, we can reduce shading by qéing methods
~or turning polarization. In this case, the primary rad;ator (Fig.
2.13) 1is a horizontal grid which reflects a horizontally polarized
wave and transmits vertically polarized waves. Near the surface
of the main mirror is located a device which changes, during reflec-
tion, the polarization of a wave from horizontal to vertical; the
wave then passes without hinderance through ﬁhe primary radiator
with very small reflections, causing virtually no shading.

Since feeds can be made with small dimensions, the shading they
cause will be small and comparable with the shading in an ordinary
parabolic mirror. Consequently, in antenna systems with deflection
of polarization plane, it is expedient to use a large primary
}adiator and a small feed,
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The formation .of two radiation patterns for direction finding
in .one plane in monopulse systems using parabblic antennas with a
priméry radiator is carriedwoutsby the.séme methods as,in monopulse
systéms with ordinary parabolic antennas. o

The most impqrﬁant advantage of & ‘paraboli¢ .antenna with a
primary radiator when using it in a. monopulse system is the possibility
of placing the feed behind the mirror, which makes it possible to
reduce the length of the feeder line which supplies’the feed and,
consequently, to reduce error in angular coox:dinate measurement
because of the appearance of phase difference between segments of
feedér lines. In addition, in this case, 1t is possible to use in
the receiving device,’low-noise amplifiers (quantum-mechanical or
parametiric) §1nce they can be placed directly beside the feeds. 1In

brdinary parabolic antennas, losses in the feeder line connecting the

feed with the low-nolse amplifier located behind the mirror cause
sighificant reduction in sensitlvity of the receiving device, while
the location of the low-noise amplifier near the focus of the para-
boloid leads to ah inérease in apertute shading.

Another important advantage of an antenna with a primary radiator
is the possibllity of obtaining an'equivaient focal distance exceeding
the actual axial dimension of the antenna, i.e., the possibility of
obtaining from a parabolic surface with a low fn/dn ratio the same
effect as in the case of using a parabollic surface with a high
f£./d, ratio. When locating the feeds at the apex of the parabolic
reflector or between the reflector and the primary radiator, the
effective fn/dn ratio can exceed the fn/dn ratio for ordinary parabolic
antennas by no more than a factor of two. Thus, the total length of
an antenna with primary radiator can be cut in half as compared with
an ordinary parabolic antenna.

A third advantage of this antenna is the possibility of swinging
the beam by moving the primary radiator.
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'§ il LENS ANTENNAS
‘Lens ‘aritennas are also used in monopulse radar stations.

Thé principle of action of a lens antenna is based on the laws
‘qftbeam‘fergaction at the interface of two media. From optics we
kiow that if the beam falls on a flat interface of two media with
dielectric constants €y and €55 respectively, the angle of refraction
can be found from relationship

. -l'-[— 4 :
sin = :sm B.., (2.21)

where 82 is.thé angle of incidence; ny and n, are the refractive
indices of the medila.

The refractive indices of a medium is the ratio of the propagation
velocity of electromagnetic waves in free space to their propagation
veloelty in a given medium. It 1s equal to the square root of the
dielectric constant of this medium:

n=V& m=V

Thus,

s{n?,:‘/%Sinpz- i (2.22)

Using this property of beams, we can explain the physical
essence of the action of a dielectric lens (Fig. 2.12) in the following
manner., The source Fn, radiating a beam of dlverging rays, is located
in air (n1 = 1), In the dielectric lens the propagation velocity
of the wave front is less than in air and, therefore, the path
followed by the wave will be longer in the center of the lens and
shorter on its edges. Correspondingly, the wave front in the central
part of the lens 1s propagated more slowly than the wave front on
its edges. Consequently, as the wave front moves in the direction
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_of the lens,

away from. the feed:toward the unilluminated surface\
its gradual rectificatlion occurs. With thewproper selection of lens
profile, a flat wave front is obtained Sn its unilluminated' surface.
Ordinary dielectric lenses, since they #ae expengive and heavy, have
not found wlide application in monopulse radars. Laminated metal
lenses and Luneberg lenses have been most widely used in actual

practice.

Y

T

h S
A laminated metal leng'(Fig. 2.13a) consists of plates parallel

to the vector of the electrical field and spaced at a distance of
1, from each other (A/2 < 1, < A). The space between the plates
acts as a waveguide «4n which the phase veloclty is higher than in
air; therefore, the refractive index is less than one and is calcu-
lated according to formula

) . 1//' . -p
Ny== '--T. .
h _ (2.23)

"With the proper selection of lens shape, all beams'passing from

point Fn reach the aperture at the same time and the fleld in the

aperture will be cophased.
- .
nnotxuyy

\ @ponm

. !
-(2)  Cospuveckud ¢ H
@rowm .

Fig. 2.12. Dlelectric lens
KEY: (1) Flat front; (2) Spherical front.

The less distance between plates the less the refractive index
and the thinner the lens. But even when the refractive index is on
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the order of 0.5 (I, = 0.56)), the thickness of the laminated metal
lens 1s still considerable. In order to reduce the thickness,

Staggered laminated metal lenses are used (Fig. 2.13b). In a
staggered lens at points where the phase advance reaches 360°, lens
thickness 1s decreased by jumps, i.e., when the length of the plate
reaches the value I, = A/l-n, plate thickness 1§ reduced to the
value it has in the center of the lens. The 360° phase change at
various points of the aperture has no effect on phase distribution
of the field in the aperture.

e

il

|

&
—
Iy

2

Fig. 2.13. Laminated metal lenses: ‘a) wavegulide; b) staggered.

The disadvantages of the staggered lenses are the energy losses
and the increase in the level of side lobes caused by tie shading
from the staggering and the increase in lens ‘'sensitivity to frequency

change.

The formation of two radiation patterns for direction finding
in one plane in lens antennas is carried out by the same methods
as in parabolic antennas.

The Luneberg lens (Fig. 2.14) is made in the form of a sphere
and has a varying refractive index. Thanks to the spherical symmetry
of the lens, its focusing ability does not depend upon the direction
of wave approach. The main properties of a Luneberg lens include
the fact that the plane wave falling on it 1s focused at a point
lying on the opposite side of the surface and, consequently, the wave
from the point source OH, located on the surface of the lens, during
passage through it, 1is transformed into a plane wave (Fig. 2.14).
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‘The refraction index in the Luneberg lens is changed in the

-following ‘manner:
. ) \.*wé ..
. “ ’
(ﬂg<$V(2}w;;—t
N A (2.28)

where r, is the radius of the Luneberg lens;
r, is the distance from the center of the lens to a point where
the ref"action index is calculated.

(1)

Nrnocnas

'! ) ,édumm
v !

B . (2)
i: Toveureid o
- dcmounur™y

RIS

Fig. 2.14. Spherical Luneberg lens.
KEY: (1) Plane wave; (2) Point source.

As is apparent from formula (2.24), in the center of the lens
3 the refraction index has the highest value and is equal to v2;
- on the surface of the lens it is equal to one.

Since ground and airborne radar sets usually ensure scanning

p:: and tracking of targets only in the upper hemisphere, a Luneberg lens
A in the form of a hemisphere is used (Fig. 2.15), in the base of which
3 a flat reflecting surface 1s installed which provides a mirror

k: reflection of the feed from point 0M to point O'H.

In the Luneberg lens, shifting the source along its surface
- causes a corresponding displacement of the beam in the opposite

6l




t7]

direction. Swinging the beam can be accomplished by two methods:
either by moving a singlé feed alorig the surface of the lens. or

with the ald of a large number of feads located on its surface,

and switching the transmitter or receiver from one feed to another.
In order to form several beams, several feeds located in a correspon-
ding manner on the lens surface are necessary.

(2)

Tovevwsid _[ 1
. ulmoywuKx %y,,

(3)  Mwumor  (4)
wsodpamenue  linockam
moveuNpeo  ompaxanou.en
uemovnuxa  MOBEPXHICITS

kmuMﬁuummnw

Fig. 2.15. Luneberg hemispherical lens.
KEY: (1) Plane wave; (2) Point source; (3) Virtual image of point
source; (4) Plane reflecting surface; (5) Lost radiation.

A Luneberg lens can be used in antennas which have to provide
rapld scanning of a beam within a large angle and also when the
antenna is installed on an unstable object, for example, an airecraft.
In the 1atter.éasé, beam stabllization during the motion of the
vehicle can be achieved by changing the position of the feed. A
lens antenna possesses a number of advantages when compared with a
mirror antenna. One of the maln advantages is the absence of aperture
shading since, the feed and the waveguide are not in the radiation
field; another is the possibility of rapid shift of beam in a large
sector. For example, the Luneberg lens can ensure beam displacement
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and the complexity of preparation. St . : :

' * 1]
throughout the upper hemisphere. In addition, Mens antennas require
less rigid mechanical and electrical tolerances and have & short
time lag. ; . | ; :

Disadvantages of these antennas include their low efficiency
ratio due to loss in materials, the considerabile volume occupied

§ 2.5. CROSSPOLARIZATION RADIATION.OF MIRROR: ' '
ANTENNAS .

! ! P
3

In mirror antennas because of the geometry of the antenna system '
and also because of the imperfection of reflecting surfaces and feeds,

_ the displacements of feeds from the’focus of the reflectoru and

diffraction phenomena, depolarization (crosspolarization) occurs,
i.e., the radiation of a wave polarized in a different manner than 3
required [1, 16, 62, 63, 100, and 101]. v ‘ ! '
. ) v . . f
Taking into account the effect of crosspolarization radiation
on the directivity factor of the antenna and the accuracy of direqtién 1 !
finding, let us examine it with respect to parabolit antennas.
The appearance of crosspolarization radiation caused By the
geometry of the antenna system (curvature ofireflécting surface)
can be studied in the example of a paraboloid excited by a short
electrical dipole. In thils case, the electrical field in the aperture

(Fig. 2.16) is determined by expression [63] Lo | ! \ ! ,

y i ke X e i R 3 (R RST E

LI 4Arg :

—(! —-cos‘Pn)c_"s?Enl—;Si“%’“(" 7'°°Sq’“)’. (2.25) -

' !
where ro, En and wn are the elements of a spherical %ysﬁem of . '
. ?
coordinates (Fig. 2.16);

In is the value of current on the surface of a mirror;
£, is the focal distance of the paraboloid; |
zy 1is the depth of the paraboloid; 1 : _ r ot
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i, y are lthe unit vectors of a rectangular system of coordinates
k = 2n/k is the propagation constant; ’
n, is the coefficient determiding the level of side lobes.

.

'ﬁig..2”16. System of'icoordinates for'determining field in parabolold
aperture. : :
« \ i
!
; : i - | E~nnocwoems
)
! ; I
; !
\ .
; ; H=nnocxocms
i
\ .
!
'\ 1
I i 1
! !
Fig. 2.17. Field ;ntensity distribution in aperture of paraboloid

éxcited by,electrical dipole.
KEY: (1) Pland. . . ‘
! i

Figure 2. 17 presents the typical pattern of the field in the
aperture of1a paraboloid excited by an electrical dipole located

1
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in the focus parallel to the x-axis. The arrows indicate the
components of the vector of fieid~intensity at various points of
the aperture. The component orthogonal to the vector of the
dipole's electrical field, whose appearance is. due to thewéu}vature
of the mirror surfaces, is called the crosspolarization component.

From equation (2.25) it is apparent that the level of cross-
polarization radiation grows with a decrease in fn. This 1s explained
by the fact that at low fn/dn the curvature of the mirror surface
is greater,

x‘\ a:'(y.-.D)
Fig. 2.18. Field intensity ‘ t T
distribution in the aperture of >
a paraboloid excited by electrical ' :
and magnetic dipoles: a) dipoles . Y
in focus; b) dipoles out of 3l
focus. } |
1‘ “
- a ‘
. xy) @
P W I | 3 Lo
.
1T
A | 3
o ™

If a magnetic dipole 1s used as the feed, field distribution
in the paraboloid aperture has the same character but the cross-
polarization components are opposite in phase to the corresponding
crosspolarization components when the paraboloid is excited b% an
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electrical dipole. Consequently, if the paraboloid feed is :a com-
bination of electricdl and magneéic dipoles located at right. angles
to each other, we can, to a certain extent, compensate for the
crosspolarization radiation of the antenna caused by the curvature
of its surface. A small rectangular horn can serve as such a

feed with sufficient accuracy. However, as shown in reference [100],
compensation is not complete,

Moving the feed from the focus, which is virtually what occurs
in amplitude monopulse systems, cauvszs amplitude asymmetry in current
distribution on the paraboloid surface and, as_a consequenc an
increase in the level of the crosspolarization component in éhe
direction of feed displacement [16]. In this case, compensation of
crosspolarization radiation, if such occurred during the irradiation
of a mirror by a set of electrical and magnetic dipoles located
orthogonally in the focus of the mirror, is impaired. As seen from
Fig. 2.18a, with the arrangement of electrical and magnetic dipbles
in the focus, the resulting currents flow along lines parallel to
the x-axis instead of the global lines as occurs during irradiation
by single dipoles. When the feed is removed from the focus (Fig.
2.18b), there is observed a constriction of current lines along the
direction toward une of the mirror's edge~. From the crosspolarization
components which then occur, only those which are located on different
sides from the x-axis are in opposite phase. This is the difference
from the case of mirror irradiation by a single dipole, when opposite
phase occurs for all crosspolarization components located in various
quadrants of the paraboloid surface. A similar distribution of field
components will alsc occur in the aperture of the paraboloid.

The radiation pattern of a parabolic mirror when it is excited
by a linearly polarized field is characterized by .wo patterns; a
radiation pattern with the main (operating) polarization and a
radiation pattern with crosspolarization. When mirror excitation is
symmetric, linear polarization occurs only in the direction of the
main planes: with deviatlon from them there occurs a distortion of

polarization which generally assines the form of elliptic polarizationz
t
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Figure 2,19 presents:a standardized radiation pattern in plane

‘H, calculated for a parabolic mirror with aperture diaméter

= 37\ and f_/d_ = 0.25, irradiated by an electrical dipole [1l00].
From the figure it is apparent that the radiation pattern with cross-
polarization in the direbtion of the optical axis of the antenna'
has a deep minimum and two symmetrical maxima. _The lobes of:the.
crosspolarization pattern are lccated at a U45° angle to the main

plane and its maxima coinﬂide with the first minimum of tne radiation

pattern.

A displacement of the fezd with respect to the antenna axis
is.accompanied by a shift in the patterns of crosspolarization
components. PFigure 2.20 presents the calculated radiation pattern
with crosspolarization for three values of feed displaccment from

the focus of the paraboloid in plane x (x, = 6.25\, 151 and 191) [14].

It is apnarent from the figure that ‘when the feed is removed from
the foc s, there is a deformatidp of the crosspolarization pattern,
its miniium becomes less deep aﬁa its maximum more mildly sloping.
The level of the crossapolarization radiation and the width of the
crosspolarization lobes increase.
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Fig. 2.19. Radiation pat.ern of a mirror antenna irradiated by an
electrical dipole.
KEY: (1) With bas.. polarization; (2) With crosspolarization.
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Crosspolarization radiation is also observed in the case of
excitation in a mirror antenna of a wave with circular polarization.
As we know, in order to excite a wave with circular polarization,
two orthogonally polarized waves with identical amplitudes and phase
shift of #/2 are required. Crosspolarization of an antenna leads
to distortion in amplitude and phase ratios for these components
of the excitation field. In this case, the presence of circular
polarization in the dirscilon of maximum feed radiation does not
guarantee circular pold}ization in the darection of maximum mirror
radiation. In many cases, in order to obtain optical circular
polarization, it is necessary to resort to feeds with elliptical
polarization. However, even in this case, circular polarization
can be obtained only in the direction of the mirror's optical axis.
In other directions the polarization of the radiation pattern is
elliptical and even linear. ) »




in reference [101] there is calculated a radiation pattern

with crosspolarization for a square horn excited by two -orthogonal

oscillations of the type Hll occ%rring in yuadrature. Figure 2.21

illustrates an antenna pattern'with basic polarization in a diagonal

. Plane and crosspolarization in the main plane. Calculation of the . ¥
.crosspolarization pattern is carried out according to formula

E,_sta __f=\*_cosu | .
| J— m —\ 5 —3 :
(2

-

As seen from the figure? the maximum level of crosspolarization
witi. Pespcet to the main maximum is -16 dB. Thuz, actual antennas
of circular polarization also have crosspolarization by which we
mean circular polarization of opposite rotation.

Since the receiving channels of monopulse systems have several
radiators, the polarization structure of the antenna radiation,
described above, fully corresponds to the radiation patterns of each
receiving channel of monopulse radars. Hence it follows that the
antenna radiation pattern of a monopulse radar has a complex polari-
zation structure and contains components of both basic polarization
and crosspolarization. This provides a certain sensitivity to the
polarization characteristics of signals received.
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Fig, 2.21. Calculated radiation pattern of a square horn with
circular pclarization. ,
KEY: (1) With basic polarization; (2) With crosspolarization. .
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When the polarization of the signals received coincides with
the basic polarization of the receiving anfenha, we can disregard
the effect of ‘the -crosspolarization components and examine the
radiation pattern of the receiving antenna in its classical form,
However, due to the effect of various causes, the reflected signals
fed to receiver input are depolarized, i.e., differ in‘ polarizqtion
from the signals radiated in the direction of the target. This
complicates the work of a monopulse system and, in maﬁy cases,
increases- its error because of antenna crosspolarizatfon. We shall
examine in Chapter 5, in greater detail, the depolarization of
reflected signals and its effect on direction finding accuracy.

>

§ 2.6, PHASED ANTENNA ARRAYS

' , At the present time, antennas made in the form of phased arrays
have found wide application in monopulse systems. A phased antenna
array 1s an antenna system consisting of a large_number of radiating

t

elements arranged in a specific manner with respect to each other,
When signals entering all elements agree in magnitude and phase,

a beam is formed perpendicular to the plane of the antenna array.

The beam 1s shifted by a corresponding change in the phase of signals
fed to each element.

1 ﬁmmmnmwm
() mmmwbaammmw
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(3) |Seun. [%wa |ﬂmﬂ|l%mnl )
__@a3olpa-
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Filg. 2.22 Diagram of a phased array.
. KEY: (1) "Direction of signal approach; (2) Axis of array; (3) Ampl.;
(4) Phase switcherj (5) Summator.
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aFiéUre,2;22 presents the diagram of an array consisting of N
élements; with various distances between them. In tlie signal reception
mode,'at summagor output total oquqP voltage g¢ is formed. We shall
assume that -the elements of the array are isotropic point sources

_ radiating -enérgy uniformly in all directions. The signal of the first

element is considered the reference signal wlth phase ¢¢, Phase
difference for signals in the adjacent elements is

Then the radiaticn'pattern with respect to the power of such
an array has the form (U4]

. s!n‘ﬁ( Nw—l-{l- sin 0)
~ F¢(°)=‘- — Te .
N’ﬂn’(n-x-ﬂnﬁ)

{2.26)

Since a reflecting screen is placed behind the antenna array,
it is advisable to study radiation only in the forward sector of the
antenna when angle 6 lies within -90° to +90°.

When the beam is displaced in the sector +90°, the smallest
side lobes are obtained when the distance between elements is
half the wavelength, i.e., Z¢ = A/2. If, however, Z¢ > A2, thenl
with a sweep of the beam there appear in the radlation pattern
diffraction maxima of the highest orders whose amplitude 1ls equal
to the amplitude of the main beam. From equation (2.26) it is apparent
that they appear when both the numerator and denominator are equal
to zero or when n(l¢/k) sin 6 = 0, w, 2m, etc. Thus, for example,
when Z¢ = A, the diffraction maxima appear at § = +90°, and when
Ly = 2\, they appear at ¢ = £30° and 0 = +90°."

In practice, the distance between lattice elements Z¢ is selected
based on the condition of cbtaining the necessary width of radiation
pattern and ensuring the prescribed limits of beam swing. The diffrac-
tion maximum can also be suppressed by the nonuniform arrangement of

\
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array elements since the directions in which diffraction maxima are
forined for various segments of the array willl be different, which.
leads to a blurring of the diffraction maximum of the array. In
addition, the nonuniform arrangement of elements makés it possible

to reduce the total number of radiators in ‘the array'without a
significant change in the width of the radiation pattern.

)

In an antenna array with é nonunifprm arrangement of radiators
the closest arrangement of elements is made in the center of the
antenna. Moving 1 om center, spacing between elements increases
according to a cervain rule. Elements are arranged symmetrically
with respect to the center of the array.

If we assume Z¢ = A/2 in equation (2.26) and replace the sine
of 6 in the denominator by its argument, the width of the beam with
respect to points of half power will be approximately equal to

10n8
. o’-""’ N . (2.27)

With the use of directed elements, the radiation pattern with ’

respect to power of a linear antenna array is described by the
expression

sin? (Nn -%?-sin 0)

Fy(8) = F, {0) — »
¢ H N'sln’(n-—‘%slnﬂ)' (2.28)

where FZ(G) is the radiation pattern with respect to power of a
particular element of the array.

Equation (2.28) 1s valid only when the radiation patterns of the

array elements are ldentical. 1In practice, however, the condition
of identity for radiatlion patterns of separate elements in the array
is not fulfilled because of the interaction between elements. There-

fore, equations (2,285 is approximate and may be inappropriate in
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designing an: arrey. The radiation pattern of an apéay~can be detepmined
accurately: by :adding the radiation. pattérss. of all elements, taking

. _into account the corresponding amplitudés..and phases. The pattern
"of eéach element must be removed in the presence of all other elements.

As radiators of an antenna array, various weakly directional
antennas -are usually used: vibrators, siits, horns, dielectric
rods,. and spirals. '

’

The radiation pattern of a two-dimensional rectangular fiat
array can be represented in the form of the product -of radiation
patterns in two planes containing the main axes of the antenna.

in antenna arrays when the beam is deflected from the direction
perpendicular to the antenna plane, the width -of the beam increases

approximately in inversé proportion to cos 6.
~
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Flg. 2.23. The formation of beams by an antenna array in a moricpulse
radar -with amplitude direction finding.

KEY: (1) Direction of signal approach; (2) Ampl.; (3) Summator;
(4) Beam; (5) ESD [equisignal direction].
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An-array forming a‘sing;e beam can bejtransforméd into a multi-~
beam antenna by including additional phase switchers dt the oubtput
of each element. In order to form each beam, one additional phase
switcher is requifegd. . .

In monpulse .systems with amplitude direction fih&ing, the for-
mation of two intersecting radiation patterns is carried out as
shown in Fig. 2.23. Signals from amplifier output of each elemént
ar2 fed to two groups of phase switchers forming two beams. From
the outputs of the phase switchers signals are fed to the summator.

In monopulse systems with phase direction tinding, two radiation
patterns are formed by the coherent summation of signals (at high
cr intermediate frequency with the conservation of phases) separately
from each half of the array. ' )

§ 2.7. ANTENNA FEEDS OF MONOPULSE RADARS

In moropulse radars with phase direction finding each of the
four feeds usually has 1ts own reflector (Fig. 2.24). In monopulse
radar with amplitude direction finding in which an antenna is used
which consists of four horns irradiating the reflector (primary
radiator) or a lens, greatest propagation is obtained by the irradiator
arrangement shown 1ln Fig. 2.25. With this arrangement, for both
types of direction £finding in systems with four bridges, angular
information is extracted by a comparison of paired sums of signals;
when comparing the sum of signals (1 + 2) with the sum (3 + uj,
elevation is measured, and with a comparison of sum (1 + 3) with sum
(2 4+ &) azinutk is measured. The horns are excited according to the
diagram shown in Fig. 2.26. At each joint, indicated on the diagram
by a point, a waveguide bridge is used. The sum signal (I) is formed
by addition in bridge III of signals 1 and 3, 2 and 4, preliminarily
summed in pairs on the first two wavegulde bridges. The difference
signal (A). with respect to azimuth is obtained by subtracting in
bridge IIY¥ from the sum of signals 1 + 3 the sum of signals 2 + U,
The difference signal with respedﬁ to elevation is forimed by

17




summation.in bridge IV of the difference of signals 1 - 3 and 2 - 4,
obtained on the first two bridges. This gives the required result
because the system is linear and thé associative law is -applicable
todt (1= 3) + (2-U4)=(1+2)-(3+4).

2‘
5 |
Fig.. 2.24. Arrangement of feeds
~in the antenna system of a mono-
"pulse radar’ with phase direction
finding. -
+]-] &
(1) Quudna ,
+|+| no asunymy | *
+14+|
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Fig. 2.25. A four-horn Fig. 2.26. Excitation diagram of
irradiator. a four~horn irradiator.

KEY: (1) Azimuth error; (2) Sum
signal; (3) Elevation error.

in order to form the sum radiation pattern, the shaping circuit
of the irradiating system excites in phase all four-horns (Fig.
2.27). In order to obtain the most optimal radiation, horn dimensions
are selected so that in the formation of the sum beam the antenna
has maximum amplification with uniform irradiation of the mirror.
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, Figure 2.28 illustrates the optimal method of 1rradiation,
éliminating energy loss. past the reflector [951]. It is only, rnecessary,
to approximately double the appropriate dimensidns Jof the irradtlators
used for forming the difference patterns. Irradiation limits 1n
essence are established by the surface of the reflector énd, as a ' |
result, optimal characteristics in both differencs patterns can
be obtained. In order to get the optimal sum pattern, irradiator
dimensions must be original; thus, the dimensions ‘and their written
expression must be different for all three patterns (Fig. 2.28), and
in order to obtain optimal characteristics for all th?ee patterns, '

special devices for controlling channels must be developed.
1

1

Below we examine four-horn and twelve-horn irradiatérs, which
ensuare the independent optimization of both sum and difference
channels of a monopulse radar with respect to the amplification of
the antenna system and the reduction of the side lobé level. ! !

(1) (2), 3)
Boslymdenud Obnyvenup Yapaxmepucmuna
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* * . “a ‘ 1 .
- é‘liig (4 Yopowan , '

Fig. 2.28. Optimal irradiation in the antenna of a monopulse radar.
KEY: (1) Excitation of irradiator; (2) Irradiation of reflector,
(3) Characteristic of antenna radjation, (4) Good.

2.7.1. A four-horn irradiator opgrating on several’types of
waves. Four horns located in a row (Fig. 2.29) are used in this |

! : !
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irfadiator [95]. At the open end of the horns are correcting lenses
i since in orider to operate the antenna it is frequently necessary that

the dimensions of the aperture be equal to several wavelengths. In

the power circuit eight double waveguide T-joints are used. Four,
.located.behind texcite the inputs of thé four-horns; the charaeter

of excitation is determined by the channel to which the signal is

red. Each of the remaining four T-joints is connected with one of

the four-horns and provides even or uneven excitation in the corres-

ponding horn.

. !

Horns, in their narron part, have an oscillator of normal types
of wave. In the excitation of an even type of wave, field distribu-
tion in the aperture'of the irradiator is represented by the sum
of the first and third types of waves; uneven excitatlion is generated
by the second type of wave. Horns 2 and 3, in excitation on the
uneven types of wave,”are used to obtain the difference pattern in
the elevation plane, and in excitation on the even type, to obtain
the sum, pattern When all four horns are excited on an even type
of wave, a difference pattern in the azimuth plane is formed we
take the differencée between the sum.of signals of horns l and 2

*and tne sum of 1signals of horns 3 and y,

' ! . «
Figure 2.30'shows the corresponding field distribution along

the apérture of an irradiator in the case of forming the sum and
difference patterns for azimuth and elevaticn.

i AThe gashe§ show the equivalent regions of the jrradiator which
are excited in the three cited modes of operation. We see from the
figure the relationship'between these and the regions required for
optimal irradiation inlaccordanoe with Fig. 2.28.

2.7.2. A twelve-horn irradiator. The external view of a twelve-
horn irradiatob is presented in Figure 2.31. 1In order to deCrease
side lobes,'each pyramidal,horn consists of four sectioned horns.
Thus, in this irradiating system there are 48 sectioned horns in all

[129). S
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Fig. 2.29. A four-horn irradiator operating on several types of

waves., .
KEY: (1) Azimuth difference; (2) Sum; (3) Elevatlon difference; (4)
Input of uneven wave; (5) Excitation of highest even wave.
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Fig. 2.30. Excitation of a four-horn irradiator operéting on the

highest types of waves.
KEY: (1) Sum signal; (2) Plane; (3) Difference signal for azimuth;
{4) Differénce signal for elevation.
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twelve-horn lrradiator.

Fig. 2.31. External view of a

The basic diagram of suc. an irradiator is presented in Fig.:
2.32. Information which cannot be used for forming radiation pat%erns
at the outputs of the wavegulde bridge arms, is fed to the matched
load. The sum pattern is formed by exciting the four central horns
in the same manner as in the four-horn sysﬁem. Two other groups ’
of four irradiatoré each are used for forming difference patterns in

the amplitude and elevation planes.

Since the difference patfierns, in this case, are formed by a
system of irradiators with a larger aperture than in the system with
four irradiators, losses to endrgy overflow are reduced. Therefore,
the intensity of irradiation on the edges of the reflector is
approximately the same in the case of sum or difference signals.

2.7.3. A one-horn irradiator. An overall view of a one-horn

irradiator is shown in Fig. 2.33 [109]. To study the operating
principle of this irradiator let us assume that it is used for the
receptlion of linearly polarized waves with polarization direcced in

parallel to the narrow side of the neck of the irradiator.

When a signal arrives from a point loca‘:d in plane H {elevation

plane), in the neck there are excited waves TElO and TE20 whose
relative amplitude and phase values ctaracterlze the augle of approuch.

These waves excite a wave of type TElo in the two side arms; the
components of the wave in these arms are equal in amplitude but
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shifted by 180° in phase. Thé differerce in the signals of the side
arms makes it possible to determine the ang.e which the wave has

with the axis in plane H. If, however, a signal arrives from a point
located on the axis of the irradlator, then only one wave TE10 is
excited in the neck, while the wave excited in the two side arms will
be equal in amplitude and phase., Consequently, the difference in

the signals of the side arms will be equal to zero.

Paanocmrea duaepamma  Pasmocmnan duazpanng
(2)" ne asunymy (3) " no yany weema

(324 7+8)-[1205+6) (2+3+9010)- (5. 7+11013)

Fig. 2.32, Shaping circuit for sum and difference patterns in a

twelve-horn lrradlator.
KEY: (1) Sum; (2) Difference pattern for azimuth; (3) Difference

pattern for elevation.

If a signal arrives from a point in plane E (azimuth plane),

| in the neck of the irradiator waves TElO’ TEll’ TMll can be excilted.
These types of waves excite the components of wave TElo in the upper
and lower arms, which are equal in amplitude and shifted by 180°

in phase. The difference of signals iIn the upper and lower arms
determines the angle of signal approach with respect to the axis

in plane E of the antenna. When a signal approaches f{rom a point

s located on the axis of the irradiator, the difference in the signals
of the upper and lower arms will be equal to zero,
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Fig. 2.33. Overall view of a one-horn irradiator: a) top view;

b) front view; c¢) vertical ciross-section along the axis of symmetry;
1 - left side arm; 2 - right side arm; 3 - upper arm; 4 - lower

arm.

A signal can approach from a point located neither in plane H
or in plane E. Then in the neck of the irradiator waves TE21’
and TM21 are exclted. The amount of connection between these waves

and the four arms depends upon the signal approach angles with
respect to the axes of planes H and E, while the difference of

signals in ¢orresponding palrs of arms determines the signal approach
angle in the corresponding plane.

In designing irradiators there is an effort to make the neck
big enough that waves of types TElO, TE20, TEll’ TMll’ TM12 can
be propagated. The dimensions Z0 must be approximately 0.7A. The
dimengion Zl is not eritical.

Table 2,1 presents formulas for critical wavelength Ac of a
different type, whlch can be excited in the neck of the irradiator.
All formulas pretain to a rectangular type of waveguide (ac and bc
are wavegulide dimensions).
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Table 2.1.

(L _
Ten boans TEsw TEsx TEy, ™, T2 ™™y,

2a, a

Mo e ] o | VT @y | VIE @Y

e gt

——

KEY: (1) Type of wave.

§ 2.8, SELECTION OF MAXIMUM DISPLACEMENT ANGLE
FOR A RADIATION PATTERN AND THE DISTANCE BETWEEN
PHASE CENTERS

An important antenna parameter for a monopulse radar is the
maximum displacement angle of the radlation pattern relative to
equisignal direction during amplitude direction finding and the
distance between phase centers of antennas during phase direction
finding. These parameters have a considerable effect on the accuracy
of direction finding and effective range. In determining optimal
value for these gquantities, let us examine the example of a monopulse
system with a sum-difference angular discriminator.

Direction finding error is inversely proportional to the curvature
of the direction finding characteristic p and the signal-noise ratio
q:
0 =2 s

) (2.29)
Curvature p characterizes the direction finding sensitivity and
is

s (8)

p="35 |,

dd |40

In an amplitude sum-difference monopulse system, near the equi-
signal direction the sum radiation pattein is virtually constant
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vhile the difference pattern is luiirnar; therefore,

p ! Fy(0) —Fy (8) - F'p(())
FE®FF( | Ti=h | F¢(0) (2.30)

The optimal displacement z 1igle ensuring maximum direction
findings sensitivity could be #.und by solving equation

F! (0) (2.31)
| Py l*_o
However, ftrom the valurs of P, (), (0), (F' (0))/(F {0)) and

F (0)-F' \0), presented in g, 2. 3“ as a function of the displace-
ment aqglc, it is apparent that ratio F'pfo)/F (0) grows monotonically
and within the main lobe of the radiation pattern does not have a
maximum, i.e., there is 1o optimal displacement angle ensuring
maximum dicection finding sensitivity.

The signal/noise vatio q is proportional to the sum pattern
F,(0); therefore, the product

!‘q=x‘F',(0) (2.32)

1s determined only by the curvature of the difference radiation

pattern times equisignal direction. With the subtstitution of

(2.32) and expression (2.29) we see that direction finding accuracy

and t..e equlsignal direction depends on the curvature of the difference

pattern.

If as the criterion for determining optimal displacement angle
w2 chcose the maximum curvature of the difference pattern, we can
obtain the minimum direction finding error. However, the requirement
for obtaining maximum curvature of difference pattern is not an
advigable criterlon since, with such a displacement angle, the radi-
ation patterns intersect at a very low level and the power of the
signal received in the sum channel is much less than in the direction

£
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of maximum; this leads to a considerable reduction in target detection
range.

Fig. 2.34. Dependence of relative Fig. 2.35. Relationship between
ralues on separation angle: 1) separation of irradiaterrs and
Fc(o); 2) (0)/Fc(0); 3) F'p(O); antenna aperture in a monopulse

1) Fc<0)F'p(0)‘ radar with phase direction finding.

Consequently, as the optimal displacement angle, it is adviscble
to take the angle corresponding to maximum product of sum pattern
and curvature of difference pattern, i.e., to chose the displacement
angie as a compromise between a loss in effective range and direction
finding accuracy. From the curves presented in Fig. 2.34 it 1s
apparent that the function Fc(0)°F'p(0) has a maximum at 6, = 0.6590.5.

With such a displacement angle two radiation patterns will inter-
sect below their maxima at a level near 3 dB, 1.e., on a level of
half power. From this it follows that the optimal displacement angio
is approximately a half-width of the radiation pattern with respect
to the level of half power.

Optimal distance between phase centers of antennas (Fig. 2.35)
in a phase sum-difference monopulse system is also found based on
the condition of obtalning the maximum product of the sum pattern and
the curvature of the difference pattern, i.e., from the solution to
equation
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T IFe@-F50)=0.

As seen from Fig. 2.35, the aperture of the antenna system of
a monopulse radar with phase direction finding is determined by
equality

d¢=2 (dl—l) ] ’

where d_, is fae prescribed overall dimensions of the antenna system.

Since the amplitude of the sum sigr.al at receiver input is
determined by the product of the patterr. times transmission and
reception and 1s proportional to the aperture of the antenna, we
can write

2 ‘EC d"‘ o.
F’(0)=Co(ds—)) (2.33)

where C¢ is the coefficient of proportionality.

The difference pattern is determined by the following expression

¢ (8)
Fo(0)=Fc ()18 -5 _ (2.34)

With small angles of deflection, we have a difference in signal
phases, recelved by the two patterns,

?(0):2‘:-%-0.

Then the curvature of the difference pattern in equisignal
direction is determined by formula

AFyp (8 ' (0)=— : ' O)="2% .
AFs (8) aﬂzrp(o%—ar F Q)¢ Q=" Fe0)-
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Consequently, the product of the sum pattern and the curvature °
of the difference pattern will be

¢ N z . [ , -
Fo(0)-F Q) =F 0y T=Co T~
This product is maximum when
d l‘ h oy
v [C@ %—- (da —-l)]::'i,

1oeo’

C;ﬂ ‘(d. __1)_.9{11-_-:.0.

:
;
1
:
%
g;f
:
%-
i}?

i

hence the optimal distance between phase centers is

(2.35)

Thus, the optimal distance between ph&se centers is equal to half
the length of the antenna aperture.
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§ 2.9. WAVEGUIDE DEVICES FOR SUM~DIFFERENCE
SIGNAL PROCESSING

In sum-difference monopulse radars the sum and difference signals
can be obtained at high frequency with sum-difference bridges:

annular (Fig. 2.36) and double wavegulde T-joint (Fig. 2.37).

The annular sum-difference bridge has four leadoffs along one
semicircle. Distances between leadoffs are A/4. In this diagram,
the leadoff I is sum and the leadoff A is difference. Actually, if
cophased high-frequency signals are fed to leadoffs 1 and 2, then to
leadoff I these signals pass along the same paths and, consequently,
are added in phase while to leaduff A they pass along different paths
and are added in opposite phase. The signal in twe difference
'_ Jeadoffs will have the phase of that signal whose amplitude is greater.
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When the signal in leadoff 1 exceeds the signal in leadoff 2,
the phase of the difference signal, determined by the phase of the
signal from leadoff 1, is shifted relative to leadoff 1 proportiionally

v to 3A/4. The sum signral is shifted in phase relative to leadoffs
1 and 2 proportionally to A/,

are in opposite phase.

Therefore, difference and sum signals

T

Fig. 2.36. Annular waveguide bridge.
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37. Double wavegulde T-joint
1) Plarne XDY; (2) Plane X02.
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If the signal in leadoff 1 is less' than the signal in leaddff 2,
- the phase of the difference sigral, determined by the phase of the
signal from leadoff 2, is shifted relative ,to leadoff 2 prop%rtionally
to A/4. The sum signal has the same shift with respect to leadoff 2.
In this case, the sum and difference signals are invphaée.
L ;. S -‘.
In the double waveguide T-joint two cophased signals, proceeding
to waveguides 1 and 2, form in leadoff I (plane xoy) the sum signal,
and in leadoff A (plane xoz) the difference signal [18]. Actually,
if we assume that the force lines of the electrical field of the
waveguide in the horizontal plane are directed from the bottom up,
the vectors of the electrical field of signals 1 and 2 proceeding to
leadof{ A have opposite direction. .
The signal in the difference leadoff will have the bhase éf
that signal whose amplitude 1s greater. In'the case of the equality
of signals 1 and 2, the difference signal will be equal to' zero. ,
v R .
Besides these sum-difference bridges, we can also use other
types of bridges, for example, slot balance bridges [131]: ;

92 e ;

"
et -t A woatna,




CHAPTER 3

BASIC

.
X

FUCTIONAL ELEAENTS OF ANGULAR DISCRIMINATORS

§ 3.1. LOGARITHMIC AMPLIFIER

1 l “
) A 10gari£hm1c amplifier is a nonlinear amplifier which has &

logarithmic relationship between the amplitudes of output Uaux and
v input U yoltéges.: !

- U .
| ‘ Y4 N e LR LT oo
. - ¢
. . s '
. Z '
! 1 :
! t
t . ¢
. ! }
! '
| U= N
1 1
! ' - ~ ‘_
H ~ ]
' : ¢ t
| : A\ 1
0 Uy

Uaxx Ups
) : . i
Fig. 3.1. Amplitude characteristic of a logarithmic amplifier,
~—— calculated; - ~ - 2xperimental.
l 3
! THe amplitude characterisziic of a iuviarithmic amplifier (Fig.
3.1) wHen opérating in linear mode (U, < U . ) is described by

equation

} ) . Uguxf——"KOUBXQ ( 3.1 )




where ko is the maximum amplification factor in the linear segment;
UBx " is the input voltage oeginning wlth which the characteristic
becomes logarithmiec.,.

When a logarithmic: amplifier operates in the logarithmic mode

(Ugy o < Ugyx € Ugy 4)» the expressio for the logarithmic amplitude

characteristic (LAC) will have the form [12]

Uss 1 1)
U,m=!x°Uuu(a,ln_ P -hl). :

(3.2)

wnere a, 1s the coefficient characterizing the slope of the logarithmic
characteristic;
U is the final input voltage at which the LAC of the

BX H
amplifier is evaluated.

In addition, a logarithmic amplifier can be characterized by
the following basic qualitative indices:

1) Usux " and Uau; y are the output voltages corresponding to
the beginning and end of the amplifier's logarithmic amplitude
characteristics;

2) dynamic range with respect to input and output voltages is

Dxx=m‘ff‘$ Dxux—'-—g'.‘.:f:'; (3.3)

3) the compression factor of the amplifier voltage 1s

T (3.1)

L) the relative accuracy of reproducing the logarithmic emplitude
characteristic of the amplifier, which is the deviation of the
experimental characteristic from the calculated characteristic (Fig.

3.1)

5y Janzo = Unuzp (3.5)

1 13 9]
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where UBblx sis the output voltage throughout the dynamic range with
experimental LAC.

“UEHX p is the output voltage throughcut the dynamic'range‘with
calculated LAS.

In § 1.3 we have shewn that in a monopulse radar with an
amplitudé angular discriminator using logavithmic' amplifiers, the
discrimination of angular information actually occurs as a result
of the subtraction of the logarithmic values of fwo signals, which
is equivalent to the formation of a logarithm of the ratio. Actually,
voltage at output of the subtracting device (Fig. l.U)keon the
assumption that the logarithmic amplifiers are identical, will be

Usyy

pxs’ (3.6)

Upy==Uppxys ~~ Upy 2 ==Ky yKollox «@a 10

where ka y is the transmission factor of the subtracting device.

In accordance with equalities (1.4 and 1.5), we can write

Usx, = E () F, (0)= E (t) F (8, —0), }

ins==E (f) F1(8)= E (1) F (8, +9). (3.7)
Then equation (3.6) assumes the form
. . F(8,-—0
Upy= Ky ,x.Uuna,,ln F{'Q{—ra—;‘ (3.8)

Equality (3.8) describes the direction finding characteristic.
From it we see that the direction finding charac.eristic in such a
monopulsé system depends upon the properties of the logarithmic
amplifier and not upon the value of the signal. Therefore, any
deviation of the actual amplitude characteristics of amplifiers
from a precisely logarithmic characteristic leads to a distortion
in the direction finding characteristic and, consequently, to error
in determining target directlon.
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With a .given permissible relative error of 4 = —H 4n

Ugx1 i i

- » the values of permlssible absolute

BX2 :
and reldtive deviatior .h the actual amplitude characteristic

determining ratio m, =

from a precisely logarithmic characteristic at any of its points
are respectively equal to [12]

o | £ AU = 0,7x,Unanas In(l +3,), 1.
— 0:7ax (14 3x)
Qx In ljj::. + 1

-+ alsgx

(3.9)

GEW‘.:
* . anx

¥rom equation (3.9) it 1s apparent that the permissible absolute
deviation of the experimental amplitude characteristic from the
-calculated logarithmic characteristic is higher the greater the
maximum amplification factor and input voltage and is constant
throughout the logarithmic range of the amplifier, while the permis-
sible relative deviation i3 a variable quantity and reduces with
an increase in the level of comparable voltages. Consequently,
logarithmic amplifiers used in monopulse radars must reproduce
the logarithmic law of amplification at the end of the logarithmic
range with greater accuracy than at its beginning. This accuracy
increases with an increase in the dynamic range of the amplifier.

In case of nonidentity of amplitude characteristics for two
logarithmic amplifiers (a deviation in the experimental amplitude
characteristic of each amplifier from the calculated iogarithmic
characteristic greater than the permissible value), ou“put voltage
of an amplitude angular discriminator does not satisfy requirements
imposed ‘on direction finding characteristics of monopulse systems.
Therefore, it {4 necessary to achieve, by special measures, an
identity of amplitude characteristicé in both amplification channels.

There are several methods for obtaining amplifiers with
logarithmic amplitud« characteristics. At the present time the
most widely used method is the shunting of ancde loads in the
amplifier by nonlinear elements and the method of adding in
sequence the amplifiers' stages output voltages [12].
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3.1.1. Logarithmic amplifiers with shunting of anode ‘loads
by nonlinear elements. =igure 3.2 presents a diagram of an ampiifier
stage -with anode load shunted by nonlinear element. The input
resistance of a nonlinear element Réx = RHen drops with an increase
in voltage applled to if, which causes a decrease in the amplification
factor of the stage. As nonlinear elements we usually use vacuum or

semiconduétor diodes.

The requirements imposed upon nonlinear elements will be examined

below.

A logarithmic amplitude characteristic in the range 80-100 dB
cannot be obtained wlth one stage since it 1s impossible to reduce
input resistance of a nonlinear element to fractions of an ohm,
Therefore, in order to obtain a logarithmic characteristic in a wide
dynamic range, we use the successive operation of n nonldnear stages
on the logarithmic sections of their amplitude characteristics.

Fig. 3.2. Simplified diagram of a stage with a nonlinear element.

Figure 3.3 showé the amplitude charactevistics of one nenlinear

stage of a multistage amplifier which consiats of three sections:

linear 1, logarithmic 2 and quasilinear 3 {12]. If the Sinput voltage

, all stapges are operating as linear

of the amplifier Ue# < Uax “
with an amplification factor of kl. When the vultage amplitude at
, the last (n-th)

amplifier input reaches the value UBx = Uax "
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nonlinear svage begins to work in the logarithmic mode and its input
voltage is

Ug‘—‘; Utll'n‘:-' ¢
(3.10)

-
boin ay Uv‘.gé:“;” .

”l’ux ) 3 plups)

“l"’

dpy
Fig. 3.3. Amplitude characteristic of a nonlinear stage.

With an increase ia the input voltage of the last stage to
Ua’ it works in the logarithmic mode and all the others operate in
linear mode, With this the voltage at output of the nonlinear stage

is

. U. P
Utﬂ!l::-’ K‘L’u (a. ln—v;x-!"‘l' ‘)o
(3.11)

In the future for the sake of simplicity we shall assume that

a = 1. VWhen the input voltage of the last stage 1is changed in a

range firom UH to Ua’ voltage at input of the logarithmic amplifier
U -1U
changes in the range —HEE:TE , and its amplification factor is

1 -
determined by expression

’ =1 T, e, U X {n)
Fotm = &, u;:(:)(:t.l EJ,"‘H)' (3.12)
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where st(n)»= U !l e st 5 1s the voltage at input of the n-th
stage;

UBx is the voltage at amplifier input.

The logarithmic amplidude characteristic of the amplifier, in
this case, will be described by expression

u (u) —
Usum(ﬂ)""Uw"‘o(ﬂ)—“"s l(ln T +l)""

=, .( Usxs +;)-x,uu.(1n Use 1 1).

(3.13)

When voltage at input of n-th stage becomes equal to Uy the
stage begins to operate in quasilinear mode on the third section
of the amplitude characteristic. In order to accomplish the
successive operation of stages in logarithmic mode, it is necessary
that voltage at stage input (n - 1) be equal to

— -2
UI—U“Q'K' .

In order to satisfy this condition, the maximum ampliflcation
factor of a nonlinear stage must be

U,
K —_._'-‘D .
1= U X1 (3.1“)

The UB/UH also determines thf logarithmic range of a nonlinear

-

stage. -
U, - Vg
When voltage at amplifier input changes in the range T the
k
1l

(n -« 1)-th stage operates in logarthmic mode, all stages preceeding
it operate in linear mode, and the last stage opevrates in quasilinear
mode. The exprassion for the amplification factor of the amplifier
when the (n - 1l)-th nonlinear stage is operating in logarithmic

mode will have the form




Us (1. Usxin-1
"Nﬂ- "-"H u.:'(.:.) (ln :1:‘ : +l)x,(,,,. (3.15)

n-2 _ X
where Uax(n - 1) Uaxkl = Uex o 1s the voltage at input of the
(n - 1)~-th stage;

k3(n) is the amplification factor of the n~th stege.

None of the preceeding stages operating in linear modes has
any effect on the shape of the amplifude characteristic of the
amplifier. The last stage, operating in quasilinear mode, does not
Introduce distortions into the logarithmic amplitude characteristic
of the amplifier if its amplification factor k3(n) is constant and
equal to one or is variable and greater than one; however, then the
differential amplification factor must be equal to one.

The amplification factor of a nonlinear stage on the boundary
o7 the transition from the second section to the third is equal to

::..."'”’ (m iy :)...hm,+1 16

And since k; > 1 and 1n k; > 0, then k, > 1 and, consequently, at
the moment of transition from logarithmlc mode to guasilinear, the
amplification factor of a nonlinear stage is k3 = k2 > 1,

The value of 'the differential amplification factor of a nonlinear
stage when it 1s operating in quasilinear mode is feound from the
condition of the equality of the first derivatives and ordinates for
the point where the second section of the amplitude characteristic
of a nonlinear stage changes into the third section:

dU“‘gs dv.ySQ
'b““" dUyxs — dUsxy

Using equation (3.14), we can write
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dicCe =0l

d pc,U, (Inx 4 1)+ ba(Usxs — U]
dun!t

Differentiating we obtain

KUy
x5,

Since at the transition point UB = UH‘kl then bn =

Voltage at the output of a nonlinear stage operating in quasi-
linear mode can be written in the form

Un
Usuxs=U' mxn"l"b (U“,-—-U.)—-IC; ,(lnx,-}- Ux‘)’ (3.17)

Then the amplification factor of the nonlinear stage for the
third section of amplitude characteristic is

— KlU’ l . U.x, ",U'lﬂ’ﬁ _L
“’—- Ul!l (ﬂlﬁ"" U- . Un!n l (3.18)
From equality (3.18) it is.apparent that k3 is a variakle quantity
and when there is a conslderable increase in input voltage, this
quantity approaches unity.

Substituting the obtained value of k
we obtain

3 into equation (3.15),

) —-2 KU . U. (”..) . "
"o(n-l)""";' U.;(u:‘) (ln :j : +1)X

KUy lng
( ;J:x(n) '+ l)
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Consequently, voltage at amplifieér output will be

Ustllo (n-1)= U!l"o:(il-l): rUsin %4

P
e
pe
2
b
-
X
&

v

i : i +Un”x (mli-"?_'.‘:_::.‘i:*_ ‘)' ..' *

and since Usx(n - 1) = U s We can write

BX 2

U;m? (n- t_) = xjul ln ”‘ +U."‘ (ln vd!. + l)

With a subsequent increase in the input voltage of the amplifier
% the (n - 1)-th stage begins to operate in quasilinear mode, the

' (n - 2)-th stage enters the logarithmic mode, and the amplification ' :
] factor of the amplifier and the voltage at i1ts output are respectively

e equal to

,; -3 K Ug Usx(n-0

3 ) lC. (n-3) —-K, Uox(aon ( n. U. -l— 1)

3

b ! ,U. ln x‘ "]Ul ln xl -

K ( 2z (u-—:) + ) ( nx(nl' l)'

" Uu"x-. (a_ ’) = 2”‘U. lﬂ x‘ +U.’¢', (lﬂ gl-;‘:'l' + l)o

%; Reasoning in a similar manner, we can obtain an expression for
é; the amplification factor and voltage at input of the logarithmic

3 n-stage amplifier when the first nonlinear stage is working in
logarithmic mode:

Ko ty= U (m Uss +1) ("'”-"""-1 1) .

(B ) (i + ) (3.39
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Um-.(a)—-(ﬂ—l)x, .lni.,-{-x, .(ln U"’-{-l) (3.20)

Thus, based on the above consideration, we can write a general

expression for the amplification factor of a n-stage amplifier
and the voltage at its output with the strict alternate operation of

nonlinear stages:

ot et ]

i N
PUn B0y 1
X ﬂ (st(n-n+‘)+ }'
§=2
(3.21)
¢
where (n - m) is the number of nonlinear stages operating in linear
modes; ’
(n - m+ 1) is the number of the stage operating in logarithmic
mode ;

(m -fl) is the number of nonlinear stages operating in quasi-
linear mode.

Then

Unuzo=KoUnx.
(3.22)

Here, after conducting such an analysis, it is easy to express
the basic qualitative indices of a n-stage logarithmic amplifier
for the general case a, # 1 in terms of the indices of the separate

stages. ,

The beginning of the logarithmic amplitude characteristic of
the amplifier correspoﬁds to the input voltage at which the last
nonlinear stage begins to operate in logarithmic mode,

Unpum—i. - (3.23)
1
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In this case, voltage at amplifier output will be

U‘..‘iz::-’.uul:f‘;":u"“”, . (3.24)

The end of the logarithmic amplitude characteristic of the
amplifier corresponds to the input voltage at which the first non-
linear stage begins to operate in quasilinear mode: a

Uspx=Up=Usxu'¥7 .~ (3.25)

Then output voltage is

U,,,:,:ﬂlt,U.Q.lﬁlﬁ-{-K, I=U“!(nallu"l+:l): (3.26)

The dynamic range of the amplifier with respect to input and
output voltages, respectively, will be

1 U —-: _ R "
D“‘ﬁf? 1= Dy s (3.27)
D,;,,rlg:—::—:-—-na.lnmm-l-‘- (3.28)

Consequently, the compression factor of amplifiable voltage
can be written in the form

Dy - :xl

x‘”“: D.'g _MalﬂD.xl-*'l. * (3.29)

In a multistage logarithmic amplifier on intermediate frequency
with shunting of anode loads of the stages by nonlinear elements,
we use most frequently amplifiers consisting of stages to whose
anode circuits are connected single or double-circuit filters. The
equivalent circuit of a nonlinear resonance stage is presented in
Fig. 3.4 [12]). The amplification factor of this stage is -

o Relex -
;c.—S.mm? o (3.30)
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where Sh is tube steepness,

P 1oy 1 4.0 o}
B Rome "‘R:'+7&' +T;" .

RBHX 1s tube cutput resistance;

Ra is anode resistance;

RK is equivalent circult resistance;
Rax is input resistance of next tube,

Voltage at output of nonlinear stage is

' RR.
Uw;-—-Uu ’"n——SxUPX 2 lﬁ.‘ua (3.31)

When a stage is operating in linear mode, the resistance of

the nonlinear element must be higher and must not shunt anode load,

i.e., Rnen 1 << Ra. In this case, kl = SnRs'
&V Ry Ren Ut

Fig. 3.4. Equivalent circuit of a nonlinear resonance stage.

The law of variations for resistance of a nonlinear element
Ruén 5y &8 2 function of the output voltage of the stage when the
stage is operating in logarithmic mode, we find after equating the
right sides of equatlions 3.11 and 3.31:

RaRn, ’
#Us (aaln =3 """ Tt ‘) =SV s T Resir (3.32)

Introducing the designation

pa==a,In Zox2 ”'" +1
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" (3.33) '

With similar reasoning and usingzequa%ions (3.17)'and (3.31),
we find the relationship between R . 3'and the output voltage of

the stage when it is operating in quasilinear mode: q '

: Ry ' ,
. Ryexs= TR l ! ! "
anpa ———(pa—daln Kl"‘H‘:’l) - (l 3. 3‘4?
R i : 4
When p, >> 1In kl RHen 3 l/Sn and, consequently, k3 = SnHHen 3 + 1.

In practice, in the design of amblifiers, by the‘inpuﬁ r¢sistange

of the nonlinear element RBx = Ruen

of applied voltage Um to the current amplitude of the first harmonic:
. . )
Iml‘
u N
be——Ruu"“_&' r b !

- ' l(3.35)

The amplitude of the first harmonic of current flowing th;oug%
the nonlinear element is determined based on thé static voltmampnre ’
characteristic of the element (semiconductor or vacuum d%gdﬂ),lwn*ch
can be given elther graphically or analytically

A

If the characteristic is gilven graphicélly, I can be de%erminéa

ml
graphically by the method of five or twelve ordinates [25]. At high
amplitudes of voltages this method has an accuracy of 5~ 82 , With

low amplitudes the graphic method has considerable error; therefoﬂe,
it is advisable to determine current amplitude I ml analytically.|
These methuds have been described in greater detail in reference [12]
and we shall net esamine them further. ! '

we méan the ratio of the amplitude

i

]

b
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Thus, the nonlidear element shunting ‘the anode load of an amplifier

stage in an n-stage‘logarithmic ampl;fier must satisfy the following
réquirements [12, 321]. !
. ]

.
t ¥

f 1. With small inpuﬁ signal when the stage is operating in linear
mode, the res%stance of the nonlinear element must be high and constant
so that anode load will not be shunted.

i 1
. 2. When the stage 1s operating in logarithmic mode, the resistance
of the nonlinear element 'must change in accordance with (3.33). The
nonlinear section of the volt-ampere characteristic of the nonlinear
element must be yithfn the range of . -

} ‘ Um‘ Umqu'—'xx L Ao
) v U.m.——U ugxr--"xU (aa}n"x"l"l)

;" ‘ | ' ! . i

" 3. When the nonlinear stage is operating in quasilinear mode,
the resistance of the nonlinear element must change according to
the rule determined hy expression (3.34). In order to fulfill this
requirement, the nonlinear element must have a volt-ampere char-
acteristic which has,: at the beginning, a sharply pronounced non-
linear section with great steepness, gradpally changing to linear.

: ¥, Static characteristics of ﬂonlinear elements shunting anode
1loads of various stages ip an n-stage.amﬁlifier must be identical.

5. The nénlinear element must have low interelectrode capaclitance,
which has a particularly large significance when making a wide-band
amplifier

] | *
3.1.2. Lodarithmic amplifiers with summation of stage output
voltages.; The method of obtalning the logarithmic amplitude charzcter-
ispic in a i-f anlifier by the successive adding of voltages from
the outputs of amplifier stages is known in literature as the
method of successive detection [12].

H

| ' , L. 107

TR AR TR

R
oo

e e
e

s



ampliffer with successive detection of signals and separate. detectors
) in egch channel.‘ The high-frequency input voltage is amplified by

i n a@Zlifier stages at whose output the detectors are connected. The
detécted signals are added on common loads. In order that the video-
pulses moving from the outputs of all n detectors be added at the
same time, it 1s necessary to use an artificial long line, each link
of which delays the videopulse for a period of time equal to the

time of radiopulse passage through the amplifie stage. In order

to exclude reflections, the delay line must be loaded at input and

output to resistance equal to its wave impedance.

j;gyre 3.5 1llustrates the simplified diagram of a logarithmic

To examine the principle of obtaining a logarithmic amplitude
characteristic in such an amplifier, we assume that all amplifier
stages are identical and have an amplification factor in the linear
mode kl; upon saturation of a stage 1ts output voltage remains
i constant regardless of the amplitude of the input signal. We shall
also assume that signal. in the summater are added linearly and the
transmission factor of the summator is equal to one.

Un -¢
| waexad
11) )
A
c‘ ” r.] ,:ﬂ

A
[

—

{

Feg. 3.5. Simplified diagram cf a logarithmic amplifier with
successlve signal detection.
KEY: (1) 1-st stage; (2) 2-st stage; (3) (n - 1)-th stage; (4) n-th

stage.
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When low voltages are fed to amplifiler Inbut, all stages operate
in linear mode and the voltage summator ocubput as

Ces s e e eagieee R T PUT EEPAE S ST OO
Ui U () " o R e

If we designate the amplification factor in the Linear part of
the entire logarithmic amplifier in terms of k = kl + k% LU

+ k? -1 + kl’ equation (3.36) can be written as -

’.}' =ij’ Ko ' ‘-.
Sy e (3.37)

When voltage at amplifier input reaches the value U'ex = UBx e
the last, the n-th stage, 1s saturated and the voltage at detector
output of the last stage is

Uuuxn-—— Uun"‘g s ’
while voltage at summator output is,

Usmu—- U:xu("g -+ "—""‘ 2’}‘ +"1 +r)="

.38
—-U;qu"po (3 3 ?

. !
With an increase 1n input voltage to the value U 'ex = yluax M

the next-to-the-last, the (n - 1)-th stage, is saturated and the
voltage at summator output (when n >>'1) is

u" m_x,Um,-l-Um.(.c,—}-x;’"—}— i) =
“MRU““*‘ngMp:Unu‘--i‘x‘ U“‘.

When input voltage of the amplifier becomes equal to

U"'ax = kiUBx o the (n - 2)-th stage is saturated and voltage at

summator output is
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U =20 Upy ..-}T'U,"(ic, +n'"’+ "-’+... +u, )=
E 2K?U“'+.Uw "P.=UBRI“+ 2"" ‘Uu'.

54

Similarlyj when the.first'stage-is saturated, we can write

. . . Ce e e
U(n"'—’-':U;;j‘:’cn“'Uu..-
oo o, (3.39)
and, accordingly, voltage at summator output 1s
[y K, ] a— n - R
U(‘:‘—-—Uniaﬂl:(n-"— l)"l U“n+U““"r’—n"l Usxs (3.40)

From this analyslis it is apparent that with the alternate
transition of amplifier stages into saturation mede, input voltage
of the amplifier changes exponenfially and output voltages linearly.
‘Consequently, between input and output voltages there is a logarithmic

s

relationship.
Let us write equality (3.39) in the form

and we shall then find the value of n:

U(n) .
=41

= tom ml‘l xx
If we substitute the obtained value of n into expression (3.40)

we obtain

. €U, )
Uny= ln:: ll; *‘“ﬁLhﬂl“

. l U. A

"""‘7"“'(1“. 77.":."’*“) (3.41)
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Aftér comparing expressions (3.2) and (3.41), we obtain
.‘ 5
Ia &

‘a‘:;;

The dynamic range of an n-stage logarithmic amﬁlifier with
summation of the output voltages of the stages will be equal,
respectively, for input and output voltages to

Ut!:

) - .
Lﬂf";;é# . | (3.42)

___Un X’ mc]'
Dm:--,‘gi;-—:_—;;—. (3.43)

When k) >> 1, while k * kY, Dy, = n.

1 BhIX

The compression factor for amplifier voltage is

., ‘D, UQ?.."-K’
hcn5= Da:x = mcf * (3. 44)

With the assumption made that the stages have linear characteris-
ties up to saturation, the logarithmic amplitude characteristic of
the amplifier will deviate from a precisely logarithmie characteristic.
A precise LAC of an n-stage amplifier with successive signal
detection can be obtained only with fully defined amplitude character-
istics for the stages.-

It 1s very difficult to find, analytically, the necessary form
of the amplitude characteristic of a stage based on the given
logarithmic amplitude characteristic of an amplifier., However, this
can easily be done by the graphic-analytical method if the LAC
of the amplifier is given UBblx = f(Unx) and the aumber of stages n

@ is known, as well as the amplification factor of each stage kl[32].
The values for voltages at amplifier output, at which all stages
except the last operate in linear mode, are given.
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The selected number of amplifier input voltage values will
determine the number of points on the nonlinear section of the stage's
amplitude characteristic.

' vu‘gs oy P bt o '..".';T-
Usyx naxc)- ,.m’//w" :
0,8 =27
o Vi 4.
B ' ' . ."-_‘
v in(l
02 ff+—1- — | :
L
871 02 63 04 05 08 47 __4h S

Ugix mane

Fig. 3.6. Theoretical amplitude characteristics of a stage.
.“"‘-kl'-‘lo,n:S; k1=5,n=5;-.—.-k1=5,n=u.

Then for each voltage value at amplifier input the output
voltage for the last n-th stage is

n—1
fa
U =f(Un‘)-—-\ Uﬂub
il fred (3.45)
where Usux 4 1s the output voltage of the i-th stage which is equal

to Uax’ki.

Since all stages are identical, the nonlinear section calculated
for the iast stage is Jjoined to the linear sectlon of the amplitude
characteristic of the next-to-last stage, at the moment it changes
into nonlinear mode. With an increase in the values of voltage at
amplifier input, the section thus constructed of the characteristic
of the next-to-last stage is used for further calculation of the
amplitude characteristlc of the last stage. We should note that the
nonlinear section of the amplitude characteristic of the stage plays
an important role in forming the amplifier's LAC.
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Figure 3.6 shows the stage characteristics calculated by this
methdd fof a logarithmic amplifier with successive signal detection
at various values for n and kl. From this figure 1% is apparent
that the form of the amplitude characteristic for this stage depends
both on the number of stages in the amplifier and the amplification
factor of the stage.

§ 3.2.  PHASE DETECTOR

An important element in monopulse systems with phase and sum-
difference angular detectors 1s the phase detector with whuse aid
the direction of target deviation from equisignal direction 1is
determined.

Figure 3.7 presents the diagram of a vector-measuring phase
detector which has Rl = R2 and Cl = C2.
The amplitude detector Al is fed the sum of voltages ul(t) and
uz(t), and to detector A2 is fed the difference of the voltages.
In the case of sum-difference monopulse systems, ul(t) and ua(t)
are, respectively, the standardized difference and sum voltages,
while in the case of a phase system they are voltages from the linear
i-f amplifier output. Voltages obtained as a result of detection are
calculated by a special connectlon of the loads of the amplitude
detectors Al and Az.

Considering amplitude detectors as devices which distinguish the ”

envelope or the square of the envelope of the random input process,
we can obtain the mathematical operations which are accomplished
by a phase detector.

Voltages acting at phase detector inputs are written in the
form

by () =U, sin (0nsd +-91), |
U (f) == U,sin fonyt -} 9a). | (3.46)
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Figure 3.8 is the vector diagram of voltages which makes it
possible to determine voltages which are detected by amplitude
detectors Al and nz. These voltages, respectively, are equaz to
the vector sums

(3.47)

Fig. 3.7. Diagram of a vector measuring balance phase detector.

Fig. 3.8. Vector diagram of voltages for phase detector.

With linear characteristics of detectors, the output voltage
of the phase detector will be
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Usa=ronl| Us]— U1

(3.48)
where k¢ a is the detection factor.
From the vector diagram (Fig. 3.8), it follows that
| i}+ | —_—.-Vu';' +U; +2U,U;cos (9, —9s)- (3.49)
|U. | =V U} +U;+20Uscos [180 — (7 —@l=
=)/ U} 4U; — 20U, cos (9, —9s) - (3.50)
Consequently,
Upn=K¢ n [VU.: +U: =+ 2U,U, cos (9, — ¢,)—
\ "‘VU12+U§"‘20103005(?1"'?3)-

(3.51)

If U) << U2, which is valid for monopulse systéms with a sum-~
difference angular discriminator, then, expanding each term of the
expression (3.51) in a power series and limiting ourselves to two
terms of the expansion, we obtain [26]

U o — . U,U, .
on=2Kpy Vit €0S Py — P3) = 2Ky xU, cos (¢, — ¢,).

(3.52)
With equality of signal amplitudes Ul = U2 = U (in the case of systems

with a phase angular discriminatorj, voltage and phase detector
output will have the form
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'Y ;b,-:——‘v:'.

tpmi=ig (VI F s~
) oat¥ iy
=Y 20U [1 —cos(p, — ?n)l) =2%p U (V_‘l_'_c.ﬂ‘i_;_’__.'_’l
Y la-cm(;xrﬁ?a))=2x‘biu[¢(')‘sg{:n._:'f_t_)___-
st ).

(3.53)

’

Figure 3.9 presents :the dependence of output voltage on phase
shift for the two examined cases. When Ul << U2 (or when U2 <«< Ul)’
a cosinusoidal dependence of outpu. voltage on phase difference is
obtained and when U; = U, and variation in (¢; - ¢,) is within 0 to
T, this dependence is rectilinear.

With quadratic amplitude detectors ﬂl and Az, the output voltage
of the phase detector is proportional to the average value of the
difference of currents passing through the diodes:

g o= % 5 [ty (1) + 182 ()] — [, (1) — s ()]} =

Substituting in (3.54) the values of ul(t) and u2(t) from
(3.46), we obtain

1
= 7~ Ky g U Usc08 (7, =~ 72).
7~ Ko aUUscos (7, -~ 74) (3.55)

From expression (3.54) it is apparent that a phase detector -
with quadratic characteristics for dlodes ﬂl arnid AZ is equivalent
to a simple multiplier (when the highest narmonics Ynp are discarded)
and the dependence of output voltage on phase shift has the form
of a cosinusoid.

116




Fig. 3.9. Characteristics of a phase detector: 1 - when Ul << U

23

The disadvantage of thils phase detector lies in the fact that v
it limits the range of approach angles to a quantity corresponding
to a phase interval of 180°, whereas the maximum interval in single-
value direction finding, determined by the angle-data transmitter,
can frequently be greater than this value.

Another type of phase detector which makes it possible to broaden

the range of approach angles is the Kirkpatrick phase detector [27, 41].

In this detector the angular range 1s broadened by decreasing sensitiv-
ity in the equisignal direction, which, however, slightly reduce:
measurement accuracy for angular coordinates since this sensitivity
decrease is carried out at that point 1n the system where the signal
level 1: greatest.

. (1 '
.-!‘ v’ "M’ . " * —?: v"

ug(t)| jRe M k “lt) 5“
-i ‘tO - Uo‘ : o
ke
. a:a) Ro ) . R’ T-”rl N I
’ M » - Ve
K3 b Yyt G,
T e ) § 2.

Fig. 3.10. The Kirkpatrick phase detector: a - simplified detector
circuit; b - part of circuit illustrating the formation of voltages
acting on diodes.
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A diagram of the Kirkpatrick phase detector is presented in
Fig. 3.10. From a comparison of diagrams presented in Figs. 3.7 and
3.10 1t is apparent that the detecting part of the Kirkpatrick phase
detector is precisely the same as in the usual phase d=2tector and
consists of two diodes and differentlially counnected loads. Both
detectors have an output voltage which ls formed by subtracting the
voltages acting on the dlode of the phase detector. However, although
in the usual phase detector the sum and difference of input voltages
act on the diodes, in the Kirkpatrick phase detector voltages which are

a superposition of the components formed by each of the input voltages
act on the dlode.

Let us deslgnate the voltages acting on diode inputs as V1 and
V,. Then voltage ul(t) forms the components V', and V', which act
only at the points of the circuit indicated in Fig. 3.10b. Actually,
current ik’ induced by the voltage ul(t), is fed to two parallel
resistors, one of which 1s Ro while the second is-formed by the delay
line loadad to wave impedance Ro. Therefore, current 1k 1s divided
evenly between these two resistors. As a result, the two components
formed by voltage ul(t) will be

VW=, (f) 8 Vy=1ii, ()™,
“[n = and)

-

Similarly, but in reverse order, the corresponding components
of input voltage u2(t) are formed. Consequently, the output voltage
of a Kirkpatrick phase detector in the case of linear diodes, which
is a superposition of these components, will be v

oy =Ko x | ty (s (f) ™™ 1 =la@e ™+ ue | =
=Ken [V U F Uy +20,Us cos (¢, — 94 — P’.)'-'—
Y T T D oo ot )=
‘ -'f@a[l/m—‘/l-l- 2u,u. °°S(‘?t — Pa—fu)—

_Vuz+uz ‘/l"]' 2U,U. cos(‘?x ‘Pa‘l"po)‘.,"

(3.56)
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For a system with a sum-difference angular discriminator
(U1 << U,), expanding each term of expression (3.58) in a power
series and using the first two terms, we obtain

— m L1 . Ul.U: : 3 -‘

= Ua +U§ —VU, 098(?;-—0.—1-15.;]

as21(¢ aU, Sm_(‘h""?a)sm ﬂe' T . (3 5:7)

For a monopulse system with a phase angular discriminator
(Ul = U2 = U) the output voltage of a Kirkpatrick detector will be

;“¢Jl‘;= 2,€° U ['/l +‘¢05 \”ﬂ; $a—b)
: — . .
— V -+ €oS (’12 4] + Ba) ]___ 4"“” X

s 91—y o By
XSln 3 Slq-%-a

(3.58)

Figure 3.11 presents the characteristics of the output voltage
oi' a Kirkpatrick detector. From a comparison of expressions (3.51)
and (3.57), as well as (3.52) and (3.%8) and of the presented
characteristics, it is apparent that the output voltages of an
ordinary phase deteccor and a Kirkpatrick detector, when Bo = 1/2
differ only by the n/2 shift, and the angular range of single-value

R R R L N T S SRR T RN 1SRN . .

direction finding is limited by the phase interval - =/2 << ¢l - ¢2 >>

> m/2. However, when B, < /2, the angular range of the Kirkpatrick
phase detector is broadened to 360° as BO approaches zero. As an
example of broadening the angular range, Fig. 3.11 introduces the
characteristlic of output voltage for Bo = 0.1; along with the
substantial broadening of the angular range, steepness 1s severely
reduced.
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Fig. 3.11. Characteristics of the Kirkpatrick phase detector: '
a) when Uy << Uy b) when Uy = U, !

§ 3.3. SYSTEM OF AUTOMATIC AMPLIFICATION CONTROL

. '
Most widely used in monopulse ;adar receivers is a‘pulse=AGC )
system with feedbazk, illustrated in Fig. 3.12. Usuall& in such a
system, delay voltage U an is fed to the AG. detector, and Secause
of this, amplification control begins when the signal exceeds . '
quantity Usan An AGC system can be "amplified" or "unamplified"

depending upon the presence or absence-of an amplifier ini the
AGC circuit.

[]
£

In amplified AGC systems amplification can'be accomplisﬁed up
to the AGC detector on alternating voltage (Fig. 3.12b) or after
the AGC detector on direct current (Fig..3.120). !

!

In contemporary monopulse radars, also frequéntiy used are !
multiple-loop AGC systems with loops acting in parallel (Fig.'3.13).
In these AGC systems, usually used as variable gain ampli'fiers arei

i
the first stages of the i-f amplifier, which ensureslsmall nonlinear
signal distortions in the i-f amplifier. ' :

.
] \
]

_ The main characteristics of the AGC system include the amplitude
characteristic of the AGC circuit, the amplitude characteristic
of the variable gain amplifier in the absence and in the presence
of amplification control, and also its variable gain characteristic,
[50]. :
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Fig. 3.12. Block' diagram of pulse AGC system: a) "unamplified®

AGC system; b) "amplified"-AGC system with alternate voltage

amplification; ¢) "amplified" AGC system with d-c¢ amplificaticn.

KEY: (1) Vdriable, gain i-f amplifier;.(2) Detector; (3) Video

y cmplifier; (4) Filter; (5) AGC detectovr; (6) Variable gain i-f

g . amhlifier; (7) Detector; (8) Video amplifier; (9) ®ilter; (10) AGC
detector; (11) AGC amplifier; (12) Variable gain i~f amplifier; (13)

i Dete:tor; (14) Video amplifier; (15) D-C:amplifier; (16) Filter;
(17} AGC detector.
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. Figs 3.13. Block diagram’of a multiple~loop AGC system.
KEY: (1) Variable gain i-f amplifier; (2) Detector; (3) Video
amplifier; (4) AGC-1l; (5) AGC-2. :
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Fig. 3.14. Amplitude characteristic Yooil)
of- an AGC circuit.

Yas  Unixwane Oy

The amplitude characteristic of an AGC circuit represents the
dependence of the control voltage being fed to the variable gain
amplifier on the amplitude of the signal at output of the variable
gain amplifier Uper = f(Uaux)' The form of this dependence in the
presence of delay voltage in the AGC system is presented in Fig. 3.14.
Control vecltage differs from zero when signal amglitude at amplifier
output exceeds delay voltage. With a subsequent increase in Uaux
the wovrking segment of the amplitude characteristic, with the proper
choice of AGC circuit parameters, must be linear. The angle of
slope to the axis of absclissuas determines the amplification factor

of the feedvack circult . . -
{g apec==Hobp» -

fpor )
»

|

L—-—-—- oui -——-—J”’“

Fig. 3.15. Amplitude character- Fig. 3.16. Control characteristic
istics of amplifier: 1 - without of amplifier.
AGC; 2 ~ with AGC.
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' The amplitude characteristic uof the variable gain i-t‘amplifier
which determines the dependence of signal amplitude at amplifier
output (U, ) on signal amplitude at input (U_ ) with and without
an AGC, 1s presented in Fig. 3.15.

The control characteristic of the amplifier determines the
dependence of the amplification factor of the variable gain amplifier
on control voltage: '

Kper=F(Uper)-

The form of this dependence is brought about by the ancde-grid
characteristics of the controlled tubes and the number of controlled
stages.- In view of the fact that usually there is a nonlinear
dependence of tube steepness on bias, the control charactéristic also
has a nonlinear character, which appears, to a greater extent, when
the number of controlled stages increases. However, in énalyzing
dynamic modes various approximations of the control characteristic
are used: linear, exponential, polynomiéi, hyperbolic fuﬁction, etc.
The question of a rational approximation of the control characteristic
must be solved individually in each case depending upon the study
methods used.

In analytical calculations, it is usually considered linear
since such an approach -considerably simplifies analysis without
leading to significant errors [26]. A typical form of control
characteristic and its linear approximation are shown in Fig. 3.16.

Many works have been devoted to an analysis of AGC systems;
they are examined thoroughly in reference [50]. However, we shall
consider only the main dynamic propefties of an AGC system with the
introduction of a number of simplifying assumptions which, without
distorting the essence of the phenomena, enable us to obtain m re
simply the necessary relationships. .

We shall assume that there are no nonlinear distortions in the
receiving device, and the bandwidth of the receiver is somewhat
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‘We shal¥ also assume that in the AGC

cirnuit a single-section R” filter anu an inertialess detector are
used., . o %

~
h- Pt Ui
l

!
H

,wider than that .Of" the AGC

0 .
The: oehav1or -of an AGC system with a single—sectiop filter car. -
be described by the following system of equations [26]: £

‘ . when ‘
N A KmUny dﬂ%’chmx<:5kup
. 353 | {RpexU“ y Pr!fl U;m > Ua.u?
U per = "“OG}!F A (D) (U sy — Usa) Np#t Usyy > Ussg,

[y

(3.59)

whgre km,15 the maximum amplification factor of the amplifier when

Uper = 0'

koﬁp kAkA is the amplification factor of the feedbdck circuit,

equal to ‘the product of the transmisslion factors of the AGC amplifiler
and detector; F (p) = —T—l————— is the operator of the single-'

) Pyt 1 "
section AGC filter;

TA is the time constant of the AGC circult.

With & linear apprbximation of the control characteristic

xper = "m o bAUle"

‘ ’ (3.60)
. km :
where b, = tg ¢, = Is the angular coefficient of the
A A Ubm
control characteristic;
k
me = BE— is voltage at which the receiver amplification factor
A .

reverts to zero.

With the introduction of approximation (3.60), system of equation
(3.59) assumes the form

’
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U Kkilsx npit Upux <Usags
= {\xm-—b Uper) Uiy 0pi. Uiz > Usagy

pT 1) Upel' = KoGp (U:ux —Usgap) npH Usux >U Nar

(3.61)
(npu = when)

We shall find the reaction of this system to a jump whose
amplitude exceeds Ugy mun+ When U = U, = const, system of equation
(3.61) changes into a nonuniform linear differential equation of the

first order with constani coefficients:

7'1\ dlfi't“ + Usx (1 4 bA"oGPUA) = bA”O'SPUAU‘”" + ”"‘UA'

(3.62)
_The solution to this equation has the form
-t
' A -
Uma:BA'*l—CAe A (3.63)

where BA is the particular solution of the ronuniform equation,
equal to

A . B N,,;UA +bAK06pUuI .
N TFx,

(3.64)
T i1s the length of the duration process, equal to
. Ta
L P e |
AT bey (3.65)

k3 is the ecquivalent amplification factor of the AGC system,
equal to

= bytansl (3.66)
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After prescribing the Kin,itial’conditions, we shall find the
integration congtént Cpo Let us assumé that at ‘the initial momen:
when t = 0 voltage on the capacitor of the filter is zero. In this
case, Uper = Owgnd*U = k U Then the solution to equation (3.63)

. BHIX “mA°
‘is written in the form

" b\ KocpUsex + Km
U:tﬂ«"vhl e T

. T
W [ . baKesUsaxt B \ =57
"."“_(".3»_‘“‘ TvK, . )e ]

(3.67)
" If we assume Ujag = 05 from equations (3.67) and (3.61) we find
S
l4x,e A
Umx—-lfmUA—-—l-_:l,—,";-——o _ (3.68)
¢
KnkoopU, (-‘ --—)
Uppp= 072 ({—e A .
!f“_._ T+w, M e. or (3.69)
- Tl
. 1 A

I4%x, ..

Calculated according to equations (3.68) and (3.69), the curves
of input voltage and control voltage versus time are presented in
Fig. 3.17.

Output voltage when t = 0 grows abruptly to the quantity kmUA’
and then drops exponentially to a stable value mA ., Control
3
voltage, on the other hand, grows exponentially to a stable value

kk U
I _06p A . The time of the transition process, in both cases, is
l +k

2

identical and depends not only on the time constant of the AGC circuit
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§h§‘the parameters of the AGC system (b, and kodp)’ but also on the
amplitude of the jump UA' As follows from squalities (3.65) and (3.66),
with an increase in UA the time of the transition process decreases

and the fixing process proceeds more rapidly.

In conclusion, we shall study the works of an AGC system for an
amplitude sum-difference monopulse radar, which makes it possible to
ensure the independence of the error signal from the amplitudes of
received signals, owing to the standardization of sum and difference:
signal amplitudes relative to the amplitude of the sum signal. A
block diagram of one of the possible AGC clrcuits is presented in
Fig. 3Yl8 [129].

The difference and sum signals are fed to thé i-f amplifier
from the converter. ‘'Each channel has its own AGC circuit. Automatic
amplification control 1n each i-f amplifier is accomplished by
feeding to 1ts output short reference pulses of intermediate frequency,
produced by a pulse oscillator whose amplitude varies in proportion
to the necessary amplification. These pulses are fed with a time
lead relative to the main pulse of the radar transmitter.

14 [7/ ]
/ .o 'xmkup(u ) é

Fig. 3.17. Transition character-
isties of an AGC system when the
input slgnal acts intgrmittently.

|
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The blocking oscillator generates signals which trigger the pulse
oscillator. At the same timé these signals are fed through phe delay
line to the modulator of the transmitvter, which ensures the delay
of the main pulse with respect to the reference pulses, Pulses from
pulse oscillator output are fed to the two-stage i-f amplifler with
variable ramplification and then through the attenuator to the i-f
amplifier of the sum and difference channels,

Q) Mo gosodui demenmao
- .

R (2) ﬁhammuuu%&édmxmqr
3y Cymmapwsrd cuewan 7 .
( 2%# j&%ﬂw | > Veudeo-
(&) AOHTPOTOHEIE UNIRIIBEN mop \ younumesns
- (9) ,
Adyx-(8) Hanpawenue, t—"-"-—'*
KALRAOHNU  [~=. nponasyuonans e 4&,1,,%,”,40
yng CYMMapRONY Cunany CuCmenss
1 T .o ’ : APY
e (11) . ) )
eNepa; . ‘ - b
mmynoczga i (12) -—-—-({’3——
Omipaouue urnnyteos Aamm#@p
o ) cuzlgeﬂu 5
1 ; 4
browutie ‘bb'mmimwmno » -
. s ~v——
ENEDAMD | pr:pegamnvuna ' 7] 18]
D, Aemex- 1| edeo -
. i * ] mop YCURUMERS
(19)  Paswocrmneid cuewan " T20)| gy gazolus demenmap

Fig. 3.18. Block diagram of an AGC system and an amplitude sum-
difference monopulse radar.

KEY: (1) Phase detector; (2) To amplitude detector; (3) Sum signalj
(4) Reference pulses; (5) I-f amplifier; (6) Detector; (7) Vided )
amplifier; (8) Two-stage i-f amplifier; (9) Voltage proportional to
sum signal; (10) Detector of AGC system; (1l) Pulse oscillator; {12)
Trigger pulse; (13) Detector of AGC system; (14) Blocking osciliatcer;
(15) To modulator transmitter; (16) I-f amplifier; (17) Detector;
(18) Video amplifier; (19) Difference signal; (20) To phase detector.

Then the reference signals are detected by the detector and in the
form of negative d-c voltage are removed from the filter to the
grids of the tubes by the video amplifier. From video amplifier
output voltage of negative polarity is fed to the grids of the tubes
of the AGC system detectors. To these detectors, triggering pulses
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from the blocking oscillator are also fed. To the cathodes of the
tubes of the detectors, positive bias is fed and, therefore, only
signals exceeding bilas voltage are detected. The value df bias
voltage (delay voltage) is controlled by cathode followers connected
with detector tubes so that in the' absence of echo signals the
detectors maintaln a constant nolse level at the output of the i-f
amplifier of the channels, i.e., act as noise limiters. When the
automatic range tracking system picks up a target, to the two-stage
i-f amplifier is fed positive voltage proportional to the sum signal,
which causes amplification of the reference pulses. As a result,

the AGC circuit accomplishes standardization of the sum and difference
signals with respect to the amplitude of the sum signal and ensures
an equality of the amplitudes of the referenced pulses fed to the

i-f amplifier of the sum and difference channels, and, therefore,

the amplification of thé echos in these channels will be the same
both when noise and echo are equal and when echo exceeds. noise.

.
.
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CHAPTER 4

RESOLUTION AWD DIRECTION FINDING SEWSITIVITY OF
MONOPULSE RADARS WITH RESPECT TO AWGULAR
COORDINATES

§ 4.1, THE CONCEPT OF ANGULAR COORDINATE RESOLUTION

By resolving power we mean the abillity of a radar to distinguish
separate targets in a group of targets with sufticient reliability.
Quantitatively, angular coordinate resolution is evaluated by the
minimum angle between directions to target at which it 1s still possible
tuv measure separately the angular coordinates of targets which can
not be resolved with respect to range and spead with the necessary
accuracy. '

It can be necessary to resolve many targets; however, we shall
examine the resolution of only two targets as the simplest and most
frequently encountered case.

.

As is apparent from the definition of resolution, the resolution
process is indivisible from the detection process; therefore, in the
simplest case, resolution 1s the petection of two signals cbrresponding
to two targets. Hence, in the process of direction finding with a
target pair, at receiver output there will be at least two signals,
their resolution will depend upon the relative energy of the signals
and the degree of their overlap with respect to the parameter being
resolved, in this case, the angle. Obviously, the less overlap the
greater the likelihood of tracking each target separately and the
better the resolution of the radar.
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Because of this, resolution can be judged based on the correlation
function of the input signals carrying the corresponding information
on the panggeter involved. Obviously, resolution will be better
the narrower the correlation function with respect to this parameter.

&olt,8)
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Flg. 4.1. Envelope of high-frequency signal received.

An analysis of angular coordinate resolutlon is easily performed
with respect to the mode of space surveillance. We shall assume

that the antenna of the radar system successively irradiates two
point targets located at the same distance from the radar and spaced
at an angle of A6. Then, with respect to the case of Interest, the
autocorrelation function of the input signal in complex form can

be written as

b0 =re J B0 e+ eb ), )

where Eo(t, 6) is the input signal of the first target;
Eo(t, 6 + A6) is the input signal of the second target;
6, 6 + A6 are the angular coordinates of the target;
T is the period of observation.

The input signals in this case are high-frequency signals with
an envelope repeating the form of the radiation pattern (Fig. 4.1).
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Noviously, with a single amplitude for signal sources

-

"E, (¢, '0)‘= E (O)exp (imt), ¢4.2)

- * i}n.(t,o,FAQ)-—..:F(O-[-AO)exp(—-—iﬁf). - (4.3)

where F(0), F(6 + A6) are the amplitude radiation patterns spaced
at angle A9,

| W(46)
26y ! '(
_ [
a)(a)
Lo © 8wy
4£(8 ra9 '
fo—
a0 >
A
0 §
d) (o)

Fig. 4.2. Form of functions approximating radiation pattern.
a) radiation pattern without angular displacements; b) radiation

pattern with angular displacement by A8; c¢) autocorrelation function

of 'signal envelope.

An exponential factor characterizes the high-frequency signal
£f1lling. Substituting these values in (l4.1l) we obtain

¥ (A0) =Re [ f F (8) exp (iof) F (84 A8) exp (—ist) do] =
] .

T i . )
=§1~‘(0)F(0-|-A0) dh. . | (4eh)
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When the form is bell-shaped, the radiation pattern (Fig. 4.2)
is described by function

' F(§)= -2 6%).
. (0) eXP( 'foo) (u.s) s

Then

FO-+A)=exp[—15 048, - (4.6)

' where Yo is the coefficlent characterizing thé width of the radiation
pattern. )

Substituting (4.5) and (4.6) into (4.4) and taking integra-

tion limits from - = to =, in accordance with the selected approxima-
tion of radiation pattern, we obtain

TA0)=[exp(— 130 exp[— 1] (04 A0y] do=

- , _
=exp(—7; AFY) jexp (— 25 6*— 212 A06) 0,
-0 L ' _ (4.7)

The unknown integral is a tabular integral in the form

- :
: — oy 00O VE .
fempi—piar —gx)dr=exp B
- . P

Substituting its value into (4.7), we obtain

o) e

W(AO):exp(—"""z Ve~ (4.8)

We can show that
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where Eoc is the energy of the high—frequency signal of the given form

(Figo u 1) ] . L ]

: |
Actually, if we take ﬁhe time function Eo(t) with a’single
amplitude and a‘'bell-shaped enﬁelqpey then ‘ !

]
.

Eyo= S S dt= Sexp(—2r't‘)cos'mtdt_-

Qm Vu
f °XP(-2101‘)(“+°°’ dt== 2 .
2V ?’. (4-9) |
. ' . . ,
‘Hence 1t follows that

ey . '
qr(Ae)__zlsoc xp(...ﬁz__) L oy '

The form of ¥(A8) is shown in Fig. 4.2c.
Let us determine the width of the autOuorrelation function,
conditionally, at level 0.5 relative to maximum value. Substituting,

for this purpose, the value of ¥{A8) =IEOc into equation 46 and solving |

it with respect to A8, we obtain '

RO VYR i S v

. BT TTIT ’
o L (4.11) .
L :
Hence the width of the autocorrelation function .at level 0.5
is ) 1
1 ' |

8=—=2| Ab, , | ==2:34

! b

(h.12)
. !
Let us express coefficient Yo through the width of the radiation
pattern with respect to level 0.5 in accordance with the approxima-
tion made (4.5). ' ‘ o
Obviously, when |F(8)| = 0.5 0 = 6y.5/2. Taking this into
account and solving equation (4.5) with respect t? Yo» we find

-
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) ; yo%l,ﬁﬁleo,s. R (4.13)
Hence i
' i
' i . . 2 34 » .
! ' 60“‘ To66 Ve = 180, (4.14)

» A direct relatiopshiﬁ has been bbtained between the width of
the autocorrelation function of signals received and the width of

; the radiation pattern. Since the width of the radiation pattern

determines angular resolution, the width of the autocorrelation
f&nction also charactarizes angular resolution and can be used in the
approximate evaluation of a radar's resolution.
l

Expression (o, 1“) confirms the obvious conclusion that in order
ito improve angular resolut*on we must attempt to narrow the radiation
pattern Hence the dependence of signal strength on approach angle
is the éame during the operation of a radar on both scanning and
tracking modgsy che cgncluSions obtained are valid also for an
agtomat}c tracking:?adar.

We, should note that resolution is characterized by the defined
va}ue only when signal energy substantially exceeds receiver noise
energy. When this condition is not'fulfilled, the value of the
angle of resolution depends upon the signal/noise ratio and is
characteriked by the probability of both correct detection and false
alarms. '

H

Howeveri, in p%acﬁice, for the value of potential resolution
we use the width of the autocorrelation function of the signals
of the target being resolved, read at a level of 0.5 from maximum,
The probabglity approaéh to evaluating resolution is lost; however,
this method is convenient because it is simple and easy to visualize.

',

The actual hesolution of the radar can be considerably worse
than its potential value because of energy loss and signal shape
distortion 'in various units of the station. Therefore, the actual
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value of angular resolution can be represented in the form

where‘&senOT is the value of potential angular resolution;
661 is the additional impairment of angular resolution in the
i-th element of the station;
Yg 1s the resolution impairment factor, equal to l-g3= 230,
. Let us evaluate the resolution of monoﬁulse radars and compare
it to the resolution of single-channel radars with conical beam
scanning.

§ 4.2. ANGULAR RESOLUTION OF MONOR&LSE RADARS

h,2,1., An amplitude sum-difference monopulse system of direction
finding in one plane. 1In this case, signals reflected from two point™

targets (Fig. U4.3) for the first and sécond receiving channels can
be represented in complex form as

E, (t)=En.F (0, — 0,) exp ot - By F (6, — _
—B:)expi (o J-a). (4.16)

E,(t B) == EpmyF (8, 0,) expi ot - EyaF (8, +
‘ - 0,) expi (ot -}-a), (4.17)

where F(e0 - 0) and F(eo’+ 6) are the characteristics of antenna
directivity for the corresponding recelving channels;
eo is the value of the maximum deviation angle of the radiation

pattern from equisignal direction;

61.2 are the angular positions of the first and second signal
source relative to equisignal direction {Fig. 4.3);

Eml.2 is the amplitude of the reflected signals from the first
and second targets;

o 1s the phase shift caused by the difference in distances to
targets.
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Fig. 4.3. Angles during direction finding of two point targets.
KEY: (1) Target; (2) ESD.

With sum-difference signal processing, at the input of the suﬁ '
and difterence channel we obtain '

Eo(tfy= E"" S F O—8)FF (0, +-8)) expiot 4
+ - ;‘.1 [F \6 --0,)—{—1" (0.+ 6.)] expi (of 4 a),

¢

(4.18)
Ep(t 6)"" [F (0 b,)—F (Oo“"‘o‘x)]‘exp iwf 4
——1"_—3-FB—-,-—F o 0.)] exp i (of H- a).
+’V2.l (6, —, (0, F 0.)l expi (wf ;- ) (1.19)

%

At the output of receiving channels with identical characteristics,
we get the following with accuracy up to the constant coeffipienn;

be(t) = P2 we -0.)+F<o +0) expmn»f+

+ Em! [F(o ‘—‘02>+F(6 +03}] expl(wan-a)o (4.20)

up (1) =2 L [F (B — )= F (8 0,)] expi oupt -+
+oE [F(e-m) F (0 eipiont+a). (42D
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At the output of g phgse .detector of the multiplying type, taking
into account the amplitude ‘standardization. of the sighal with the
‘aid of a fast-acting AGC system and the. averaging of the signal,
error signal can be determined by expression -

.
Y
3

S(e)_,_Rellc(l O)a‘ (' 0)
i e)a,(t ) - (4.22)

.Substituting (4 20) and (M 21), 1nto (4. 22), after transformation
we obtain . '

Eg Wy 4 2EmEms (Wa—Wa) + EZ 7, -
EL Wk 2EmEnaWe 't By (4.23)

o osE)=
where

w,_z-‘ (0, = 0;) — F* (8, 0,)s

W= F (8, — 0,) F (8 — 0,) cosa,

W,=F (0,-}0,) F (0, 0,) cos a,

%eﬂmmw—ﬁm+wc
;ww—m+uwmm.

[F(ﬂ,,--o,)-l—f"(ﬂ +01)] lF(o —~ 6,)
+4F (0,4 0) cosa, - .
W, = [F (8o.— 0 4 F (8, -} 6,)]"

In actual conditions, phase shift o changes rather rapidly with
time even when the mutual displacement of tdrget is small and the
AGC syétem has a certain time delay with respect to these changes.
Due to this, the low-frequency filter at phase detector output and
in the AGC circuit filters all signal components formed by the terms
of expression (4.23) containing cos a. This enables us to represent
the direction finding characteristic, when there are twa targets in
the beam, in simplified form:
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S(h (F? (9.-—-0,) Fs (0.—-0.)}-}-4’ [F‘ (0.—
(0= F =)+ F O F B [F R

—8,)— F* (8, 4+-8,)) ‘ (4. 24)
=W FF, 0 «

—."’

where a = Emz/E;ml

"By equating the numerator of expression (4.24) to zers, we can
find the condition for direction finding of two point targets. It is
easy to see that, in this case, the radar will track from the power
center of the sources and the equisignal direction will be nearer
the direction to the source whose power is greater. 4

Of greatest interest is the case where one of the targets, for
example, target number 1, is located at a small angle 61 = A8 to
equisignal direction, which corresponds to the condition of target
resolution. ’

In thls case,

F&ﬁM“MM

7 A AEGEN | = F() (1 Fwa0),
‘ (4.25)

where p is the direction finding sensitivity corresponding to the
steepness of the linear part of the direction finding characteristic
when a single target is involved in the direction finding, and is
equal to

g L _dF (ot 0)
£ (%) db fy=p, (4.26)

Substituting (4.25) into (4.24), we obtain after elementary
transformations

F2 (8, — 8,) — F2 (8, - 8,)

P A il
()=l+a‘ F(6e—0:) + F(Be4-0) 12 ° (4.27)
[-,~ 2F (04) ]
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Since target resolution sets. in at angular distances: exceeding
the radiation pattern width and angular direction finding errors _
for the resolved target, under normal conditions, do not 8xceed

" one tenth of the radiation pabtern width, we can. assume 92 >> A9,

When these conditions are fulfilled, function F(e0 + 92) in the
first approximation can be considered independent of A6. Then the
value of the direction finding sensitivity at the operating point
can be represented by the following expression:

A IUY - : ’
7Y 3 F(8o—0,) +F (8,40
baeo 14-[ = 5}'{3,)( T*'.’)] (4.28)
hence 1t follows that
Bt [ FBe—0)+F(8,+6)]* |
Y ..-a=[ * 225(_0.) : ] . (4.29)

Formula (4.29) makes it possible vo evaluate the change in
¢irecticn finding sensitivity due to the effect of an interfering
target located at an angle 92 to the target belng worked.

Equating S(6) to zero, we can find the value of direction
finding error

pAQfgr Gt —F 810

4F*(09
(!.30)
hence
Aj= — at F2(0,— 0,;) — F2 (0, +e,)
] 4‘"(90) . (4.31)

The expressions obtained (4.29) and (4.31) show that the effect
of the second target is expressed in the change in direction finding
sensitivity and the appearance of direction finding error for the
selected target. Using vhese expressions, we can determine conditions
for target resolutions.
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Figure y, M presents a standardized curves of 66 6u s calculated
according to formula (4.29) and (4.31) with an approximation of

the antenna radiation patterns by function

slnx—r-di;ﬂ C
F@)=5—5—>
0 ,c__‘..d.. (8.32)

where & _1s the diameter of the antenna paraboloid

Gt \ dua

78 | '\
9,75 A i

: K'v}%h ;

%50 \ ' ¢

! )

- 0,25 ‘.‘
\\\
<T=EE>—

0 “ Iz'k—dnoz
Fig. U.4, Variation and direction finding sensitivity 6u_ and
angular direction finding error 66_ of an amplitude sum-difference

monopulse radar because of interfering target.
is determined from equation

The tilt angle of the beam 6
T (4.33)

x| =

1
5 dify=

On the figure we assume the following standardization of

relationships:
8, = AO._’

. a’ﬂ—z_'d. (u.3II)

—_ 1' (4.3

GP‘__»PP 5)

>
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' 1 ‘With the approximation used, the radiation pattern width with

¥ 'grespect to the 3 dB level 1is equal to 90.5 = A/dn and 6, = 90.5/2.
] From Figure 4.4 it is apparent that with an increase in angle 62
‘ the standardized direction finding sensitivity drops and reaches zero *
f when
. K- 3=
xa—-—§~d,,9,=.._2_., .

which corresponds to 62 = l.5~90'5. When X, = 1r/2(e2 = eo) the
direction finding errcr is maximum and when a = 1, 1t reaches

A6 = 0,6 00, which corresponds to an error equal, approximately,

to the half-width of the angle between signal sources. Subsequent
increase in 92 leads to a decrease in dlrection finding error to zero
when 62 = 1.5 60.5. Hence‘it follows that full target resolution

in this case occurs when their angular separation is approximately
1.5 90.5. This is near the condition for target .resoliution which
takes into account the width of the autccorrelaticn function.

Naturally, 1f we select a less rigid criterion for resolution
the requirements for target spacing are accordingly reduced.

4,2.2. A phase sum-difference monopuise system of divection
| finding in one plane. In this case, signals reflected from two
point targets, received by the antennas of the {irst and second
recelving channels, can be represented by the following expressionss

E,(88)= EmyF (0,) expiot - By o (8) expi{nt - a),
‘ (4.36)
Eq(40) = EyniF (0,)expi(af +- 9
T EmiF (0) expi (ot 4-a -} ), (4:37)

where F(el) and F(ea) are the amplification factors of the antennas
in the direction to signal sources

¢1 and ¢2 are the phase shifts of the signals, csaused by angular
errors in finding their sources, and egual to ¢1‘2 = kIl sin am.eg
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o 1s the phase shift of the signal, caused by targe!g separation
with respect to range. o

With sum-difference processing, at the input of the sum and
difference channels we obtain

Et)= R FO)empi(ot+o) F-expiaf] +

+"""* F(e.)(expa<«»t+a+v.)+expn(~t+a>1. -
.3

Ey(t0)=-En 5 F (0) [expi(of+ o)) — GXP iof)
+E'" F(O,)[expl(wt—}-a—[—(p,)——-expl(wt+a)] (4.39)

At the output of receiving channels identical in characteristics,
we get the following with accuracy up to the constant coefficlent;

uc(1,0) = V" = {F(0,) [expi (e -+ ¢,) - exp iogyf] - (4.40)
i— aF (0;) [exp i (w,pf -+ a -}~ ;) 4~ exp i (0npt +-a)]};
up(t, 8) = F"" == {F (0) [exp i (vapt 4 ¢,) —expiogyt] 4
+aF (0.) [exP i( npt+a--¢,) "‘exP i (Onpt -+ a)]}. (4.41)

At the output of the multiplying-type detector, taking into
account signal standardization with respect to sum-signal and
additional phase shift of difference signal by 90°, the error signal
can be determined by expression

. . “
Reu, (¢, 8) u*p (L, O) expl 5= .

S(0)== i1, (t, 0) u*s (¢, 0)
__F2(8)sing, - a?F? (B;)sing, —aF (0) F (@) Isin (e — @) — |
e (0,) + a?F2(0,) -}~ F2 (8,) cos ¢, - a*F? (B.) COS 93 -4+
' —sin (a4 92)] .
“aF O F (e,) [€05 (- 7a—74) €05 a-H-CoS (a-72) €08 (a—71) (4.42)
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Phase shift a in actual conditions, -chariges rapidly and we can
assume that the oscillation phases, which can be produced by the
variations, of the error signal are fully filtered in the dir“ction
finding system. Then the expression (4.42) can be simplified by
excluding components depending upon a:

k" S(O)-— i-
e Pr()sing t-a’Fr () sIn g
(.)+a'1~"(0.)+F'(eocosv.+a'ma)eosr- (4.43)

l“

If target No. 1 is located at a small angle A6 to equisignal
direction, then 8, = 48, F(el) ¥ F(0) and sin 6, = 6. Hence it
follows that

{ sin (x{a9) + at fl;;%} sin (xl sin 8.)] '

S@)= . 4,44
1 +a F’ (0))+cos (x148) }-a? F’((?)) cos (xlsin 0,) ( )

For the area of interest to us 62 >> 46 and functions f(ez)
in the first approximation can be assumed independent of A9.
Therefore, the steepness of the direction finding characteristic at
the working point can be calculated, approximately, according to
formula

.__dsw)’ st
W ="ay | . -
=0 24-a? Pw)“+¢mmummn
. xl ‘
% (0,) kisinty | ° ‘
[l+a fi(:)) cos? 2 ’J (4.45)

With direction finding of a single source a = 0 and u = k1/2,
which corresponds to standard direction finding sensitivity of a
phase sum~-difference monopulse system.

Solving equation (4.45) with respect to u and u', we can find
the foruula which makes it possible to evaluate the change in the
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alrection finding characteristic of the system in the presence of an
interfering signal source, in the form ' '

p—p F2 (b .
a7 = Fey €0t (k] sin 0. (4.46)

=

Equating (4.44) to zero, we find the condition of direction
finding in the presence of an interfering target:

‘sin .(IdA"ﬂ.)‘-'- at i,‘:;} y sin(xlsin §,) ==0

At small values of A® sin k1A6 = R1A6. Hence it follows that

A0 Fr(b) sm(:clsm&,)

180 |= 27 =@ (4. 47)

Figure 4.5 illustrates the dependence of the direction finding
characteristic and the angular errors of a phase sum-difference
monopulse system, designed according to formula (4.46) and (4.47)

£553.

»

In the calculations, the radiation pattern was approximated by
function

! - C (4.48)

To simplify comparison, the dimensions of amplitude and the
phase-type radar antennas were assumed identical and equal to
= 220

A comparison of calculated data presented in Figs. 4.4 and 4.5

shows that radar of the amplitude type 1s somewhat more sensitive
to the presence of an interfering signal from a neighboring target
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" 1dcated within the main lobe of the sum directivity characteristic
than a phase-type radar. If the interfering target lies beyond
.the main lobe of the sum radiation pattern, then a phase--type radar
is more sensitive to interfering targets.

Analysis of the resolution of monopulse radars of the sum-
difference type was ‘carried out for the reception mode. If the, f
radar is operdting on reception and transmission, the amplitudes
of the reflec?;ve signals Eml and Em2 will be proportional to the
corresponding‘badiation patterns on transmission. This should be
taken into account when determining the direction finding characteristic
S(6) and the quantities A@ and u'.

dj(lxa .
fop {:«@
. ma (R 4
4 ) Fp
1Y
05+
] \‘
\ l !
425, T :
. \ ! i
o * \\J"k - 5
;= =25 xp=klEp

Fig. 4.5. Variation in direction finding sensitivity Su, and angular
direction finding error 66¢ in a phase sum~difference mogopulse radar
because of an interfering "target.

For simplification in analysis, it was assumed that one of the
targets was located at a small angle relative to equisignal direction.
In this case, when this condition is not fulfilled, analysis 1s
complicated and it is simpler in determining radar resolution to
go to graphics plo.ting the resulting direction finding characteristic

at various angles between targets, given by certain approximations
of radiation patterns.

As 1s apparent from equation (4.24), determining the direction
finding characteristic are the sums of the difference and sum patterns
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with respect to each of the signal sources, taken with a.weéight
factor equal to the ratio of the powers of reflected signals from
corresponding sources. Plotting the sum and difference patterns

in corresponding scale (oné on tracing paper, the other on a drawing
grid) and summing them with various values of angular target
separation, according to the expression determining the direction
finding characteristic, we can, in each case of interest to us, plot
graphically the resulting direction finding characteristic and, based
on its behavior, determine the moment of target resolution.

The graphic method is convenient because of its immediate visi-
bility and comparative simplicity. Below we shall examine the result
of graphic analysis of radar resolution for various types of radars
amplitude monopulse, with dual swit ag, with conical scanning and
sequential switching of radiati.n pasvterns [102]. Partial patterns
of the radars examined, presented in Fig. 4.6, were approximated
in the region of the main lobe by function 0052 56.256, where 6 is
the displacement angle in degrees. The width of the radiation pattern
at the 3 dB level, wlith the approximation used, was 1.2°. In the
analysis, the sgunality of amplitude for signals from targets (a = 1)
was assumed.

Figure 4.7 presents standardized resulting direction finding
characteristics of a monopulse radar with the reception of signals
from a dual target for three values of angular target separation.
In the figure it is apparent that with an angular separation of 1°,
the radar does not differentiate the targets. In this case, the
shape of the direction finding characteristic is typical for the
case of a single target. The presence of ithe second target in the
beam is manifested only by a certain dip in the direction finding
characteristic in the equisignal direction.

With an angular separation of 1.1° there is a break in the
direction finding characteristic in the region of the middle zero
point, which points to the presence of two targets in the irradiation
zone. However, in the region of the direction to each target, the
steepness of the direction finding characteristic is low, which does
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not provide the possibility of reliable trécking and determination | !
of pre¢ise target coordinants. Only when ¢ .= 1. 6° are ‘there
formed in ‘the direction finding characteristic two stable points
with high steepness; the monopulse ragdar rplly distinguishes, two-
targets and can reliably track efther &f them,; glving'accurate .
angular coordinates. Therefore, the. angle at 1.6°, which is equal
to 1.3390'5, in the examined case, can be taken. for the target‘
resolution angle.

Fig. 4.6. Radiati pattern for compared coordinate system: a)
a monopulse system id a system with dwal switching of antenna!

radiation patterns; b) a system with ccnical beam scanning;j c) a
system with sequential switching of antenna radiation papterns.,

! Fig. 4.7. Standardized direction finding characteristics of a :

i monopulse system with direction finding of a paired target for three: . !
values of target visibllity angles w )

KEY: (1) 1.0 8, deg. ' ! '
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A similar method of determining resolution was used with respect
to systems with dual and sequential switching of antehna radiation:
patterns, and also systems with conical beam scanning. Direction
finding characteristics for these "systems are similar and are presented
ik Fig. 4.8. From the figure it is apparent that with angular target
separation of11.5°;(upper curve) neitpen of the systems resolves the
targets.. In this caee,,all gystems indicate the presence of one
target instead of two.

[
]

With angular separation of 1.6° (middle curve) the direction
finding characteristig of all three systems has its zero-steepness
are&d at' the origin of coordinates. This case can become similar to
‘the case of single target direction ?indiné for a radar statlon with

a large regien of insensitiﬁity. When angular target separation is
1.7°, the direction finding characteristic indicates the presence of
more than one'target but target separation is sti1ll insufficlent
for the sdparate tracking of either target. )
g The.shape:of direction’ finding characteristic for the radars
_étudied, with full target resolution, is indicated in Fig. b9,
Comparative resolution ddta for the stations studied are presented
"in Table H,l. , ;

In the table ¢“ Kp is the mininum angular target separation
at which resolutiorn of the targets océurs and the possibility is
provided for separate trackjng with .errors not exceeding permissible
quantities. The iast column Qr the table contains data on angles
offfesoluticn, standardized with respect to radiation diagram width
based on a level of half power.

I

1

b From:the data presented it 1s apparent that between a monopulse
system and a system with dqal switching of radiation patterns, there
iﬁ little‘difference:in.reeolution (less than 10%).

, As for radars with conlcal scanning and sequential switching
of nat%erne; they are inferior to the above systems, with respect
1 to reaolution, by'appronimately 30%. ¢
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Fig. U4.8. Standardized direction finding characteristics of systems
with dual switening of radiation patterns, with conlcal scanning

and with sequential switching of the antenna radiation pattern during
direction finding of paired targets for three values of targe! visi-
bility angle w“.

Fig. U4.9. Standardized direction finding characteristics containing
minimum angular distances between targets, at which accurate tracking
of either target is ensured: a) monopulse systems; b) system with
dual switching of radiation patterns; c) system with conical scanning;
d) system with sequential switching of antenna radiation patterns.
KEY: (1) 1.0 6, deg.
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Table 4.1,

(1)‘ Tun PIC '?" w e | bupldos

(2) Monousny:menan ' 5
(3)C napurpt nepekaioueHueM ANATPAMM
HANPaBIEHHOCTH

- %) C KOHHYCCKHN CKanHPOB3HHEM 2
51 C nocien08aTe bHIN tiepexaiodenieN 2,
AnarpaMm ) "

pe———1

o= ew

— gl
- -

KEY: (1) Type of radar; (2) Mcnopulse; (3) With dual switching of
radiation pattern; (4) With conical scanning; (5) With sequential
switching of patterns.

As a result of formula (4.24), it has been shown that the phase
shifts of reflective signals can be disregarded on the basis that
they give comparatively high-~frequency components in error siénals
and are filtered at detector output.

In addition to phase changes, under actual c;nditions there will
also be changes in reflected slgnal amplitudes due to the geometric
differences in the targets and the fluctuation in the amount of effective
reflecting surface. Amplitude ratios substantially affect the moment
of target resolution. Since amplitude signal ratios, under actual
conditions, are subject to random fluctuations, the evaluation of
a3 radar's resolution, when operating on group targets, is generally
a complex problem, and & radar's resolution, even for two targets,
can be expressed only in the form of a probability.

Figure U4.10 presents the density distribution of direction
probability for systems of tracking on each of two targets with
different distances between them, expressed in fractions of radiation
pattern width and taking into account the actual flnctuations in
signal amplitude [19]. These data indicate that it is possible to
distinguish two targets if they are separated by a distance corresponding
to 0.85 of the width of the antenna radiation pattern. This agrees
approximately with the moment of initial target resolution, obtained
by the above described method, when during the equality of reflected
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éiéﬁaié thé presence of two targets can be determinéed; however, it
ié\hot possikble 24 yet to perform accurate individual tracking of

them due to- the small steepness in the direction finding characteristics
at the working points.
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Fig. 4.10. Distribution of antenna direction probability during
the tracking of two targets with different angular distances:
a) wH = 0.3 90.5; b) wH = 0.75 eo_q; c) w“ = 0.85 60‘5.

KEY: (1) Probability density.

The side lobes of the radiation pattern impair angular resolution
and can be the reason for the appearance of false targets.

§ U4,3. DIRECTION FINDING SENSITIVITY OF MONOPULSE RADARS

The direction finding sensitivity, by which we mean the steepness
of the direction finding characteristic at the working point, is
along with resolution, an important characteristlc of a radar.

Figure U.11 shows standardized direction finding characteristics
during the operation of radars of various types on polnt targets,
obtained by csleulation [102]). In the calculations it was assumed
that the direction finding systems have ldentical radiation patterns
and equal signal-nolse ratios for their receiv:rs.
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Fig. 4.11. Standardized direction finding characteristics of radars
during the directicn finding of a point source: a) monopulse systems;
b) system with sequential and dual switching of antenna patterns;

¢) system with conical scanning.

KEY: (1) deg.

Table 4.2.
FY) {2) (3)
- . - Wpytnana, |HopMupcsaunas
un PJIC . Vfzpad ‘;pyrusua
4) MoHOHMNYAbCKIA CYMMApHO-PA3HOCTHAS 4,6 1
5) C nocncaoBaTeASHBIM MepeKaonenteM .
RUATPaMM HanpaBeHHOCTH 3,3, 0,72
(4) C napnuM nepexnoueHnen aHArpaM N 0,67
7) C KoHHYECKHM CKaiupOBaHHEM 2,7 59

KEY: (1) Type of radar; (2) Steepness, 1l/deg; (3) Standardized
steepness; (ﬁ) Monopulse sum-difference; (5) With sequential switching
of radiation patterns; (6) With dual switching of patterns; (7) Vith
conical scanning.

Comparative data on direction finding sensitivity of the selected
systems for low signal/noise ratios are presented in Table 4.2.
Steepness is standardized wilth respect to the amount of steepness
of an amplitude moncpulse system of the sum-difference type.

The data in the table show that a monopulse system with the
comparatively low signal/noise ratios assumed possesses the highest
direction finding sensitivity, approximately doubling the direction
finding sensitivity of a radar with conical scanning. A similar
conclusion was reached by Fellbrant [53].
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e tHE accuracy of direction finding, when we take into
‘he effect of the internal receiver noises (see Chapter 5),
is inversely?proportﬂonal to the steepness of the direction finding

characteristic, a monopulse system, under these~conditions, ;provides
higher accuracy :

E

Under the conditions‘of a strong signal, when the signal/noise
ratic is sufficiently*high and ansWers the' requirements for satig-
factory Qperation qf the’ target tracking system, there is no noticeable
difference 1n direction finding sensitivity between monopulse radars

and the systems eaamtned

U //A“
PO S P

Table ¥.3. R AT
PR . 1 .
PYTHINA xapaxmpncrmc AAR TPEX METOAOS
. v - neuexrauuu
* THO-YTA0BOrO AUTKPUMEBHATOPR
: AR ey, T - 51
‘| annanTyAHOR | hasomolt xoMnaexciolt
! e .
‘Annnur nuuﬁ (6) ‘ B . T pa -
4’8"08& A By S Pa ) Pe
Cymmapio- paauocmuﬁ (8) . 0,51, 0,53 0,51
5pe
L}

KEY: (1) Steepness of characteristics for three methods of Airection
finding; (2) Type of angular discriminator; (3) amplitude; (4)
phase; (5) complex; (6) Amplitude; (7) Phase; (8) Sum-difference.

Table 4.3 presents comparative data on the direction finding
sensitivity of monopulse radars of various types [45]. It 1s apparent
from the table that monopulse radars of the sum-difference type
regardless of the direction finding method used, *.~ve half as much
direction finding sensitivity as monopulse radars .f other types.
However, the latter is not evidence of less direction finding accuracy
in sum~difference monopulse systems since a whole serles of other
important factors determining accuracy are not being taken into
account.
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Table 4.3 uses the following designations:

-

. dS (86

p’l - do 9=0'
()

P¢ - d? Av—.—O.'

We should keep in mind that the above indices of direction
finding: sensitivity and angular resolution cannot be assumed a
completely sufficient basis for the selection of the best system.
In,addition to the parameters indicated, when selecting the type
of coordinates system, it 1s necessary to take into account also
range sensitivity, design complexity, noise protection with respect
to natural and artificial noises, tactical operating conditions, and
a number of other parameters.

§ 4. 4. METHODS OF IMPROVING ANGULAR RESOLUTION IN
MONOPULSE RADARS

1

%

The neéi to increase ang..ar resolution arises when group targets

arce involvea and also when countermeasures are being used by the

enemy .~ +nh as the dropping of chaff and decoys, which considerably

confi s:. the aerlal situation. Such a requirement also arises when

workir.g with low-flying targets where a mirror reflection of signals
from earth begins to occur,

A well known method of incregsing angular resolution is
to decrease the A/d ratio by using shorter waves and antennas with
large aperture dimensions., However, this method is not always
applicable since 1t requires that the size and weight of antenna
systems be increased. Therefore, recently considerable attention
has been glven to the development of schematic methods of solving
the problem of improving angular resolution in a radar and, in this
respect, monopulse radars have definite advantages over other types
of direction finding systems.

155

L

'
e s sn,




Monopulse systems' not only have high angular resolution as
Jcompared with single-channel systems, but also, under certain condi-
tlons make it possible to accomplish the resolution of targets located
wlthin the antenna beam. This possibility is brought about by the
use in-monophlse radars of multichannel reception, making it possible
to obtaiﬁ”édditibnal target information.

2
!

As we know, théunonresoiution of targets with respect to angular ”
coordinates ddg_apﬁeaﬁ in two ways. When the signals reflected
from the targets are identical in level, the equisignal direction
of the radar wlll be set in the direction of a point located
midway between the targets. If low-frequency fluctuation of reflected
signals occur and at times a stronger signal arrives from one target,
the equisignal directién will be shifted in accordance with the changes
*in signal level from one target to the other. 1In both cases, the
radar cannot properly indicate the location of the target; therefore,
the flight of aircraft in groups is considered ‘one of the counter~
measures against the guldance systems of guided rockets with radar
homing heads [103].

Since, under actual condltions, the reflected signal fluctuates,
one of the methods for schematicec solution to the target resolution
problem for a group target is based on angle gating [103].

h,4,1. Methods for increasing resolution, based on angle gating.
The essence of this method lies in desensitizing the angular--measurement
servosystem with respect to error signals arising at the instant a
stronger signal arrives from another direction, and tracking only
the chosen target.

The gating principle can be used since the fluctuatlions of signals
reflected from targets lead to rapid changes in error signals,
Error variation during the tracking of a single target is a slower
process; therefore, a certain threshold of angular information
performance can be established in the system so that it will not
respond to error signals from other targets which exceed this threshold.
" A block diagram of one of the versions of a multiple system, which
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us@s‘?his priné;plg of target resolution in a group, is presented
in Fig. h,12. Uséd in the 'system is a lens antenna with four horn
feeds and two transmitters working on spaced frequencies or on one

frequency but with a time shifv.
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Fig. 4.12. Block diagram of a monopulse radar with high resolution.
KEY: (1) Radiation pattern of transmitter Ay (2) Target 1; (3)
Equisignal direction; (4) Target 2; (5) Transmitter B; (6) Transmitter
A3 (7) Radiation pattern of transmitter B; (8) I-f amplifier with AGC;
(9) Mixer; (10) Antenna switch; (11). Antenna switeh; (12) Heterodyne;
(13) Phase detector; (14) I-f amplifier; (15) Mixer; (16) Receiver B;
(17) Receiver A; (18) Gated storage device; (19) Servomotor; (20)
Mechanical antenna drive; (21) Target selector; (22) D-C restorer;
(23) Full-wave rectifier; (24) Full-wave rectifier; (25) Phase
inverter; (26) Wave rectifiler; (27) Oscillograph; (28) Threshold

bias; (29) Threshold signal channel; (30) Direction AGC recelver.
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We should note that the frequency spacing of the transmitters
must not be too grgat since the reflecting ability of a target depends
vpon frequency and this can affect the logic communication between
error signals. In this respect, it is better to use transmitters
on the same frequency but operating with a time shift. Thus, one
transmitter can be used instead of two. A disadvantage of the method
of time spacing of signals is the complication of target distance

N
measurement since, in this case, additional ambigulty is introduced. by

Thanks to frequency of time shift. of transmitter signals, two
independent error signal voltages are formed in thé receiving system,
each of which contains information on the location of the group target.

For simplicity let us examine a system of direction finding in
one plane. As 1s apparent from the figure, the antenna radiation
pattern consists of two separate patterns displaced equal angles
relative to the antenna axis and formed by two feeds, each of which
is excited by a separate transmitter kA or B). The presence of two
separate patterns'makes it possible to lrradilate targets on different
sides of the equisignal direction by signals from different transmitters.
This ensures that additional information will be obtained on target
position with -the reception of reflected signals.

Two separate receivers are provided for the reception and
corresponding processing of reflected signals. The receivers are

similar in design; therefore, in the figure one of them is presented
in greater detail (receiver A).

Signals from antenna output, through the send-recelve switch
are fed to the double balance bridge where sum-difference processirg
occurs, typical for amplitude sum-dif‘erence monopulse systems.

At input of the corresponding receivers are formed sum and
difference signals which then are converted with respect to frequency,
amplified in the i-~f amplifier, standardized with the AGC system for
a sum signal, and compared in the phase detector. Signals obtained
at the output of each receiver are fed to common adding and subtracting
devices and used for target selectiocn.
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To clarify the principle on which target resolution is based,
let us examine analytically the processing of signals during
direction finding of single and paired targets. We shall assume

. that one transmitter is used but radiation along independent channels
is spaced in time. In this case, during the irradiation of a target
by the upper antenna radiation pattern (pattern A), the signals

received from the target at antenna channel output can be expressed
as

e
R YRR

S

E,, (t,8)=E,, ;F*(8,—0)exp iuf,
(4.49)

§

G
T

EE R e

By p(t,8)=E,, ,F (8, 0) F (8, —0) expiut. (4.50)

Hence, at the sum-difference processer output, with an accuracy
up to the constant coefficient, we obtain

T

SN

?;

E a6 8y =E (.0 + £, ,(t.0)=
= Em:AF (_oo —0) {F (6, — 0) - F (6,--0)] exp i, (4.51)

F L

EpA(t_,0)==Eu(t,0)——E“(t,o): (h.52)
= E, oF (8, ~=0) [F (9, — ) — F (0, +- )] expi ot '

With identical channels and a conversion factor of one in the
phase detector, error signal at receiver A output assumes the form

S e VNEET

Re E_, (1, )E* (1, 8) .
S 0 a— _ cA - p = 1
,1( ) E,(th O)E.c\.st’ 6)
_F(—8—F (6,10
F@,—0)FF(Bs+0) (.53)

Similarly, we can obtain corresponding expressions for the case

when the target is irradiated by the lower radiation pattern (pattern .
B):
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m(! 6).— m._,,(e +d F (8, —O)GXpi(ml—l-(?). (4.54)

Eyst.y=E, F‘(ﬂg-}{-@)é}ipi(mﬁ-{-?}. ‘ (4.55)

4 N
e . ¥

E 4, 0)-—E,,,,,F (% -+ 0) [F (8, —9) --F (%40 exp;(wt»{-«p), (4.56)

By s 0=E,, ,F (0, +0) FO,—0—
o =F (Ot 0) expi(utt-9),
Re £, 5(¢, 0) £* (¢, 6)
s e B B
B() cB(t G)B‘::(f,O)

o= L (0 —8) —F (8, 4 8) (4.58)
F(By—8) - F(8446) ° -

As 2 result we obtain

(4.57)

Sﬁ O)= SB (6),

nence

AS(0)=S, (6) —S, () =0. (4.59)

Thusy when a single target is in the direction finding zone,
at output of the monopulse system under study a zero difference signal
is obtained, irregurdless of target position relative to equisignal
direction. This means that equality AS(6) = 0 can serve as the
criterion for the presence of only one target. Such a target can
be found by the usual method, either using recelver A or receiver B,

With two or more targets in the unresolved volume equality
AS(8) = 0 becomes unfulfillable. We see this in the example of
direction finding on two targets unresolved with respect to direction.
Let us assume that the targets are identical in reflecting abilities.
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If the targets are not too far apart, then, as experience shows,
the direction finding system will track the power center which
agrees, because of the equality of the reflected signals, with the
geometric center of the targets and equality [6;] = l6,] = || will
be fulfilled where el and 92 are the displacement angles of the
first and second targets with respect to equisignal direction. 1In
this case, when targets are irradiated through the upper (A) and
lower (B) patterns, at receiver channel output we obtain, respectively,

E, of—_s Ep [F* (8, —9) expiot -}-
+ F*(0, -+ 6) expi (f + )},

(4.60)
N . ) &
E,A(f.3}:—"5,,."‘(0,-—0)1"(0.-'—“_
+0) [expiat texpi(ot +-9)], (4.61)
E, 4t 0)='EmF(0,—-6)F(O,-}—O)'[éxpimtﬂjexpi(mt-}-?)], (4.62)
E,y(t,0)= En{F*(8,+0)expiot 4
+ F* (8, —8) expi (ot 4-9)). . (4.63)

Accordingly, at output of the sum and difference channels (with
accurscy up to the constant coefficient) we obtain

E, 4 (t,0)= EnF.{F (8, — O)Iexpimt_i. '
+F (B, 0)expi(of ), = - (b, 64)

E, 4 ()= EnF5[F (8, —8)expiat — e
— F (8, -} 0) expi (wf - )],- : .
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;’Ee ’B)(t"o) = Ech [F (8,19 exp iat +

+F(0 -O)expl(wt—l-?) : ! (4.66)
E, 5. 0) EnF, [F (8, +0)expwt-. | ,
..—F(O,-—-O)exp t(mt_*_.?)]. : ' 4 (4, 67)
where ‘ ) . :
Fo=F @~ 0+ F(O,+0),. '
Fy=F(0,—0) —F (3, +0). - ,

H
Error signals at output of receiver A and By after elementary

transformation, will be written as

S.(0) = [F (8, —8) — F (8, 4- O)}* ;
‘{( )~F'(°0~0)+2F(90-‘9)F(90+0)c051+l”(0,-’+6) ',

(4.68)

(r(e.—e)—F(G-HH’ (4.69) ,

F* (8 —9)+2F (90—9)1"(9.+ b) cos y-+-F* (°o+0)

| Sy(0) =—
The resulting expressions for S (e) and SB(O) are equal in
modulus, but opposite in sign. Hence :

(4.70)

AS(9)=S5, O=S0)70.

] ¥
Using this method, we can s;.ow that inequality (4.70) is also

fulfilled when there are more than two targets with different refl ectiné_

surfaces in the unresolved volume C - space. We can also show that
when equisignal direction of the antenna of a monopulse system 1s
shifted to the side of one of the targets and this target at some
instant 1s more powerful source of reflected signals than the iother
target, the difference voltage of the error signal AS(e) will be

near or equal to zero just as in the case of a singie target. \
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Thus, the equality of error signal difference AS(8) to zero

‘can be an 1ndicator that the distinguished signal belongs to only

one of the target and, based on this eriterion, target resolution
can be accomplished. , !
! ! oo

For ar indication of the aerial .situstion: in the 2zone of action
of a direction finding/systeﬁ,in séarch mode, the difference
of error signals SA(G) - sB(e) is fed to input of the vertical sweep
of the indicator tube, and their sum.SA(e) + S5(8) to the input of
horizontal sweep. The image thus'obtained on the screen is shown
inaEig, H:13a. The intersection points of the horizontal sweep
line with the parabolic .curve, forming the lower boundary of the
1mage and corresponding to the zero values of the difference signal
AS(e), irldicate the location of each of tl.e targets (on the figureé

these points. are marked with boldfaced vertical lines). 6
i ;
]

If the difference voltage of the error signal is previously fed
to'tne full-wave rectifiler which produces negative voltage, on the
screen the image changes (Fig. 4,13b) and becomes more suitable for
determining, target location and tracking either of them.

\ . !

If there ars three tgrgets in the group, the image on the screen
will have the form indicated in Fig.'ﬂ 13¢c. The outer edges of the
oscillogram mark the outer targets of the group. This enables the
radar operator to track ;these targets.

i !

With. automatic tracking of a’selected target, the sum signal
1s fed to the servomptor of the antenna position control through
the gated storage device, which blocks input signals not corresponding
to the resoiution chiterion and passes signals from the selected
taréet. "In this radar diagranm the gating device is unblocked by
positive strobes and blocked by negative ones formed upon the appearance
of undbsirable or interference error signals.

1 The, gating device at the same time provides memory of

a signal which has passed through it in a certain period of tinme,
i

o ) ‘ 163

e A e ek B T S IRV VNN




which removes the disconnection of the servosystem at the instant

the gating device is blocking when error signals from an undesireable
target are formed in the receiver.

R

T T T
- <§.}. BRI T "": :
THHH r !
e b R 1RD ~
ol W Al y
] ""7’ h '< -\ s ) 4 '
& SHAA I SETA A
! i1 [ f
Lirbg > Egvlg —» - Eyebyg —»
a) (a) w ‘:‘l‘ 0 (b)‘ d) (c)_'~

v Fig. 4.13. Image on indicator screen: a) direction finding of a
paired target (first version); b) direction finding of a paired
target (better version); c) direction finding of.a group of three
targets.

SRR

As has been 1ndi@ated,.the resolution criterion is the equality
to zero of.the difference voltage of the error signal AS(6). At
such instants the sum voltage of the error signal can be both positive
and negative, depending upon which of the targets is at that instant
the more intense source of signals. Therefore target selection for
automatic tracking is accomplished by éhoosing the working polarity
of .the sum error signal with the aid of the target selector, con-
sisting of a switch and a detector connected in series from the
input load of the full-wave rectifier of the sum error signal.
Depending upon the position of the switch, the polarity of the
detector connection and the polarity of the signal transmitted
through it change.

RRR IR

IR

SRR

The full-wave rectifier of the sum error signal, regardless of
the polari%y of the input signal, developes at its output a voltage
of negative polarity used for the blocking of the gating device. -
The blocking of the gating device also occurs if the difference
error signal is zero, but the main signal source is an undesirable
target. >
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In the system there are a number of additional_devices not
indicated in Fig. 4.12 but necessary for improving the gquality of
its operation.

Thus, for example, there is a threshold device which eliminates
engular antenna .drift In the case of small signals from targets,
whose level 1s insufficient to use for tracking the target. A
d-c restorer is also provided to ensure the unblocking of the gating
device for certain minimum and maximum time intervals, thereby ;
limiting the duration of the blocking of the servosyutem. We can
become acquainted with the work of these devices through the complete
description of this system in reference {103).

It should be noted that this method of design solution for the
problem of tafget resolution in a group carnnot ensure high accuracies,6
for example, the accuracies which can be achieved when tracking single
targets, since it 1s based on the blocking of the cervosystem for
certain time intervals during which the antenna moves from "inertia'.

Nevertheless, its advantages are obvious, particularly, as will
be shown in Chapter 7, in tne protection from certain forms of
active interferences.

From the point of view of achievable accurac;, preference
should be given to another method of increasing resolution [72],
which will be described below. The essence of this method reduces
to the functional processing of signals received simultaneously
along several independent receiving channels.

4, 4,2, A method of increasing resolution, based on functional
processing of signals. We know that the plane wave irtensity phase
¢ at arbitrary point "H" relative to reference point "O" located
at the origin of coordinates of the plane of the figure (Fig. 4.14)
due to the difference in distances from radiation source A, is
expressed by formula

p==k(R,—Ry)= —k(pcosdcosssinff-psindsined, ) 4,y
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whéré Ry and R, ic the distance from tignal radiation source to points
ngn -énd e,

‘P, § are: the polar ¢oordinates of point "H" relative to point
"O" and the direction finding plane; )

¢ is the elevation of the radiation source;

8 is the azimuth of the radiaticn source.

If(1p~the direction finding plane we use rectangular system

"gf chrdinates XY, connected with the polar system coordinates by
elationships _ ' _
| - y=psind; x=pcos?, |

then equation (4.71) assumes the form

‘i;= — K (xcosesin b - ysine).
| - (4.72)

In the presence of M sources the resulting fleld at the examined
point in space is determined from the familiar expression

3 M .
' Ey = Y Anexp— i (xcoss,sinb,,+ ysiney), (4.73)
m=} ) .

where Am = Eom expi (wmt + ¢mo) is the complex amplitude of signal
from the m-th source;

W and ¢mo are frequency and initial phase of signal from the
m-th source,

Expression (4.73) shows that the resulting field intensity at
the examined point in space can be defined as the sum of M complex
equatioris, each of which 1s determined only by the location of the
correspondence source.

Obviously, 1f the receivirg system is capable of forming the -
corresponding quantity of .ndependent equations which characterize
the mutual arrangement of the sources, then by solving tlese equations
by familiar mathematical methods w2 can obtain parameters defining .
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the direction to each of the signal sources and thereby solve the
problems of target resolution in space. This also involves the
principle of increasing radar angular resolution by the functional
method.

The necessary quantity of independent receiving charnels for
a direction finding system, when accompliching the functional method
of target resolution with respect to angular coordinates, 1s determined
according to formula N = 2M, where M is the number of radiation
sources with disagreeing angular coordinates.

A typical monopulse radar performing two-plene direction
finding has four receiving channels and, therefore, can in principle
successfully resolve a palred target by the method considered when
targets are not being resolved with respect to range or speed.

The following system of equations is formulated for such a

monopulse radar at input of the receiving channels;

9

Ey=A,exp[—i(xU,-F g V)] +
-{-/l,exp [—-i(_xlua"“ysz)]' .
E, = A, exp [—i{eU, 4 5:.V,) -+
+A3 exp [—i(x.Uz -1V, \
E, =A.‘ exp [—i(xeU 49,V +
- A, exp [—i(x,U. 4y, V),
Eo= Ayesolmi (e H 0V - .
—}—A, exp [—i(xeUs-- 9V 2)] ’

)
(8.74)

where

Vi=u#sine; U,=kcoss,sinf,;
Vi=rsins,; U,= rcose,sinf,.
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If wé séléct the position for antennas shown 3. Fig. 4,14 and
their coordinates in a rectangular system are: ‘

1) y=0; Xy= 0;
2) ya=1; £y=0;
3) ya=03 Xy= 1y
4) y,=1; xi=1;

where I 1s the distance between the phase centers of the .antennas,

then the voltage in each antenna 1s expressed in the following
manner:

g

A::‘, A, exp(—ill,)) 44, exp(—ill,),
Ey= A exp(—ilV,)+ A exp(—ilVy),
Ei= Ao [ UAV I+ Asexp =il UAV,),

li .A,{—}L, ‘ - -]
A

-

(4.75)

The equations obtained can be formed relative to €15 Fo> el and
8, by the method of wave division [T72].
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Fig. 4.14. The arrangement of antennas and radiation source in
the selected system of coordinates.

Thus, a joint scolution to the top palr of equations of system
(4.75) gives
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A = E,exp(—-llUg)-—E,
17 "exp (— 1lUs) —exp (—1 lU,)
© (4.75)
' A== — Eyexp(—illy)
) i eXp(—-ilU:)——eXp(-—llU,) (4.77)

Accordingiy, we obtain from the joint solution of the bottom
pair of equations from system (4.75)

A_ ‘ E,cxp(-—-llU,)—-E )
1 expl-“(U.+V:)l-expl—-i'(U-+Vx)l (4.78)
A= ‘ p B, — E,exp(—11U,) ‘ '
v expl—-ll(U=+Va):-—expl-“(Ua+Va)l (4.79)

Equating in pairs the corresponding equations (4. 76) (4.79),
after elementary transformation we obtain

Eyexp(—11Uy) — E, (Y
E.exp(—-ilU,)-—E‘. .exP( Hy)=1, (4,80)

E, exp(—11Uy) — E
Eyexp (—11U,)— E,

exp(—ilVy)=1. (4.81)

Complex equations (4.80) and (4.81) give rfour actual equations
and make 1t possible to determine unknowns Ul, U2, Vl and V2.

The values found for Ul 5 and Vl 5 enable us to calculate azimuth
3 3
and elevation for each of the targets according to formulas

3:.z=arcsin_v.h!_. (4.82)
A
. 8,5 == arcsin —= (4.83)
- e e "/p; .._Vl 2 \
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All operations in calculating angular target coordinates can
.be performed by computers., .Subtraction, comparison, and phase shift
for signals, in accordance with formulas (i%.80) and (4.81), can be
- performed both high and intermediate-frequency [72]. '

It should be noted that the functional method, unlike the
design method examined above for increasing target resolution with
respect to direction, enables us, in principle, to obtain higher
angular measurement accuracy for targets in a group, but its reali-
zation 1s not a simple task. Thus, the suggested diagram of functional
processing on high frequency [72] requires an increase in receiving
channels of a monopulse radar from four to six and the introduction
of 14 sum-difference bridges into the high-frequency circuit of the
direction finding system. 1In connection with this, additional
difficulties arise with the provision of identity and stability for
the phase characteristics of the receiving"éﬁﬁnnels, and power
losses of signals received also rise considerably, which forces
the additiéfial amplification in receiving circuits. With functional
processing of signals on intermediate frequency difficulties arise
with the provision of linearity for the recelving circuits in a
sufficiently wide dynamic range.
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“CHAPTER 5

ACCURACY PROBLEMS 1il AiGULAR SEASUREMENT BY .
THE MOWOPULSE METHOD

The accuracy of measuring angular coordinates is evaluated by
direction finding errors caused by various factors.

Origins of direction fihding errors are broken down into
external origins, introducted by the target and the medium of radio
wave propagation, and equipment origins, caused by imperfection in
equipment, deficiencies in the measurement method, as well as internal
noises of the receiver and servosystem. In character direction finding
errors are divided into systematic and random.

In accordance with these sources of errors, Table 5.1 offers
a list of the maln components of errors determining angular measure-
ment accuracy.

Direction finding errors caused by the effect of nonidentity
of the amplitude-phase characteristics of receiving antennas are
analyzed in Chapter 6. Below we examine the effect of a number of
other reasons for the impairhent of accuracy in angular measurement
by the monopulse method.

§ 5.1, THE EFFECT OF RADIO WAVE PROPAGATION CONDITIONS
™  ON DIRECTION FINDING ACCURACY

<«

The main factors affecting the accuracy of angular measurer :nt
by the monopulse method and connected with radio wave propagation
conditlions are the surface of the earth and its atmosphere.
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of signals.

Table 5.1.

Reflections from earth qieate additional radiation sources which
do not coinclde with the radar-target direction, and the nonhomogene-
ities of the atmosphere lead to a distorticn in the wave propagation
trajectory and a misalignment between the apparent direction to the
source” of ‘the reflected signals and the direction to the real source

Source of errors

Components of errors

Media in which radio waves
,are propagated

)
.

Direction finding target

e S s

Radar

*

AR P NS

i

Errors caused by refiections
of radio waves from ground and
water, tropospheric and lonospheriec
refractions, diffractions, and
depolarizations of radio waves.

Errors caused by amplitude
fluctuations of reflected signals,
by straying of the reflection
center (angular noise), depolar-
ization of radio waves with
reflection from a complex target.

Errors caused by nonidentity
of recelving channels with respect
to amplitude-phase characteristics,
antenna deformations, cross-
polarizations of receiving antennas,
nonlinearities and clearances in
antenna drives, internal receiver
noises, structural deficiencies
in various elements of the radar
and their changes due to aging
and mechanical and climatic
effects, etc.

results of these works.

The effect of radio wave propagation conditions on direction
finding error is analyzed in detall in a number of works [2, 18,
Ly, 483, Therefore, in this book we shall only briefly review the

5.1.1. The effect of the earth on direction finding actcuracy.
This effect is apparent, first of all, in the reflection of radio
waves from the egarth's surface and in interference .phenomena. As
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can be seen from Fig. 5.1, the radiated antenna energy falls on the
target along two different paths: the direct path from the radar

to the targét,and after reflection from the earth's surface. The
reflected wave can be considered direct radiation of a fictitious
soufce which is a mirror —~flection of the real source. The amount

of resulting signal strer :h at the receﬁtion point will be determined
by the -amplitude and phase relationships of the direct and reflected
signals and willl reach maximum when they are cophased and minimum
when they are antiphased.

Due to the effect of the reflecting surface, a one-lobe radar
radlation pattern in the vertical plane is transformed into a multi-
lobe pattern (Fig. 5.2). Because of this multilobe nature the
quantity of equisignal zones in the direction finding characteristic
of the system is accordingly increased and false equisignal directions
(ESD) appear, located at different angles to the main equisignal
direction. In a number of cases false ESD will fulfill the conditions
of stability and then automatic taréet tracking with considerable
angular errors is possible. The main equisignal direction with this
alsc can be displaced [82, 132].

{3)

//V///{l////////////.///4_’///./
i - .
&/

Fig. 5.1. Radio wave propagation over a flat reflecting surface.
KEY: (1) Radar; (2) Direct wave; (3) Target; (4) Reflected wave.

Direction finding error will also increase because of the fact
that during the target's motion the multilobe structure of the
radiation pattern changes because of changes in the propagation
conditions and radio wave reflection. This leads to variations in
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ESD position and rather irregular antenna movements in the target
tracking process.

Fig. 5.2. Multilobe antenna radiation pattern caused by the effect
of a flat reflecting surface.

The 1limits within which the radar antenna will be displaced
are dependent upon the reflection factor, antenna beam width, and
target elevation.
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FPig. 5.3. Angular evror caused by refractions.
KEY: (1) Radar; (2) Apparent position of target; (3) Real position
of target,
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5.1.2. The effect of refraction and diffraction on direction
finding accuracy. Radio waves in free space are propagated recti-
linearly but when passing through the atmosphere and, especially,
its lower layer the troposphere, a distortion of radio waves ocecurs,
which we call refraction. This leads to errors in determining
target direction. The occurrence of angular error because of radiu
wave refraction is illustrated in Fig. 5.3.

We know that radio wave propagation rate in the atmosphere
is determined by expression

(5.1)

where € 1s the dielectric constant of the medium;
¢ is the radio, wave propagation rate in free space.

Hence it follows that the refraction factor, equal to the
ratio of radio propagation rates in free space and in a given medium,
can be found as

_ ¢ _ =
n=-—-=Ve. (5.2)

The dielectric constant of the atmosphere depends upon
meteorological conditions. Knowing pressure, temperature, and humidity
we can calculate the dielectric constant and the refraction factor
in accordance with formula [2]:

(=110 T8y 4810 e)
=1 T (‘H-‘ T (5.3)

where p is the barometric pressure, mbar;
e 1s the partial pressuras of water vapor, mbar;
T is absolute temperature, °K.
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Since these parameters of the atmosphere change substantially :
with altitude, the greatest radio wave refraction occurs in the .
vertical plane. In the horizontal plane refraction phenomena’appear

to a considerably less extent than in the vertical planeﬂ

The effect of refraction on direction meaSurement accurafy can
be evaluated by the refraction angle by which we mean the angle !
between the straight line connecting the radar and the target and
thg tangent to the radio wave propagation trajectory at the point
under study. Flgure 5.4 presents the calculated dependence [18]
of elevation error measurement (AB) in the lower layers of/the
stmosphere on the flight altitude of Lhe target (H) and the slope
of the radar antenna beam (B). As is seen from the figure, the '
greatest directlion finding errors are noted with low targeé elevations.
In spite of the fact that the amount of direé¢tion finding
error due to refraction 1s not great and 1s usually eXpressed by
units of angular minutes, it should be taken into consideration |
in precision radars and compensated by introducing the proper
corrections. The amount of correction, as a rule, is determined by,
the experimental method for each region involved

Diffraction consists of the property of radlio waves to bend
around the curved surface of the earth, similariy to lightewa0§sh
Because of diffraction the detectlon zone can be extended beyond .
the horizon. Since this phenomenor is connectgd with the distortion '

4
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of’the‘radio wave propagation trajectory, as is refraction, target
direction errors are also possible because of diffraction. However,
the abiliﬁJ of 'electromagnetic waves to bend around earth's surface
depends upon frequency and with an increase in frequency this ability
rapidly .lessens. Waves of the centimeter range have low diffraction
ability. Since'modern radars are predominantly of the centimeter
range, the effect of radio wave diffraction or. direction finding
.accuracy .can be disregarded in the first approach.

§ '5.2. THE EFFECT OF AMPLITUDE AND ANGULAR
FLUCTUATIONS IN REFLECTED SIGNALS ON DIRECTION
FINDING ACCURACY

ot

py fluctuayionsiof signals reflected from a target we mean a
large group of interference phenomena which occur during the irradia-
tion of an object of complex form whose dimensions considerably
exceed operating wavelength.

H

.Modern monopuise radars operate generally in the centimeter
and decimeter 'ranges and target dimensions can be hundreds of wave-
lengths, therefore the interference pattern of secondary target
radiation is npather, complexrand noticeably changes with small
variation§ in target positions, generating fluctuations of signals
reflected from the target.

i
! Detailed studies have shown that the fluctuations of reflected
signals can be divided into groups: fluctuations of reflected
sigoals in amplitude and fluctuations of approach angle. These
fluctuations differ both in nature and in the mechanism of the effect
oh radar instruments.
! : 1. :
5.2.1. The effect of amplitude fluctuations on direction
finding accuracy. Amplitude fluctuations appear in amplitude varia-
tions from pulbe to pulse and are produced by fluctuations of the
effective reflecting surface of the target due to its m.vement in
space and change of position relative to the radar irradlating it,
and also by fluctuations in the atmospheric nonhomogeneity,
including those caused by variations cf meteorological conditions
‘on the path of radio wave propagation.
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Fig. 5.5. Fluctuations spectrum 'Fié. 5.6. Fluctuations spectrum
for signals reflected from air-  for signals reflected from ship.
craft. . '

Depending upon the type of target, the spectral composition of
amplitude fluctuations can :change considerably, which is apparent,
for example, from the standardized spectral densities of amplitude
fluctuation for signals reflected from an alrcraft and a ship, pre-
sented in Figs. 5.5 and 5.6, respectively, [18].

Since the monopulse method, in principle, makes it possible to
determine angular coordinates with one pulse, and within the pulse
there are no amplitude fluctuationc, we might expect that direction
finding error in monopulse radars could not be affected by amplitude
fluctuations of signals. But this 1s not the case, Actualiy,
amplitude fluctuations of the reflected signals have a dlsturbing
erfeét on monopulse radars although considerably less than they do
on radars with conical scanning or sequential beam switching.

This 1s explained first by the fact that contemporary monopulse
radars do not use thelr potential capabilities for fast action but
extract the angular target information from a serles of sequenti.l .
pulses. In order to eliminate the effect of the level of approaching
signals on the quantity of angular error, signals are standardized
usually with the aid of an AGC system operating on the sum signal.
Since the AGC system has a finite bandwidth and, consequently,
limited high-speed action, signal standardization proceeds with a
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delay. Tpis makes the error signal, to a certain extent, dependent
upon the amplitude of signals received and it i= modulated by the
amplitude fluctuations of the signals,

Amplitude modulation components of the error signal, with
frequencies 1lying within the bandwidth of the radar's servosystem,
inevitability cause an increase in dynamic direction finding errors.
In order to eliminate the effect of amplitude ! fuations in the
reflected signal on direction finding accuracy: o AGC'system must
be fast-acting and capable of, at least, suppressing amplitude
fluctuations whose spectra lle within the bandwidth of the servo-
system. However, as will be seen later, the widening of the half-
band of the AGC system leads to an increase in angular errofs, caused
by other sources and, particularly, wagular noise. Therefore, the
selection of AGC passband is a compromise.

The effect cf the AGC system on angular errdrs caused by
different sources is examined in greater detail in § 5.6.

5.2.2. The effect of angular fluctuations in reflected Signals
on direction vinding and accuracy. By angular fluctuations we mean
fluctuations in the approach angle of signals reflected from the
target [(5]. That such fluctuations exist in the reflected signal
vas established during the development and testing of the first
monopulse radars [19].

In subsequent theoretical and experimental works it was
established that angular fluctuations of signal (angular noise)
are generated by fluctuatiors in the slope of the phase front of
the wave. Since the work of any dir=zction finding system for small
targets 1s based on determining the position of normal to the phase
front of the radic waves, variations in the position of the phase
front during direction finding are one of the limitations on the
accuracy cof various angle~measuring coordinators, in2luding those
working on the monopulse method. This also pertains, to a certain
extent, to the case of direction finding with extended targets
although, in this case, there 1s no complete correspondence between
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equisignal dirzction of the radar anténna and the direction of the
normal to the phase front {see Section 5.2.3).

The appearance of éngular noise 1s connec.ed with the change
in the apparent position of the target relative to 1ts physical
center. The reason for it lies in the multipoint structure of the
reflecting surfaces of an extended target, causing the straying
(flickering) of the reflection center both within the geometric
dimensions of the target and beyond. Considering the universality
of the action of angular noises, let -us pause on their nature for
more detall. With this aim in mind, we should examine the formation
of a phase front by a target consisting of a set of reflected points.
For simplicity, in the beginning let us examine a target consisting
of two isotropic spaced point sources of signals.

o

A two-point target provides a visual method of representing
the nature of angular noilses and gives an approximate example of
the form of such targets as, for example, a small interceptor with
tanks on the wingtip or a group of targets consisting of two alr-
craft spaced at an angle within the width of the radar's antenna
radiation pattern, i.e., resolvable with respect to angle.

"he examined model of a target also describes quite well the
pheromenon observed when tracking targets at low elevations, when, -
in addition to the actual target, the radar also observes its
mirror image because of the effect of the earth's surface.

« mnaserint o et

The phase front of the wave, as you know, 1s a locus of polints
of space with identical phases. Therefore, to find the phase front
from a two-point target, it is sufficient to find an expression
defining the phase of the resulting signal for any point of space
and equate it to a constant quantity. Then the found equation
; determines the position of the phase front relative to the two-point \
signal source. -

v v =l b e | N = et s S e ke i) N e ot
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Pig. 5.7. Geometric relationships of a two-point signal source.
KEY: (1) Source 1; (2) Source 2.

With this aim, let us assume that the distance between point
sources is L and the points are omnidirecticnal radiators with
fixed phase shift (Fig. 5.7). At a distant point of space 0 with
polar coordinates R and ¢, the :-adiators create field strength

En(t):’E.neXPi(mt-—_“R+2ﬂ L q )‘
(5.4)

E:(t)——Emzexpl(mt—gl&""g; L qu)-'a) (5.5)

Phase shift between these oscillations is determined by the
phase angle o and the difference cof path L sin ¢ depending upon
the direction to point of reception. On Fig. 5.8 the signals of
the radiators are represented in vector form. The strength of the
resulting field can be expressed as

E(y- Ewexpifot -EKR——MD('})].
(5.6)

The phase angle of the resulting signal ®(y) relative to the
reference signal, corresponding to the direction passing through
the middle of the distance between sources, can be found as an

angle shose tangent 1s equal to the quotient from the division of the

sum of the vertical component of two vectors by the sum of their
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horizontal comporients, i.e.,

L nfngy ovu <in (e0 - 2)
Py - arcig YR

(5.7)

where

sin . a =

|¢I o~

2z
W7 W

Assigning a constant phase to the resulting field in expression
(5.6), we can obtain the relationship between R and ¢, which is the
equation of the phase front in polar coordinates:

____—.Q‘{)" dain.

(5.8)

fe = = e o

i

0{7{; PN
(1)

Fig. 5.8. Vector diagram of signals received from a two-point source.
KEY: (1) Reference line.

When n = 0 the equation of the phase front assumes the form

= (P
5 (5.9)

Figure 5.9 represents the calculated and experimental image
of the phase front of waves caused by the presence of two point
sources of signals of egual magnitude [97]. The experimental pattern
of the phase front was obtained with an ultrasonic tank with the
same relative phases, amplitudes, and distance between sources.
A comparison of these dlagrams shows that there is an almost complete
analogy between the calculated and experimental data.
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Fig. 5.2.. Phase front of wawvws radiated by a two-point source:
a) calculated; b) experiment:.1.

Of greatest interest is the slope of the phase front of the
wave f{ormed by two sources relative to the phase front of the
individual signal source located in the middle between the sources
studied. The slope of the phase front can be characterized by the
angle formed between the normal to a given point of the phase front
of a wave of a two-poirt signal source and the radius-vector drawn
from the center between sources to the same point of the phase front
and agreeing with the normal of the phase front of a single source.

Mathematically thls angle 1s defined as \
dR/Md
g Ay = —==,
v="% (5.10)
y
Taking into account expression (5.9), we obtain *
A dD () s
g A == 5 g
g q) R 2% d‘l‘ ' (5.11)

The expression obtained determines the distortion of the phase
front formed by a two-point signal source as compared with the
spherical phase front pecullar to a single point source.
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Differentiating (5.7) with respect to y and substituting it in
(5.11), after simple transformations we obtain

1—at

. L.
tor AY = cos
S e ey L

where % cos Y = w“ is the angle of source sighting (angle base).

If Ay 1is comparatively small, tg Ay = Ay and

t—a?

[l+a'+2acos (g%-sln'lf'i'“)l. " (5.13)

&
L

When ¥ = 0, when the base of the sources 1s located perpendicularly
to the direction to reception point, formula (5.13) is simplified:

tAd 1 —at
W 2(1 - a+2acosa)’

(5.14)

From expression (5.14) it follows that distortion in the phase
front of the wave caused by the two-point structure of the target
&epends upon the relationship of signal amplitudes and phase shift
between them and is maximum when they are in opposite phase (a = )
and signal amplitudes (a = 1) are equal.

Generally when the case of reflected signals from a two-point
target is considered, amplitude and phase relatlionships cof the signals
fluctuate which causes a fluctuation in the slope of the phase front
of the wave reflected from the target. Variations in the slope of
the phase front, in this case, are conveniently carried out by the
probability method when the probabilities of errors exceeding a
certain level are determined. For simplicity let us assume that
there are no amplitude fluctuations and the phase shifts of reflected
signals are distributed with equal probability in the range from
-7 to w.
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From the theory of random processes we know [34] that the
probability of errors exceeding a certain level M is determined
by expression

, My qns .
p(M)= ; W (M)dM,
' x ) (5.15)
where W(M) is the probability density of random quantity M )
A
M=t
MMaKc tmakc = max] is the maximum possible error.
In this case
#
W(M)_W( ) dM’
(5.16)

where W(a) is theprobability density of the phase shift of the signals,
equal to 1l/27 in thls case.

Solving equation (5.15) relative to a, we find

_ i—a? =M1 +a)
@ == arccos i (5.17)

Hence after simple transformation we obtailn

dM~ l z ¢
Mg/—l 4““'*;,‘;)-4,14' {5.18)

When calculating (5.15), we shall use the tabular integral
(17]

dx 1
-——-——-—~—-arcsm 2a - bx

JXVR V=% xVb’~4ac
(5.19)

where

R=a+bx+}cx,
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: Substituting the values a = -1, b = uu- —3—, = -4 in (5.19),
l -z

performing elementary transformations, and taking into account the

fact that all possible changes in quantity M lie within a from 0 to
®, we find

(14 at 1—an\|¥
\ "%z 4Ma/

. ___L 1+at 1—at \__
== [3“5'“( % w,....a)

o f14a* 1—at
~~-arcsigl (—-QT“W)}.

p(M)= ~ arcsm

o e

(5.20)
Analysis of expression (5.19) shows that MMaHC occurs when
a = ¢ and 1s equal to
14-a
Munrc—— 2(lta)
. (5.21)

Taking into consideration (5.21), we obtain the following cal-
culations formula

M) R <l+a’ | —at
— T e e —-afcsnl rvyrel B
Pl )= 2 AaM (5.22)

Figure 5.10 represents the probability distribution, calculated
according to formula (5.22), of a given deflection of the phase
front of a wave of a two~-point signal source relative to the position
of the spherical front of the wave corresponding to the point force.

Since the antenna of any radar reacts to the phase distribution
of the electromagnetic wave entering it, the distortion of the wave's
phase front inevitability affects target finding accuracy. The
character of this effect will be determined by the structure of the
target and the parameter of the antenna and servosysiem. When the
target 1s a point target or a small one, target tracking can be
identified with the trac'iing of the normal to the phase front of
the wave of the signals entering antenna input, and direction finding
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error will be determined by expression (5.14), 1In accordance with
this, if the frequency spectrum of phase fluvctuations in the signals
recelved does not exceed the bandwidth of t  radar servosystem,
which is the case when tracking slgwly-movﬁng'(or immobile) targets,
the calculated curves in Fig. 5.10 enabievus, with fixed ratios of
signal amplitudes, to determine the prchbability of obtaining direction
finding errors exceeding the prescribed quantity. Thus, for example,
the probability of angular deviation in the ESD from the direction

to the centers of the base of the sources by a quantity equal to the
base, when a = 0.6; 0.8 and 0.95, is approximately 17, 14 and 7%,
respectiv~ly. When a = 0.2 the probability of obtaining an errcr
exceeding the base of the sources is zero.

A -
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Fig. 5.10. Probability distribution of phase front error with
various ratios of reflected signal intensity.

Table 5.2.

a 0ﬁ5| 0.9 08 | 06 0.4 02 | ql'

B RE™ 2,2 ll.s T los |06 |052} 0,505
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If we know the law of probability density distribution: W(M),.
we can calculate standard error. For the case under study, tabie
5.2 presents the calculated dependences of standard direbtion findfng
errors, standardized with respect to the value of the source .base
for various ratios of reflected signai amplitude for a two-point A

target [18].
i

. s I
If the spectrum of phase fluctuations in signals from a two-,

point target exceeds the bandwidth of the direction finder's servo-
system, the error calculation method changes. In this casé, in
seeking the expression determining thz condition for target tracking,
it is necessary to average beforehand the signal receivedlin
accordance with its statistical characteristic and the time lag of,
the servosystem. ‘

We should mentlion that it is valid to identify the bearing with
the direction of the normal tec the face front of the resulting
reflected signal only with linearization of the directibn finding
characteristic for the radar. The latter is permissible during thé
direction finding of small and point targets when angqlar'deviations
of the radar antenna axis from the direction to the geomeéric centen
¢f the reflected signals are small. -1

H

With large angular dimensions for the target beiﬁg tracked, it

is necessary to take into account the actual antenna radiation

finding of a complex extended target. : : !
5.2.3. Ervors and the direction finding of targets of compléx

form. In nost practical cases the target cannot be represented in !
simple geometric form convenient for a mathematical description.
Therefore, in analyzing the direction finding errors involved with
a complex target, we replace the actual target with certain models.
As such a model we usually use a multipoint target when the reflected
signal from the complex target is a collection of reflections, from

a set of point targets characterizing the main reflecting elemﬂnts

’
t
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patterns. With this aim, let us examine, in general form, the direction
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\ i of the actual complex terget [38]. It is. dssumed that amplitudes
and. phases of signals reflected from each polnt target are mutually

b independent* ’

¥

For simplicicy let us examine the direction finding -of a compilex
target. in one plane in static conditions. Let the complex target
be sum M of elementary reflectors. Then the signal réflected from
the complex target: is defined as the sum of the signals of the
'elementary reflectors

.
A Y R A, A SO BBy R S IR

v

[ . M“‘ . . .
: . E@=Y Enmexpilotf-en)

H t . -

(5.23)

) where E is the’ amplitude of the signal from the m-th reflector;
¢ is the phase of the eignal from the m-th reflector. !

) . ]
: , In accoﬁdance with this, at the output of the first and second
antenna channel of an amplitude sum-difference monopulse system the

reflected signal of a complex target can be represented by expression
l . .

(¢ 0)= EmF 8, — Om i (of -+ m),

| E (£ 6) = _ Z; (0, — Om) expi ( (5.21)
! { )

i o | ! E,(t 0)--? E,.F (0, —-}-Om)expl(wt—{-?nb

' m--!

(5.25)

1
H
¥ i ]

where em Is the angular poeition!of the m-th source relative to

'equisignal direction.! '
I 1

Wiph sum-difference signal processing at the output of the sum

1 and difference channels, ;espectively, we obtaln
- :- B .l

i . ,
, 1 Eet, 0)= ;7 E;F,,,ch(o‘%enpl(ml-l-?m)
. v
o o 2 m=l (5.26)

vt | ) ED(‘ 0)"' %3 2 Emem(O)expx(wt -I—?m), ‘ (5.27)

- . H m=1
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where
Femi{l)=F (8 — b} +F (8, +9m).
Fy1a(0) == F (8, —0m) — F (8 + On).

If the phase detector is of the mult’'plying type and the
amplifier channels amplify without distortion, the standardized

output voltage of the phase detector, as we knpw,'is determined
by expression

ooy Re Ec(68) E* (t,6) .
S (6) - E° (l. G)E.o (" e) ..

(5.28)

Substituting into (5.28) expressions (5.26) and (5.27), we
obtain

M M

Re Z XEME” cm(e) Fp,‘(e)nxp](ml-’_?m)x
S(O)’- Mm.;: = o« o— .
zl 2 E"!Ench(e) Fo,.(ﬂ) eﬁpl(@[_'_,m)x .
m=1 n=l
_..:.. Xexp—i(of +9,) _
xe‘p_!(mi-",l) ., - e

i .
Zsms. [F (9 — 0a) F (80— 8,) —
M

60 mp
' 3 Bk IF (G —00) F (94— b0) +
m=1n=}
—. —F (oo+ 8.) F (84 4- 0,.)]605 (9 — )
FF (8 + Om) F (80 + Bad] oS (#m — ¥4)° (5.29)

Given the proper approximation of the antenna radiation patterns
and equating the enumerator in expression (5.29) to zero, we can find
the condition of servosystem equilibrium with the reception of signals
from the given set of point radiators of a complex target and,
consequently, the position of the point to be tracked by the radar
system. Comparing the position of the point of zquilibrium with the
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position of the geometric center of the comnlex target, we can
detéermine the error in direction finding in each specific case.

With small angular deviation ek,,linearization of the antenna
pattérn is valid;

FO20,)=F () (1|5 u8,).

Then expression (5.29), which defines the equivalent d.rection
finding characteristic of the system, assumes simplified form:

M
. ‘S‘ EmEnen cos (?m - "R)
";;__‘ .

bax

2, EEmEn cos (?m:""?’ﬂ) (5.30) ,

m=1n=|

We can show that expression (5.30) agrees with the expression
for the phase front of the ‘resulting wave of a multipoint target
(21, 97]. Analysis also shows [43] that the equation defining
the direction finding of a set of point sources, with small angular
deviation, is identlcal to the equation of the resulting poynting
vector.

In the general case, when angular -deviations of sources are
great and linearization of the antenna radiation pattern ls not
valid, the bearing will not coincide with the direction of the
poyniing vector and the normal to the face front. Tr> reason for
. this noncorrespondence can be established by a comparison of expres-
sions (5.29) and (5.30), determining the conditions for direction
finding in both examined cases.

When taking into account nonlinearity of radiation pattern,
as can be seen from expression (5.29), equisignal divection is
generally determined by three factors; field intensity of each of
the sources, position of sources in space, and characteristic (pattern)
of antenna directivity. Depending upon the parameters of the antenna‘
radiation pattern, the position of equisignal direction during direction
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finding of a complex~target can vary. ‘This leads to corresponding
variations in direction finding error. As for the position of the
poynting vector, which can be determﬂﬁed by expressicn (5.30), it
does not depend upon the rzizr antenna radiation pattern and is
determined only by the in“‘dsities and special arrangement of the *
sources. Therefore, when direction fluding with extended targets,

where the angular dimensions .exceed the linear part of a direction

finding characteristic, noncorrespondence is inevitable between the 2
bearing and the dilrection of the~pqynting vector (ndrmal to phase

front). This noncorrespondence is greater, the greater the target

dimension and the narrower the antenna radiation pattern. '

Under actual conditions, amplitude and phaserrelationships for
signais from a set of sources changes during direction finding accord-
ing to random law, while generatiug angular nolse and direction
Tinding error fluctuation.  The calculation of errors, in this case,
should be performed taking into account the spectral composition of
angular noilse, theparameters of the AGC system, and the bandwidth of
the servosystem.

Basic conclusions witn respect to complex target direction
finding by an amplitude monopulse sum-difference system'can be extended
to monopulse systems of other types, as well as systems with conlecal
beam scanning [38].

-

Taking into account the sphericity of phenomena connected with ~
the nature of target noises and the importance of theinr examinatioﬁ '
during the evaluation of the accuracy of monopulse radar systems,
we shall pause briefly on measurement methodology and target noise

-,

analysis. !

5.2.4, Measurement methodology and target noise anatysis.
Angular noises cannot be detected by a simple observation of reflected
signals from a target of complex form and, in order to measure them,

it is necessary to develop special methods.
A
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As an example we shall examine experimental studies on fluctua-

tion in a signal reflected from a target, presented in reference
[19]. The studies were carried out with a modernized pulse radar

° of the Mk-50 type, under conditions of automatic aircraft tracking.
The modernization of the radar consisted of using a double set of
recelvers, operating on one antenna. One of the sets was used for

- autotracking in the pasgsive target finding mode on signals from a
responder beacon installed on the aircraft, and the other for tracking
_the target on reflected signal. The servosystem of the latter set
was released and did not participate in guiding the antenna to the
target to be tracked,

-

The first set of the equipment made it possible to measure
rather accurately the direction to target under the condition of
no angular noise. TFluctuations of error signal at output of'this
set were caused only by the regular errors of tracking a virtually
unfluctuating signal source. The second set had the capability of
measuring error signal with angular and amplitude noises taken into
account on the signals refiected from the target. By measuring-
voltages at error signal detector output and subtracting one result

: from the other, we can obtain the voltage whose value is proportional

to angular error beitween directions to true and apparent target
position.

Amplitude noise was measured by recording instanbtaneous oscili-
lations in the level of signals reflected from tavget relative to
average level. Since accurave determination of statistical quantities
necessary in targel nolse analysls regquires a very large amount of
data, a magnetic record of errors was used with the subsequent
reproduction and processing of it by special analyzers.

The block diagram of the recording device and error signal
reproduction is illustrated in Fig, 5.11. To excluqe the difiiculty
of divect magnetic recording of subsonic aignals, amplitude modula-
tion by a higher-frequency carrier signal was used. Redording rate
was 12.7 mm/s; playback rate, 380 mm/s.
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Fig. 5.11. Block diagram of installation: a) for recording subsonic
noises; b) for reproducing them.

KEY: (1) Sonic generator (100 Hz); (2) Monitor; (3) Subsonic noise
source (0.5-10 Hz); (4) Amplitude modulator; (5) Tape recorder; (6)
Tape recorder; (7) Linear detector, (8) To analyzers.
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Fig. 5.12. Block dlagram of equipment for analyzing nolse power
spectrum distribution: 1 - main spectral analyzz2r; 2 - integrator
(R=20 k92, C = 50 uF); 3 - recorder; 4 - cam drive of analyzer for
linear scan.

KEY: (1) From magnetic recorder; (2) Scale.

The block diagrams of equipment for analyzirng nolse power
spectrum distribution and amplitude distribution are presented in
Figs. 5.12 and 5.13. The curve at distribution analyzer output
directly indicates amplitude distribution density.
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Fig. 5.13. Block diagram of the installation for analyzing amplitude
distribution (a) and a sample of the working graph (b): 1 - amplitude
distribution analyzer; 2 - integrator (R = 100 k@, C = 50 uF); 3 -
recorder,

KEY: (1) Increment of voltage measured by amplitude distribution
analyzer; (2) Direction of scan; (3) Amplitude; (4) Time; (5)
Probability density; (6) Amplitude.
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Fig. 5.14. Sample of recording of typical angular nolse spectrum
from aircraft.

An example of a recording of the angular target noises spectrum
is presented in Fig. 5.14. Since, with reproduction, there occurred
a broadening of the frequency spectrum by a factor of 30, the actual
spectrum of noise cumponents is obtained by dividing the scale along
the axis of abscisses (Fig. 5.14) by 30. The Jaggedness of the
spectrum is caused by the insufficiently completed time integration
of the reading period and can be ignored in analysis. The spike
at the end corresponds to calibration_éignal. )
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By means of calibrating the radar 'station, voltage at detector |
output can be eXp}essed in quantities of linear target tracking
error. In Fig. 5.14, along the axis of ordinates are the mean values
of noise (expressed in linear units of divection finding error)
obtained at cutpu% of the analyzer with bandwidth 4 Hz.

Nromuocms
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—_—
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(2)  pwubra awma&muk@wnﬁ

Fig. 5.15. Probability distribution of nolse amplitudes plotted
according to data on angular target ncises.
KEY: (1) Probability deusity; (2) Tracking error, m.

fﬁ%erpretation of the curves of angular nolse ampliitude distri-
bution is relatively simple. Plotted in units of linear errors,
the angular noise amplitude distribution curve enables us to evaluate
the possibility of deviation in equisignal direction beyond the physical
dimensions of the target (Fig. 5.15). As a result of experimental
studles it has been established that the scattering of radio waves
by the target from %wo reflectors, in a num.er of cases, causes a
deviation of apparent position toward actuval position at a distance
several times exceeding parget dimenslions.

§ 5.3, THE EFFECT OF INTERNAL RECEIVER NOISES .
ON DIRECTION FINDING ACCURACY :

The nature of internal noises is varied. The main reasons for
their occurrence include thermal noises connected with the chaotlc ”»
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motien of electrons in conductors a% temperatures not equal to
absolute zero, the shot effect caused by the random character of
the arrival of electrons at the anode (grid) of electronic tubes
and the passage of the barrier layer in semiconductors, and the
flicker effect caused by ‘the nonuniformity of electron emiczion in
electronic and semiconductor instruments.

Because of their nature, noises always occur in a receiver
and potentially represent the natural sensitivity boundary and the
achievable measurement accuracy. Being amplified along with the
useful signal, noises, to the same extent, disturb the structure of
the error signal, cause fluctuation in it, and determine the zone of
system insensitivity to the measured parameter.

In order to establish the character ol the effect of internal
receiver noises on direction finding accuracy, we shall examine
an amplitude sum-differénce monopulse system. In the exzmnination
we shall 1limit ourselves to the case of direction finding in one
plane by a system with identical receiving channels. Because of the
independence of errors in the recelving channel, such an examination
enables us to judge errors in two planes of direction finding. Taking
into account the allowances.made, the signals at i-f amplifier output
of the sum and difference channels, with accuracy up to the constant
coefficient, can be presented in the accepted designations in the
form of the followlng expressions:

te (t, 8) =V 2K EmF (8;) cos ogpt - th e (1), (5.31)

ity (£, 8) = ¢/ ZHEmF (0) 1 05 Onpt 4 thm p (), (5.32)

where umc(t), ump(t) are noise voltages at i-f amplifier output of
the sum and difference channels.

When a monopulse radar is operating in target tracking mode,
the signal/noise ratio in the receiver is usually much greater than
one and the displacement angle is small. This makes it possible to
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disregard the effect of noises in the sum channel. Then expressions
(5.31) and (5.32) can be rewritten in the form

He(t, 0)=KE cosw,d, )
Up (t, 9) = KEROcos upt 4ty (1), (5.33)

where

. E=V2EnF(O,).
=V 2EnF, (5.34)

Error signal voltage at the output of a multiplication-type
' phase detector without taking into account standardization with
respect to sum signal and taking into account the riltraéion of the
high-frequency components, with accuracy up to the constant component,
is defined as

S(8)= ——%- K*E*pd + 8 Ettig p (f) cOS 0yh.
(5.35)

The first term of the dbtgined expression 1is the useful com-
ponent determining the displacement angle .of the target relative
to equisignal direction of the antenna. The second term determines
the interference caused by the presence of internal noises in the
difference channel of the receiver, Obviously the nolse component
3 of the error signal is created only by those frequency components
of the nolse spectrum which are grouped near the i-f amplifier
tuning frequency and do not differ in frequency more than the band-
width of the servosystem.

For a quantitative evaluation of this component let us find
the spectral density of the error signal determined by the second
term: {5.35). We shall use the method based on determining the
correlation function ~f the nolse component of the error signal
(18]

R(z)=KE* iy (t) tha p (£ -} %) COS cx;npt CoS Wy (- 7) ="

ES
==”2 Ruq (%) cos ogym,

t

(5.36)
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where an(T) is the correlation furction of the internal noises of
the difference channel at i-f amplifier output.

As we know, an(T) can be presented in the form

Ry (t) = r (v) cos oy,
- 19 05 Ouge (5.37)

where r(t) is a slowly changing function whose character is determined
by the width and the form of the frejuency characteristic of the

i-f amplifier,

Substitutiﬁg (5.37) into (5.36) and taking into account the
filtering of the frequency component.2mnp a't phase detector output,

we obtain . . .t

R(®)=~ -%-x’E’r (%) . 9
© LN (50 38)

Hence we can find the dispersion of error signal fluctuations

at phase detector output
s*= R ()=~ K*E*r (0). (5.39)

Since r(0) is the dispersion of noise voltage at i-f amplifier
output, then

o' = K% = EIS,Af,
| (5.40)

where Af is the effective bandwidth of the i-T amplifier;
Slu is the spectral power density of noilses at i-f amplifier

input.

At output of the phase detector, in an automatic target tracking
radar, taking into account standardization during an ideally operating

199

AT RIRLS, | )

N e, om——t s <o i,




AGC or at standardization circult output in surveillance radars
(with the same p) we can, write

2 Sm“
% = g (5.41)

Then 1t reduces to finding the power spectrum of the fluctuation

in the bandwidth of the servosystem of an automatic tracking radar
or in the band of ,the smoothing filter (the device for secondary
information processing) of a surveillance radar,

From the theory of random processes we know that with noise
amplitude modulation the power spectrum of the process has the
same form as the spectrum of a single pulse, but its intensity is
proportional to the dispersion of nolses and the pulse repetition
frequency

Glo)=—1|g@)]*e,

(5.42)
where g(w) 1s the spectrum of a single pulse;
‘I‘n is the pulse repetition period.

If we assume that the phase detector operates on the principle
of the so-called key peak detector when voitage at its output during
each pulse repetition period is established practically instantaneously

equal to the maximum value of input voltage and is then maintained

unchanged to the end of the repetition period, after which it abruptly

drops to zero; then the output voltage of the phase detector will

have the form of a pulse with a length equal to the pulse repetition

period Tn and its spectrum can be expressed as
o7,

-.ﬂn —_
g (m) = T'.‘ oT,

oy (5.43)
3

Hence the power spectrum of the fluctuations of output error

voltage - oo\
sin ——

G(m): 23:‘7‘;, —W .
2
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Since the servosystem is narrow-band, random error will be
caused by only those components of the fluctuation spectrum which
adjoin zero frequency. In this case,

p ~ ol ‘ped
G(O)~20”Tno 25.[45)
Finding the spectral density of error signal fluctuations, we
can find the average value of direction finding evror caused by the
effect of internal recelver nolses according to formula

. c.z VG(O)‘AFcco o (5.46)

where AFc ¢ is the eguivalent bandwidth of the servosystem or the
smoothing filter.

Substituting into (5.46) expressions (5.41) and (5.45) and
performing simple transformations, we obtain

QsluA
V zbzpfz rnAFCC =

‘/ R (5.47)
= POP Pcp

Py

where P =38 AfAF 1s the power of nolses 1ln the band of the
servosystem,

2,2
Pcp = %TE— is the: average power of the signal at receiver output.
n
As is apparent from. the expression presented, the value of
standard error caused by the effect of internal noises is inversely
proportional to the steepness of the direction finding characteristic

and the signal/noise ratio at recelver output.

For a monopulse system with amplitude direction finding, as
shown in Chapter 2, intersection of radiation patterns at the half-
power level is optimal, i.e., whrn 8y = 8, 5/2.
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In this case, w3 1/8, and ! .

Y

0,58,.5
C H= Pa S | .
V Pa . '(5.48)

i y
We should mention that internal receiver noises include the;
categcry?of not fully removable factors which impair the brccessing
of signals received .and represent a natural barrier to improving
direction finding accuracy.  Therefore, angular errors caused by
internal recelver nolses determine the maximum possible accuracy .
of "angular measurement radar systems. With high signal/noise atios
expression .(5.48) determines the potential accﬁracy,of directi§¥
finding in a monopulse system. With the ﬁurpcse of establ}shiné !
the connection between maximum accuracy and the bandwidth of thei
receiver and servosystem, we shall transform ratio Pcp/w taking into
account the radar radiation mode. !

With pulsed radlation this ratio is

Pep Patfubf

Pa SudFqcdf * . (5.49) |
{

¥

where PH is the pulse power of the signal at recelver input; )
T is pulse duration; ; ' g

b gt il
fn is pulse repetition frequency. S 3

-

Since the receiving system 1s matcheﬂ and TAf T 15 hhilﬁ

pm n = S Af is the power of the noise in the reoeiVer bandw{dth

expression (5.49) is transformed to

.
»
‘

P P _Is .

e e S—— i

(5.80)

Ratio £ /AF, , iz the number of integrated puises of the
signal received.
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When: the radar is operating inicontinuous radiation mode

- . ' 3

i - ‘ PcP Pel’ . _’
! Py szz uA!'cc ‘
! . ) P ) (5.51),,
l‘ [}
o : )
Consequently, T .
3. = ec‘.s_
P! T ket
H ; : (5052)

. . Pufa - . . . v
where kw = 2VPmnAFco is for a pulséd radar and .

\ - V Per _ ; ;
1k, =2 PmmAFaa is foi a continuous radar.
) ! Obviously, the higher the coefficient k the higher the maximum

difeqtion finding accuracy of the radar nystem.
1 ] i

' We should mention that fhe'effect'of internal recelver noises
! on direction finding accuracy in monopulse radars and radars with
conical scanning is sqmewhat different. This was explained by the
quantitative difference of the receiver noises, penetrating the servei-
system bandwidth and the degign of a different antenna system. In
a monopulse system where the signals received are not artificially
modulated, from the receliver naise spectrum only those of frequency
components affect the servosystem, which ajppear within its doubled
| bandwidth, located symmetrically relative to each frequency component
of the received signal spectrum (Fig. 5.16).
i ] LI
- In direction finding systems with conical scanning the signals
i peceived are modulated with respect to amplitude with the scanning
freqguency, and.the doubled pass bands of the servosystem, which
determine the oarts of the noise spectrum which will affect the
I servosystem, are locate'd on both sides of each frequency component
of 'the received siqnals at the distance 6f the scanning frequency
(Fig. 5. 17) As a result in systems with conical scanning, as com~
pared with a monopulse system, there is a doubling of the equivalent
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bandwidth of the servosystem with respect to the internal receiver

néises affecting it and, with ildentical values for thé signal/noise

ratio in the i<f émplifier and identical bandwidth of the servosystem,

the power of noise at servosystem output ror a radar with conical

beam scanning will be twice as great as in & monopulse radar. There- *
fore, maximum accuracy of a monopulse radar is higher than it 1is

for a radar with conical scanning.

TCARMPAMNWE SYUNLL

af (2) A
Q) 7777 7 ’
(5 1) b ot T
~ 28Fr
el n
8) il L H
(b) e f | r

Fig. 5.16. Passage of signal and noise in monopulse radar: a)

elements of the spectrum of signal and noise; b) servosystem band-
Widtho "

KEY: (1) Signal specéral lines; (2) Noise.

(1Y Qewobusrt crexmpammsie
Uy CuNaAT
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24Fc‘ ) _ g{f'u D
v H I H IR I
* LFolett ,
‘hfn —ﬂ\

Fig. 5.17. Passage of signal and noise in radar with conilcal
scanning: a) elements of spectrum of signal and noise; b) bandwidth
of servosystem.

XEY: (1) Main signal spectral lines; (2) Side bands caused by scan- )
ning; (3) Nolse.
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The advantages of monopulse radars with respect to the effect

of internal receiver noises on direction finding accuracy are alsw

due to the fact that in the'trackipg process the target is. irradiatzd
- by the maximum radiation pattern and signal losses due to nonagree-

ment of the radiation patteru with the antenna axls, which occurs

in radars with conical scanning, are virtually absent. -this provides
in the receiving channel of a monopulse system a higher signal./noise
‘ratio than in systems wilth conical scanning. :

/
LAY MY LT 50 PRSI SN TR

Taking into account the higher steepness of the direction finding
charadéteristic and the above 1isted factors enables us to evaluate
the power advantage of a monopulse system vwith respect to intewrnal

receiver noises during target tracking from a reflected signal of
5.2 d& [4].

SRR BAN L e
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Fig. 5.18. The dependence of error in automatic tracking on the
gating factor.

At great distances the signal/noise ratio is too low for normal
target tracking and then target losses are possible. Because of
this, the quality of receiver operation, in certain cases, is evaluated
in terms of the loss norm, by which we mean the frequency (number
of times per second) with which tracking error exceeds the maximum
allowable value [44].
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In deriving formula (5.48), we assumed the presence of ideal
gating. whén noises act only during the reception of the useful
signal. If this ic the case and the gating duration exceeds signal
puilse duratien, average errors Oq increase, Figure 5.18 presents
a graph showihg the depéhdence .of tracking error on gating factor
[18], by which we méan ‘the ratio of seleé¢ted pulse duration to signal
pulse duration. As is apparent from ‘the figure, anh increase in the
gating factor c¢an lead to a consilderable increase in tracking errors.
This method of evaluating ‘tracking errors, valid when Pc/Pw >> 1,
can be used also for evaluating other types of monopulse systems.
Analysis shows that tracking errors caused by the effect of intérnal

receiving noises are of the same order for both phase and amplitude
moropulse methods of direction finding. ' -

" Let us examine the effect of internal receiver nolses on direction
finding accuracy in monopulse radars with a phased antenna array,
whiéh'odéupies a rather unique position in the family of monopulse
direction finders hecause of the multichannel structure of the angle-
data transmitter.

§ 5.4. ERRORS CAUSED BY RECEIVER NOISES IN
MONOPULSE RADARS WITH PHASED ANTENNA ARRAY
In our examination of errors in determining angular coordinates,
caused by receiver nolses in radars with phased antenna array, we
shall assume that a plane wave falls on a linear array at angle 9¢
to 1ts axils and at the output of each array element (Fig. 2.22)
an amplifier is installed [6]. Then voltage at amplifier output
in the k-th channel can be represented in the form

g = Ep, cos (0 -} 9o KAP) -2,
‘ (5.53)

where ¢ is the reference phase;
49 is the phase difference in mixed channels

A?-—-'gf}—‘cosap.

ny, is the noise in the k-th channel.
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.We shall assume that refereace phase Pon _1s unknown and néiées
in channels are independent nov mg}ly distributed and can be written

. in the form

: n,= X, £0s of {‘yx sif of,
, S L (5.54)

where X, and yk;is the gquadrature in the k-th channel.
- T Z_2_T7_ 2
Average value of X =V = 0, and X =¥ =0y = 0.

The ratio of signal power to nolse in each channel will be

i N
’ b q’:.': —&me—g—:‘—
Pu =32 o (5.55)

LY -

Under these conditions we find the difference phase A¢ measure-
ment error, according to which it is easy to find the angle value
ep determination error. Let there be a series of readings Uy s obtainei
as a result of the instantaneous measurement of voltages at output
N of array channels. If to calculate measurement error A4 we use
the theory of mathematical statistics and designate the approximate
value of A¢ in terms of A¢¥, then for an antenna array having one
beam the minimum value of variance for the quantity 4 ¥ is determined
by expression [6] )

g

d. — lo"?n _' 6 )
”. (N —N)EZ — (N*—N)g*" (5.56)

Error is calculated on an example of a monopulse system with
amplitude cirection finding. In such systems the antenna. array
forms two beams, as shown in F@g. 2.23, In order to distinguish

angular information, two sum signals u¢ and u¢ are detected and
1 2
then subtracted.
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Sum voltage for each beam can be written in the form

us, ——); [Emco3 (wf-!-?on+xév+x89)+
+=, 006(~f+x8?)+y,sm(0t+m)l. (5.57)

ty, = z [Fm cos (mf+ ‘Pon'!' rhp — xde)+-
R 2

+ X, cos (wf -—-K&P) +y‘ sin («f '—'“&P)lo

(5.58)

where 8¢ i1s the phase increment necessary for the beam to be displaced
by angle 60 .

; Under the condition of preserving information about relative
phases of noises, the sum voltages can be presented in the form:

= A, coset - By sina, (5.59)

g, == Aycosof + B.sip wf, (5.60)

where

N
A= [Eu 05 (Pon+ vp-} k3¢) -+ x, cos ibp -y, sinw &),

xml
q‘ ) A
Bu= X, 1 En s (poa-t tp-+-wbe) — (5.61)
==
~ X, sin k3¢ -}y, cos x3¢), (5.62)

A= 2 {E,, cos(%n-f-xA?—-u&p)—}-x cosx8p —y, sih x8¢), (5.63)

x=i
-
F
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N
By=Y, [— Ensin (fon+ B —#8¢)+
. =l

+x, sin xdp4-y, cos k¥]. (5.64)

Let us examine square-law and linear detection. At output of
square-law detectors we shall have

o =ATB s o =Ay 4B (5.69)

After subtraction we obtain

=0 —P. . (5.66)

Standard measurement error A¢l depends upon standard error o

. 0
in determining o> caused by nolse, and derivative Py with reswvect

to A¢ in the absence of noises, 1l.e.

%an " doi/fiy (5.67)

With the suhstitution into equation (5.66) of the corresponding
values determined by expressions (5.61)-(5.65), without taking
noises into account, we obtain

v

. sln’-%,- (89} 3y) sin? < (89 — 3)

Po = 'Em 1 - B 1 ) *
sin? 5~ (894 3y)  sin*- (g —3v)

(5.68)

Differentiating equation (5.68) with respect to A¢, we obtain
in equisignal direction

3 3
oo E?,, [N sin (Ndy) sin® (—2,— — sin 3¢ sin? (ﬁ{z—,-)]
da = . '
¥ lay=0 sint (—921) (5.69)
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Variance of error in determining Po> caused by noises, 1s
determined by expression

x ’ —— —‘—
'6”,._(% 04 (5.70)

With a large signal/noise ratio this variance will be [6]

. , 5| AWt (%!!-) sin 3¢ +- sin (2V3g) — 2sin (N3y)
%= 2E o, - .

ﬂnﬁ;sln'(%!)‘ ‘ ) (5.71)

Substituting the obtained values of os and dAg into formula
0
(5.67) and disregarding quantities of the second order, we obtain

O:h 2N’ F(‘P)"" "'4%5’:‘2"‘0 (5072)
where ¥ = Né&¢
“sin*-%-—!-sln 21-—2slln¢
F@)=¢* .
(Qasinf—uln' -g-)’ | (5.73)

From formula (5.73) it is apparent that function F(y) depends
upon the phase 6¢ determining beam displacement by angle eo from
equisignal direction. When § * 7 the patterns will be intersected
at the half-power level. From the graph of function F(y) presented
in Fig. 5.19 it Tollows that with a variation in Y from 0 to =
angular coordinate measurement error does not depend upon displacement
angle 60. With an increase in displacement angle more than a half-
width of the radlation pattern, this error will rise.

With beam displacement angle composing less tharn a halfwidth

of the radiation pattern, F(y) = 24 and, consequently, can be written .
(with large N)
S 6

g, =
T gt (5.74) .
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With small N the guantity o§¢ is determined by formula (5.56).
Tl

With linear detection and large signal/noise ratio variance
o§¢ of the error in determining A¢2, obtained similarly, is also
2

determined by formula (5..72).

o)}
30 pauy
20
0 P o
vs020

Fig. 5.19. Graph of function F(¥).
KEY: (1) y, rad.

§ 5.5. SUM ERROR IN DIRECTION FINDING CAUSED
BY THE EFFECT OF TARGET AND RECEIVER NOISES

In order to present the overall character of the angular error
components in a direction finding system, caused by different kinds
of noises, qualitative dependences of relative values of errors
of these components on relative distance to target are presented in
Fig. 5.20 [19]. The position of the curve depends on many parameters
and characteristics of specific radars and targets. The curves
correspond to the typical case of a tracking radar. As 1s seen from
the figure, only errors from angular noises and receiver noises
depend upon range; the effect of receiver noises grows in pro-

portion to the square of the distance to target up to the point at
which receiver amplification becomes maximum (saturation sets in),

Amplitude noises represent the amplitude of signal modulation
relative to 1its midlevel; therefore, angular errors caused by them

do not depend upon distance to target if in the recelver circuit
an AGC system is provided which maintains the midlevel of the received

signal constant in a wide dynamic range of input signals.
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Fig. 5.20. Dependence of standard errors in automatic tracking on
target range: 1 - sum error of radar with conical scanning (a)

and monopulse radar (b); 2 - errors from amplitude fluctuations; 3 -
errors of servosystem; 4 - errors from displazcement of reflection
center; 5 - errors from recelver noises.

KEY: (1) Relative value of standard error; (2) Relative range.

Angular noises are functions of the angular dimension of the
target and the direction finding errors. caused by them change in
inverse proportion to distance.

In addition to theze noises, there are also servosystem nolses
caused by the presence cf zones of insensitivity, play and friction
in the electrokinematic lirks of the antenna control mechanism,
zero drift of the d-¢ amplifiers, unbalance in the circuits of the
drive ampliriers, etc. The value of angular errors caused by servo-
system noises depends nelther upon the character of the target nor
upon range, but is wholly determined by the design peculiaritles
of the system, the class of accuracy cof mechanisms being used, and
the operational stability of the corresponding electronlc circuits.

Sum error in radar directicn finding can be defined as the
mean-square value of all the mutually independent errors. Figure
5.20 presents the resulting dependence of angular error on range
for a radar with conical beam scanning (a) and a monopulse type
radaf, for comparison, on the nssumption that amplitude noilses
exceed servosystem noises (b), If the reverse. relationship 1s
valid, the advantage of a monopulse system over systems with an
equisignal zone becomes insignificant. ’

212

5

ISR ———— - T s e A MO0




T

These dependences show that at short ranges to target the angular
nolse is the determining factor in automatic tracking rror. At
medium ranges angular errors are malnly caused by the fluctuations
in reflected éignal amplitude and servosystem errors. With long
ranges the predominating influence on automatic tracking error is
internal receiver noise.

§ 5.6. EFFECT OF AUTOMATIC GAIN CONTROL ON DIRECTION
FINDING ACCURACY

The target. being tracked by the radar performs the function of
an element of a closed tracking circuit; therefore, any changes in
the amplitude of a signal reflected from the target can be considered
a change ir the amplification of such a closed circuit, which, in
turn, can directly affect target coordinate measurement accuracy.

Thus, the automatic gain control system of the receiver, designed
to keep the amplification of the entire tracking circuit constant
with the necessary accuracy, is of great value. Slow-acting and
fast-acting AGC systems differ in character.

With a slow-acting AGC system in the tracking circuit there is
maintained a constant average amplification. In this case, the AGC
does not react to fast changes in the level of reflected signal,
because of which rapid signal amplitude fluctuations still have their
effect on the amplification of the closed tracking circuit and the
error signal fluctuations caused by this. A fast-acting AGC system
reacts to mos¢ of the amplitude fluctuations and the reflected signal
and keeps the tracking circuit amplification constant within a wide
variation of reflected slignal level.

The effect of the character of the AGC system on direction
finding accuracy is examined as an example of an amplitude sum-
difference monopulse system. We shall limit ourselves to the case
of direction finding in one plane with errors not exceeding the
linear part of the direction finding characteristic.
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Earlier it was shown that the signal reflected from a complex
target can be represented as a sum of signals M of the elementary
reflectors formiﬁg the target:

. M .
E (‘) = 2 En expi("’t + ?m)- .
m=l (5.75)

In accordance with thls, the signals received by the first and

second channels of an amplitude monopulse system can be expressed
in the following manner:

M
E,(t0)=Y, EnF (0 — ) expi(sf -+ ¢n),

m==| (5°76)
. M
. — on i .t mie
E,(t,9) ,,:};_. EnF (8 + 00 exp1 (s - #m) (5.77)

where with the approximation taken

F (0, - ﬁ,,.) =F (eo) (l + Fom)v
F (6, + bu)=F (0,),(‘1 -—= 1)

Angular position of the m-th reflector em relative to the
ESD of the direction finder's anteniaa can be represented in the
form of a vector sum (Fig. 5.21)

1

Opn == 0 -} Afn, (5.78)

where ; is the angular position of the center of the target relative
to the+ESD;

Aem is the angular positlion of the m-th reflector relative to
the center of the target.

For the direction finding plane under examlnation em can be
expressed in terms of an algebraic sum of the projections of the
corresponding angles to this plane
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(5.79)

Fig. 5.21. Model of target.

Substituting (5.79) into expressions (5.76), and (5.77) and making
the simplification F(8,;) = 1, we obtain

Et. =T, (1-+p(—0-a0)] Enexpilot - ¢n)=
m=}

=(1—p6)é(t)+1§mif). (5.80)

Eat, 0= 11 —h (= 8-t Aby)] Enexpi ot +9) =
mxl

=(14p0) (W) — Eyn (). (5.81)

where

E! u (t) = 2 A0, E,y expi (of +¢m) = Eym éxp i (wof + Pua)s
m=} . )
. M . .
E({t}= E Em expi("’f"l‘?m):? Eexpi (mf+ %),

m=1

where E, Ey u are the resulting signal amplitudes;

¢, ¢m are the resulting signal phases.
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Tt 18 easy ‘to see that the first terms contain useful informa-
tion on the deviation of target center relative to ESD while the
second are related to the finite -dimensions’of @he target and are
interfering components ‘(angular noise). With sléw variation in.the
mutual position of the radar as a target agd relatively high M,
the processes E(t)‘agd Ey m(t) can be considered statlonary normal
processes [21] and . |

.
- t \

O Eyult)=0. '

Disregarding the effect of internal receiver nolses at the
input of the sum and difference channels, taking ‘into account (5.80)
and (5.81), we obtain '

E(t0=VT Et), (582

EOO=VTWEO~Lu@. . OB

Further processing of signals is carried out with respect to two
types of AGC systems: 1nertlaless and inertial.g

H
H | x
v i

With inertialess (instantaneous) gain contﬁol systems the
standardizing signal can be represented as;

-
»

' EAP;V = Vi. EKK \pys .

'(5.84)

where kc is the transmission factor of the sum channel;

kapy is the transmission factor of the AGC circult.

;
Tating standardization into account, signals at output of the
sum and difference channels, with accuracy up %o the constant

coefficient, can be represented by expression

. E.(,0) 1 . : :
us(t, 0)= EE(APV) = exp i (wgpt -} 9),, (5.85)
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PRI PO L I .I'pOexbi(mupl-}-?)-—

) P E,ﬂiy ‘ "c"APy ’
B"" expx(o\n,t—}—?m)] | (5.86)

t

where kp is the transmission factor of the difference channel.
1 i §

Hende signal at phase detector output is

u(0)=Redic(t, 0" (1, )=

[ -— Evn
B s L = US) S

i

]
With an inertial AGC systen, when the bandwidth of the AGC

| system is much less than the spectral band of reflected signal

- . : fluctuations, ‘the standardizing signal assumes the form

K g '

E : ! ! ;

P, B ) o .

I ! Eroy =V 2 Bty (5.88)
% ' ' where E is the average value of the envelope obtained as a result
o3 1 .

- ' of signal passage through a narrow~band filter.

§\- Then, taking into account expression (5. 82) and (5.83), we

;é | " obtain {

! .

K ()

s . — Ec(t, 0) E

’ ' uc(t,'ﬂ)__ Expy © Ky B Koy E expi (apt -+ ¢)

b | | ! (5.89)
) 1

v : ' Fb(tG) Kp [ E .

y c h uy(t, 0)= = —_ Oex i(0g ¢ —_—

'ﬁ. : ] P P( ) R APY "e"Apy .E “ p ( a. +?)

Rk . . LE

%p j \ ,m expl(mnp4-$mo] (5.90)
‘ ‘ I ' ! ! .

B ) : '

& - tlence error signal in the presence of an inertial AGC system
5 } . .

'_ “ N . H is . ) : ' ' . . R

k] .. u(0) =Re te (£,:0) u*, (£, 0) = .

RS .7; 1 E:
¢ N - o = [fud - g':'"cos(w-«?.,o].

‘ } i ' Kcﬁgpy E, (5' 91)
. - . 1 ) |
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~ Comparison, ofi expressions, (5.87) and (5.91) shows that when
6 = 0, when equisignal direction coincides with directidn to center
of a-complex target, error signal is. not zero and, with an inertialess
AGC system, is

“"“""3% oo (2~ )

(5.92)
with an inertial AGC system it is
wth(ty= —2—EEr2 cos(p—u). -
sekppy B (5.93)
With target finding of a point target Aem = 0, Ey w = 0 and

ut(e) = urr(e).

Thus, the obtained expressions point to the-fact that with
direction finding of a complex target, direc .ion finding errors
occur because of angular nolses of the target. The values of these
errors with linearization of radiation patterns do not depend upon
the angular target center tracking crror but upon the type of AGC
system. With a fast-acting AGC system the effect of angular noiscs
on dire on finding accuracy ‘is somewhat greater than with an inertial
AGC sys.em., In practical circuits, this difference is usually not
great and errors from the effect of angular noise with a fast-acting
AGC system do not exceed errors with a slow AGC system by more than
a factor of 2-3 [20].

With an inertial AGC, as follows from express’on (5.91), the
}lucQuations of the sum signal affect direction finding accuracy.
In order to reduce the effect of the fluctuations, we can limit the
sum signal. In this case, error signal can be renresented by
expression

B0 = 2200 (B — Ey cos
\PyFB ¥ 1 COS (¥ — Pua)]s
(5.94)

where Uo’is the threshold signal limitation at sum channel output.
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Obviously, with an inertial AGC systen, the effect of signal
amplitude fluctuation on direction finding accuracy is apparent.

Representing the amplitude of the reflected signal as a sum
of the mean.and fluctuating components, expression (5.94) can be
changed to the form

. u ] -~ .
u (B) = ';’:—(:;,"!;E‘[EP‘O"".EFQ“ Egmcos(p — Pu)l, ( |
’ 5.95

where E is the fluctuation component of reflected signal amplitude
relative to the mean value E.

With a fluctuating signal from a point target

Hence 1t follows that with an inertial AGC system amplitude
signal fluctuations affect direction finding accuracy and the direction
finding system virtually ceases to be a monopulse system since the
requirements for signal standardization are not met. The value of
error caused by amplitude fluctuations, unlike errors from the effect
of angular noises depends upon angular ta}get tracking error and
increases with an increase in the latter.

Ve can evaluate quantitatively the direction finding error from
amplitude and angular fluctuations if the corresponding fluctuation
distributions and the AGC system parameters are given.

We can use calculation formulas obtained from expressions (5.87)
and (5.95) while equating them to zero:

pd = EL cos (p — Pur) (5.97)

o Esm i .98)
pb= I=_. cos . (5.9
[} E. N (? ?m)
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mepaﬁisen Qﬁiexpressipns,(S¢91):and £5.98) shdwszthgtnwith a

: fast-aetiﬁg AGC errgr»gausediby amplitude fluctuations in the reflected
'signal 1s Zero. -As for errors caused by the chenge‘in~the slope

of the reflected signal :phase front, they .ave scmewhat greater with

a slow AGC. :preyer, with a slow AGC -the effect of reflected signal.
anplitude fluctuetions increases. ‘ . :

Flgure 5. 22 presents the experimental dependences of sum |
tracking error, caused by -amplitude apd angular flucthatians ¢f
reflected signals, on antenna pointing error in a ménopulse system
with various, vaJues for the AGC bandwidth [20]. Errors are expressed
in units of target dimension L as a function of errors in the pointing
-of the directiod’ fihding antenna to the center of the target. As
‘4 result of experiments, it has been established ‘that with tracking
errors equal to half the linear dimension of the target, the level
of error with 'slow and fast AGC 1is approximately the same. On
average and longf?énges, when angular barget dimensions are small
and the effect of internal noises of the autotracking system increases,
the effect of angular notses on direction finding accuracy becomes
insignificant., With small angleszof antenna deviation from direction
to target center,‘direction‘ffﬁding errpr with a,fast~acting AGC
system exceeds error with a slow AGC. MWith short ranges to target,
due teo an increase in the.effect of ahgdler fluctuations, in a number
of eases the use -of a slow AGC can be'advisable,’ ’

In the course :0f experiments it was also noted that low-
frequency -components of amplitude fluctuations penetrated intc the
band of the servosystem and additional angalar errors occurred because
of them. Thus it was indicated that amplitude fluctuations of very
low frequency lying within the servosystem bandwidth affect all radar
direction finding'systems, including monopulse. The degree of their
effect depends upon the characteristics of AGC and the bandwidth
of the :servosystem.

‘Since the tracking time lag with a slow AGC increases trgcking

error, the servosystem bandwidth must be increased sc as to reduce
to minimun tue processing time of angular error. However, an increase
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in servosystem bandwidth heightens the effect of noises on the system
and urnder certain conditions can lead to loss of target (Fig. 5.23)..
The effect of internal autotracking system noises rises, which,

in turn, with 2 slow AGC increases error from amplitude fluctuations
of reflected signals.

8t ,
Z‘f‘ﬁ T y )

\’\' 30 i\ | /
\

a0

3 '\ Jﬁﬁ?y :
TN \i,ﬂ.ﬁy‘fzu. (2) / /

avf . \6\ A&/ B

Q2 . ‘>\\' \ . ’/‘7 ‘41
o [APYI224 |” oive

Fig. 5.22. Dependence of standard error caused by amplitude and

angular signal fluctuations on error of antenna pointing tc target
with different AGC bandwidth.

KE¥: (1) Without AdC; (2) AGC 1 Hz;:(3) AGC 12 Hz,

a2
o :3'
10

MMM%JMMW ;;;;ﬂ”;‘:
01 ‘Hrf'
0,01 io”/p )

601 oF 140 100 10,0 B

Fig. 5.23. Experimental dependence of standard tracking error on
servosystem bandwidth in a radar with low AGC and zero delay error.

B ~ ratio of servosystem bandwidth to width of amplitude spectrum of
fluctuations at half power.

KEY: (1) Los3a of target.
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‘The -advantdges of using a fast-acting AGC as compared with
a siow-acting one-will be the more substantial the greater the internal
" radar noises and the wider the servosystem bandwidth is required to
“Ibe with respect to tactical considerations. o '

Thus, theoretical and experimental studies show that error
caused by angular noises decreases with an increase in the time
constant of the AGC system. However, with the increase in this
ZEEEEént,“error caused by low-frequency amplitude fluctuations of
reflected signals, modulating any error signal, -also increases.

This component is proportional to tracking error and rapidly rises
with an lncrease in the latter. Internal autotracking system noises

impair even more the work of the servosystem with a low AGC.

The work of the direction finding servosystem improves with

the use of a fast-acting AGC, effectively ellminating the effect of
amplitude fluctuations in signals reflected from target. Since the
efféct of angular target noise on direction finding accuracy rises
with this, the selection of AGC parameters must be a compromise. We
should try for the minimum possible servosystem bandwidth since an
expansion in this bandwidth leads to an increase in the reaction of
‘the angulér-measurement radar coordinator to internal and external
error sources and thus worsens direction finding accuracy.

$ 5,7. THE EFFECT OF THE DEPOLARIZATION OF
REFLECTED SIGNALS ON DIRECTION FINDING ACCURACY

The polarization of waves is determined by the direction of the
vector of the electrical field. Most radar antennas operate with
linear polarization, with which the direction of the vector of the
electrical field is either vertical or horizontal. This is partially
explained by the fact that linear polarization is structurally
easier to accomplish in equipment.

In addition to linear polarization, we find, although considerably

more rarely, the use of circular polarization when the vector of
the electrical field turns with the frequency of the signal in a
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plane perpendicular to the direction of radio wave propagation, to
the right or left. Circular polarization, in addition to the
electrical advantages, has other advantages when operating-where
ragio waves pass through layers of the lonosphere and where there
are severely disturbing meteological factors, rain, snow, thunder-
heads, -etc.

However, the polarization formed during the emission of signals,
as .a rule, is not kept constant and undergoes some sort of distortion,
which varies depending upon the operating conditions of the radar.
Let us examine reasons for the depolarization of signals and the
impairment of direction finding accuracy connected with 1it.

' ,

5.7.1. " Reasons for the depolarization of reflected signals.

One of the reasons for depolarization is the medium of radio wave
propagation. If the radio waves are propagated in a vacuum or in
plasma (in the absence of a magnetic field), their polarization is
maintained constant.

Actually, radio waves are propagated in atmosphere where
different types of inhomogeneities occur including regions of plasma
(ionized gas) found in earth's magnetic field. This generates
various changes in signal polarization. Thus, for example, during
the passage of linearly polarized radio waves through ionized sections,
the slope of the polarization plane changes. The direction of
polarization rotation for radiated and reflected waves is the same;
therefore, the tctal angle of rotation will be twice as large as
it is with radio wave propagation in one direction. Since the value
of the angle of polarization plane rotation is not constant and
cannot be determined beforehand, linearly polarized waves, returning
after reflection from target to radar antenna can have a polarization
orthogonal to the radiated wave, as a result of which signal reception
and target detection becomes elther impossible or target direction
finding will have large errors. To avoid this, radars designed
for the detection of space targets when the passgge of radio waves
through sections of the ionosphere is inevitable, as a rule, use
circular polarization. A wave with circular polarization, in spite
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.of the efféct of -additiocnal rotation of polarization, maintains
a: polarization near circular; which ensures reliable target tracking.

However, the propagation medium is not the only reason for

radio wave -dépolarization. Another even-more- important reason is

the target itself, reflecting the radio wave. The actual target

in the overwhelming majority of cases is a complex reflecting surface.

During irradiation, currents with a complex special structure are

1nducedvon its surface. As a result of interference phenomena, the

resulting radiation field (reflected signal) generated by the currents

induced on the target's surface will have a complex structure, as
will its polarization. Instead of the radio waves with a stationary

pnlarization state, there will occur the so-called partially

polarized waves where, along with regular polarization components,

there will be components of a fluctuation character which do not

have, because Sf their indeterminancy, representation on a Poincare

polarization sphere. The degree of'radio wave depolarization which

occurs in .this case will he determined mainly by the structure of

the target, the pscrameters and dynamics of its motion; therefore,

the depolarizing properties of targets are being widely studied at

present and attempts are made to use them for classiflcation and

identification of targets [28, 83, 84, 106].

In operations with low-flying targets, when elevation angles
are rather small, reflections from ground or water can affect radio
signal depolarization. Reflection and refraction factors of radio
waves, as we know, depend to a considerable extent upon polarization,
FRepresenting the polarization of the incldent field in the form of
two polarization components - one parallel to the surface of reflection
and one orthogonal to it ~ we can show that the reflected wave
will have a distorted (generally elliptical) polarization. Being
summed at the reception point with the direct wave from the target,
the wave reflected from the ground (water) can further deform the
polarization structure of signals received by the radar antenna.

Thus, a radio wave reflected from the target 1is generally
depolarized, i.e., has a polarization unlike the working polarization
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of the radar. Along wlith components agreeing with the radar antenna
polarization there can appear regular components significantly
different from the main (working) polarization and also irregular
(chaeétic) components of polarization.

Let us consider to what extent signal depolarization can affect
the direction finding accuracy of monopulse radars.

5.7.2. The character of the effect of reflected signal depolar-
ization on direction finding accuracy. The effect of reflected signal
of depolarization on direction finding accuracy 1s mainly caused by
the crosspolarization of the receiving antennas.

As was shown In Chapter 2, most antennas used in modern radars
have crosspolarization, because of which the radiation pattern of
the recelving antenna has a complex polarization structure. Due to
this, the parameters of thg radiation pattern for the recelving
antenna are independent of the polarization of radio waves recelved.

The calculated radiation pattern occurs in practice with the
polarization of signals corresponding to the main (working) polariza-
tion of the antenna. In the other cases, the radiation pattern
is distorted and is the more notlceably so the more substantially
the polarization of signals received differs from the working polari-
zation of the antenna. With signal polarization agreeing with the
crosspolarization of the antenna, the expected distortion of the
radiation pattern 1s maximum. In this case, the antenna radlation
pattern will be fully determined by the structure of the crosspolariza-
tion of the radiation of a given antenna.

Since the radiation pattern on crosspolarization, as can be
seen from the figures presented in Chapter 2, agrees neither in
form nor position with the radiation pattern on main polarization,
such a deformation of pattern inevitably affects direction finding
accuracy.

Analysis shows [104] that for linearly polarized antennas a
noncorrespondence of polarization ln radio waves received with the
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working polarization leads to displacement of their equisignal
direction with respect to the optical axis of the antenna; the value
of the displacement depends bcth on the value of polarization non-
correspondence and the angle of displacement with the tracked source,
Beam displacement due to crosspolarization is noticeable also when
the direction finding antenna has a beam of circular cross~section.
As a rule, the radiation pattern with the alternate reception of
signals radiated by orthogonal dipoles 1s displaced in opposite
directions relative to the optical axis of the antenna. On the
basis of this we conclude that direction finding errors are approxi-
mately double if the radar antenna 1s designed for the reception of
both polarizations.

The dependence of antenna beam direction on the polarization
of signals received affects the accuracy of direction finding
systems of various types, including those operating on the monopulse
method. This is apparent in the example of the transformation of
direction finding characteristics depending upon the polarization of
reflected signals in an amplitude sum-difference monopulse radar.
As a recelving antenna we shall take an antenna of the truncated
paraboloid type, designed for tracking a target in one plane.

As we know [41], the direction finding characteristic of an
amplitude monopulse radar of the sum-difference type with an instan-
taneous AGC system can be determined according to formula

S (f)=Redelt9d% . )
ug (¢, B) a*g (¢, 0) (5.99)

where ﬁc(t, 6) and up(t, 8) are the complex expressions for signals
of the sum and difference receiving channels. ‘

Let us assume that the antenna is linear and the fleld distri-
bution along its aperture is determined by functions

-* oo - nd -
41 ()=, x(x) ex 1 ylx) €y for the first channel
(5.100)
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h * - > -
‘P!(x)=_ Pz x(x)ex;-¥: () €4:  for the second channel
(5.101)
® . . T o ‘
where Y, x(x); ¥, x(x) are functions determining the excitation field
with respect to the main component of polarization for signals
received; .
@1 y(x); @2 y(x) are functions determining the excitation field

with respect to the crosspolarization component of the signals
recelived;

- >
S8y and ey are unit vectors.

. We shall define functions il «(X) and ¥, (x) as

‘P'u(x)-;—.expi(xxéosa,,) f1 (%) }—.-d<x<d. 5.102)
$a x(x) == expi (——fcxcosao) fa(x) :

Assuming the given functions il x(x) and &2 x(x) and opposite
phase for the lobes of the crosspolarization radiation pattern lying
on different sldes of the maln planes of the antenna aperture,
functions ¢1 y(x) and ¢2 y(x) for this case can be represented by
the following expressions:

§.,»(x)=:a.. expi(xx cosa, =) 4 (x)

P2, (%) == @,expi (—KxCOS 8y} 9;) fa (x)

. ”

—d<x<0,

(5.103)
bl =a,expi(ereose, e+ L0 |og aa ..
$ay (%) =@, expi(—Kxcosa, -+ ¢ %) [o(%)

: : (5.104)
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In the above functions the following desigrations are used:
2d is the antenna aperture dimension;

%4 is the angle accounting for the asymmetry of the radiation
pattern in space relative to equisignal direction;

a, 1ls the relative amplitude of the field which can be excited

with respect to the crosspolarization component of the signals
recelved;

¢l 1s the phase shift of fields excltable in the antenna aperture
With respect to the main and crosspolarization compbnent. '

For the sake of simplification, amplitude distribution ¢f the
field along the antenna will be considered uniform and equal to

ixi‘(:c:)éfz(x)=1/2do (5.105)

Let the signal received be defined by the expression

BoBa 4 BA, (5.106)

where

F.— F.expik (xcosa-}-y.cosf--2zcosy)
Ey Eyexpik( + (5.107)

- 1s the component of the signal agreeing with the main polarizetion
of the antenna,

E, = bE, expi [ (xcosa -} ycosp-zcosy) ¢, (5.108)

- 1s the component of the signal with polarization orthogonal to the
main polarization of the antenna.

Here EO 1s the amplitude of t{he incident field;
b is the ratio of incident field amplitude to two mutually
orthogonal polarizations;

¢2 1s the phase shift between orthdgonal components of the
incident field;

228

54




cos «, cos B, cos y are the direction cosines of a spherical
system: of coordinates.

With direction finding in one plene y = z = 0, and

'Es:Eoéxp:ixxcosa, C (5.109)
Ey=bE,expi(excosa-}9,). (5.110)

Let us determine, under the given conditions, the signals at
output of antenna channels: '

i 0 =§ §, (9 Bdx =§ fhux (8) Ex -y () Eu e =

d
=.€.°{ jexpixx(cosa—l—cos%)dx'i‘

-

Lo 0

—!-a,be:tpi(b'[ 5expiicx(co'sa+posa,,)dx-
-4 C

d
- Sexpiux(cosa +-cos a,) dx]}.
) . s

(5.111)

-

()= ;(x)?i‘dx=-j{$.x(x>3=+$=y<x>*éu]dx=
s

“Q’-‘

d
=-§Li { j expixx (cosa —cosa,) dx -

-q
0

Sexpixx(cosd——cosao)dx-—
_d - .
d
—-jiux(cosa—c()sa,)dx]}.. ' (5.112)
R »

»

+-abexpid

As a result of integration, we obtain

sln m/Z l

ﬂnm

“1(0)-"
=2E, {5‘“’” —i2a bexpid —=

—
. v

sin? m;2 ] (5.113)
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' i
:I,.(o):;gg_[.sinp _J.%,,-e',_pim.ﬂﬁ‘_'l%.]é, ; o |

sinn sin? n/2 ) O
S = —i2abexpi® ——— J ,
28 { p : ) : “ (\5.‘1,14) '.l N
'where . . 3 H N 1 !
m = rd (55 & =~ €05 4, | - ; : .
n=#d (cosa |- cos a,), ) v
"=t P . S N ,
Hence it follows. that )
. ]
sinm , slan ' .} ' '
e )=ty (0)-+ 4 ()= 26, [ +—-—-',.» o ,
~ af H ’

o . s!n-—lg- sin® vm~ \2 )] . N \
—i20.bexpi®\ ———— ' (5.115) ‘
u,(s)_u,(o)-u,(a)—25 [s’””' -3 R O

. . LY 1 N
. L ' i
@ n
9 b qp(«sm.? sih’l-—2- )] ! (51 1126 . \
—i2a,bexpi R — - .1 -
) t
Calculation of the numerator and denominator of the direction
Tinding characteristic, respectively, g_ives,tlze following: ! :
2 i int ‘ ;
Re e (0) u*, (0) = 4E: [(5" m '-57,“,—1‘)-;- L ;
' ] '
. m -t N 1
sint—- sint —-
2 siam 2 slnn) oo |
+4a.b( m o m R n s".l‘b'*' - ‘ 1.
\ sln‘—g‘-— sln‘rg— ! .
+4a.b* mE . m /) : ! (5.117) ! I
| | | | | ' I !
2| fsiam 4 sinn
o) (=2 | Rty |
sinm , sinn \ slu’—!-;-' s!n’-g- | ! ! P
- LA S e | si P
40, (5 ) — L ) LU N
, ( sin‘-%- sin? 7’;* )’] . ! ' !
2 -l B ) -
+4a‘b . m ‘ n . 1 ' I l .
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‘We know that ® .
: cosa=cosdsin,
i cos a,== cos 3 sin 0.

i
1)

I For the case of tracking in one plane § = 0 and cos o = sin 8,
cos o4 F sin 90.

I
Usually 0y = 85" 5/2 where
. am
' bos= _24'1"?
] ‘ ' i :
. | |
Coefficient A depends upon the type of antennas and for parabolic

antennas A ¥ 0.8.
: ' Co B

In-accordance with this, expressions m and n can be represented

in the forms I

m= 0,8 (sin® —sin@,),
| B :
I i R | . ; (5.119)
‘ 0,8r . Lo
| n=g. _(sm'o-l-sm 0,)- (5.120)

) !
After dividing expression (5.117) by (5.118), we obtain an

gquation defining the direction finding characteristic of the studied
monopulse system as a function. of .he polarization of signals received
and the polarization characteristic of the receiving antenna. In
accordance with this equation, calculations were made on a computer.

'Figure 5.24 illustrates calculated direction finding characteris-
tics for different values of a b when 8, o = 1° and ® = 90°.

] ! 1 \ - t

As seen from the figure, an increase in a, b leads to the trans-
formation of direction finding characteristics, which is manifested
in a displacement of zero, as well as a change in steepness and
form. With an increase in a b the value of zero displacement for the
direction rinding characteristic also increases and when (a b + =)

'tends toward the width of the radiation pattern (Fig. 5. 25) Beginning
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‘with a“b“= 0.5, there is a néticeablé'asymmetry of the direction
-finding characteristic. The lobe of the characteristic in whose ‘
directiop.displacement of zero occurs is severely reduced with respect
to amplitude. =~ '

bt ez (1) .
I
4 A 7}
axbec0 "'I 2 /
Pa < , ’/‘f’:,'ﬁ'rrﬂ‘- <
- a2’ ‘,’gm,ﬁgﬁ&" - lN“\\
W e W 8 a0 \2g@angle)
/ '/ 7: ”‘ ' \ b
/AW AFW, \
AR (A B \
lg081 P50 20 fade o0 17
- U

Fig. 5.24. Calculated direction finding characteristics as a function
of the value of a“b when ¢ = 90°, 60 5 = 1° and 60 = 0.5°,
KBY: (1) div; (2) deg.
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Fig. 5.25. Calculated dependence of the displacement of equisignal
Jdirection on the value of a b when 8, 5 = 1.0° and 64 = 0.5°,

KEY: (1) deg.
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g . The product of aKb with direction finding of a‘single signal
soufce physically denotes the ratio of signal amplitude at receiving
antenna, output received on crosspolarizatioh, ,to signal amplitude
received on main polarization. Therefore, a, b =o when a, < 1
corresponds to the case where the .eceived signals ‘pass only through
the crosspolarization of the antenna and have linear polarization
turned precisely 90° relative to the working oolarization of the

-«

receiving antenna. ?

The fact of refigcted signal depolarization and the rilated
appearance of additional direction finding errors because of the
crosspolarization of receiving antennas has ‘been experimentally
noted Thus, in one of the works [130) there are results presented on
the radiation pattern measurements in an anplitude sum-and-difference
monopulse system on main pnlarization and crosspolarizationx As
is apparent from Fig. 5.26 illustrating these measurement results,
with the reception of signals with polarization agreeing with the

crosspolarization of the receiving antenna, partial oatterns of a .
monopulse system are deformed, as a result of which an equisignal

L

direction is formed which deviates 2° from normal, corresponding to
a displacement of 0.45 radiation pattern width at half power.

The presence ol nonldentity of amplitude-phase characteristics
of receiving channels and the initial tracking errors can intensify

theAeffect of antenna crosspolarization on direction finding accuracy. “
" X . oﬁ%%
Fleforir) 2,9
0 ke

I}‘s ﬁ-
[}

[}
!
!
!
!
|

|

H° 5 0§ 8w 5 G, §
g) la) : ﬂ(bv

Fig. 5.26. Antenna radiation pattern on an amplitude sum-difference
monopulse system: a) for mailn polarization; b) for crosspolarization.

KEY: (1) F(G) dB; (2) F(e),dB.
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T bigure 5., 27 presents the dependence of equisignal direction
displacement on polari?atron on ientation and working frequency,
obtained cxperimenbally with the AN/FPS-16 modified monopulse radar
with circular polarization under conditionsg 6f signal reception
with linear polarization [49]. From the figure it is apparent that
the value of equisignal direction displacement with a change in the
angle of linear,polarization orientation apd working frequency of
received'sighads cﬁanges both in Magnitudé and in sign and reaches
1.5%. If we cofisider that the normal acciiracy of angular measure-
wents for the AN/FPS-16 is evaluated by tenths of an angular minute
[.74], we cannot. disregard the displacements obtained in equisignal
'directdon of radiation patterns for the Féceiv;ng antenna. )

(1)

5 " {2} it N -
q; _ A SE0% | ot~ gS00Riu 1
Iy e T R

RS !
40 , }
O "W W0 60 80 1010 1O 180,3000
0 . a)(a)
NS .
Qyprut : S | 1
o - — {

b _.__;.'.>.‘.,“~ - G o
08— — oot
40 . "’?«d:d...'—*”””l"?‘l(?)

0w i & 8 W 1w rw‘zpai
g (o) PR 2

Flg. 5.27. Dependence of equlsignal displacement on the angle of
slope in the polarization plane of received signals: a) in azimuth;
b) .in elevation.

KEY: (1) 28, min; (2) Mhz, (3) deg.

Thus, theexperimentai results sdbstantiate calculated data on

the effect of crosspeclarization of receiving antennas in a monopulse

system on direction finding accuracy. We should mention that a
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change 1n the ovientation of the linear polarization of a wave is also
expressed in a change of the depth of the minimum difference radiation
pattern as well as the level of its side lobes.

x ,
Under actual conditicns, reflected signals have a partially /
_ , polarized structure. Therefore, a deformation in the radiation
- pattern will have a random character, as a result of which the final /

effect wlll be determined by the spectral densit; of the variations /
in polarization and servosystem bandwidth. Under these conditions,

we can expect a reduction in direction finding sensitivity of the /
'_ﬁz:x‘ system and an increase in its standard errors.

- ‘ 5.7.3; Methods of lessening the effect of antenna crosspolariza-
o . tion on direction finding accuracy. Since crosspolarization is

© A generally caused by the vefy principle of radiation pattern formation:
to improve design quality and increase manufacturing precision for

‘ direction finding systems is necessary but insufficient to reduce

.y zrosspolarization radiation.

'f . Hore effective measures for the reduction of crosspolarization
effects are compensation and polarization filtration.

- 'é
.f?g The first method is based on the selection of an irradiator
g:?\ capable of compensating the crosspolarization components of the field

in_tﬁe aperture of the mirror. One of the simplest irraaiators is
éﬂsum of electrical and magnetic dipoles with different moments,
located at right angles to each other. An analog of such an irradiator
~ A is a pyramidal horn [100]. For compensating crosspolarization we

;%~', can also use an installation of special correcting plates at the

E: maxima’ of the antenna's electrical field [133, 134].

The second method for reducing the effect of crosspolarization
on direction finding accuracy lies in the use of mesh reflectors and
in the installation in antenna apertures of polarization grids
which are ordinary grids of close parallel wires or metal plates
[1, 83, 77, 111, 112]. Such reflectors and grids reflect waves
with a polarization parallel to the wires (plates) and pass wave
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With an orthogonal polarization direction. This makes it possible,
té a certain extent; to filter the components of the reflected signal
‘'whos€ polarization is near the cross polarization of the antenna
and, as a consequence, to lessen their harmful effect on direc%ion
finding accuracy. '

With values of wire radius ry < 0.05X and spacing between wire
axes S < 0.2), the attenuation factor for radio waves with a polariza-
tfbn_parallel to .che wires of the grid can be calculated accordiné
to foimqig T11].

N

1
e Sy '
\ 28 "‘2"'-/3) (5.121)

where TO 1s the ratio of the power of a wave which has passed’ through
the grid to the power of an incident wave. '

When ro/l = 0.1 and 0.05, calculation according to the cited
formula gives the following, respectively:
ao db
To=0,05(—13 96); 0,002(—26 36).

Reduétion in phase errors of field distribution in the aperture
of the antenna by reducing the 1llumination of the edges of the
mirror during its excitation leads to a decrease in the crosspolariza-
tion of the antennas. However, the amplification of the antenna is
also reduced and the mailn lobe of the radiation pattern is broadened
(100, 2121].
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CHAPTEX 6

™

THE EFFECT OF IMPERFECTIOHS Iil ELEMEWTS OF THE
RECEIVING CIRCUIT ON THE ACCURACY OF MEASURING
AHGULAR COORDINATES BY THE MOWOPULSE METHOD

§ 6.1. MAIN SOURCES OF EQUIPMENT ERRORS

The monopulse method is based, as indicated earlier, on the
reception of signals simultaneously by twe or more receiving channels
with their subsequent comparison with respect to amplitude or phase.
In accordance with this, the accuracy of direction finding using
the monopulse method, in many cases, will be determined by the
identity of the characteristics of each pair of recelving channels

which together provide dirzction finding in any coordinate plane.

Hitherto, when examining the reception and processing of signals
in monopulse direction finding systems, we have based our assumption
on the fact that the characteristics of receiving channels are
identical. This enabled us to study the principles involved in
constructing monopulse systems under conditions which eﬁsure the
achievement of the potential capabilities of the monopulse direction
finding method. Actually, however, the structural and circuit makeup
of a monopulse radar can have certaln disadvantages which disturb
the ildentity of receiving circuit characteristics. In a number of
cases, such disruption can occur during the operation of the equipment
because of element aging as well as climatlc and mechanical effects.
In these cases, direction finding accuracy, to a certain extent, will
be determined hy the value and character of equipment error.
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Among the main sources of equipmént error in monopulse radar
8ystems are inadequacies in the formati¢n of antenna radiation patterqé,
‘nonidentity of amplituée-phase characteristics for recelver-amplifier
charinels, imperfect operation of the AFC ahd AGC systems.

Below we examine the character of the effect of certain sources
of equipment error on direction finding accuracy.

§ 6.2, THE EFFECT OF IMPERFECT FORMATION OF ANTENNA
RADIATION PATTERNS OF MONOPULSE SYSTEMS ON DIRECTION
FINDING ACCURACY.

The character of an antenna radiation pattern is determined by
the amplitude-phase distribution of the excitation field in the
-aperture [52, 62]. Since antennas of monopulse radars must form
symmetric palrs of radiation patterns in each direction'finding plane,
this assumes certain requirements on the function gf the field dis-
tribution in the aperture (requirement of the function of the fleld
distribution in the antenna aperture for amplitude and phase direction
finding were examined in § 2.1). The nonfulfillment of these require~
ments inevitably leads to the noncorrespondence of radiation patterns
to the principles of direction finding, to the appearance of i
asymmetry in amplitude and phase, and to a number of other distur-
bances. This, in turn, generates additional éir: stion finding
errors.

One of the niain reasons for nonfulfillment of requlired excita-~
tion field zymmetry 1s the inaccuracy of antenna building. Errors
incurred in the bulléing of antennas bring about irremovable 'dis-
tortions in field distribution along the aperture and, as a conseguence,
lead to the formation of radiatlion patterns unlike those calculated.

Errors in field distribution along the aperture can be broken
down into systematic and random. The reasons for systematic error
can include shading of mirror aperture by the feeds and fastening
elements, the diffraction of radio waves on the edges of the mirror
and the feeds, and channel cross-talk. Reasons for random error

include random deformations of antenna mirror surface, temperature
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drops oz wind force changes around the antenna, which lead to
fluctnations in excitation field phase, errors. in building antenna,
ete.

Systematic errors, as a rule, are identical or near in Value
td those of single-type antenngs made according to established technol-
ogy ani, therefore, can be studied beforehand with a certain accuracy.
As for random eérrors, they cannot be studied in advance since they
vary in magnitude within wide limits frém sample to sample. Therefore,
an evaluation of random errors usually is done by the statistical
method.

The effect of systematic errors on radiation pattern can be
determiried by introducing them into the field distribution along
the aperture according to familiar methodology [62]. We can show
that the presence of linear phase error along the antenna aperture
leads to the corresponding deviation of radiation pattern from the
prescribed direction, If the phase error changes according to
square laﬁ, antenna beam defocusing sets in.

Random phase and amplitude errors in field distribution along
the aperture cause an increase 1in the level of the side lobes,
angular displacement of radiation pattern, and decrease in the
coefficient of antenna directional action. The effect of random
phase and amplitude errors in field distributlion along the aperture
on the indicated characteristics of antennas was studied by the
statistical method in a number of works [40, 60, 71, 88, 107, 116,
and 119].

In order to explain the results, let us examine two examples
corresponding to a two-dimensional antenna array [116] and an
antenna of the parabolic type [40].

6.2.1. The affect of errors in field distribution along the
aperture of an antenna array on direction finding accuracy. In
analyzing direction finding errors introduced by the elements of a
phased array, we shall assume that the antenna is a rectangular array
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)
arranged in plane XY, and the: monopulse system is an amplitude sum-

difference system. - ,

Displacement of équisignal direction created by errors of array
excitation' l€ads to direction finding error in plane XZ, equal to

.AO ’-:7'-0’ -0 ., ’
2 (6.1)

wheré‘exo is the angle defining equisignal direction in the absence
of errors;
6'0 is the angle defining equisignal direction in the presence

‘of errors.

Usually in monopulse systems with antenna arrays tracking is
accomplished on error signal value without converting the signal
S(8) tc zers. In this case, an additional source of direction finding
error appears because of the change in direction finding sensitivity.
If the direction finding characteristic is assumed linear, defined
by relationship S(6) = uex, tracking error can be determined by
equality

[T
" AQg=0'xp—bep= M‘"+'%0:'
(6.2)

where e* p is true dirsction to target;
ex p is apparent direction to target, taking error into account;
Ap/u is the relative change in sensitivity during target tracking;
ex is the displacement of the target relative to equisignal
direction in the direction finding plane X, equal to (ei - e'o)

From equation (6.2) it is apparent that tracking errcr consists
of two components: the first is caused by the displacemenc of

equisignal direction, while the second by change in direction finding
sensitivity.

Swn tracking error will be maximum at maximum displacement
of target from equisignal direction. If we assume that the maximum
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diﬁplacement of target will reach half the radiation pattern width,
equation (6.2) is written in the form i

U
'

IAO:]mtc—A080+ B 2Xsinb., ' © (6.3)

where X is the dimension of the array in direction x.

The value of the sum tracking error depends upon type and
magnitude of errours of amplitude-phase excitation field distri-
bution. Let us examine each component of tracking error. For
example, we find even excitation creating sum pattern Fc(e) with
amplitude-~phase distribution along the array in the form

Vo == Yo (L4 Tom) €xp |1 (B 0080y
By cosbyo Sl (6.4)

where xn, ¥, are the coordinates of the radiators;
Yom is the excitation amplitude in the absence of error;
AYnm is amplltude error:

snm 1s phase error,

Similarly, with uneven excitation with respect to x and y,
creating difference pattern Fp(e) in plane XZ, amplitude-phase
distribution is described by expression

";nm = nm (1 + Agnm) exp [—1 (Bxn (;08.9,‘, R
‘- Bymcosbys = tam)l. (6.5)

Phase error for any array element consists of error in the
position of this element and error in phase during its excitation:

B = B (i €Oz B €080, o1 AL i), (6-6)

where Ax\m, Aynm, Aznm are errors in location of exclted element;

3'nm s phase error of excited element.
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Similaﬁly,:for:phase error in excitation field distribution
‘during the formation of difference diagram

emn‘;--‘- 5'nm'+'.'ﬁ(’Axnm‘C°S 0: o + Af!n m cosﬂ,. + Aznmc“—ou)-

\ (6.7)

"For antenna arrays having a large number of elements, .excitation
can be represented in the form of continuous functions y(x,'y) and
n(x, y).

Under this condition, expressions for both tracking error
components assume the form [116]

Y W 1 1Y L L)LY '
o Bsin 0, ”xn 3 d.A '

Be N 1 ffOdA . ffRenddy o . (&8

B 2X sin 0, '2"( “‘144{ - ” ngf)mm'—?
(1 81dA  fdnxndd .
TN\ T T T xndA PXsinb, (6.9)

Let us note that integration is carried out over an equivalent
aperture of the array, having dimenslions X, Y, and none of the
amplitude and phase excitatlon errors y are introduced into formula

(6.8).

Formulas (6.8) and (6.9) can be used for calculating tracking
errors arising both from systematic and from random amplitude and
phase excitation errors [116].

Systematic tracking error is considered for uniform amplitude
distribution of excitation n, when

' -—l npu .‘x<0.'
X, )=
R { 1 npu x>0, (6.10)

(npn = when)
while the systematic phase error which occurs has the form

A
£ = -50 ({gi) . where 50 1s the maximum value of phase error

242

e
LRTBATESIN ; }

o h s —




on the edge of the array. The components of tracking error, in

accordance with equations (6.8) and (6.9), will be equal, respectively,
to

A AT '
1 ono—'_xslnoa (’—é;:- i ) (6.11)

Ap 2 ___,____}.__.(_5.'.)".
, B 2Xsin0, - Xsinb, \ 4 (6.12)

Consequently, sum error, expressed in fractions of radiation
pattern width is determined by expression

8, By wme

"X sin 054 ==§'n—(1+ 8 g‘)' (6.13)
From the graphs showing the dependence of' tracking errors on ¢

cubic phase error (Fig. 6.1), it is apparent that displacement of

equisignal direction is the predominant tracking error in the

presence of phase errors. \

A0y
A?Xsin&xo
0105. . [ ‘/ /, ,
177
0,04 y
0'03 N //(2
/(
0,02 ‘/}
. . /; ]
9,01 |— :
! _ / 3\
0 O (1)

g pra g

0 01 02 03&,,pad.

Fig. 6.1. Dependence ofstandard tracking error on the value of
cubic phase antenna excitation error: 1 - sum error; 2 - error

from displacement of equisignal direction; 3 - error from change

in direction finding sensitivity. {
KEY: (1) 60, rad.
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Random- tracking errors are examined for th;z case when phase i

"and amplit,ude excitation field errors nave, normal distribution.,

With average values of phase errors equal to zero unif'orm distribution N '
of v, and step-uniform distribution of n, the mean—square values

of sum tracking error and its componentsg, in this case, will be ! !
equal to [116] ’ ' ' '

A 0641 ,
al,,""(X‘Sin 8,.) VM & o, L
' " (6.14)
1'3-( s !)=(: 2 ) 054 1 - Y
w \oXsinb, ) \Xsind,) yam & - (6.15)
: . ) . ]
Ay L ‘ i
0“+ T 2X sin 0;, )!’ '_. . (6.16);

when N is the number of array elements along axis X3 -
M is the number of array elements along axis ¥i |
g is the variance of phase error in radiants

Figure 6.2 presents the dependence of these errors on Op. In

. 1
this case, also predominant 1s the error from displacement of equi- )

signal direction.

: Gox s - .
’ A/XSinbgo - = '
Fig. 6.2. Dependence of 0,25Vt - ; .
standard tracking error on the i A
value of standard phase error 7 )
in antenna excitation: 1 - sum 0,2/ VWM Y 7‘ 8 :
error; 2 - error from displace- : " |, '
ment of equisignal direction; /A . )
3 - error from change in diréction 0,5/ 5 2 1 !
finding sensitivity. : 4 4 o
KEY: (1) rad. 0,//VNM ; i !
. | 4 . .
0,05/ Virs 3 L4 . D
. — K ! .
0 01 02 6g,padld) . '
1 ' \ :
! \ '
. | !
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The stan@ard value of sum tpracking error, caused by random
b ' " amplitude errors, is:determined by expression [116]

¥

. H ) Y . '1 "56 g
’ : ,a = xSan.. VNM we (6.17)
l 2
A l *
4 . _ where o = UA; = % is the standard value of amplitude error.

!
ti ’

! Graphs showing the dependence of standerd sum error on oy ere
presented in Fig. 6.3.

v . l ¥ .
! " ) i
! The above expressions for errors were obtained for tracking

in one plane; however, they are also valid for tracking in another

plane.. = , i :

v

.

The effect of amplitude and!phase errors can also be evaluategd’
i3 v from the point of view of-variations in antenna radiation pattern.
- ' It is corivenient to luse the statistical method of calculating
‘'antennas [UO 60]. Thus, with uniform current amplitude distribution
of the element along the aperture and normal phase error distribution
H statistical calculation [40, 44] glves the following generalized’
expression for the adveraged antenna radiation pattérn of the array

I with respect to power: .

.
1 i P . |
1 '

.

-
iﬁ

B e e

. C FEA=F R0 9%

1550 =

Dl 4z
‘:’
g-

-
=3
1
a
i
-

(6.18) . ¥

-

\

1 » “
where F(f, ¢) 1s the antenna radiation pattern of the array in the g
. ahsence of random errors; )
“ ‘ ' u(e, ¢) is the coefficient of radiation pattern slope, equal to

1
. )
) L
ta

‘ g (), 9)= cps 0 (cos* 8 cos? ¢ --sin? @),

R e

' - 1
] A . - 1 l
! . og is the mean square of sum error, equal to
y .

1) . ! H 1
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s

’ ? 2, 3
' 06==u£4-ag .
i is the mean square of relative amplitude error;
cg 1s the mean square of phase error; ‘

I is the current in the mn-th element of the antenna, determined

mn
by the glven distribution in the aperture;

6, ¢ are the angles determining beam orientation in a selected

system of coordinates (Fig. 6.4) ) .
- Gxo
AJXstnbz, -
Fig: 6.3. Dependence of standard 0,5 /ViH, T T
tracking error on the value of ’ - /"“1
standard amplitude -error in v4/VNM - '
antenna excltation. /
0,3/VNH /
4
0,2/ Vit | LA
él?nwr %
A
0 01 02 036
Fig. 6.4, System of coordinates
for determining angle 6 and ¢.
KEY: (1) Beam direction; (2) 2
Plane of array elements.
~ . HarpoBrenus
-, aga (1)
) ¢

X nnockocrae pacnosomenus,
anerenmol  peuemad
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From eXpression (6.18) it is apparentﬁthat the effect of
amplitude and phase errors leads to secondary radiation determined
by the second term of the .expression, and, as ¢ ~unsequence, to a

. .
s A
d
:1
‘ §

decrease in the coefficient of directional action. The latter can
be determined from the following approximation formula [40, 447:

L)

G _ 1
G, 3 L\ 2
Cobs(R) % (6.19) ;

where GO’ G is the coefficient of directional action for the antenna
in the absence of 2rrors and with errors taken inte account, respec-
tively;

Zp is the distance between elements of the antenna lattice.

6.2.2. The effect of errors in field distribution along theé
aperture of a parabolic antenna on direction finding accuracy. wﬁ;h
respect to parabolic mirror antennas the statistical method with
small phase errors O and normal law of distribution gives [40, 447"

Pr———

8 4t§n’ cg ( """"%)
— = ex . orm—— y
Fho)=F 9 +e09) P\ 7% (6.20)

where u = sin 6;

Ty is the correlation interval expressed. in wavelengths and ;
corresponding to the average interval in which errors in excitation
currents cannot be considered independent. ;

Just as in expression (6.18) the first term of expression (6.20)
characterizes the radiation pattern in the absence of errors, while
the second term describes this distortion caused by phase error in
field distribution along the aperture. Secondary raclation is propor-
tional to the mean square of the error, just as in an antenna array, and
also proportional to the square of the correlation interval expressed
in wavelengths.
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With. small errors and a small correlation interval the decrease
in ‘the coefficient of directional action is determined by the approxi-
mation expression

i

3 24:\
; g, _ FW
e~ Ty <l
(6.21)
and with a large cofrelation’interval by expression '
G 2 T, ;
s l—e 2>
G =% 2> (6.22)

Thus, ampl;%ude and phase errors in excitation field distribu-
tion along the ahtenna aperture lead to the distortion of the radia-
tion pattern, which can be manifested, specifically, 1in a decrease
in the coefficient of directional action. Due to this, nonidentity
of amplitude characteristics for the receiving channels of a mono-
pulse systeh and an increase in direction finding errors can occur.

In order to'evaluate the effect of nonldentity of radiation
patterns on target direction finding accuracy, we shall assume that
the amplification of one of the receiving antennas differs Ifrom the
other by quantity AG. As is apparent in Fig. 6.5, a variation in
the amplification of one of the antennas of a moncpulse radar involves
the displacement of equisignal direction (ESD) by quantity 46, and
is a source of systematlc direction finding error, linearly connected
‘with the quantity of antenna nonidentity with respect to amplifica-
tion.

~

© peH1)

N
4

Fig. 6.5. Displacement of
equisignal direction with a
change in the amplification cf
one of the anftennas.

KEY: (1) ESD.
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The value of systematic ‘error can be determined in the following
manner. Let G0 be the amp}ifiqatiqn factor in equisignal direction
under thercopdition of identity for;radiation patterns; Gb is the ;
amplification factor in equisignal direction during a change in - 4
the amplificaticn of one of the antennas by dﬁantity AG, and ¢ and :
' are the steepness of the radiation pattern at the working point

for these conditions. Then we can write the following relationship: g
G'\,=G,(l Aj
LYoo=l 'o( +P‘ oh (6.23)
GH-AG=G', (1 J-n'40,). (6.24)
Substituting (6.23) into (6.24) and disregarding the guantity 5//
of the second order of smallness, after elementary transformation,
we obtain )
' AG. N.A—-G.--—-‘—'.
Ae°='3.u&+’&’") -~ G. ‘ZP. .
(6.25)
or
, Y
1A, =2 =
W™y (6.26)

If we assume the values of the steepness of the direction
finding characteristic and the nonidentity of radiation patterns
with respect to amplitude, we can determine the value of angular
error. Calculations show that with a direction finding characteristic
steepness of 0.25 1l/deg, radiation pattern nonidentity with respect
to amplification of 10% leads to systematic angular ervor or 0.2°.
If permissible angular error, in this case, is taken as one minute,
antenna disagreement with respect to amplification must not exceed
0.8%.
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"Usiﬁé'fdﬁmﬁlas (6. 52), we. can calculate permissible standard
erpar with réSpeet ‘to éxcitation field phase for a parabolic antenna.
Thus, with a/larga correlation interyal,

(6.27)

(6.28)

When AG/G, = 0 1,"% = 0 32 rad 18 3° With a permissible error
of Aeo - 1 min Au/G0 a Ou8% ‘Permiagible standard error with respect
to phase, in this- case, Ls f‘ *,{’“ o

" rad _

(o oos)"’..o 09 pud =5°.

These are rathér'high reqq;remenﬁs for an antenna excitation
field. Therefore, higher requirements are imposed on accuracy in
building and ensuring rigidity of antennas for monopulse systems.

If unbalance of the:antenh; with respect to amplification occurs
because ¢f random errofs,uiﬁ the calculation of permissible phase
and amplitude errors in the excitation field distribution of array
and parabolic antennas, we can. use formulas (6.19), (6.21), and
(6.22).

Let us examine the effect on direction finding accuracy of non-
identity of ampllitude-phase characteristics for recelving channels
of fonopulse systems.

§ 6.3. THE EFFECT OF NONIDENTITY OF AMPLITUDE-PHASE
CHARACTERISTICS FOR RECEIVING CHANNELS OF MONOPULSE
SYSTEMS ON DIRECTION FINDING ACCURACY

The appearance of nonidentity of amplitude-phase characteristics

for receiving channels 1s caused by the difficulties involved in
making parts with strictly prescribed allowances, the inevitable

250

2




processes of aging, and the related changes. in their parameters,
a possible’-detuning of circuits during equipment operation, and
various ‘typés of mechanical and climatic effects.

In studying the effect of nonidentity of amplitude-phase
characﬁgristics, it is expedient that the recelving circuit be
divided into two parts: into the high-frequency part including the
antenna-waveguide receiving circuit up to the i-f mixer and the part
of the receiving circuit operating on intermediate frequency. The
advantége-of,this division ensues from the fact that in studying
the effect of imperfection in the channels of the h-f amplifier, we
can disregard the pulsed character of the signal received since the
bandwidth of these channels is virtually always greater than the
spectral width of the signal. As for i-f amplifier channels, this
is not always valid and we should take into account the relationship
between the spectral width of the signal and the bandwidth of the
i-f amplifier [55]. )

To simplify the analy: i< ~i .ne effect of nonidentity iﬂ the
amplitude-phase char-~teristics, we §’:a11l first examine the case
of direction finding in a continuous signal emission mode when
we do not tak: ...0 account limitations on the bandwidth of the i-f
amplifier. 3ii~2 the degree and characher of the effect of
imperfections in the amplitude~phase characteristics depends, to a
certaln extent, upon the construction of the direction finding
system, we shall perform analysis with respect to the most commonly
used types of monopulse systems.

6.3.1. The effect of nonidentity of amplitude-phase characteris-
tics in an amplitude-amplitude monopulse system on direction finding
accuracy. A simplified block diagram of an amplitude-amplitude
monopulse system is presented in Fig. 1.7. We shall assume that
the target 1s tracked with small angular errors 9 and linearization
of the radiation pattern in the region of equisignal direction is
valid. If the receiving channels have out-of-phase quantity ¢ and
high-frequency transmission factors (up to the i-f amplifier)
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kl énd%ké, signals at the output of the i~f amplifier with logarithmic
characteristics can be represented in. the form of the following

expression: ,
‘. ul (t)»o.)=”o.rln K‘E'np (60) (] +.p,0) exp i‘(wnpl_*_(P)’ '
(6.29)
‘t’(t’ o);xozln’{:E"‘F(ﬁo)(l -——Po)expiwn?t’ B (6.30)
where ko 1 and k0 5 are coefficients characterizing the steepness
of the amplitude characteristics of the first and second i-f
amplifiers.

At i-¥ amplifier output, signals are detected and compared
with respect to amplitude by subtraction, forming, with linear
slgnal detection, errors in accordance with expression

SO)=d,(t, 0)]—|as (t; ).
Substituting expressions (6.29) and (6.30), we obtain
S(0)= &, g, In #,E, (I'+-18) —In s £ (1 — uh)l,
" . (60 32)
where )
K
go=,"‘:"1;t Eo":EmF(o.o)'
Taking lnto account the earlier assumptions on smallness of
target finding errors, expression (6.32) can be simplified:
SO)=#os g, nx,E,+ g, In(1 ~+pb) —
~IngE, —In(l —ph)] =x,, [ln L&EI:-—)&'{"(&‘F 1)pb ] (6.33)
. Kl
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Eqﬁa;;ng (6.33) to zero and solving relative to ue, we find
the airection finding condition. in the form

1o S
9—--«-‘ " KE, .
By= &+ 1) , (6.34)
With identical amplitude characteristics for the receiving
channels (g;u =1; ky = k2)

d4-pl
S(0)= ~O,In-l-—i-—:-é?~%2x¢=!&9- B (6.35)

In this case S(8) = 0 when 6 = 0, which corresponds to the
condition of direction finding without equipment error.

A comparison of expressions (6.34) and (6.35) showz that non-
identity of amplitude characteristics for receiving circuits of
amplitude-amplitude monopulse systems leads to the appearance of
systematic direction finding errors whose value depends upon the
valu ' of nonidentity. ’

If nonidentity occurs only in high-frequency receiver circuits
(go = 1 and ky # ka), the value of direction finding error is
determined by expression

(6.36)
where g = kl/kz'

When kl = k2
calculated from formula

= k and 8 # 1 direction finding errors can be

In (KEq)e ~? }-’o""i \
pﬁ’—?‘—-"z-g(i:q_g'?ﬁ—::_‘g‘;'ﬂl‘m‘[’" (6.37)
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‘From expression (6.37) it follows that with nonidentity of
.amplitude characteristics of logapithmic“receivefs, signal standardi-
‘zaﬁion is disturbed and error signal becomes dependent upon the
level of signals received. Thus, an increase in the input signal
to the square leads to a doubling of direction finding errors.

Figure 6.6 presents the dependence of generalized angular error
on nonidentity of receiving channel transmission factors, calculated
from formula (6.36). I1f we know the steepness of the direction
fiﬁding characteristic with respect to geheralized direction finding
error, we can determine 'the absolute value of angular direction
finding error with any glven nonidentity of amplitude characteristics
for receiving channels. Thus, for example, if u = 0.25 1/deg, non-
identity of channels with respect to high frequency is 10% (g = 1.1),
equipment error in direction finding 1s 0.2 deg. It 1s easy to cal-
culate the permissible nonidentity 6f amplitude characteristics for
high~frequency channels with any given allowable error.

Tt
03

Fig. 6.6. Dependence of generalized angular error in direction
finding on nonidentity of transmission factors of receiving channels
in an amplitude monopulse radar.

254




The dependence in Fig. 6.6 can be used for evaluating direction
finding errors when g = 1 and g, # 1 1f by the quantity [ne|

we mean the standardized quantity %%Q%E » and instead of g we use
’ 0

&p+

The obtained results of analysis also show that phase non-
identity of receiving channels does not affect the accuracy of
amplitude-amplitude monopulse systems. We can see that the con-
clusions with respect to the effect of nonidentity of amplitude-
phase characteristic for receiving channels in amplitude-amplitude

monopulse systems with logarithmic recelvers are valid also for
cases when receivers are used with linear and quadratic characteristics.

We have examined the case of small angular deviations when the
direction finding system operates in linear mode. In a number of
cases because of considerable unbalance of receiving channels with
respect to amplitude, direction finding errors can go in value beyond
the linear section of the direction finding characteristic. In this
case, the problem of finding direction finding errors is solved in
general form, approximating the radiation pattern with the appropriate
functions. Since in the great majority of cases equipment errors
are small, such a complication of calculations is not necessary and
we will not attempt it here.

Let us proceed to an examination of another type of monopulse
system.

6.3.2. The effect of nonidentity of amplitude-phase characteris-
tics for receiving channels of an amplitude sum-differeace monopulse
_system on direction finding accuracy. A simplified block diagram of
an amplitude sum~-difference monopulse direction finding system 1s
presented in Fig. 1.9. Let the transmission factors of the high-
frequency recelving circuits up to the sum-difference converter :
be, respectively, kl and k2, and nonidentity with respect to phase i
be expressed by quantity . Then the sum and difference signals at
summator output can be represented by the following expresslons:
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Bt Y=gz B O+ E, ¢ 0=

R . . (6.38)
=E, (1 -+-88) expi (o +-¢) - g (1 —ph) exp )
= & [(1 + ) expifot-p-§j — (1. — ) expia], (6.39)

where El(t, £) and Eg(t, 8) are mathematical -expressions of signals
received by the first and second high-frequency receiving channcls:

At i-f amplifier output of the sum and difference channels,
respectively, we obtain

olt, )= Egee [ ) expifongt +-$1) -+
' Fg (1 —wd) expi(@upt 1)l (6.40)

iy (1, 8) = Eotey [(1 -1 exp 1 (@ugt +4) —

— g (1 —p6) explougl 6.1y

where kc and kp are the transmission factors of the sum and difference
channels, respectively;

v is the quantity of phase nonidentity for sum and difference

channels.

In the error signal detector of the direction finding system
the sum and difterence signals are multiplied and high-frequency
components filtered. Because of this, error signal, taking standard-

ization with respect to sum signal into account, can be represented
as

S()-=Re s (1, 9)}1-,,(1.’0)___'_..
g (¢, 0)u®s (1, 6) .

S {01 — g (1 — p0)] cosy+2g (L —pW)sin dsing)
TR TR TR F g (T — 0 +2g (T — 0 cos ). ° (6.42)
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Hence the condition for target finding is determined by
equation

(14 P'q)s ;g=_(1 — )7 cos Y +2g(1 ‘T“.’O’)Si" psiny=0. (6.43)

Solving this equation with respect to p8, we obtain the
following expression determining the value of generalized angular
direction finding error as afunction of the character and value of

nonidentity of amplitude-phase’ characteristics for receiving channels
in an amplitude sum-difference monopulse system:

— () £ VTR g,

p°= (T—g?)—~2gtgysing (6.44)

01t practical value 1s the solution with a plus sign determining
the steady state of the direction finding system-with comparatively
small angular errors. Solution with a minus sign gives higher value
of generalized errors and is not valid with the assumption made on
operation in a linear region of the direction finding charactaristic.

With ldentical characteristics of receiving channels expression
(6.42) is transformed into the familar expressicn corresponding
to the case of direction finding without equipment errors:

S(0) =po. (6.45)

Differientiating expression (6.42) with fespect to 6, we find

the expression for steepness of direction finding characteristlc
at the working point:

. dS (8) % 41g 2 cos Ytcos(d 1) +- g cos w-—m

48 lyo Ko (14-g* 4 2gcos )t (6.46)

L
Comparing expressions (6.42) and (6.45), we see that nonidentity
of amplitude-~phase characteristics for recelving channels affects
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direction finding errors. In order to understand the character of
the dependence of direction finding errors on nonidentity ofi H
receiving channels, we shall examine a number of particular cases. -

Case 1. Amplitude-pnase characteristics of ‘sum ang'differeqce !
channels are identical; high-frequency channels ave identical with
respect to -phase but nonidentical with respect to trapsmxssicn :
factor.” In this case ky = ke =k;y=0;9=058 # 1. :

i

¥
Substituting these values into expression (6.44) and pérforming :

elementary transformations, we obtain the équality

1 ]
B .
. B

=81 ;
'p'e "—.g l.

© (6.4
N : ;
¥ indicating that nonidentity of amplitude characteristics for high-
frequency channels in an amplitude sum-difference monopulse system
leads to a displacement of eéuisignal direction and additional' ' '
direction finding errors. , .
1 . ) '
Since high-~freguency receiving circuits in a sum-difference | '
direction finding system usually do not contai.. effective elements,
thelr identity generally will depend upon the identity of their
matching and electrical length in the operating frequency band, 1
Therefore, when designing and making the wavegulde-feeder:lines
which are the high-frequency channels of a direction finding system, '
we should give particular attention to thelr quality and accuracy.'!
. P ) J
, | '

2 A s &8 ‘
X S L % A olt 3 |

- ]

i o Gl L

Ea(246) .
(1 ".

~
NN A

Fig. 6.7.

Diagram of a slotted balance bridge.
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One of the important elements of high-frequenny circuits in
A' monopulse radars is the waveguide -bridge for sum-difference -signal
) process-nx. ‘This bridge is 1llustrated in Fig 6.7 where matchlng
in the arms is chacacnerized!by complex reflection factors Pi, and
t  the elements. of phase tuning are uonditionaily illustrated by the
. shaded inserts.
l i ' I ‘ . :

In reference [131] it is shown”that taking into account im-
Iperfect agreement. of arms, the sum and difference signals at bridge
outpdt can be represented in the form of .the following complex
expressioris; . H

Ec . )= LIE, (8 8) (1 Ty r.)+Ez (8 0)(14-!‘:1"3)1

.o !V2[1+r.r,r.r.+ (r.+r=)(ra+r.)]
b o (6.48)

]

irE‘(l 0)(l+r‘=r.)—F,(t YR YY)

Byt =

- 1 F BBy T fy T2 +1'«)
. ; V2[+1214+2(l SARd j (6.149)
Iwhere, with respect! to amplitude direg¢tion finding,
! ! o
! ; i i E‘x_(t’ 0)=E7lnF(eo)(l +p.6)expit_ot, (6.50)
, i1 Byt O)=EnF G —pdexpich (6.51)

Bécause of the fact that the quantities l‘i are complex quantities;
unmatching of bridge arms causes not only a change in amplitudes
of sum!and difference signal, but also a phaee shift between these

I signals. T | ;
C ‘ |
! ! ' Disregarding phase signals for the sake of simplification,
the direction finding characteristic of an amplitude sum-difference
monopulse system taking into account matching in the waveguide

bridge can be represented in)the form
I ! ! : ;




o ReBot. O E%(6,®) _
S(O) E. (3, 8) 2% (t, 8)
(U 8 (1 T — (0 8) (14 TR ) 4
e (T +
o TR (= (L )

°omP

‘Equating the numerator to zero and solving the gquéiity with

respect to ub, we find the dependence determining direction finding
error caused by the nonidentity of waveguide bridge channel matching:

T =Ty
=TT
(6.53)

Since the reflection factor is connected with the standing
wave ratio (SWR) by the familiar expression

o KCB—1
— KCB41' . (6.54)

The relationship ué = £(I') can be considered ué = f(SWR) and
vossible errors from arm mismatch in the waveguide bridge can be
evaluated directly in terms of the permissible values of the corres-
ponding standing wave ratios. ’

Case 2. Sum and difference channels are identical with respect
to characteristics; high-frequency channels are identical with
respect to transmission factor but nonidentical with respect to
phase. In this case kc = kp =k; Y =0; g=1; ¢y # 0 and expression
(6.44) assumes the form w8 = 0. This means that regardless of
the value of phase nonidentity for high-frequency channels, there
is no zero shift for the direction finding characteristic. But this
sti1ll does not mean that the operational capability of an amplitude-
difference monopulse direction finding system, under the examined
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conditions, remains normal since it is unknown how steepness of
the direction finding characteristic changes ‘in this case.

Using expression (6.46) and applying it to this case, we obtzin

dsS® 1 2

di '=o-— (I+C0$¢T. (6.55)

In normal direction finding conditions ¢ = 0, and

as@|
‘l“ ’=ol'—' Pl

When ¢y = m expressions (6.38) and (6.39) are transformed as

E.(t, 0)= E, [g (1 —p0)expjwt — (143 8) expiot],
' (6.56)

Ey(t 0)=—F,[g(1 —p0)expiof (1 - ph)expinf].  (6157)

Functionally the channels change places; the sum channel becomes
difference and the difference channel sum. Due to this, the operational
abllity of the direction finding system breaks down completely.

Substituting ¢ = 7 into (€.55), we find

which is a consequence of standardization with respect to diflerence
signal, equal to zero when'® = 0. This case is 1llustrated in

Fig. 6.8 where radiation patterns with respect to sum and difference
channels 4re presented schematically. There, however, for comparison
are presented the corresponding radiation patterns when ¢ = 0,
corresponding to the normal operating conditions of a direction
finding system.
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' When ¢ < m, as we can geée from the expression (6.55)., the
‘steepness of' the .direction finding characteristic increases. If
8 é~% , complication in the waveguide balance bridge occurs in
quadrature , due to which at.outpiit of the 'sum and difference arms
of the bridge equal signals are obtained regardless of the ratio
of received signal amplitudes, i.e., regairdless of the angie of

. displacement -(Figs -5.9).- ~The -operational ‘capa¢ity 'of 'thé servosystem,
in this case, is not hampered since angular information contained

in the amiplitude ratio of signals received by independent channels
converts to phase difference of sum and difference signals. Since
this phase difference in equisignal direction 1s 90°, the output
signal of the phase detector in the abééncq of mismatch is zero

and the servosystem maintains its operational ability.

Fig. €.8. Radiation patterns for differecace and sum channels: a)
wren ¢ = 03 b) when ¢ = w,

Fig. 6.9. Vector diagram
1llustrating the formation of
sum and difference signal when

q’ = “/"2-

-

e
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We should mention that a 90° 8hift of signal circiit preceding
the sum-difrlerence processoxr, in ‘a pumber of" cases, 1is specially
used for-information conversion-[U45, 122].

%
e AT

¥
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When ¢ # E and ¥ # 0 the sum and differencr signals are out
of phase. The state of the direction finding system with which

el
SEe

£y

channels are out of phase can be considered undesirable, leading g
to a crossover of channels and a disruption to same degree of its %
stability. '

Case 3. High-frequency circuit of receiving channels are
identical in amplitude-phase characteristics; sum and difference
chasnels are identical in amplitude but nonidentical in phase. In

] this case, g = 1; kc = kp = ks ¥ = 03 vy # 0 and direct’on finding
conditions are determined in accordance with (6.42) and (6.46) by

casradys

expression
S(6)=phcosy,
' Y (6.59)
—==]l =pCcosY.
a8 fop ! (6.60)

¢

Equality ske) = 0 is fulfilled when 6 = 0., This means that
zero shift of direction finding characteristic is absent. The
presence of phase nonidentity affects direction finding sensitivity
and steepness.

When y = + 90° error signal in the direction finding system
becomes equal to zero regardless of the value of the dilsplacement
angle. Operation of an automatic trackiag system; in this case
becomes impossible. When 90° < y < 270° the steepness of the direction
finding ~haracterisiic becomes negative, which 1is equivalent to out-
or-phase condition and loss of stability in the servosystem of the
direction finder.

Thus, it is impossible to disregard phase nonidentity of sum
and difference channels. Although 1t does not lead to direct dis-
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placement of equisignal direction, its value must lie within a
certainnpeﬁmisqible-rangéu Phe value. of permissible nonid~ntity

can ‘be détefmined based on the permissible decrease in direction
finding sensitivity. Thus, for example, if the permissible sensi-
tivity drop is 50%, then the permissible out-of-phase condition

“for sum afid differeéricé ¢hannels must not exceed y = +760°0 B

Case 4, High-frequency circuits for receiving channels arc
identical in amplitude-phase characteristic; sum and difference
channels are idéntical in phase but nonidentical in amplitude. In
this case g = 13 ¥ = 0; v = 05 k, # kp and direction finding
conditions -aré determined by expressions

. S :=a52-p,0 '
( ‘:4-—8—(92- ‘ — cfzu . *
b oo~ T ia (6.62)
:\ Error signal equals zero when 6 = 0 and a shift in equisignal

direction of the direction finding characteristic does not occur.

~
~

The%&f&gt of nonidentity of sum and difference channels is
apparent only on direction finding sensitivity, which can be char-
actericed by formula :

~

) ~ K __'Gn:tA"._. +.£§.
R=t—=lxg (6.63)

Change in sensitivity 1s directly proportional to unbalance of
one of the channels wlth respect to transmission factor. Thus, if
! the permissible sensitivity lcss is expressed by quantity 0.5, the
;ﬁi transmission factor of the difference channel must not be less than
half the transmission factor of the sum channel.

Case 5. Receiving channels before and after sum-difference
| converter are identical in amplitude characteristics but nonidentical
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in phase characteristics. In this case, g = 1; kc = kD = kj
Y # 0, vy # 0 and direction finding conditions for the system, as
follows from (6.44) and (6.46), are determined by expressions
g LEVIHsIn dtg7Y

sindtgy (6.64)

ds(e)|" __ Zhcosy
b g (1Fcesy) (6.65)

Expression (6.64) is analogous to the expression obtained by a
somewhat different method in reference [86].

When ¢ = 0, vy # 0 (case 3) pé = 0.

The effect of phase unbalance is apparent only in the direction
finding sensitivity. When y = 0, ¢ # 0 (case 2), similarly ué6 = 0,
Thus, systematic selection finding errors appear only during phase
nonidentity of high-frequency circults and sum and difference
channels simultaneously.

-0

« Fig. 6.10. Dependence of generalized direction finding error on
value of out-of-phase condition for sum and difference receiving
channels calculated with various values for out-of-phase condition
of high-frequency channels.

KEY: (1) deg. .
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Figure-S.lo presents the values of generalized errors calculated
according to formula (6.64) for various values of out-of-phase con-

*ditiqn“for rece;ving channels. Using calculated data and prescribing

the valug of direction finding sensitivity; we .can determine angular
systematic error as a function of théhvalue of phase nonidentity of
channels. in an amplitude sum-differencé*monopulse system. Thus,

for example, when u = 0,25 l/deg, vy = 45°, ¢ = 10° and U45°, systematic
angular error, respeéctively; is 0.35° and 1.27°. If permissible

error is taken as one minute, nonidentity in phase of high-frequency

.circuits with v = 45° must not exceed ¢ = 0.5°.

Results. of analysis show that amplitude sum-difference monopulse
systems unlike amplitude-amplifude monopulse systems require a
rather high-quality in-phase condition for high-frequency receiving
channels. .

Taking into account the substantial effect of phase unbalance
in high-frequency circuits on target finding accuracy, in designing
a radar the waveguide bridge intended for sum-difference signal
processing should be located as near as possible to the antenna
in order to reduce the possible nonidentity with respect to phase
in high--frequency circuits.

¥

Without going into a detailed analysis, we should examine
a method for analyzing the effect on direction finding accuracy
of nonidentity in amplitude phase characteristics of receiving
channels, taking into account the nonlinearity of the direction
finding characteristic. For this we shall approximate the amplitude
radiation pattern with respect to voltage by a Gaussian curve [44]:

. . a6 ) ’
1“§0)=exp(—-°2—). , (6.66)

where ag = 2,776/90 5’
eo 5 is the width of the antenna beam with respect to half-
power level.
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For thé case of mutually independent feeds, signals at antenna
output in each channel will be proportional

- . - : a2 |
. E\(t, 0)= E(t) exp [—"‘20-(“0“-0)']' (6.67)

£ 0= £ exp |~ 0407 (6.6

where E(t) is a function determinirg the signal entering antenna
system input from the target.

The signal in the sum and difference channel can be expressed

. as
, E.(t, 0)= E()F (b, 0),
e (6.69)
4
o1
2 . : )
(t, 0 ;Eﬁ)‘r—ﬁ%“&v &
‘ Ey9) (6.70)
where Fc(eo, ) Fp(eo, 8) are the sum and difference radiation

patterns with respect to voltage.

Obviously,

' & (‘,'N' 9 =—|;_7 {ex‘? [_f}ﬁ_’_ (9, ._ o').z]..‘.
+-exp [-%3- 0, + g)z]};:_‘

' 2
Ve [~ @+ 1] eniatpn. .,

L

(6.71)

Analogously we can show that the difference radiation pattern

Aas

- : -
» Fy (6, b)= VzexP{—:%‘l (03 + U')J sh (ag.OOO). (6.72)
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With' & given approximation of radiation patterns the direction
finding~characteristic of the system, without taking into account
non;éentitie§ of the amplitude-phase characteristics for receiving
chgnnels, can be represented in the form

S(h) = Re £ (¢, 9)'39,;(!. 8}

At O£, 5 = thi 6.

(6.73)

The expression obtained shows that error -signal is related by
nonlinear dependence with the angle of target deviation from equisignal
direction and only with small angular errors-can it be expressed
by Iinear function

S{t) = a; 0,0
(6.74)

Steepness of direction finding characteristics in equisignal
direction is defined as

__dS().) o

2
= = =a, b,
P BT A ™ o (adh) 0

L=° (6.75)

¢

Substituting the value of a, in (6.75) and assuming 60 = e0.5
’ 2

]

we find

1.4
‘s%—'—o

o.o. (6.76)

Glven the width of the radiation pattern with respect to half
power level, we can determine the value of direction finding char-
e steepness, and knowing the steepness, it 1s easy %o

¥ond the amount of its maximum deviation from antenaa axis
fdetermined by this method for any approximation of radiation
taking into account the nonidentilty of characterisctics for
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'6.3.3. The effect of nonidentity in amplitude-phase characteris-

tics of receiving channels for a phase-phase monopuise system on
direction finding accuracy. A simplified block diagram of a phase-
phase monopulse system is presented in Fig. 1.8.

Earlier it was shown that signals at output of the: first and
second channels of the antenna in such a system can be represented

by expression

o
%4 0= EnF @expi (o1+), 6.7
4t )= EnF expi (ol —F). (6.78)

Let us assume that transmission factors for.receiving channels
are kl and k2’ respectively, and phase shift in one channel is
GG% + P, Then at the amplifier channel output we have

iy {t, §)= U;;SB expi (m'npt -+ %"—)-,
; (6.79)

Tt 0)==Ugrpexp i (m,,',,t — 9i22-+90+q»); (6.80)

and at phase detector output, taking into account limitation of
signals with respect to amplitude in the receiving circuits

S(B)=Reu,l, u%(t, O="Rexp, U’ rp €XP 1 (A9 —90 —
— =Ky al msm(A?—t-v) " (6.81)

Substituting into (6.81) the value of 4¢ and equating error
signal to zero, we obtain

2uf (6.82)

‘«msno.—--—
or (P
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infe ¥ A
sf_n.ﬂ"""i‘;'?"' . (6.83)

i

‘With automatic target trébking angular errors are comparatively
- small and sin 8 =~ 6. Hence it follows that

LS S 7
V=T =m0 (6.84)
or
LIS
85 28" (6.85)

Equality (6.85) shows that phase unbalance of receiving channels
leads to the appearance of angular direction finding errors directly
proportional to the value of phase unbalance. Direction finding
errors for phase servosystems do not depend upon.the value of the
measurable phase difference caused by target deviation from equi-
signal direction [65].

As for amplitude unbalance of receiving channels, the use of
limitation excludes its effect on direction finding accufacy in
phase~-phase monopulse systems. Tnls agrees with the conclusion in
reference [55].

"6.3.4. The effect of nonidentity of amplitude phase character-
istics for receiving chaanels of a phase sum-difference monopulse
system on direction finding accuracy. A simplified block diagram
of a phase sum~difference monopulse system 1s presented in Fig. 1.11.

The same designatinns for phase and amplitude nonidentity are used
as were used in our study of amplitude sum-difference monopulse

systems. Signals at waveguide bridge output can be represented in
a form of the following expvecsions:

E.(t, 0)=E, [expi(mf-{—eg-_{. q,)+
| +g€Xp"i(mt"~A§')]" (6.86)
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oty 0= [exp (ot + - +4) —

—gempi (‘”"‘“%‘)]- (6.87)

where

E.‘;-.:_—.—i%.E.mF(Q)K;-. ce e s

P e e
AL Ao AR S
) i )

At tle output of the sum and difference channel

s gt
o e N P

A3 -
3 i
DR

tie (£, 8)= EKe [expi(mn,t+52!-.+ )+

‘ v A ' ‘ (6.88)
+gexp i.(“’npt ""‘%‘)]o

ot 0)= Ek [exi) i (u;n,,t 444

+‘P+Y'—"";‘)_‘gexpi(""npt"‘éé!"f"f'“"';‘")]- (6.89)

.

At phase detector output, taking into account sum signal
standardization,

— Reus(t, &) up(t,6)
S0)= u (b 8) d%(f 0)
= Kp [(1 — g)*siny - 2g sin (A9 +- §) cos 4]
% (14 g)*+ 2g cos (87 + §) ’ (6.90)

!
[
Hente the condition of equilibrium for'the direction finding

system is determined by equation

(1 —g%)siny - 2gsin (Ap - 9)cos 7=0.

(6.91)
Solving this equatlion relative to 4¢, we find
[ (=1, ]
Ap = arcsint [-—-—-—-t — .
P g T —¢ (6.92)

Substituting into (6.92) the value of 4¢ = %E 16 and taking

into account equality 90 5 = X\/l, we obtain the following formula
for direction finding error:
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" Let us examine a number of practical cases: .

Case 1. High-frequency circuits are identical in phase but non-
identical in transmission facto}; sum and difference’ channels have
identical amplitude-phase characteristics. In this casey; ¢ = 03
g # 1; kc = kp =k; vy = 0. |

Substituting these values into equations (6.90) and (6.93), we
find . ‘ .
- 2gsindy - Y
-~ . . S 0)_,:. - b - . :
O= et (6.91)

-—0—'=00 . ' !

6..‘ . . : ) |

Consequently, amplitude unbalance for the high-frequency ,part ;
of the receivers in a phase sum-difference system;does:not especially
affect direction finding accuracy; the zero of the direction finding o
characteristic 1s not shifted and only direction finding sensitivity
changes, but insufficiently. '

'
!

Case 2. Sum and difference channels are identical in character-
istics; high-frequency channels are identical in transmission factor |
but nonidentical in phase shifts. In this case, ké = kc = k;!

Yy=0; g=1; ¢ # 0 and@ for comparatively small direction finding !
errors , !

. sin(Ag+4) __ o Avtd .
SO=rrew@mern— "2 e
0__+ | o
85 28° ! (6.96) l

272 t




1 L ow

4,

As in a phase-phase monopulse system, direction finding error
is directly proportional to the value of phase nonidentity for high-
. frequency channels. The sign of the error depends upon what channel
hés the greater phase delay.

3

| )
Case 3. High frequency circuits are identical in characteriotics,

sum and difference channels are identical in phase but nonidentical
in tranSmission factors. In this case, ' '

i : . g=19=0; 7—0 xcgé}cp.

i . - A . "
C L SO=5 5 (6.97)
C x, | |
! o ds (8) |- W ® N ;
' H ¢ B = - ) 0“0 '{E‘T""'}‘;}Po (6.98)

where y is the steepn%ss of the d;reétion finding characteristic of
i the system with identical receivi ‘g channel.
t . ' . ’ ' N
! 6bvious1y, unbalance of sum and difference channels with respect ’
] .to transmission factors does not give a zero shift of direction
rinding chapacteristic and .only sombwhat affects direction finding
! ! sensitiVity of the system. '

J
! ‘Case U, ‘High—rrequency circuits areiden’tical in characteristics;
sum and’difference,channels are identicaltin transmission factors
" but nonidentical in phase. In this case, g = 1; ¢ = 0; ky =k, = k; )
y # 0 and according tlo expression (6.95) 9/90 5 = 0, which corresponds
" to the absence of shift of equ}signal direction.

i ' The: direction finding characteristics and its steepness for
. " this case, in ac¢cordance with expression’' (6.90), can be represented ]

by ehquation | :

‘ . ' S-(B)_—_-—fw— cosY~=1g -A-g- cos Y, :

< ) , I+ cos Ay

1: . .

i . : | (6.99)
- ! |

K | ! \ ds (8)

e .100
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Thé effect of phase ncnldentity for sum and difference channels
is: manifested, as can be seen from expressions (6.99) and (6.100),
in the change in:direction finding sensitivity.

When y = + % S(6) =0 and'g%églle_o = 0, error signal becomes a
equal to zero regardless of antenna displacement angle with target
direction. When 90 < y < 270° the sign of the direction finding
characteristic steepness and the error signal change to the reverse.
Out-of-phase condition of the coordinate system sets in, leading
to its unstable state. With phase shift y < 60° direction finding
sensitivity drops no more than half as compared with the case when
amplitude-phase characteristics of channels are identical.

We should note that the character of the effect of amplitude
and phase nonidentity for sum and difference channels on direction
finding accuracy in amplitude and phase systems 1s identical since
in those types of systems the same angle discriminator is used.

Case 5, Receiving channels before and after sum-difference
converters are ldentical in amplitude but nonidentical in phese
chara¢teristics. In this case, g = 1, kc = kp =k; P#£0; vy #0
and the basic direction finding properties of the system are determined
by e following expressions:

i o Sn(ed) o By d
‘/ S‘&)-— T cos By +-9) cos Y= {g —5—cosY,
(6.101)
ds (8) .5
~5 " .,..amcos 1»
=0, !
(6.102)
where ep = -%;eo 5 is the working point of the direction finding !

characteristic, determined in accordance with the expression obtained
from (6.93):

8 ___ ¢ N
é‘.—..——i’?o (6..!.03)
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These expressions Show that with phase nonidentity for receiving
channels before and after the sum-difference converter in a phase
sum-difference monopulse system there occurs zero shift of the
direction finding characteristic (systematic error) and the direction
finding sensitivity drops (dynamic errors increase).

A comparison of results of this analysié enables us 'to conclude
that in systems with sum-difference angular discriminators we can
impose less rigid requirements on amplitude and phase stability of
i-f amplifiers than we do in systems with amplitude and phase
angular discriminators.

§ 6.4, SUPPLEMENTARY REQUIREMENTS FOR IDENTIiTY OF
AMPLITUDE-PHASE CHARACTERISTICS OF RECEIVING
CHANNELS DURING THE USE OF WIDE~BAND,

CONTINUOUS AND QUASICONTINUOUS SIGNALS

The ﬁse in monopulse systems of wide-band sounding signals
(frequency-modulated pulse=, continuous signals with frequency
modulation) leads to additional requirements in the design of these
systems. This is'éonnected with the fact that in practice signal
processing differs from optimal ané with various furms of signal
there occur additional angular errors [45].

Usually the antenna system is sufficiently wide-band and dones
not distort tre fecrm of the signals received and, consequently,
additional requirements geuerally pertain f.o informatlion converters
and angular discriminators.

We shall examiie briefly these requirements with respect to
several forms of sounding signals.

6.4.1. Direction finding on signals with frequency modulation.
Wnen using frequency modulation, information converters mus% perform
sheir function on any frequency contained in the spectrum of the

~

signal received.
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The use of a double waveguide T-joint ensures sufficient wide-
band conditions for an informatio. converter. As for phase switchers
they perform their function only with small relative frequency
deviations., We see this in the examnle in [U45].

Let at input of a monopulse system a signal with linear
frequency modulation enter

E()=Enexpiot,
‘ (6.104)
where w = wg + m'(t_O.STq) is instantaneous frequency;
Wq is @ean signal frequency;
w' = g% is the signal frequency change rate;
'I‘q is the frequency modulatiorn poriod.
¢
!
The instantaneous phase of this signal is
' P= S t?dt = (o, -—»0,5&'7'5) t +0.50)'t':§-%. (6.105) ‘

The phase switcher can be similar to the delay device. T.ien i
the phase of the signal delayed by time t is determined by expression §

§a== (0 == 0,60'T ) (%) 10,5 (t 42 -, (6.106)

- -
BT i 5

2y -
s

and phase difference corresponding to time shift t is determined
by the following time function:

o> £
T
el 3
LN e
By a2 A0

y Ap=¢,— 9= (8, —0,50'T) v+t o'ts- 0,5w'<%” (6.107)

In accordance with this, error signal at output of angular
discriminator during target finding on signals with frequency modula-
tion will also be a function of time, which reduces direction finding

accuracy and the interference immunity of the system. .
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To exclude the dependence of phase difference on time, it is
necessary to have either a signal delay time variable provided by
the phase switcher with phase shift independent of frequency (within
the frequency spectrum of the signal) or small relative frequency
deviations when A¢ < wyT.

If the carrier frequency of signals received is modulated
according to harmonic law:

0)=(00+A0) sin Qt, (6.108)

where Aw is frequency deviation and 2 is modulation frequency, phase
difference corresponding to time shift 1, taking into account inequality
w >> @, 1s determined by expression

. T,
A?-.:: l)o't+A!D‘!S|nQ (T"'—‘c)' (6.109)

In a phase-phase monopulse system time delay Tt between signals
received 1s determined by the angular position of the target and
error signal with ldentical receiving channels, as we know, is formed
according to S(8) = sin A¢. In accordance with this, the expression for
error signal in the examined case when 60 = 0 assumes the form

S (0)=sin [mo'r-}-Aw'csinﬂ(--;-—-]—':)]-‘ (6.110)

Hence it follows that with frequency modulation of signals received
there occurs parasitic amplitude modulation of error signal even
with identical characteristics of receiving channels.

We obtain a similar result in a phase sum~difference system
where

S(ﬁ):tg?—‘%:tg—%—[mo't-}-—:Aw:sinQ(-—;--]-z)]. (6.111)

Thus, when using a frequency-modulated signal in monopulse
systems with phase direction finding, the character of the direction
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finding function is distorted and parasitic amplitude modulation

of error signal appears, reducing direction finding accuracy. There-
fore, in systems with phase direction finding it is permissible to
use a frequency-modulated signal with a small relative frequency
deviation. N

In monopulse systems with amplitude direction finding and
identical receiving channels the effect of a frequency-modulated o
signal appears in the Jependence of the amplitude radiation patterns
on frequency and in the parasitic amplitude modulation of error
signal and, as a consequence, reduces accuracy.

With nonidentical amplitude-phase characteristics for receiving
channels the effect of a frequency-modulated signal on direction
finding accuracy intensifies and error increases. Therefore, when
operating with frequency-modulated signals, requirements for identity
of amplitude~-phase characteristics for receiving.channels are higher
than with signals discussed earlier. These requirements can be
evaluated with the method described above for each case.

6.4.2. Direction finding on continuous and quasi-continuous
F signals with speed selection. Examples of monopulse direction
{ finders with speed selection are presented in Chapter 1. The
characteristic peculiarity of sucn systems 1s the measurement of
angular target coordinates after the selection of signals with respect
to doppler frequencies. Therefore, each receiving channel includes
a doppler filter terminating in a phase detector.

Since the doppler shift o% signal frequency depends upon speed,
course parameters, and aerodynamic properties of the target and,
under actual conditions, varies within a wide range, in direction
finding systems using speed selection there are imposed particularly
high requirements on identity of doppler filter characteristics.
daving a narrow band and great steepness of phase-frequency char-
acteristies, such filters, with insufficlent identity of characteris-
tics and a change in doppler frequency shift during target tracking
based m speed, can create large equipment errors in the direction
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finding system. To lessen “his we must turn to frequency stabiliza-
tion of signals entering .bhe doppler filter to the phase detector.

Requirements for 1idr :iity of receiving channels during operation
on signals of guasi-cont .iuous and continuous type are similar.

6.4.3. Direction ¢iuding during the use of pulsed signal
compression. As we kn)w, for the purpose of preserviﬁg high résolu-
tion with respect to r .nge and of improving the power ratios with
limited peak power, we rescrt to an expansion of the working pulse
and interpulse frequer ¢y (phase) modulation. Such a pulsed signal,
after having passed torough the optimal filter of the receiver,
undergoes compression tiith respect to width.

Pulse width compression 1s brought about by th~ fact that the
optimal filter crcates delay of each central component of the signal
in accordance with its frequency in such a manner that the low-

frequency components are delayed longer and the high-~frequency
components are dJdolayed less. This ensures, at a certain monment of
time, phase addition of all frequency components and formation =f
a short pulse of high ampiitude.

Nonidentity of medium tuning frequencies for optimal filters
leads to a variation in the signal amplitude ratio, the appearance
of parasitic phase shift, and frequency modulation, which causes a

corresponding variation in error signal and a reduction of direction
sanding accuracy. If the medium frequency of the signal and the
nonidentity of optimal filter tuning are stable in time, error signal
distortion in a direction finding system can be removed by tuning

the equipment. In the opposite case, a reduction in both accuracy
and interference immunity is inevitable.

Nonidentity of filters can be apparent in the nonagreement of
frequency change rates and the envelope of pulse fllter response
with the corresponding parameters of the input signal. 1In this case,
evenr with identity of filter medium frequency tuning, parasitic
phase shifts and residual frequency moduiation can reach a significanc
value.

ey,
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Hence, it follows that the provision of a certain degree 6f
optimal filter identity in monopulse direction finding systems
operating on pulsed signals with frequency modulation is very
important.

Given the values of permissible parasitic phase shifts and
residual frequency modulation, we can determine the requirements
for identity of optimal filters from formulas [45].

Ap=—0,5 (arctg %‘—:- —arclg %’),

(6.112)
Ah =—l-( “a. 200.‘ 2 )‘- "
4 \ B}, +C}, By, +Cy, (6.113)
where
B¢'=‘ 4(0 + 02) + 4(a2+ w? 1
C, = -
L 4(a§+ @) 4(an+é?)'
B =2 12

2
o a@t ) " A ke))’

Co,=

@, - bk —
4@+ 0) 4G+ @)

Ah 1s the difference in frequency change rates;

ac‘is the coefflcient characterizing the change rate of
the input signal envelope;

éc i1s the change rate of the input signal frequency;

a, and a, are coefficlients characterizing the varlation in
signai envelope witbh passage through optimal filters of the first
and second receiving channels;

él and &2 are signal frequency change rates with nassage
through optimal filters of the first and second receiving channels.
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§ 6.5. DESIGN METHODS OF DECREASING DIRECTION FINDING
EQUIPMENT ERROR

Methods of decreasing equipment error are varied. They include
technological methods connected with the perfection of the technology
involved in making separate units and elements of equipment; opera-
tional methods connected with the preparation of equipment for work,
its tuning, calibration, and operation; and design methods connected
with working out schematic solutions which enable us to reduce sub-
stantially or completely exclude the ef’ect of nonidentity in ampliside-
phase characteristics of receiving chanacle.

Of greatest interestv are the design methods covering various
procedures for uniting the receiving channels of monopulse radars,

stabilizatien of intermediate frequency, cross-switching of receiving
channels, and a number of others.

Let us pause on the question of joining receiving channels.
The easence of this lies in the fact that instead or two or three
receiving channels necessary in accordance with the principle of a
monopuise radar, one channel is used functionally replacing the two
or three channels. Since. in this case, the extent of the separate
channels is reduced to minimum, equipment errors caused by nonidentity
of characteristics for these channels are also reduced. At the
present time there are many methods enabling us to join functionally
the receiving channels into a single channel. We should examine s

some of them.

6.5.1, A method of joining receiving channels on high frequency.
The simplified system whose block diagram is presented in Fig. 6.11
relates to one of the first .onopulse radars with amplitude direction
finding, designed for determining coordinates in one plane [124].

The antenna system of this station consists of two parabtolic
reflectors mechanically connected to each other, one of which is
receiving and the other transmitting. This design of antenna system
makes it possible to avoid problems connected with the switching
of high-frequency circults to reception and transmission.
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The distinguishing feature of this radar is the joining of
receiving channels on high-frequency into one channel wiéh the use
of a time spread of signals recelved along different channels, ?
accomplished by high-frequency delay of one of the signals for a
tisie exceeding pulse width.

After the inter-~onnection, high-frequency signals are converted
into intermediate-frequency signals, amplified in a logarithmlc
amplifier, detected and separated by the proper gating. Separated
signals are compared by the subtraction method. For this, an unde-
layed sighal is delayed by the same amount of time the other signal
is delayed with interconnection of channels.

(1) 4g xawas daasnocrm
posnip

. (2) s
(4) 5) Jadepxru

g N o e =
*@m (8 mess | |demexmog| | cxema

JSlunum
Ry “(7) (8 )| Yempoiie:
ki mepe cmp%upo&‘m ,
> wup .Vompoﬂrml(g)
) ""“"‘\ Cpalnenun
1 Cuemema
@Y e
o (11) 122 ocsubru

. Lwixporasu:
gl B P J
23 C) mpﬁd CIMN 13)

Fig. 6.11. Simplified block diagram of an amplitude-amplitude

monopulse radar with lnterconnectlion of receiving channels on high
frequency.

KEY: (1) To range channel; (2) Delay Xine; (3) Mixer; (4) I-f

amplifier and video detector; (5) Key circuit; (6) Delay line; (7)
Heterodyne; (8) Gating device; (9) Comparison device; (10) Transmitter; !
(11) Antenna control system; (12) Modulator: -(13) Synchronizing device;
(14) Error signal.

The disadvantage of this method of channel interconnection is
a reduction in range resolution. Although a radar operating in normal
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mode is capable of distinguishing targets radially spaced at a

Rt

value corresponding to pulse width, this system is not capable of
distinguishing targets whose radial spacing does not exceed two
widths of the sounding pulse. In this case, signals reflected from
a distant target and the delay signel f'rom a near target will pass
through the receiver simultaneously and nct be separated.

s s o2

Another disadvantage of this system is the fact that it 1is
siblect to the effect of interference in the form of paired pulses
spaced at the value of delay, introduced into the system with the
interconnection of recelving channels,

A design disadvantage of joining high-frequency receiving
channels is the awkwardness of the delay line. Thus, in the Sommers
radar [124] the delay line is a waveguide 3.5 m long rolled into a
coll. A corresponding compensation for signal attenuation in the
delay line is necessary. With this design there -are aifficulties
in ensuring the identity of characteristics for the unjoined parts
of the receiving channels.

6.5.2. A method of jcining intermediate-frequency receiving
channels. A simplifled block diagram of the recelving part of a
monopulse radar with amplitude direction finding and interconnection
of intermediate-frequency receiving channels is presented in Fig.
6.12 [110].

Signals received by antennas 1 and 2 enter the mixers where,
with the aid of the common heterodyne, they are transformed into
i-f signals and then amplified in preliminary i-f ampliflers PIFA.
After one of the PIFA the delay line is switched on, ensuring time
delay for one of the signals received by a vaiue exceeding the working
pulse width. Spacing of signals with respect to time enables us tc
establish the amplification of both received signals in a common
i-f amplifier.
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. Fig. 6.12. Simplified block diagram of the receiving part of an
|4 amplitude-amplitude monopulse r. ar with 1nterconnection 01 inter- '
i mediate -frequency receiving channels. o '
Rt KEY: (1) Mixer; (2) PIFA; (3) I-f amplifier and detector, (M) Bating
. device; (5) System of automatic range tracking; !(6) Xey circuit; y
= (7) Heterodyne; (8) Delay line; (9) Mixer; (10) PIFA; (11) Delay
=N line; (12) Comparing device; (13) Antenna congrol systen, (14) Error
K signal. . . !
A1y N

After amplification in this amplifier. the signals are detecte&, i
e separated into two channels with the aid of the key circuit gating
-3 and fed to the comparing device. : . i '

1 H 1
_@ The operation of the receiving system is éxplained by the
: diagrams in Fig. 6.13. ! '

The receiving part of 2 monopulse radar with.phase direction
finding and interconnection of i-f receiving c¢hannels can be‘designed !
similarly. '

< "V' R g e ., o L
R T .

[y
. 1

1 .

= ’,{(Rj't

Since it is considerably simplér to make a compact delay line
on intermediate frequency than on high frequency, this diagram ha's
an advantage over a diagram with the 1ntefc9nnectiod of high-frequeqcy
%{ receiving channels presented in Fig. 6.11. Another advantage is
‘f the fact that with interconnection of 1ntermed1ate-rrequency receiving »
8 : channels the direction finding system can be prqxected from the ; '

effect of interference in the form of paired pulses by the introduction -
. ) i ] i .
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of gating for the preliminary i-f amplifiers, ensuring the passage
of only: one of ‘the interferring pulses’.

Also in the circuit with interconnection of 1-f receiving,
channels, the effect of receiving channel nonidentity before their
interconnection increases since thelir, length is greater than that
of the cikcuit. in Fig. :6.11. As for the shortcoming of the circuit
! with interconnection of high~frequency receiving channels, which is

the reduction in range resolution, this also exists in a circuit,
with intermediate—frehuency interconnection.
\ \ .
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Fig. 6. 33 Voltage dlagrams describing the passage of signals in a

recelver of an amplitude monopulse radar with interconnection of

intermediate-frequency receiving channels.

KEY: (1) Signals enitted (2) Signals received; (3) Signals at i-f

amplifier iaput; (') Signals at detector output' (5) Signals at switching
' eircuit output; ¥6) Signals at comparison input.

R g o e g AP R YT

285

»




6.5.3. A method of joining i-f receiving channels with the
use of phase shifts and time delay of signals. A simplified diagram
of the receiving part of an amplitude su@-difference monopulse radar
with the interconnection of range-measuring and angle-measuring
channels by the method studied is presented in Fig. 6.14 [120].

Channels are joined at two stages. First the angle-m-:asuring
channels are joined. For this the difference signal of thg azimuth
channel Ep o 15 shifted in phase 90° and is summed with the signal of
the angle-measuring channel Ep ,» After this the resulting angle-
measuring signal is converter to an i-f signal, amplified in the
preliminary i-f amplifier (PIFA), delayed in time equal approximately
to the received signal width, and summed with the i-f sum sip-al
which is simultaneously the range signal and the reference signal

of the angle-measuring channels.

The output signal of the common i-f amplifier is branched into
three directions: one is fed to the phase-sensitive detector of
the angle-measuring channel, another with a phase shift of 90° to
ithe phase-sensitive detector of the azimuth channel, and the third
part of the signal, aflter additional amplification in the i-f
amplifier stage and delay by a value equal to the delay of the angle-
measuring signals before channel interconnection, is fed through the
phase switcher to the range channel and to the phase-sensitive angle-
measuring detectors as the reference gsignal.

Phase-sensitive elevation and azimuth detectors makes it possible
to obtain elevation in azlmuth signals. Upon obtaining an elevation
signal, one signal from the common i-f amplifier is fed directly to
the phase detector, and the other through the supplementary gated
i-f amplifier stage, delay line, and phase switcher. Because of this
the reference portion of the first signal appears in the deteuvtor
simultaneously with the angular portion of the second signal (see
voltage diagram in Fig. 6.15) and interacts with the latter, ensuring
error signal proportional to the angle of target displacement with
respect to elevation at the detector output.
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Fig. 6.14, Simplified block diagram of a recelver in an amplitude
sum-difference monopulse radar with interconnectlon of range-
measuring and angle-measuring channels on intermediate frequency
with the use of phase shifts and time delay of signals. Ec sum

signal; Ep y difference signal of elevation channels; E a difference

p
signal of azimuth channel. ’
KEY: (1) Elevation error signal; (2) Phase detector of angle-measuring
channel; (3) Mixer; (4) PIFA; (5) I-f amplifier; (6) Supplementary
i-f amplifier; (7) Delay line; (8) Phase swilLcher 360°; (9) Local
heterodyne; (10) Delay line; (11) Phase switcher; (12) Mixer; (13)
PIFA; (14) Phase détector of azimuith channel; (15) Phase switcher;
(16) Range autotracking system; (17) Azimuth error signal; (18) Range
channel.

The part of the angle-measuring signal which corresponds to the
angle of target displacement with respect to azimuth will not develop
an erro. signal since it is in quadrature with the reflerence signal,
Upon obtaining an azimuth error signal, one signal from the output
of the 1i-f amplifier is fed to the phase detector through the phase
swiéch, shifting it 90° in phase, while the other (reference) is
fed through the supplementary gated i-f amplifier stage, the delay
line, and the phase switcher. 1In this case the angular part of thg

first signal moves to the detector simultanecusly with the reference !

e,

s,

i




-

.

3 -
part of the second signal and develops af detector output an azimuth
error signal. Part of the angle-measuring signal corresponding
to the angle of t;zi‘get displacement with respect to elevation does
not pass througl ‘the detector because of its quadrature with the

reference signy .. ‘
" '. ’ ) ,
fc-«-»‘(":'r”-‘-”-#h——-.-)'
Tg. 6.15. Signal voltage diagram, e e r guemandh 4}
dascribing the work cf the . 4 . _
receiver of an amplltude sum- . P e
difference monopulsesrafl.}ar, . .
1llustrated in Fig. 6.14 (signal " 40 —
‘phase ratios are conditionally € ' o ?
designated by errors). 1 - at £a el m
output of waveguide bridges; 2 - e {: Y
at input of angle-mesasuring . bja . s
channel mixer; 3 - at output of Epy~Epa—iv W
angle-measuring chann2l mixer; " PR :
4 - at input of i~-f amplifier; " "
5 - at output of i~f amplifier;’ & -r-"'” hi
6 - at input of azimuth channel . L—s,, b
phase detector; 7 - at output of Eygebpg 1 Wf—
azimuth channel phase detector; -]r,L— .
8 ~ at input. of elevation channel &l {fﬁ'g
phase deétector; 9 - at output O S |1y . B Y —
of elevation channel phase Fexboy e E"A.E Wit—
detector. e =4 rf" N
o
ey ba —{ it
&\ ¢
& H—
-
PP M
e %
£ bpy o Epr—B——— — .
-y N Ec’ e
T
g T
”Py""'_r-l‘-f-__n—_-.-’ '

Since two delay lines are used in the circuit, this can cause
a substantial misphasing of reference and angle-messuring signals.

In order to compensate the paraisitic phase shifts in the reference

\ ¢
\
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signal channel, a phase switcher with wide phase control limits
is provided.

In order that the signal/noise ratio not be impaired during
signal passage through the receiving ecircuit, the PIFA is gated,
thus ensuring the operation of the amplifier only during signal
passage. A delay signal after the PIFA is essentlial since this
improves the signal/noise ratio. Delay before the PIFA leads to
signal attenuation at amplifier Input and, consequently, a drop
in the signal/noise ratio, which causes an impairmen. of the target
tracking accuracy with respect to angular coordinates and range.

The disadvantage of this system is the relatlon of high
sensitivity to phasc difference for receiving channels. This
deprives it of the mainh advantage of monopulse direction finders
of the sum-difference type, in which a parasitic phase shift in
receiving channels does not lead to a shift in equisignal direction.
Sensitivity to phase nonldentity makes thils system scarcely suitable
for use in a radar with frequency tuning in a wide range.

In 2 number of cases the azbove relationship occurs oﬂly for
difference channels and, in corder to eliminate errors cccurring with
fréquency tuning, automatic phase control is used for the channels
[819 93]'

6.5.4. A method of receiving channel interconnection with the
use of low-Trequency medulation in one of the channels. A simplified
block diagram of the receiving portion of a monopuise amplitude
sum-difference radar with interconnection of channels by using low-
frequency modulation of different signals is presented in Fig. G.ft
" [125]. )

In this circuit the usual metﬁbéhqk shéping spm and difference
signals with a double waveguide bridge is used. The difference
signal containing angular information on target position is modulated
with fespect to awplitude by a signal of sconlc frequency Q and is
summed by a signal of the sum channel.,
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Fig. 6.16. Simplified block diagru. of a receiver for an amplitude
sum-difference monopulse radar with interconnection of receliving
channels, using low-frequency modulation of the difference signal.
KEY: (1) Balance bridge; (2§ Summator; (3) AM signal receiver; (4)
Phase detector; (5) Error sigral; (6) Balance modulator; (7) L-f
generator.

In accordance with this, the resulting signal, when approximating
the sum diagram by function cos 6 and the difference diagram by
function sin 6, can be represented by expression -

E{t, 0)== Ep (cos 0 -}-sinfsin Q) expiat. (6.114)

With low values of angular error, expression (6.114) is changed
t» the form

E(t, )=E,(148sin Q) expif.
. (6.115)

From expression (6.115) it is apparent that the modulation fac;or
of the resulting signal is proportional to angular error. Therefore,
signal amplitude detectlon at receiver output gives a signal of
low frequency @, whose amplitude 1s proportional to the value of
angular err.r, while phase indicates the directlion of displacement.
With passage of zero error, the phase of the low-frequency signal
changes 180°,

The low-freguency signal from the output of the amplitude-
modulated signal receiver is fed to the phase detector where
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it is .compared with respect to phase with the signal of the 1-f
oscillator and forms an error signal of constant voltage which
acts on the servomechanism of the antenna position control.

In the receéiving system we can use wide~band signal processing
devices without reducing its sensitivity and because of this we
can substantially veduce parasitic phase shifts. The narrow-band
i-f amplifier, critical to tuning, ceases o he a source of errors
since the sum and difference signals passing through it are shifted
in phase by an identlcal quantity.

The system is simple enough to tune and stable under various
operating conditicns. However, the introduction of low-frequency
modulation with the interconnection of receiving channels makes the
direction finding system sensitive to amplitude fluctuation of the
recelved signals and also vulnerable to the direction of limited
amplitude-modulated nolses. Obviously, in order to create such
noises, it is enough to know the modulation frequency belng used in
the radar with an accuracy up to the band width of the servosystem.
This 1s -a serious disadvantage of this design of monopulse radar
receiving systeh and llimits its use.

6.5.5. A method of joining receiving channels with the use
of signal spacing based on frequency. A simplified block diagram
of a receiver for an amplitude sum-differencs: monopulse radar with
interconnection of channels by spacing signals with respect to
frequency 1is presented in Fig. 6.17 [42].

The principle of receiving channel interconnection consists

in the fact that the sum and difference h-f signals are converted
into i-f signals near in value, summed, and rigidly limited in a
multistage wide~band amplifier — limiter., From the i-f amplifier
output signals move to band-pass filters tuned to the corresponding
frequencies of the joined signals and are separated by these filters
into sum and difference signals. After separation the frequency of
the sum signal is converted to the frequency of the difference
signal. The signal cbtained as a result of conversion is used as
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the reference signal in the angle-measuring phase-sensitive detector
during shaping of the error signal to be used later for the antenna
control system.

This principle of channel interconnection can also be used in
a system designed for direction finding in two planes. In this
case, the signals to be joilned (sum and two difference signals)
are converted into signals uf three closely located lntermediate
frequencies so that their spectra do not overlap and thus enable
the sum signal to simultareously shape both difference signals
withcut using ordinary AGC.systems based on the sum signal.

The use of this method of jolning is not limited to systems
of the sum-difference type; it can also be applied to other systems,
for example, tc amplitude systems with logarithmic recelvers. The
arrangement of the system, in this case, will differ from the arrange-~
ment 1llustrated in Fig. 6.17 only in the detector since, in order
to obtaln the value and sign of the angle of target deviation from
equisignal direction, an amplitude detector is required instead of
the phase detector used in the system illustrated.
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Fig, 6.17. Simplified block diagram of a receiver for an amplitude

sum<difference pulse radar with the use of single-~channel signal
processing with frequency shift.

KEY:

(1) From the signal; (2) Mixer; (3) Heterodyne; (4) Band-pass

filter; (5) Mixer; (6) Mixer; (7) I-f amplifier iimiter; (8) Phase-
sensitive detector; (9) Heterodyne; (10) Band~pass filter. (11)
Difference signal; (12) Mixer; {(13) Amplitude detector.
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Let us explain analytically the bases for the examined method
of signal processing for the case of an ideal wide-band uneven

iimiter, by which we mean an installation consisting of the sucdessive

connection of an inert¢ialess nonlinear element and a linear band-
pass filter. For simplification, we shall perform our analysis in
actual form.
' Let the voltage of a signal at output of an ideal limiter be
equal to the sum S(t) of two narrow-band signals Sl(t) and S2(t),
where
S1(t)= £y cos (@f +-,),
(6.116)

Sa(t) = E. cos (ot 4 9,),
Ey=Ep(t); Ec=E.(t);
Pr=% (t)i Pa=9:(f).

(6.117)

’

With the aid of simple trigonometric transformation, S(t)

can be expressed by a single-narrow-band function with carrief
frequency Wy in the following form

3(t)={E,+ E,+2E;,Eccos lfoa —on) ¢ +-

4¢3 — )} cos {w,l -+ arcig X

s¢Epsin 9+ B sin [0y — ) ¢ + ?z]_}
E, oS ¢; -+ Eq coS [(03 — @) {5~ 9al [ *

(6.118)

We know that when a narrow-band signal with amplitude and phase

modulation is fed to input of an ideal band limiter, at output
a signal is obtained with constant amplitude and the same phase
modulation s the signal at input.

Taking this 1into account and the fact that after wide-band

uneven limitation the signal assumes the form of a "meander,"
at limiter output we obtain
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. Liy=Lcosfost
A arcig fpsrn v+ I:F: sin [(w; — @) ¢ + 9,1}'
B +p COS 0S — ¥ i
: where Uorp is limitation threshold.
If we use a trigonometric expansion in the form of
f‘ 2 cos (w,f -}~ arctg x) = cos v,f cos (arctg x) —
i , L_1-
\ ~ sift w,f sin (arctg x) = cos o,/ cos[arccos -}—,—,_-—_?_;;-]
: "f\ * . 3 x —— l
E —sinaytsin [arcsm 7 +x’] e X
3 X (coswt — x sinef), .
we perform the following transformations of expression (6.119):
‘.'-.];'Z ‘
A
K
iy .
i: L {0) =.
W S TR
i | Epsin gy 4 £ 31 [{00: — ) - 9,] 1P /2 X
i ¥ | EpcoS @1 + Eg cos{(0g — @) 14 94
H _Epsing, + Eystnf(os — @)t 4 9a) o0
X{eosod -~ sy i B e —a) Tyl 0 )=
ol =4U°rp * E;C03,|+E°C03 [(coq *0’()‘4-"] - .lx
e *  {E;+ Ei4-2EpE, cos [(0g— @) 14 92— 9]}
1
i3 X Epcos (ol 4 1) - Eccos (s - 93) - .. .
I “EpcoS ¢y F Egcos (05— @y) £ 93) . ..+ .
= 2Uorp Epcos(of+ o) +-Bocos (el -9 ~ T~
2| {E2+ B 25;E, cos [(6y — ) £ 4 9 — ml}?
,;&,3 | (6.120)
14 Dividing the numerator and denominator by E , we obtain
N
14
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L(f)=ow { 14 ?g-'-;-”» L. cds [foy m0)) 2
12
4 90—y } {gf‘ 20S (@~ 9;) - ces (ot + ‘Pa)}' (6.21)

When Ep < Ec, which is virtually always fulfilled, the quantity

under the square root sign can be represented in the form of power
series (with the use of binomial expansion) in the following manrner

1+'§ 2{"+' 2ae -cos[(co,-—m,)t-i—

EX+E?
1 ) R ‘. .
+q>a-—¢,)} TT= [1-1---] ?!14.[%:._.%4.-
§

2

+-i:§- ]cosl(ma—‘”)t'l'?z—?x]} y

5 (5 E 1
._m,)t+so,-9,1-—*—(g,~-g'§:"

_ +§ ) cos* [(m,—-w,)l—l-?z--'?:]‘{'m}'
: (6.122)

Substituting (6.122) into (6.21), using trigonometric ldentitles,
and grouping terms, we obtain the following expressions for output

vpltages of the limiter:
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o= %&{(%-F%;-%)x
Xm(w't+?‘)+( ’%"%“’ )oos(maf-}-?s)-{-

[other terms on carrier frequencies G?,"'._:ll(w!-m,)]},

(6.123)
where n - 2, 3,4, ...
At output or filters we obtain
S ‘ E3
S, (¢)=4y§_r,_ (_2‘%__'._!% E}-{-) cos (wyf 4 Py),
¢ ) (6.124)
Sall)=—3 TR ? (6.125)
Where Ep/Ec <<~
5,00 ()= —E?‘ cos (‘”x“{“‘?n)o
(6.126)
S0 e eos oyt -+ 9.).
/= TV (6.127)

The calculated dependences of amplitudes Slit) and 82 t) on
the ratio of instantaneous values of difference and sum signal

amplitudes Ep/Ec are represented in Fig. 6.18. As seen from the
figure, with low amplitude ratios for difference and sum signals,
which usually occurs during automatic target tracking, output voltage
5;7?) is almost directly propovtional to the instantane-us value of
amplitude ratio Ep/Ec and, consequently, directly proportional to

the amplitude ratlo of signals received by the radar antenna. This
circumstance makes it possible to measure direction to target by

this method of signal processing with sufficient accuracy. The
results obtained can be extended to both continuous and pulse
signals. :
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This principle of single-channel receiving systems for monopulse
radars with the use of signal frequency spacing is not unique. Other
variations of it exist. As an example of such a variation, we can
present the American phase monopulse system "Minitrack," designed

for tracklng artificial earth satellites.

Fig. 6.18. Standardized calculated §--| . 52|
dependence oi signal amplitude Yloro

at band-pass filter output on Qf
the amplitude ratio of difference

, /7
and sum signals at input of ,/// in

an ideal limiter.
Qor

0001 Q01 07 &/f€

6.5.6. A method of joining receiving channels with the use of
switching. Anoither method of compensating for nonidentity of
amplitude-phase characteristics for receiving channels is alternate-
period channel switching [18]. In this case, the receiving channels
are switched with half pulse repetition rate, which provides the
alternate connection of i-f amplifiers first to one antenna and then
to the other. The phase shift because of nonidentity in amplitude-
phase characteristics for receivinhg channels acquires first a positive
then a negative value and in the averaged error signal the value of
additional error from nonidentity of channels wil) be considerably
reduced. Receiving channels can b2 switched also with an arbitrary
rate not related to repetition rate.

We shall examine the values of channel switcﬁing analytically
in an example of an amplitude-amplitude monopulse system with
logarithmlc receilvers and error signal shaping according to law

S =1Inu,(t. 6) —Inl, (¢, 9),. (6.128)

As shown in § 6.3.1, in such systems when channel nonidentity
is present, there occurs direction finding error determined by
expression (6.34).
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Let the recelving channel be idehtical in phase and switched
directly at antenna output according to square law. Then signals at
the i-f amplifier output of the channel can be represented in the
form of the following expression: ‘

L]

g (t 0)= Koy 10 8, E, {1-41n0) éxp i ogpf,

o v (6.329)
thsy (t e)-.—.-n,,lnn,E.(,lfnﬂ)expf%‘pf’ C ' 6.130)

sl 8)= R 10116, E, 11 — pf) expi oggh, (6.131)
N u,,(t 0):—_"”,,1_11#,5,(‘+!l0)expi‘°np{;'! | (6.132) !-

. where ull(t, 8), uzl(t 8) and u12(t 8), u 22(t

for signals at output of the first and'second , channe}s aftér the
first and second half-period of switching; respectively. b :

t . )
In accordance with this, error signals for the first andlsecond
) !

half-periods of switching are defined by eﬁpression
i
N
Sl 0)=lua (¢, 0)-— {un (t 0)] = "ox Inwx,Eg(l-}-

A is0) — a0 2 (1 —110). ' (6.133)

&W=Mmm4me=w*
" = kg 101, By (1 —p8)— Koo In 1B, (1 -00).

[ . i

(6.134)

'

. L
With the signal processing used the signs of errorisignails
S (6) and ua(e\ are opposite; therefore, the resulting error signal

1s the hali-2ifference of the error signals for the first and second
half-period of switching, 1.e., '

SO=— 180 =S5O} 6.135)
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‘Substituting expressions (6.133) and (6.134) and assuming
1
direction finding errors are small, after elementary transformation
we obtain !
H t I

\‘+ — ,‘._.:‘-t? f—1
: 3(0)——-;[160;111 et “°-’1“l+»°}

-.-=";“ [2,;,‘,;:9-}'—2,;0{"91 = i (g Db (6.136)

1

Obviously, the direction finding condition S(6) = 0 is fulfilled
when 6= 0 regardless of,nonidentity of channels with respect to
amplitudel however directior finding system sensitivity drops by
a factor of 2/(30 + 1). Thus, when using switching, the difference
in ampliﬂication of receiving channels does not lead to systematic
_direction finding errors. , B v

When the location of receiving channel switching is far from
antenna olutput, the direction finding' system beccmes sensitive to
nonidentity of amplitude characteristics for high-frequency channels
evén under the cﬁahnel.switching conditions. We shall show this
analytically. Let switching be accomplished directly on input of

 channel i-f amplifiers. Then
i !
!

ity (1, 0) =ty In K, (1 -10) expiagyh,

. . . : (6.137)
| d,,(t, 8) = Ky In 1, E, (1 —p9) expiogg, - (6.138)
I 1 ‘212 (tol 6)=1C°1 ln Kon (l -’-}Lg) exp i(:)npt, (6- 139)
! i (ty 0)=Holn 1,8, (1 ) expiagy, (6.140)
! o
' S (0)*‘—-l3 (1) = S: (0)]=
"1 Ky 1 - n0 1o [y 1—p8\]
() i ()]
i i : . .
ok (goF 1) O g-+-200, (6.242)
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For the -equation S(8) relative to ué, we find

f=th (--1"—‘!- ~—NE,
¢ 2 2 (6.142)

The expression (6.142) is similar to expression (6.36), obtained
in the examination of direction finding errors from nonidentlities
of amplitude characteristics for high-frequency receiver circuits
without the use of channel switching.

There are also other methods for interconnection of receiving
channels with the use of switching. One of these methcds is based
on high-frequency gating of the interconnected channels, which provides
for turning them on alternately for a time period n times less than
* the operating pulse width (n is the number of interconnected channels).
One of the components of the resulting signal in the receiving

! channel is used as the reference signal and the other two as angle-
measuring signals [76]. Owing to the time separation of the received
pulses being formed, the conversion and amplification of these
signals can be accomplished with a single-~-channel recsiver. The
misphasing of signals which then occurs is compensated by specially
selected delay lines and tne corresponding signal separation at
receiver output is accomplished by gating synchronized with the
gating of the input channels.

A method is known for Joining receiving channels by the alternate
connection of antenna outputs without splitting the pulse [96].

The original circuit for channel interccnnection with the use
of switching is used in the monopulse system whose block diagram
is illustrated in Fig. 6.19 [75]). The switching elements of this
circult are ferrite phase switchers connected to waveguide antenna
channeia and controlled from a special power source according to
a specific program by feeding pulsed voltage. ) .

In the absence of a magnetizing pulse on the ferrite phase
switchers, all channels are in phase and the resulting radiation
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pattern has a maximum which agrees with theé orientation of the
antehna axis.

When feeding a calibrated voltage pulse to any df the ferrite
phase switchers in the corresponding channel there is created an
additional phase shift which leads to a. corresponding deviation of
the axls of the resulting pattern from the axis of the anterna.
Depending upon the <"~nnel in which a given ferrite phase switcher
is connected, the radiation pattern deviates from the anterna axis
downward, upward, to the right, or to the left.
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Fig. 6.19. Simplified block diagram of a monopulse radar with
switching of the receiving-transmitting h-f channels.

KEY: (1) Ferrite phase shifters; (2) Heterodyne; (3) Bridge; ()
Send-receive switch; (5) Mixer; (6) I-f ampliiler; (7) Switch; (8)
Transmitter; (9) Switch control device; (10) Channel; (11) Comparing
device; (12) Comparing device; (13) Azimuth error signal; (14)

Elevation error signal.

\ Allowing for the sequence of axis positlons for the resulting
vadlation pattern which are fed to receiver input, the signals will
be spaced in time, thus making it possible for their subsequent
conversion and amplification to.be carried out in a single-channel

"
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feéeivihg device. At Peceiver output sighals are separated with g
Switch controlléd synchronously with the feirite phase switcher _-\f~} .
and directed in pairs to the comparing devices which form azimuth' * )
and elevation érror signals. ) ’

The antenna bBeam control rate can iédach several kilohertz.
In combination with coding, such a siwitching system is sufficiently
noise-proof with respect to synchronous organized noises and low-
frequency amplitude fluctuations inherent in réflected signals.
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CHAPTER 7

INTERFERENCE IMMUHITY OF MONOPULSE RADARS

It is difficult to operate radar systems in combat situations
without interference; therefore, in developing radars considerable
attention is given tc the problem of interference immunity. By
the inﬁerference immunity of a radar system we usually mean 1t§
ability to reproduce with sufficient accuracy a useful signal and
to perform the necessary operations with respect to target detection,
coordinate measurement, and tracking, under noise conditions. If
a radar cannot perform under these condltions, 1t cannot be designated
noise-proof in spite of its’high performance in the absence of
interference.

With respect to automatic target tracking radars, interference
immunity means the ability of the radar to track a target by its
coordinates, with the necessary accuracy when radar countermeasures
are beéing used.

Widely appliéd in this field before the introduction of the
monopulse method, foreign single-éhanne%,angle-measuring systems
of automatic tracking, based on the:metﬁod of conical scanning
and sequential beam switching, were‘vulnerable to organized inter-
ferences and could not perform their combat tasks in the presence
of countermeasures. Thus, for example, these systems have low
noise immunity from respondling noises with ampiitude modulation
on beam scanning (switching) frequency. Thecefore, cne of the main
reasons for developing the monopulse method and for the wide intro-
duction of iq into radar technology, which has been noted in the
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last ten years, was. the need to increase interference immunity in
the, angle-measuring channel, which is the main channel in radar
systems for ground control of interception and automatic tracking.

In evalvating noise immunity in monopulse radars, with respect
to contemporary forms of noise, i1t 1s necessary to take into account
the fact that the monopulse method is used only for measuring angular
coordinates. As for the method of determining range and speed, as
well as methods of tracking by range and speed, they do not differ
in principle from methods used in ordinary single-channel tracking
radars. Therefore, there is a continuity in types of noises and
metihods of protection between single-channel and two-channel coordi-
nates. '

Before analyzing the interference immunity of monopulse radars
and evaluating thelr advantages over single-channel angle-measuring
coordinates, let us examine the present methods for creating radar
interference.

§ 7.1, METHODS OF CREATING RADAR INTERFERENCE

By interference we mean any radio signal which upon reception
impairs the quality of radar operation and destroys the reliability
of its target information. Based on its character, interference
can have both natural -and artificial origins (10, 13, 30, 51, 61, 66,
67]. The first category includes noises occurring due to atmospheric
sg¢orms, various types of precipitation (snow, hail, rain), the
operation of poorly shielded electrical equipment, ete. The second
category includes all nolses intentionally created to disturb the
operation of the radar equipment.

Artificlal or intentional nolses are usually created to camou-
flage or misinform. They also include noises from atomic explosions.

Camouflaging noises are used to prevent or substantially hinder
detection cr proper determination of target location. Jamming
transmitters are the most widespreacd active means of creating such
noises; metallic tape dipole reflectors are a passive means.
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Misinforming noises are intended for the disorientation of the
operator or the automatic radar equipment by creating false signals
imitating the parameters of rezl targets and hindering the selection
of true targets from false. The means of creating such ncises can
be either active (special transmitter) or passive (decoys). '

The ecsential difference between misinforming noises and
camoufiaging noises is. the degree to which their action can be
concealed. A radar operator usually cannot determine that he is
being misinformed, while he can easily recognize that camouflaging
noises are being created from the image on the screen.

Noises from high-altitude nuclear explosion covers an entire
complex of phenomena which occur during these explosions, leading
to a disturbance of conditions for radio propagation and affectiug
electronic equipment.

Let us examine in greater detall the main characteristics of
intentional noises. ’

7.1.1. Accive camouflaging interference. The most widespread
means known today of active camoufliging interference is jamming.
When the power is sufficient, this causes the screen to fully or
partially light up with Interference, due to which the blips of the

actual targets are camouflaged (Fig. 7.1).

The classical method of jamming 1s to radiate a continuous
high-frequency signal modulated in amplitude, frequency, or phase
by noises. Selective jamming and barrage jamming differ. Selective
Jamming is characterized by a narrow noise spectrum commensurate
wlth the passband of the radar belng suppressed and, in this respect,
has power advantages over barrage Jjamming. However, selective
Jamming suppresses only one chosen radar and, with its insufficlent
mobility, it can be tuned out by changing the working frequency
of the radar. Barrage Jamming 1s characterized by a wide spectrum
of modulating noises and, in principle, can act simultaneously on

305




several radars, including radars with limited frequency tuning.

But this is done at the cost of power loss. In order to creatz the
same effect, a barrage Jamming transmitter must have considerably
high power than a selective jamming transmitter.

Fig. 7.1. View of PPI séreen
under the effect of mid-power
(a) ané high-power (b) jamming.

The advantage of barrage Jamming lies in the fact that a radar
under its effect, &s a rule, cannot be tuned from it by frequency
retuning. Barrage jamming can be achleved by the direct amplification
of noise of a corresponding source (for example,'a directly heated
noise diode) with a uniform noise spectrum.

An intermediate positlon between selective and barrage jamming
is occupiled by nolse with frequency wobbling. Such noise hakes it
posslible for a specific period of time to concentraée a high density
of noise power in all the working channels being covered. With the
proper selection of frequency wobble rate for the nolse transmitter,
the radar receiver will not be able to reestablish full sensitivity
in the period between effects, as a result of which the camouflaging
effect of this nolse will be sufficiently effective. In order to
create noise with frequency wobbling, a carcinotron, modulated with
respect to noise frequency, can be used for providing random variation
in nolse frequency. ‘

The effect of noise with random frequency variation differs some-
what from the effect of noilse with amplitude noise modulation. With
a deviation in carrier frequency significantly exceeding the receiver
passband and a sufficiently narrow spectrum of modulating noises
as compared with the carrier frequency, the effect of such noise
will cause at receiver output pulses of almost constant amplitude
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whose shape 1s similar to the frequency characteristic of the
receiver. Such pulses will be obtained during each pass of the
carrier frequency through the receiver passband, and the interval
between them will vary according to random law.

)

Camouflagiig noises can also include nonsynchronous pulsed
noises with low and high repetition rates. Such noises create coarse
or fine-grained indicator lighting with a bright spot for a group
of pulsed spots moving on the amplitude indicators, making detection
and tracking of the actual target difficult.

These active camouflaging noises belong to the category of
"power" means of countermeasures since they suppress radars at the
cost of rather high noise power. Active misinforming noises, as
we shall show later, require less power losses.

Power suppression noises should also 1ncludé noise in the form
of an unmodulated carrier. This noise is capable, with the proper
power, of, reducing radar receiver sensitivity so much that an
illusion of station failure is created.

Recently foreign countries have been widely studying new means
of creating active camouflaging noises with the use of ejectable
miniature radiators. These radiators usually are made on solid-
state circuits and generate noises at a certain frequency for a
short period of timé sufficient, it is assumed, to get ballistic
missiles through an antimissile defense system [113].

7.1.2., Passive camouflaging noises. One of the first means
for creating passive camouflaging noises, which has found practical
application, is the use of dipole reflectors which are ordinary
metal tapes half the length of the working wavelength of the radar.
Ejected from aircraft, packages of dipole reflectors are spread by
the wind and form an extended reflecting cloud, as a result of which
on the screen of unprotected radars there is formed an intense
cloud of light corresponding to the dipole cloud camouflaging the
target.
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Since radars, as a rule, operate at spaced frequencies, dipole
reflecpors are made with various dimensions in accordance with the
known br probable working frequencies of the radars whish f.ney are
intended to suppress:

An effective method of combating this type of passive noise
is the use of frequency selection based on the frequency difference
between signals reflected from the actual target and those reflected
from the dipole reflectors, which is caused by the difference in
speeds. The speed of dipole reflectors 1s determined by their
weight, aerodynamic characteristics, and wind speed; as compared with
an aircraft, dipole reflectors are slowly moving targets which makes
thelr elimination possible based on speed.

Dipole refiqctors can be ejected with the aid of special instru-~
ments in any direction from the aircraft they are protecting.
Reflectors ejected forward can disrupt, for a certain perlod of time,
the operation of the speed and range tracking system and even cause '
a radar to reaim on the dipoles [44].

With the aim of improving dipole noise effectivenecs, dipole
“llumination is sometimes resorted to with the ald of high-frequency
signals created by special transmitters irnstalled on the object
being protected [105]). The illuminating signal s emitted either
with a frequency shift relative to the frequency of the radar beam
illuminated in order to imitate false dipole speed or with a time
shift Imitating the range displacement of the dipole. This ensures
that the characteristics of these signals received from the dipole
cloud are similar to the characteristics of tlie actual targets and
substantially hinder their selection.

Since: the length of a dipole must correspond to the wave length
of a resdar and Increases with an increase in the latter, a conversion
of the radars in foreign antiaircraft aad antimisslile defense systems
in the upper region of decimeter and meter ranges of waves 1s con=-
sideréd one of the possible means of weakening the interfering
effect of dipole noises [113].
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7.1.3. Active misinforming noises. Unlike jamming noises,
misinforming noises mainly distort %“he information about the target
by forming interference signals with false parameters, which differ
little from the parameters of actual reflected signals. Therefore,
the result of such noises is not to camouflage signals reflected
from a target but to introduce error for the operator and the automatic
instruments oq the radar station. Creating such noises requires a
more complex apparatus and a greater quantity of information on the
operating principles of the radar belng suppressed.

Misinformihg noises created from one point 1n space include:
multiple responding nolses;

range diversion noises;
speed diversion noises;
angular coordinate diversion noises.

The principle involved in creating multiple ‘responding noises
consists in the fact that the nolse transmitter in response to a
radar pulse received emits on the same frequency a series of similarly
shaped moving pulses, spread in range and angle and imitating a
group of targets [87]. Such noise hinders the operator's selection
of the true target and reduces the operational effectiveness of the
detection and target-indicating system. Because of this, instead of
the actual target, interception may be undertaken for many false
targets. This leads to a scattering of forces and means of aerial
defentie, which has a favorable effect on the probability of the
aircraft reaching their objectives. Multiple nolse along with the
imitation of aerial targets can be used also for imltating naval
targets. .

The effectiveness of multiple responding noises increases when
the multiple responding noise is combined with jamming (Fig. 7.2)
and thus the targets covered by the noise producer are imltated,
and also when false target blips are created not along the main
lobe of the Ptadiation pattern but along the side 1lobes, which is
ensured by the propeq‘synchronizaticn of the responding pulse emlssion
with the scanning period of the radar [128].
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Fig. 7.2. View of multiple
responding noise combined with
Jamming on the PPI screen pf a
radar,

.

It is possible to create false targets also with the aid of
miniature radiators ejected from the protected object - repeaters
whose development has recently been glven considerable attention in
foreign countries [113]. These miniature repeaters are designed
on integral circuits with the use of tunnel diodes intended for
"trapping" radar signals and reradiating them with a certain time
delay. In the forelgn press it 1s noted that this method of creating
misinforming noises 1is considered promising for use by the antimissile
defense system [113].

Unlike multiple responding nolses, diverting noises are created
by automatic target tracking systems. The maln task of such noises
is to create conditions where a radar will switch from tracking the
reflected signal to tracking the nolse. When creating range diversion
nolses, noise transmitters will emit pulced signals similar in
parameters to the reflected signals but with a smoothly changing
time delay which imitates the motion of the target with a speed
unlike the speed of the actual target, thus creating noise.

If the power of the noise exceeds the power of the reflected
signal, the range strobe of the automatic tracking system will be
distracted by the noise pulse and leave the blip of the actual target.
Thus false target ranfe is given, substantially hampering the deter-
mination of target location. Delay in noise signal can be reduced
: or increased until sufficient range error is provided. Switching

off the noise after the range strobe is led away from the blip of
' the real target leads to loss of target by the automatic tracking
system and transition of the radar to search mode.
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Similarly speed diversion noise is created for a radar with
continuous and quasicontinuous radiation mode, the only difference
being that, in this case, a smooth variation in noise signal rrequency
relative to radar signal crequency cccurs. This leads to a smooth
variation in doppler frequency and the i=2lstion ot target speed
variation. With a sufficient surplus of noilse power the speed
tracking strobe moves according to the noise frequency shift and
the servosystem glves out erroneous target speed information.
Switching off noise after signal frequency is shifted by a value
exceeding the width of the speed strobe leads to loss of target
and transition of radar to search mode just as when switching off
range diversilon nolse.

The principle involved in creating angular coordinate diversion
‘noises consists of providing noisss with such properties as to
ensure error signal in the autotracking system when there is no .
antenna disagreement with target direction. .

It should be noted that active misinforming noises are more
advantageous with respect to power than active camouflaging noises
since virtually the maximum power which can be provided by the
noise receiver is concentrated in the radar receiver band. However,
from the technical point of view, such noises are more complicated
since they require special complex equipment.

7.1.4, Passive misinforming noises. Passive misinforming
equipment creating radar noise includes various decoys capable of
imitating the actual target. If the radar does not distingulsh the
decoy from the target, the operator or automatic device can take
it for a dangerous target and direct interception against it, which
reduces the probablility of interception for the actual target.

Flg. 7.3. The Quail missile.
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‘The simplést décoys aré angular reflectors, with comparatively
small geométric dimensions, capable of giving reflected signals
corresponding ih level to large targets. Being ejedted‘at the ' !
moment of an attaék, in iany cases, these reflectors can divert the
medhs of ‘intercéption from the object being protected and cause
them to track the deécoy. The more modern decoys.can have their :
own motors with which to imitate the target not only in reflecting
properties but in speed. The typlecal size'of such decoys used by the
Capitalist Armed Forces is the small aircraft missiie slung under
the wings of a bomber and launched into free flight at the proper
moment (Fig. 7.3) [30]. In order to increase éhe density of sigpals .,
reflected from small objects, sometimes active responders are located
on them. ' ' '

Decoys have been given considerable atbeqtion overseas in the , O
protentlion of warheads tor cvercomlhg antimissile defense systems
[46]. Taking into account the specifics of warhead motidn, in the
middle portions of the flignt trajectory, th§ use of 1llght decoys
is provided (inflated spheres, balloons:), and in the final sect*on'
of the trajectory upon reentry, heavier decoys capable of motilon

in the atmosphere without burning up. ' '

: I

!
As passive misinforming noises, bundles of dipecle reflectors

can also be used, ejected from the protectéd object in order to
realign the radar on the decoy. !

]
’

. |
7.1.5. Noises from atomic explosions. Atbéic explpsions crgate
substantial noilses in the operation of radar stations [68]. These .
explonions are accompanied by electromagnetic effects of two main
types. One of these 1s the radiation of short-=duration électromagnetiﬁ
pulses as a result of the appearance of a certain asymmetry 1? the: .
distribution of the electrical charge in the regions surrounding
the explosion and because of ?he rapid expansion of rather , !
conductive plasma which forms with the explosion in earth's magnetic
field. The second effect 1s conaected with. the cbnsiQefable dié?urbanbes
of the electromagnetic waves used in the radio and radar:ranges,
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which occur under the effect of the ionizing radiation of the
jnuclear blast or are caused by fission products or water vapor
introguced into, the atmosphere as a result of' the explosion.

! : i

Ionization, i.e., the formation of ion pairs consjsting of
separated electrons and.positive ions, 1s the main cause of the
disrnptibn of radar operatdon in a wide range of waves. Ionization
can occur either ‘directly or indirectly under the effect of gamma
rays and neutrons of the initial nuclear radiation, beta particles
and gamma rays of the residual nuclear radiation, and also under
the 'effect of X-rays 4nd even ultraviolet rays present in the primary
thermal radiation. Conseglently, after' an atomic explosion electron
density in the atmosphere in the region of a blast increases strongly.
These electrons can affect radars in at least two ways. First,
under the proper conditions, they can reduce wave energy and thus .
weaken the signal, sacond a wave front propagating from one region
to 'another (with differing electron density) will be twisted, i.e.,
the direction of raoiowave propagation will be changed. This
phenomenon is called refraction. Consequently, the lonized region
occurring in the atmosphere under the effect of a high-altitude
nuclear blast williaffect radars whose propagation trajectory passes
through this region.

f

The effect of atmospheric lonization on radars depends upon
the altitude and power of the explosion, the type and working
frequency of the station. In the foreign press it has been noted
that explosions. at altitudes below 16 km do not bring abouf significant
or prolonged ionizatfon and, consequently; do not affect radars
gseriously. With blasts at altitudes above 16 km and particularly
at altitudes above T0 km, where the air density is less, significant
ienization occurs and exerts a strong effect on the operatlon of
radars. ’ '

i )
: ln many cases, ‘the refraction «f a radar beam, as a result of

electron density changes with a nuclear explosion, can play as
impcrtant a role as its attenuation. The amount of beam deflection
with this,is directlf proportional to' the change in electron density
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and inversely proportional to the square of the signal frequency.
With large angles of beam incidence signal reflection will occur

and a radar sigral vill be tur' ed back without passing through the
attenuating layer. )

On the basis of an analysis of a large amount of experimental
data, American experts assume that high-altitude nuclear explosions
can disrupt the operation of radar stations for a period from several
seconds to several hours depznding upon the powe: and altitude of

the explosion, as well as the type and working frequency of the radar
station,

§ 7.2. NOISES BY MONOPULSE RADAR SYSTEMS

It has been mentioned earlier that in monopilse radars only
the ahgle—measuring chann¢ls have high noise immunity, while the-’
speed ana range-measuring‘channels with respect to noise immunity
have no advanﬁages over the speed and range-measuring

hannels in single-channel radars. Such noilses as speed and range
Aversion nolses will affect rather effectively monopulse radars

also if no special protection measures are provided them. Speed

and range nolses, to a certain extent, impair the noise immunity of
the angle-measuring channel. A disruptlon of range or speed tpacking
forces the radar to search mode on corresponding parameters,  If
there are several targets in the radar's coverage zZone, it 1s possible
to pick up a new target located in a different direction from that
of the one being tracked earlier. This leads to a resightihig of

the radar's antenna and an lncrease in angular errcrs. Furthermore,
range and speed, as we know, in forelgn rocket complexes are used
in calculating the anticipated firing angle (rocket launch). If
these parameters are fed into a computer with siénificant errors,
the anticipated point of encounter wlll also be determined with
error, which in turn, affects firing accuracy. When the rocket 1s
launched, an error in calculating the anticipated point can lead to
an increase in G forces on the rocket during 1its mdtion and a
reduction in the probability of striking the target.

314

°

el o -




IS

-Because of this, the protection of target selection thannel must

also be given rather serious consideratipn,‘although'it is not
fundamental, since in radar systems for tracking and guidance the
main channel is the'anglévmeasuring channel.

’

The high noise immunity of the angle—meaSuring channel in a mono- -

pulse system is due to its operating principle. As we know, in
monopulse systems one pulse is sufficient, in prineciple, for the
accurate determination of target direction. Since during the time
of this pulse the 'éffective reflecting surface of the target is
virtually unchangedj‘a monopulse system has little sensitivity to
amplitude fluctuations in the reflected signals. Hence it follows
that the angle-measuring channel has little sensitivity also to
noises with amplitude modulation. 'On the contrary, ampi;tudé-
modulated noise, poss.ssing a certain power excess over a reflected
signal, eaées the operation of a monopuiée angle-measuring channel
since it increases the equivalent reflecting surface of the target

and thus broadens the range of ranges in which normal targct tracking

is possible.

This is valid not only for amplitude-modulated noises but also

_ for nolses with other types of modulation emitted from one point in

space, for example, frequency modulated and phase modulated noises,
if only the receiving channels are identical in amplitude-phase
characteristics.

However, in practice it is difficult to create ideal monopulse
recelvers and defects can occur in design and circuitry. These
defects can reduce noise immunity with respect to active noises,
including noises -emittéd from one point.

. ;

Defects which reduce noise immuhity in monopulse radars, in
addition to nonidentity of amplitude-phase .characteristics, usually
include nonlinearity of amplitude charécteristics for recelving
channels, time lag of the AGC system, a difference i1n transmission
factors for antenna channels, etc.
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With nonlineanity of theramplitude characteristics strong
noise can’overload receiving channels«and thus disrupt normal

3
ik

of the.autotracking system, the transmission of amplitude signal '

. Variations 15 hindered which, with the amplituae method of direction
iinuing, leads to partiai or Pali breakdown -of error signal shaping
‘The latter is equivalent to servosystem disconnection and inevitably

'increases direction finding error.

Errors obviously increase if overload is ‘created periodically

by manipulati\n &turning ém and off) of nolses since, in this caSe,
. to eliminate errors, in a radar, identity ‘of static characteristics

is insufficient identity of dynamic characteristics for the receiving
gchannels 4s also ‘required. In a number of cases, the effect of a
, powerful noise, manipulated with a specific frequency,. can cause

an angular swing.of the antenna ‘because of the resonance properties P
"and the time lag of thevservosystem. However, the possibility of
) manipulated noises is substantially reduced with the use of receiversA

wlth logarithmic characteristics and high-speed amplification con-

<. "trol systems.

In the presence of an inertial AGC system, the switching off
of powerful noise can 1ead to the disconnection of the servosystem
circuit for the period of time neceSsary £9o restore sensitivity of
the receiver to a lgvel sufficient for the regeption of reflected
signal. Without control signals at its input, the antenna system
in this period will either remnin still or move from inertia, which,
in both cases, increases angular tracking errors. In the case of
a logarithmic recelver or a receiver with a high-speed AGC system,
motion from inertia -0r a constant antenna state will be reduced to
a minimum since after switching off the powerful noise the servo-
system.almost instantaneously will go to tracking on the signal
reflected from the target. . %

»
.,

_ ., . i

" Occubying a somewhat isolated position with respect to nhoise -
Immunity are monopulse systems which use recelving channel switching
to reduce the requirements for ldentity of amplitude-phase char-
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écteristigs{ Theyintrdductibn of switching makes such &ystems,
under denﬁain conditions, vulnerable to amplitude-modulated noises
emitted from one point [75]. We shall illustrate this in the
"-example of ah amplitude-amplitude system with signal processing
according to- the principle

S(0)=Inli, (¢, 6)]—Inlus (a0
(7.1)

7.2.1. Nuises of a monopulse radar on receiving channel
switching frequency. Waen switching receiving channe1§'1n an amplitude-
amplitude moncpulse radar with logarithmic amplifiers, as shown in
in Chapter 6 (section 6.4.6), error signal is determined by
expression

S (0) = K (g -+ 1) 9.
(7.2)

According to this expression, the equilibrium of the system
correspond;ng to the condition for target finding occurs at 6 = 0
ﬁegardless’of the inequaiity of recelving channel transmission
factors.

Let us cohsider the effect of amplitude-modulated noise on
direction finding accuracy for this system. For simplicity we shall
disregard the reflected signal and assume that the noise is modulated
by a signal of meander form with switching frequency of the radar
rébeiving channels in phase with the switching signal. Then signals
at output of the i-f amplifier channels for the first and second
cycles of the switch in designations used for Chapter 6 can be repre-
sented in the form of the following expressions:

s
thyg (fr )= ey 101 1,E (1 ) (14-8) expi oy, 7.3
th (1 6)= Ko’.ln KBy (1-4-1mp) (1 — ) expi oy, (7.4)
thye (t: 0)=rnlnKE, (l“:'mn) (1 —nb) exp gy, (7.5)
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whére'mn‘islﬁhe modulation index of the noise.

Hencé we obtain the resulting error signal at output of the
comparing device:

S (ﬂ)z—%—- [S(8) =S, (e)]=f;-—~[ Pt O] —

el Ol fia (s O+l Ol]=

S (b m) (6 4nl)
-- =72 [""”‘ (T—ms) (T—p3)

_ (1 4- my) (1 —p9)
Ko I S T ) ]

=‘%" Ko [(go — in (‘}"TT‘?,‘E‘)‘*’

: +(g.+l)lﬂ (‘l:’—_-_—:-:% ]w%‘m:{(go“‘)x:
L ox(E ';;,)+2(g.+"l-)zzﬂ]- o

(7.7)

Equating S(8) to zero and solving the equation relative to ué, we
find

e Go—1 l—m\h 1 —=ng\®
**°”‘2u'z.+l)’“( T ma /"‘“‘(wm.) '

(7.8)
where k = g%—:—i- .

gy * 1)
The quantity under the logarithm

sign is positive and small
with the assumptions made,

This makes 1t possible to use the
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familiar expansion of a logarithmic function in series [8] and to

limit ourselves to taking the first term of the series. As a result,
we obtain the following. calculation formula

(T3) +1 (7.9)

Expression (7.9) indicéates that the modulation of the.noise
with channel switching frequency leads to systematic direction
finding errors. The value of these errors is determined by the
noise modulation index and the valuve of nonidentity of i-~f amplifier
channels with respect to transmission factor.

. Figure 7.4 presents the dependence of generalized direction
finding ervor on the value of amplitude nonidentity for receiving
channels, calculated according to formula (7.9) for the case
m, = 0.5 and 0.9. As is apparent from the figure, with identical
channels (go = 1) direction finding error is zero and noise with
amplitude modulation on the switching frequency of the receiving
channels has no harmful effect.

k.
2

o

.
ERITN

Using the calculated dependences, we can, based on known
direction finding sensitivity, determine the absolute value of
direction finding error. Thus, when m, = 0.9 and &y = 1.3, systematic
angular error is 0.8° with u = 0.25 1/dex; 0.33° with p = 0.6 1/deg
and 0,27° with u = 0.75 1/deg.

5

e BT
5

The direction finding error which occurs under the effect of
noise with synchronous amplitude modulation on switching frequency
is near in value to the ervors in a similar direction finding system
without switching (Fig. 6.6), occuring because of the nonidentity
of amplitude characteristics for receiving channels. Consequently,
synchronous amplitude modulatéd noise on switching frequency is

. capable of substantially disturbing the effectiveness of introducing
channel switching.
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Fig. 7.4. Dependence of generalized systematic direction finding
error on the value of nonidentlty of transmission factors for

réceiving channels under the effect of amplitude-modulated noise
on switching frequency.

This casé corresponds to ideal conditions when nolse modulation
in anplitude is accomplished in phase with switching frequency for
receiving channels. Under actual conditions, such a case does not
exist since we can calculate only to an approximate value the
switching frequency of the recéiving channels. In this case, the
effectiveness of nolse will depend not only upon its modulation index
but also upon modulation frequency and phase ratios of the modula-
tion and switching signals.

Since the servoéystem of the radar 1s narrow-band, one of the
conditions for creating nolse on switching frequency is

Q| < 2nhF e, .. (7.10)

where AFcc 1s the passband width of the radar's servosystem, Qn is

the noise modulation frequency, and Qu is the swltching frequency of
the receiving channels,

Condition (7.10) means that amplitude-modulated noise can have
an effect on a monopulse radar using the switching of receiving
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channels only if its modulation frequency is equal to the switching
frequency of the channels with accuracy up to the passband of the
servosystem.

When the switching frequency is accurately known but it is not
possible to synchronize the amplitude modulation of the noise with
respect to phase, the phase ratios can be changed from ~m to 7 and
the effectiveness of the nolse will also change from zero to its
maximum value determined by formula (7.9). The need to change
phase ratio. is also brought about by instabllity of switching
frequency for receiving channels and modulation frequency of the
noise. —

On the assumption of the equally probable law of phase shift
distribution in the process of a nolse efrect, the value of errors
in this case, can be characterized by standard error

(7.11)

Taking into account the secret nature of switching frequency,
the possibility of creating synchronous noise on the switching
frequency is unlikely. This is even more valid if switching based
on a speclal coded program is used.

7.2.2. Coherent noises created from two points in space.
ThLe principle involved in creating coherent noises is found in the
creation of phase nonuniformity in the aperture of the receiving
antenna by irradiating it with coherent signals from two separated
points in space [10, 78].

The physical bases for this method of creating noise is dis-
cussed in Chapter 5 in sufficient detall in the discussion of a
phase wave front of a signal from a two point target. It has been
established that if the target has two signal sources, then, with
certain amplitude and phase ratios for the signals, the phase
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front of the wave is distorted as compared with the case of a single-
point target, due to which conditions are created which impair
direction finding accuracy for several types of radars including
those working on the monopulse method.

For further clarification of phenomena connected with the
reception of signals from a two-point target and encompassing
the possibility of countermeasures by radar direction finding
systems with the aid of organized noises, let us examine the reception
and processing of signals from two point coherent sources in amplitude
and phase monopulse systems.

Fig. 7.5. Diagram of amplitude directlion finding on a two-point
target.
KEY: (1) Source 1l; (2) Source 2; (3) ESD.

1. Divection finding of a two-point source of coherent signals
by an amplitude sum-difference monopulse radar. Let us assume that
point sources of coherent signais (Fig. 7.5) are located within
the linear section of the direction finding characteristic and a linear
approximation of radiation patterns is valid
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F (8, =:6) = F (8,) (1 ==p0). (7.12)

In analyzing the direction finding of a two-point source of
coherent 'signals by an amplitude sum-difference monopuise system,
we use expression (4.23). Taking into account (7.12). we obtain

W, = 4p0,F2(0,),

W= (14-19,) (1-4-08,) F*(8,) cos a,

W, = (1 — p8;) (1 —0,) F2(0,) cosa,
4 = 4;!-3;[" (9.).

W =4F*(,),

,W. =4F*(0,)cosa,

W, = 4F{(6,). '

Substituting these values into (4.23), after elementary con-
versions we obtain

S () __ 1[0, (14-a cos a) 48, (a4 a cos a)]
- 14 2acosa4 a3

{7.13)

Equating (7.13) to zero, we find the condition determining the
position of equisignal direction during direction finding on a
two-point target:

0, (1 +acosa)-+6;(a*-+acosa)=0.
) (7.14)

For convenience, let us estimate the dir2ction finding error
being formed relative to the middle of the base (distance between
sources). In this case,

0= 038 6,=0— o,

Substituting the values of 01 and 92 into (7.14) and taking
into account the fact that a < 1, as a result of solving equation
(7.14) relative to 6, we obtain the familiar expression first deduced

Ly Meed [33]
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b i
‘7}?"' 2 (T4 a4 22 cos a) (7.15)
Expreasion (7.15) i1s analogous to expression (5.14) determining ¢

the change in the slor Of the phase front of a wave from a two-point
source as cocmpared with the phase front formed by a point signal
source.

The correspondénce obtained attests to the fact that during
direction finding on point sources with small errors a radar system,
in the final analysis, seeks the direction of the normal to the
phase front of waves reflected from target, and distortions of the
phase front from interference phenomena of a multipoint source of
target signals or from intended parameter control by radiated
noise signals must inevitably lead to an increase in direction
finding errors. The value of direction finding error, as can be
seen from expression (7.15), depends upon the distance between
radlating sources, the phase shift of signals emitted by them, and
thelr amplitude ratlos at input of the direction finding system.

Figure 7.6 presents the calculated dependences of angular
direction finding error in relative values of base dimension (distance
betweéen sources) on amplitude and phase ratlos of noise signals.

The calculated curves show that the value of directlion finding errors
does not depend upon the direction of the deviation relative to
the sources.

Examining the dependence when a = 1.25, we can see that with
signals in phasé the value of angular error is approximately 0.6
the value of angular distance between sources. Therefore, even
with proper aiming of the radar to one of the sources, equisignal
direction moves to a point located approximately in the middle
between the targets. Wlth an increase in noise signal phase difference
the value of angular error lncreases and reaches maximum value with
a signal phase shift of 180°, Theoretically, direction finding
error, at this homent, can reach very high values. In practice,
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however, these errors are limited by the radiation pattern and
cannot exceed in value the width of the radiation pattern of the
suppressed radar's receiving antenna.

With receiving signals in phase (a = 0) direction finding
error decreases to a value of (1 - a)/2(1 + a), which corresponds
to the power "center of gravity" of the two sources. If signal

amplitudes are equal, the power "center" agrees with geometric
center, passing through the middle of the base of coherent signal
sources. '

The direction of radar antenna deflection upon reception of
signals from two coherent sources is determined by amplitude ratio
a and when passing through a point corresponding to equality of
signals, changes to the inverse (Fig. 7.7). We should keep in mind’
that- the graphs presented in Figs. 7.6 and 7.7 are valid only up to
values of errors lying within the linear part of the antenna radiation

pattern.
6.
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gtgrale by a phase aun—dszerence monopulse systems The direction
ff} - finding condition for a two—point target by a phase sum—difference .
monopulse system (Fig. 7.8) can be found from' @quationis(e) :
g Using expression: (4.42), in accordance with this; we obtain | .
::‘x ! )
: F{0,)sir oy a*F? (0)) sitps — aF (8,) F (8:) X ! ; I '
’ N fSifr “‘:—-- —— in . . 016‘ . 9 .
xfsm(a 9,) —sififa - 22N Lo e |
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. _— .
Assuming the: radiation pattern of the receiving antenna is
wide'enough and .angles el and 62 are small, we can take F(ei) = F(ez)
i and then jequation (7.16) is simplified to “lies

] sfn ? -}- a*sin 9 ——a (sm (a _ 9,) —
' —Sin(a+ef)=0 (7.17)".

ks

. | Substituting'into_equatiqn (7.17) the values of ¢l and ¢2,
' we) obtainy !

i sinxlf, -} clz"sin #lby — a [sin (a—xl10,) —

‘ . {

| i —sin(a = #l0,)] = 0. N i
_ o _ (7.18)
. y , . i

Introducing angular coordinate 8, read from the middle of the
base of sources apd the angularlvalue of the base w“, connected
wiﬁh tqé relgtionships ql =0 + g%, 62 = 0 - 553-and performing
elementary trigonometric transformations, equation (7.18) can ’
be presented:in the form

!
!

3 ' " sinxl0 cos xl -qu—"-l-cos xl Osinxl -"'21‘.-]‘
L-q? [si;x K10 oo k! -4'2—" —cos xlBsin xl-4’2—’]+

. +2acosa— i1 4t )sin sl =0,
. 1,

2l o 8
! . i{lo—-—r9--—- ¢ 3

(7.19)

, . With small direction finding errors the values of ki6 and :

kz—é-ﬂ are rather low} therefore, : :

! )

. | \ s 0. - : 9 .
! : S|n2'nﬁo‘=‘2ﬂ-9—.;, C0327fT°;-N1; %
! ! .
sinm S~ n—if‘-; cosm % s | 3

' ' . Boys Bogs B.4 ) i

i . 1
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*In accordance with this, expression (7.19) is simplified tor

Wb ichai @~ ) haacos a—ngf)0=10 1 o)
or-
| 29'[‘l‘+2aco§. (;‘;“%“T)i‘**‘?"]&;"(a’ g B

Disregarding the. quantity nw“/eo 5 as compared wlith the value
of a, since the region of highest errors. (of interest to us) lies _
near « = 7, we obtain with a < 1 , B

g | —at?
T Z(i+F2acosata’).”

(7.22)

The expression obtained is analogous to thaé derived for the
case of an amplitude sum-difference monopulse system. We can show
that for simple amplitude and phase monopulse systems expressions
determining direction finding error for a two-point signal source
are obtained in .the same manner.

Thus, with fespect to angular errors during the direction
finding of z. two-point source of coherent signals, monopulse systems
with amplitude and phase direction finding are identical and all
conclusions made with respect to an -amplitude monopulse system
pertain, to the same extent, to a phase.monopulse system.

The correspondence of formulas (7.22) and (5.14) attests to
the fact that phase systems, as well as amplitude, during direction
finding of points target with low errors, determine. the position of
the normal to the phase front of the signals received and the
different distortions of the phase front inevitably lead to a
reduction in direction finding accuracy.
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The phenomena described above, observed during diréction finding
of two-point sources of coherent signals,are basic to the creation
of coherent noises by a monopulse radar. Because of this, in theé

“ereation: of coherent noise radiation is carried out through two

antennas and the parameters of the noise signals ‘(amplitude and
phase ratios) are adjusted so as to ensure the conditions for
obtaining maxlimum direction finding errors by the Suppressed radar,
The effect of .coherent noise is manifest in the deflection of the
equisighai\diréction of'the suppressed radar from thé direction to
noise preducer-target.

A limitation of “this method of creating noise ls the fact that
1t requires rapid information processing with optimization of noise

'signal parameters and also that it is suitable only for use at short

distances [78]. The- latter is a consequence of the operating char-
acteristics of coherent noises, the fact that direction finding
errors are proportional to the value of the disténce between noise
sources and at great distances, when the angle of sight for sources
arranged within the geometric dimensions of the noise producer is

of low value,. they are insignificant. Therefore, the expected
effectiveness of c¢oherent noises at great distances to the noilse
producer is low. To arrange these sources with the purpose of
1néreasing the base for various "aircraft obviously is not advisable
since difficulties are involved with ensuring the coherence of noise

signals.

Coherent ncise also has powser limitations since in creating
it high power levels are required. This is due to the fact that
its maximum effect is noted with signals out of phase, when, 1n
essence, noise signals emitted through the spaced antennas signifi-
cantly compensate each other. Therefore, in order to create the
necessary excess of resulting noise over reflected signals, compara-
tively high power levels for the noise signals are required. These
levels, in practice, must exceed the levels of known noises emittqd

from one point in space.
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With an‘increase in the distance between coherent noise sonrces
t¢ ths requirements,fon noise pewer, as for guidance accuracy of noise
signals in amnlitude and ohase,‘are somewha* reduced. ; . 2
. " ‘\\‘ “ . ;, .:':» y y )\. ,,“,:; »," . f
,:V" In spite of the existing‘limitations,,coherent noise is usuallyA
ccnsidered one of the possible types 6F actﬁve .noilses in a counter-.
measure system and the character of Its. detion 1s. taken into account.
We' should keep. in, mind ‘the fact that coherent, noise acts both on.
s*ngle—channel and two-nhannel angle-measuring coordinators to the
sameé extent; therefore, monopulse direction finding systems with
respect to coherent noise immunity have no special advantages over
' grdinary single—qnannel.svstems of” direetion finding.
72,3, ﬁlicker1ng noises created firom. two points in space.
In thekcreation of flickering nolse from two points in space foreign
engineers have*instalﬂed on- their noise carriers autonomous transmitters
with' programmed emission. In the simplest version this is merely
the alternate switching of transmitters on. and off. The effect of
this nolse is based on the limited resolution of. angle-measurirg
coordinators and can be explained. in the following manner.

Let several signal sources be located in the unresolvable
space ~f an angle-measuring coordinator. Without assuming the
possibility of resolution for each of the sources with respect to
direction, the radar will track the position of the equivalent power
center. In the case of an amplitude sum-difference monopulse radar,
as shown in § 4.2, the position of the power center M of the sources
can be determined from equation

§ Py () [F2 (8, —Om) == F2 (& +0,)1=0,

m=1

(7.23)

where Pm is the power radlated by the wu-th souice;
em is the angular coordinate of the m-th source relative to
equisignal direction.
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In the presence of two noise producers with angular positions

;el and 62, equation (7.23) assumes the form |

¢

m‘t)"l‘Pcn'\”[F’ (0 —0,)—F’(ﬂ +91)]+
+[l.'.’ng (I)+Rc: (t)] [Fz (9,-—0,) —F, (ao—oa)] =0, ,‘( T.24),

where Rcl a.nd‘Pc2 are the powers of signals reflected from targets;
Pnl,and Pn2 are the powers of noises radiated by the targets.

Approximating the radiation pattern by the proper functions,
we can find the direction finding condition atrany value of target
spacing and power ratios for signals being emitted from the target.

With small angular target spread, when the antenna radiation
pattern can be approximated by linear function

F (%==6)=F (8,)(1 T uf),
) (7.25)

we obtain
[Pas ()4 Pes (010, + [Pus (1) -+ Pes (] 0, = 0. (7.26)

Assuming Pcl = Pc2 = Pc, which is sufficiently valid with single-type

targets and reading direction finding error A6 relative to the posi-
tion of the geometric center of the targets, when

e,__Ao— . YR
[H = and]

where w“ is the angular base of the sources, equation (7.26) can
be represented in the form

[Py 1)+ Pa () -+2Pe (0] 80 — [Pry () — P (] 220,
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- Hence 1t follows that .o e
M0 Pu)—Pulh) :
Ya T Pm(f) + Py () + 28, (1 - (7.27)

The equation obtained defines the provision of the power center
of the radiation relative to the geometric center of the signal
sources,

For simplificatipn let us assume that the power of the reflected
signal is substantially less than the .power of the nolse sources.
Then we can write

200 Pm () — bn: (U]
[ —Pnf () + P () . (7.28)

From expression (7.28) it follows that position of the power
center of the radlation 1s determined by the power ratlios of the
nolse sources and the character of the noise variation with time.

Let the nolse transmitter power be equal and transmitter emissilon

~ o 248 _ - -
be alternate. Then when Pnl =0 $:- = -1, when Pn2 = O'F;— 1.
We obtain a trival result establishing the movement of the power

center within the source arrangement in a cycle with the switching
of nolse transmitters. '

A radar tracking the noise producers, in this case, will attempt
to track first one then another target, due to which the radar
antenna will swing in cycle with the swltching of the noise. This
substantially complicates determining angular coordinates of targets
and their regsolution with respect to direction. The angle between
targets, at which their resolution under flickering noise begins,
increases.

In guiding a missile to a paired target, an increase in critical

target resolution angle inevitably leads to an increase in the
extent of the miss, since a miss and critical target resolution
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angle are connected by relatibﬂship [10]

Al =ts 1 "Els -
. : T (7.29)

where Al 1s the value of the miss in linear units;
P Z6 is the projection of the linear value of the base (distance
between target) to a plane perpendicular to the line of view;
ng 1s the maximum possible G forces;
v H is the rate of convergence of rocket and target;

oT
0 is the critical target resolution angle.

Hp
Because of this, foreign experts consider flickering .noise
an effective type of noise for missile guidance systems [103].

Obviously, in order that the direction finding system track the
power center moving in space under the effect of'flickeriné nolses,
transmitter switching frequency must be in agreement with the pass-
band of the servosystem of the angle-measuring coordinator AFC ¢

If we assume the minimum duration of radiation for each of the
transmitters as equal to the time constant of the servogystem, then
with a high-speed AGC system for the radar receiver the permissible
switching frequency for nolse transmitters on square law can be
determined from the following inequality:

Tn. 1 .-

e Vo cem———

2 TR (7.30)
where TK is the transmitter switching period.

Hence

AF,

Fes=pe, (7.31)
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Since the eéffect of flickering nolses reduces to thé repeated !
véalignment of the suppressed angle-méasuring coordinator from one
target to another by irradiating it with a more powerful signal from
another direction, another no less important noisé parameter than
switehing frequency 1is itstoweb or, more accurately, the excess of
noise over the signal. Wifh the linearization of direction finding
charactéristic assumed, the excess of noise power over signals
necegsary for causing radar realignment can be determined from
expression (73é7). h -

Lét us assume that at the initial moment target 2 is being tracked.
When the radar is realignéd on target 1, noise emission from target
2 ceases (}n2 = ) and noiss emissicn by target 1 is turned on.
Expression (7.27) in this situation assumes the form

o L = W
q’ll-' Pnl‘*'zp# (7.32)
Pnl .
Solving equation (7.32) relative to a = —=, we cobtain
e
2
P
T—g’ (7.33)
where y = QAQ.
7

The quantity y = 1.0 corresponds to the case of accurate direction
finding when the radar antenna swings in a sector equal to the \
angular separation of the noise produceérs wH°

Calculations with formula (7.33) show that in order to provide
antenna swing in sector 0.8w”, noise excess over signaisg must be
S dB. If the dimension of the angular target base exceeds the limits
of the linear section of the dlrection finding characteristic;, caleu-
lations must be performed taking into account the actual radiation -
pattern and expression (7.24), using this method. We should mention
that noise transmitter switching can be carrlied out only according

to random law.
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As with coherent noise emitted from two points, fljckering
noise is universal in the sense thawu under certain ccnditions it
can affect direction finding systems of various types. 'fhis is

- explained by the fact that its affect, in the final analysis is
also connected with the change In the slope of the phase front of
radio waves recelved by a radar antenna.

7.2.4. Noises with frequency wobble created from two or more
points. It was shown earlier that transmitters with continuous
rapid retuniqé (wobbling) of frequency can be used as a source of
camouflaginé noises. As in the case of flickering noises, a radar
in thls case, as it were, sees various targets appearing in a rapid
sequence as the frequency of the noise transmitters successfully hits
in the passband of the radar receiver. The interfering effect from
the angle-measuring channel, in this case, will be somewhat similar
to the effect of an ordinary group target with the only difference
being that range resolution will be impossible since the noise

transmitters operate in continuous mode [103].

]

If the transmitter frequency wobble rate decreases in accordance
with the requirements of action on an angle-measuring charnel, and
the aircraft flying in a dispersed formation are cupplied with such
transmitters, frequency-retunable noises, in principle, can create
the effect of flickering nolse and can be a means of suppressing
an angle-measuring channel, including one operating on the monopulse
method.

The effect of flickering noises with frequency wobble, in this
case, is explained by the fact that a radar at the moment noise
frequency agrees with the tuning frequency of its receiver will go
to autotracking on the corresponding noise producer. With noise
frequency output beyond the passband of the receiver, radars will
continue to track the same target but always on the reflected signal.

At the moment the frequeqcy of noise emitted from another

airecraft coincides with receiver tuning, the range-measuring channel
of a radar is jammed by the noise, due to which target selection
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f% with respect to range is hampered and the radar goes to autotracking
- on 3 new target based on the noise. ‘Since an aireraft emitting

;f; noise, in the latter case, will be in another direction the antenna
f% System turns to this hew direction. A similar reaiming occurs with

- 2 second arrival of noise from the first target or another new target.
As a result of thie repeated action of noises emitted from spaced

5 sources of frequency-retunable nolses, the antenna system will go

. from éracking one target to tracking another target and, consequently,
fﬁf wWilll éxperience rocking in accordance with the programmed operation

/ " of noise tfansmitters.

In order that a radar be able to find the source of nolse, the
duration of the period the frequency-retunable noise is in the
' receive%apassband, obviously, must be equal to the time constant of
the angle measuring servosystem or be greater than 1it. If the
e receiver passbend 1s Af, noise frequency retuning rate is Vf, and
bt angle-measuring servosystem passband 1s AFC c? the indicated condition
: for creating noise with frequency wobble can be expressed mathematically
Q in the form:
. 1

(7.34)

e R
B DI T Y S LR . 3
BRI o er Lt (0 SRt )

Hence we can deteriline the anticipated frequency retuning rate for
§~ noise from formula

Vy<<OfAFcec. (7.35)

A3 When Af = 3 MHz, AF, , = 1.5 Hz, Vf < 4.5 MHz/s.

c
k The permissible nolse frequency retuning rate is rather low,

E; which is its limitation since with retuning in a wide frequency range
23 the interval between noise action will be large, substantially

‘f reducing the expected flickering effect for the target belng tracked.

With significantly higher retuning rate when the time between
effects becomes commensurate with the time constant of the receiver,
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the expécted effect in the angle-measuring channel is similar to

b thé effect of a gréup target regardless of the difference of distances
from the radar to the separate targets of the group, since range
resolution, in this case, 1s hampered by the effect of the noisé.

The effect of noise with frequency wobble on many radars whose
operating frequencles cover the range of transmitter frequency
tuning and the comparative simplicity of the noise equipment are
advantages of this type of noise.

7.2.5. Noises on crosspolarization. Unlike the types of
noises examined in paragraphs 7.2.2.-7.2.4, noise on crosspolarization
is created from one point and therefcre, 1s considered suitable
# for the individual proteztion of obJects. The principle of its .
creation lies in the irradiation of radar receiving antennas by high
frequency signals which agree in frequency but have polarization
which agrees with the crosspolarization of the antenna [78].

Earlier (Chapter 2) it was shown that antenna systems, in addi-
tion to radiation on a main (working) polarization, radiate parst
of their power in crosspolarization, orthogonal to working polarization.
Because of this, an antenna, in addition to a radiation pattern on
working polarization, has a radiatlon pattern on crosspolarization
which differs in 1ts structure. Thus, in parabolic antennas the
radlation pattern on crosspolarization usually has four lobes
symmetrically ranged with respect to the eqqisignal direction of
the antenna, with maxima which do not coincide witnh the maximum of
the main diagram.

Since the level of the pattern on crosspolarization differs
from the level of the pattern on main polarization by approximately
two orders, under normal operating conditions, the effect is scarcely
noticeable. When an anvenna is irradiated by powerful signals with
a polarization which agrees with its crosspolarization, the role
T - ——_of the radiation pattern on crosspolarization can be amplified and
thus distort themrggigf;on pattern of the uirection finding antenna.
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In the sxtreme case, when the power of the noise exceeds by
Seveéral orders the powenrn of the reflected signal, the resulting
pattern -of the receiving. antenna will be- determined by the pattern
on crosspolarization. Since the radiation pattern - crosspolariza-
tion substantially differs in structure from the main radiation
pattern, this leads to a distortion of the direction finding char-
acteristic of the system and, as a consequence, to the substantial
impairment of direction finding accuracy.

During countermeasures on a radar with llnear polarization the
effective noise is noise with a polarization orthogonal to the
working polarization of the radar. In this case [78], noise on
crosspolarization generates a strong interconnection of azimuth
and elevation channels, l.e., leads to a misphasing of the coordinate
system. With the creation of such noise, guldance based on polariza-
tion is accomplished automatically based. on radar signals received
on board the aircraft with the aid of a system which analyzes the
polarization of the radar signals and\auéomatically establishes a
polarization of the emitted noise signals orthogonal to the polariza-
tion of the supvressed radar [78].

Since noise on crosspolarization leads to a distortion of the
worging radiation pattern for the radar antenna, it must act both
on monopulse and on the ordinary single-channel angle-measuring
coordinators. In this sense, noise on crosspolarization is universal.

§ 7.3. METHODS OF PROTECTING MONOPULSE RADARS FROM
CERTAIN TYPES OF RADIO NOISES

Table 7.1 lists several types of noises which can be applled
to monopulse radars and the possible method of protecticn from them
(68, 74].

The listed type of noises generally affect elther the vlsual
channel of thc radar or the target tracking channel with respect to
range and speed. Let us pause for more detail on the protection
of an angle-measuring channel from certaln noises.
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Types of radio noises

Protection methods

Nonsynchronous pulsed noise
with low repetition frequency

Wide-band noise. Nonsyn-
chronous pulsed noise with very
high repetition frequency

Noise in the form of unmodu-
lated carrier

Multiple responding pulsed
noise .

Noise with low-frequency
wobble

Noise with high-frequency
wobble

Decoys

Dipole reflectors

Diversion of range strobe
from true target

Noises from high-altitude
nuclear explosions

Pulse delay for repetition
period, 1ts comparison with next
pulse and blanking.

Increase of observation time
and integration. Suppression of
side lobes of antenna radiation
pattern. :Transmitter frequency
retuning.

Elimination of receiver sat-
uration (instantaneous automatic
gain control, use of logarithmic
© nlifiers, etc.).

Repetition frequency wobble
+n combination with protection
measures against nonsynchronous
pulsed noise.

As in the case of nonsynchron-
ous pulsed noise.

As in the case of wide-band
noise. ]

Selection based on reflecting
properties, mass and dimensions,
with respect to trajectory para-
meters, degree of deceleration
in the atmesphere, and ionization
of the ailr.

Selection based on speed and
acceleration.

Use of Doppler shift of fre-
quency, narrow range strobe, gating
tased on acceleration.

Territorial spacing of radars
of one group, operation on different
frequencies of single-type statlons,
duplication of objects for the
antiaircraft and antimissile
defense systems.

7.3.1.
from two or more points in space.

Methods of protection from flickering noises created

Since flickering nolses, as has

been shown, pursue the target, impairing target resolution, one of
the possible methods of radar protection from such noises 1s the
increase of radar resolution undergroup-target operating conditions.
Therefore, the version of a monopulse system with increased resolu-
tion, discussed in Chapter 4 (Fig. 4.12), also has increased immunity

from flickering nolses. With the

creation of flickering noises,
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!
transmitters installed on targetg flying in a grohp afe turned on
and off periodically or randomly and gubstgntially;complicete the
tracking of a specific target for the tihe necessary for ah accﬁrate
determination of its location and the proper, defense measures, Under
these conditions the monopulse system discussed above makes 1t possi-
ble to track elther a left or right target according to the choice

made by the operator. . !

]
LY .

*

If tracking is carried out, for example, on a left target and
the signal from this target suddenly disappears and instead of it.
there appears another signal emltted by a target located to the right,
the resulting negative error signal for the target selection channel
will block the gating device for & certain pericd of time and the
servosystem will not go to tracking the new powerful signal source
[103]. Thus the main target pursued by the flickering hoises and
lying in the area of autotracking breakdowﬁ or resolution impeirment
will not be reached. s ‘

The effect of noises with frequency wobble, created from severai'
targets of a group, is similar to the effect of flickering-noisest~!
Therefore, the described method of protection from flickering nolses
1s also a protection from noilses with frequehcy wobble.

Restricting the radiation pattern’and feduc;ng its sidé lobes
is also a means of lincreasing the noise immunity of monopulse B
radars from flickering noises and nolses with frequency wobble since
this procedure leads to an increase in the required nolse power |
and an increase in the resolution of a radar with respect to angular
coordinates. ; o
. ; !

7.3.2. Protection from noises on crosspo]arization. SinEe
noise on crosspolarization differs substantially in polarization
from the working polarization of a radar, the obvious method of pro-
tection from it is the polarization selection of.signais. A familiar
means of such selection is the polarization grids installed in'! )
antenna apertures [28, 77]. .

1
H

340 , :




reduced. \

; As described in Chapter 6, such grids ensure the transmission
of the working signals with 1ow attenuation and strongly attenuate
signals with a polarization orthogonal ‘to the working polarization.
Thus noise :on cross polarization during passage through the polariza-
tion grid is strongly attenuated and its effectiveéness considerably

1

'

Sometimes as a pciarizationlfilter the antenna reflector itself
is used for which it is made in the form;of a system of parallel
metal plates (wires) [62 63, «112].- In this case, the crosspolariza-
tion components of the excitation field pass through the reflector
and are not - refiected from it, which also substantially weakens the

cross polarization componénts'of the.emitted and received signals.

Measures directed toward‘reducing antenna crosspolarization,
partially discussed in Chapters 2 and 5, can also be considered
protection from noises on crosspolarization.

l Presentl& in foreign’countries serious attention is being given
to the development of radar systems with a polarization spread {130].
Such systems are bullt on the multichannel principle and can operate
on a receiving channel whose polarization most nearly agrees with
the polarization'of the signals received. This makes it possible to
substantially compensate the effect of the depolarization of signals
refiected from the target and also increase the immunity of a radar
from noilses ‘'on crosspolarization.




CHAPTER 8 -

THE USE OF MODELING Iif A STUDY OF COORDINATE
’DETERMINATION ERRORS FOR MONOPULSE RADARS

§ 8,1, COMMON PROBLEMS AND TRENDS IN
+ SIMULATION

In the development of monopulse radars a wide circle of problems
must be solved, such as: )

- the evaluation of the basic characteristics of a station and
their laws of distribution;

- the establishment of the dependence of main characteristics
on various factors and the clarification of the most substantial
and least important factors;

- the processing and evaluation of algorithms used in handling
radar information;

- the development of assumptions with respect to the perfection
of specific characteristics.

In order to solve these problems, in recent years, along with
full-scale tests and physical simulation, mathematical modeling has
been widely used. Since any monopulse radar can be characterized
" by a series of characteristics, in practice, we can follow two
directions for modeling: i

- the development of a common model which makes 1t possible te
obtain the evaluation of all characterisites;

- the development of specific models each of which enable us to
evaluate one or several characteristics.
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The development of a mathematical wodel enabiihg-the evaluation
of all characteristics is a very difficult task and, in addition,
such a model cannof always be accomplished in a computer; Therefcre,
it is expedient to use models following the second direction. If,
hovwever, in studies with a model we find that it is necessary to
obtain certain other clharacteristics, we must refine the old model
further or develop a new one. The composition of new models which
differ from those already developed is not particularly difficult
because of the presence of a number of separate model units and the
experience acquired by the developer.

To study the main characteristics of monopulse radar, numerical
probability (statistical) models, also called Monte Carlo models,
have been the most widely used.

Below we shall discuss such models for the evaluation of
coordinate determination accuracy by amplitude sum-difference monopulse
autctracking radars and monopulse scanning radars with amplitude
direction finding, using a wide-band signal.

§ 8.2. A MODEL OF AN AMPLITUDE SUM-DIFFERENCE
MONOPULSE TRACKING RADAR

A simplified block diagram of an amplitude sum-difference
monopulse radar designed for the automatic tracking and determining
of angular target coordinates in one plane is presented in Fig. 1.9.

The greatest complexity in modeling 1s the machematical
description of the angular discriminator. This desciiption can be
made by several methods. We shall examine the method connected with
caléculating signals and noises in elements of the angular discriminato>».
This method most fully descrites the processes taking place in an
actual discriminator, and, in addition, makes it possible to calculate
the effect of phase nonidentity in channels,

In this monopulse radar, to form the radlation pattern a parabolic
antenna with diameter d is used. With uniform field distribution in
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the antenna aperture each of the four partial rauiation patterns is
described by expression

TG i, B

o 1.52.620) ,

F(0)= I.SlT"’ (8.1) 2
L

: : where Jl(x) is the Bessel function of the first type; N
i ;] ' b
4 6 = §5~ is the angular coordinate in relative units;

' 0.5

eo 5 is the width of the partial beam in minutes;

/ ea is the angular coordinate in minutes, read from the center of
| the radiation pattern.

Coefficient 2.62 is selected from the condition of obtaining
the width of the square of the sum radlation pattern with respect to
voltage equal to one at level 0.7 from maximum value. Standardization
of the radiation pattern with respect to the square is due to the use
of the same antenna for transmission and reception. The cross-
section of the sum radiation pattern in one pléne (from the four

horns), passing through equisignal direction, is described by
expression

F (0—0,625) + F (04-0,625) -+ 2F (V/ §-0,625%)
Fe®)== S

(8.2)
The difference diagram has the form
F 6;F‘(0—0.625).-f(0+0.625). 3
50 Rz (8.3)

Coefficients 1/2 and 1/¥2 are due to the summation (subtraction)
of signals received by cach beam of the antenna, in the waveguide

| bridges. The reflected signal at antenna input can be written in the
form ’

: upx=f(tgr Yo} (8.4)
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where up is the bdmpénént of the reflected signal depending on
potential and range to target;

u¢ is .the component of roflected signal depending on the
fluctuations of the effective scattering area of the target.

For further studies the ref}edfed signal is conveniently repre-
sented in relative units reduced to the receiver noise power of the
,sum channel.

The signél/noise ratio with respect to power, converted to antenna
input, can be written in the form

Ha (0
qf‘:-: :{(‘u) ] . (8.5) 4

where 1 is the potential of the station determined by transmitter
power, receiver sensitivity, and losses in the circuits;

c(eu) 1s the effectivé scattering area of the target;

R 1s range to target.

In amplitude sum-difference monopulse radars the value of phase
nonidentity for the high-frequency circuit is usually 10-40°. Such
phase nonidentity has a substantial effect on angular coordinate
determination accuracy and is only slightly expressed in a decrease
in the value of the sum signal. Therefore, we shall disregard the
effect of the phase nonidentity of the high-frequency circuit in
calculating the amplitude signal and the sum/noise ratio in the sum
channel., \

Under these conditions, the expressions for sum signal and
signal/noise ratio with respect to power at wavegulide bridge output
have the form

" thg==thpx (O)

(8.6)
o e {0
g=""RL FL (@), (8.7)
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The sum,éignal received passes through the linear part of the
receiver, where Lt is. added with noises, and the envelope demodulator.

The sum signal aw outpub of the linear part of the receiver can be
represented as

3
5 AT f
el

: uc%n'z-m":"'%': ;/"m @ (8.8)

P
e

where Uy o is the noise vo;ﬁéég'éﬁ'gutput of the linear part of the
receiver. L ‘ ;gg',;_ : )
. PRI b M !
Expressions for modulus and phase of sum signal at output of
the linear part of the receiver c¢an be written in the form

. [“c mual = ﬂ/U :+ U : °+2U¢U mc €05 (Pes " Pus b (8.9

where ¢ fs the phase of the noise signal at output of the linear
part of the receliver; .

¢c BlX is the phas2 of the sum signal at output of the linear
part of the receiver, equal to '

{Uel 5in 96 4 [Un o}S1N pua
(Ul cos 9o} |Usn cf cOS 9a g’

?cm-—afc‘g
(8.10)

where ¢c is the phase of the sum signal at output of the waveguide
bridge, equal to

— arcte (0,) sin'e; 4~ u (8;) sin g
Qo—-afc g li(ol) cos ?‘—l— Il;(eg) cos ,"_ ! (8.11)

where u(el) and u(ez) are the values of the moduli of - .e sum signals
in the first and second planes accordingly;
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4(0)=Usl] YT 0 F2 (00127, (0¥ (8 cos
w()=Usa [l FL @1 FL @1 2F, (6 Fo () cos ey |

’ /’

¢I aﬁdy¢II are th2 phases‘of sum signals in the first and second

planes,

ot Fu(B) SN 9y 4 Fa (0) i 9y
g=arclg (8:) cos 9, -+ Fy (Brjcos 9 '

_ F, (83) sin ¢, 4 F (0,) sin 94
P = A0t 0y o5 9 - 7o (0 o5 9

¢1, ¢2, ¢3 and ¢, are the initial phases of the signals received
along each partial radiation pattern, taking into account phase non-

identity.

The law of phase distribution for noise oscillations can be
assumed uniform in th~ r.c- 2T,

For furtk v studies, the m .dulus of the sum signal at detector
input 3= e¢r. cniently represented in relative units reduced to the
noise p.w~r of the receiver of the sum channels. Then

Hoonx
202

Uﬁxc UcUm |
h/ + 4 te [c0S (Pe npx—Pu o) | * (8.12)

m [ °m [

The signal/noise ratio at output of the linear part of the sum
channel recelver can be wrlitten in the form

o LTGRO s

emx 2% R . Vo mgoms
Tls (8) Fie . :
+2 n. ) Unt ¢ o1 COS (Pc vuan = $ie ) (8.13)
205, R? . .

U
O is the relative value of the amplitude of

T
where Uy o ooy 72—_-_

sum channel recelver noise.
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If an actual amplitude detector is approximated by &n inertial=
léss 11hear~detect6r5 the voltage ard the signal/noise ratio at its
output will be determined, dccordingly, by equations (8.9) and (8.13)
multiplied by thé trahsmission factof of the detector. R

The epreséign‘for the sigﬁal/noise\ratio at sum channel
receiver output,kéakihg into account the operation of the AGC system, ]
will be obtained later after a deéscription of the AGC system operation. :

The difference signal at input of the receiver will be written
as

tty=Upsin (of -}-9,)
(8.14)
where
Up=UcV F: (8) - Fa (6;) — 2F, (0,) Fa(B)) cos®p =
| =UcAF(0),; ?p"'-"'?n‘-?ao ' .
) (8.15)

The phase of the diffevrence signal at output of the wavegulde
bridge bp y can have a serles of values and be determined from the
following relationships:

( Fa(0)slngp . '
Fy (83) — Fq (8:) cos 9p
npu Fy (0) > Fy(0,) cos pp;
Fs (8,)sln gy )
. | Fea-Remr T*
Ppu=81CIE § oy | P =0 .
R F (0) < Fa(B) cos gy (8.16)

__ _Fi(b)singp —
F' (0])—' F‘ (0.) cos ,’ 9
>0 :
TNPH
P . {Ft(ex)<Fa(,ex)°°$?p.

Apu = when
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The glfference signal received in the linear part of the receiver
is added with: the nolsgse signal. Consequently, at input of the phase
detector the difference signal can he written in the form

- S
& Uy spx== U R
§; PR D+umﬂ (8.17)
2 The modulus of the difference signal is
pmd =[V U3 +-UF - WUy 05 urp—Tpmcd (5,25

IRy

2 W4

where ¢w p is the initial phase of the noise signal at output of
the linear part of the difference channel receiver.

The phase ¢p B of the difference signal at output of the
linear part of the receilver can have a number of .values and be

devermined by the following relationships:

]

[ arcsin L‘{T‘;’—"r' Sift (Pu p—Ppu) TP JUp| > WU ols

| | aresin -]—E sift (Pn ) a)
L . _' . lUp|<lUmpl’

n
: ?mp"""?pn-—Q’ﬁ 5

T TR S T ST R

npu- - 5 -
Pmp— ‘Ppn="§'“+27‘;

4 Um K .
arcsm] [Up f‘ it (Pun p—% ﬂ)"“"%’

{ Ul < |Unm pls
npH

©
Pup— Ppu=g5 + W

fi:‘p s=Ppat

~ arcsin "{’”J' sin (Prmp — Pp n)"“l;‘
{lUpl < lUm Dl;
npu

Pup— Pna=n-+ 5%

e TR S R T T T R TR T

[npn = when] (8.19)
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We shall assume that. the amplitudes of the sum and difference
sigrials relative to: the sum signal ampli'tude are standardized with
the aid or the AGC system described in § 3.3; a block dlagram of such
an AGC is presented in Fig. 3. 18.

Then; taklng into account the work of the AGC system, the modulus
of the difference signal at detector input has the form

iy & Dmx
U = :
'y o= E g
'« m p 2 Wi !Um ol
=Tt c0s @ --? m)
, U?l’ X - Upz aux pr nux td P ( 8.20 )
where U is the voltage of the monitoring signal at output of

pH 8uIX
the linear part of the receiver, in accordance with which standardi-

zation is carried out for the amplification factor and the difference
channel receiver.

For further studies the standardized modulus of the difference
signal can be represented in relative units reduced to the noise
power of the difference channel receiver

[ A

* 'A‘ (E)\q‘c U AF 9 U q .
’ - l * IE
lupu'——V ' mDO‘ra 2 .‘ ) 1t P oyl Os( . )
L , qp.xnm qpxm ;le b (8021)

~

gn Bbmis the vignal/noise ratio of the aonitoring signal with

respect to power at the output of the linear n.vt of the receiver
of the difference signal;
U i3 the relative value of noisz amplitude at output of

W p OTH
the difference channel receiver.

where g

The sign of the error signal is determined by the phase difference
of difference and sum signals. Phases of sum and difference signals
dt phase detector input are determined by expressions (8.10) and
(8.19).

Voltage at output of the linear' phase detector, in accordance
with (3.52), is determined by expression
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uy (0) == 2Ky o 1W'p suax] COS(Pp paax — Pe e

(8.22)
- Then error signai 1ﬁ the angle channel can be written
p(0)=2Kp 5 X *
> F(0)q: U, AF Q) U
xl‘/__ ¢ + up orH *_2 () ml’tm?'.‘ 05(‘Pmp""?pxux)
qpx BHX q PR BEX qpa BHX .
- : X €05 (Pp nrew — Pe nun)- T (8.23)

Error signal up(e) from receiver output of the difference channel
enters antenna drive.

Here we determine the mathematical expression of the signal/
noise ratio of the monitoring signal qgK BHIX in the receiver, taking
into account the work of the AGC system. With modeling, in the case
nf small variations in signal amplitude AUBblx at recelver input from
the time lag of the AGC, exponential approximation of the AGC control
characteristics gives good resulfs. The requirement for small varia-
tions in signal amplitude AUBblx at receiver outpuit corresponds to
the actual requirements for the oneration of monopulse radar receivers
performing automatic target tracking.

With such an approximation of the control characteristics we

have
"ser = Xy, €Xp— (b U ar)-
4F (8.24) ]
;
The amplitude of the monitoring signal at output of the linear 8
part of the difference channel receliver with an operating AGC system i
is equal to ;
* Upx 12ax = KmpUpg 13 €Xp — bAp(pr w—Upap) F AP(P)] npa
KnpUpk tx > Up ooy ' (8.25) :
‘ Up v1x= ¥mpUpsrm 1P KU 22 < Up 3o, )
' [(npu = when]
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where U!

where Uén Blx is the amplitude of the monitoring signal voltage at

ihput of the difference channel recéelver.

The va{ues of ks bA’ 1] A;_FAQP) were détermineq in § 3.3.

3a
Upeix=Ucexp— 0, (U'crux— Ue ssp)F Ac(P)S 1 Ue<Uc saps

pr = Uc ﬂpH L'Q<U¢ s
[npn = when]

(8.26)

c auQ is the amplitude of the sum signal voltage at
output of the 1linear part of the sum channel receiver, taking into

account the operation of the AGC system.

After dividing the right and left sides of equations (8.25)

by Jﬁbwp = /20mp ax.kmp’ we obtain

Gox 11 == Gom 12 XP — {0’ (Gpx1ax — Go aan)F 3, (P))
P Gpx ssux.> Jp saqe >

Goe sy e s TPH o 3352 p 20me ' =8V Z S (8.27)
[npu = when] '
Analogously, for (8.26) we write
Gon 3= JoeXP— [0', (0" sx ~ ge ua)F (P
PP PorenS>Goson .
Qo 35==0_TDH ¢ 3z <o sons (8.28)

[npu = when)
Accordingly, taking into account the work of the AGC system, at

output of the linear part of the sum channel recelver we can write

9" paan =3 Jo &XP — {b'm(q'c varx — Qo san) F Ac(P)l
BPH @'opux > Ge sa.m o

Forax=qs MPH  §'c xS qooans (8.29)
[npn = when]

.

~ -
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In order to take into account the effect of reflected signal
fluctuations on angular coordinate determination accuracy, it 1s
necessary to describe mathematically and well the reflected signal
fluctuation in the reflected signal shaping unit. The selection
of the type of approximation will depend upon the type of target,
(aircraft, rocket, satellite) and upon the convenience of its use
for modeling. The method of imitating reflected signal fluctua-
tions will ngt be discussed.

The above analysis makes it possible to gonclude that a model
(Fig. 8.1) for studying the accuracy of anguiar coordinate determina-
tion in one plane by an amplitude sum-difference monopulse- tracking
radar must consist of the following basic units: reflected signal
shaping taking into account the fluctuation of the effective scattering
area of the target; antenna and sum-difference wavegulde bridges;
sum signal recelver with AGC; amplitude detector; difference signal
receiver with AGC; phase detector; noise generators (transmitters
of random numbers); antenna drives; target trajectory shaping;
‘statistical processing of angular coordinate measurement error.

Algorithms simulating the antenna radiation pattern and signal
at outputs of the sum-difference wavegulde bridge are made up on
the basis of expressions (8.2), (8.3), (8.4), (8.5), (8.6), (8.7),
(8.14), (8.15) and (8.16). The sum signal at output of the linear
part of the receiver is described by expressions (8.9), (8.10) and
(8.13). The sum signal at output of the amplitude detector is
determined by expressions (8.9), (8.13), (8.29), multiplied by the
detection factor. :

To describe the difference channel receiver unit equalities
(8.18)-(8.21) are used.

The work of the phase detector i1s approximated by expression
(8023)0

The amplification factor standardization circuit with the aid
of the AGC in the difference and sum signal receiver is modeled
in accordance with expressions (8.25) and (8.29).
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Fig. 8.1. Block diagram of a model of an amplitude sum~difference
monopulse tracking radar. l
KEY: (1) Unit for reflected signal shaping (taking fluctuations
into account); (2) Noise generator; (3) Unit for target trajectory .
shaping; (4) Antenna and sum-difference bridges; (5) Sum signal
receiver with AGC; (6) Amplitude detectors; (7) Noise generator;
(8) Difference signal receiver with AGC; (9) Phase detector; (15) A
Antenna drive; (11) Unit for statist.ical processing of coordinate
measurement errors.,

e

s ey,

I 1
H ' i
The noise generator (random number transmitter) must generate ;
a random sequence of numbers with a normal law of distribution.
Noise dispersion is calculated for maximum radar range based on l :
a single sounding signal width. Methods of shaping such ranQom
sequences in a computer are discussed in [9]. . :

A
SRR R e o oS

2t

Modeling the antenna drive 1is not difficult and 'we will not
discuss it here. . v :
As an input effect on the input of the model:in the target
trajectory shaping unit we can assign the equivalent sinusoid
L}
. a“,n(t) ='.-—"Ao Sin «‘Ot; ' ! } .
(8.30) : "
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where A = X
l 0.)3

‘-" 3 I
is amplitudeuand Wy = % £ is ,frequency;

x and X are the first and second derivative of the polyncmial
approximating target trajectory. '

Reference .data for determining dynamic and fluctuation errors
in angular coordinate measurement are the models of error signal
for processing of input effect by antenna drives in the presence of
receiver noises and reflected'signal fluctuations. Statistical

processing is carried out oh a group of models for the selected

mean values of ‘the signal/noise ratio.
: ; X ;
1

]
\The task of statistical processing is to distinguish the dynamic

and fluctuation component from the total tracéking error
ol !

Aa(t)= ?xw,(t) — G an () = 8y, sin (gt —+¢n) - As (t),

(8.31)
1
where o (£) is the measured value of an angular coordlnate;

, 6h and ¢ are amplitude and phase of dynamic errors;
Ae(t) is, the value cf fluctuation error.

yAmplitude and pnase of dynamic error when writing in discrete

+ form can be detérmined from expression

! 8,,.4.._ [sm?u: 3Aa*(At .i)cos (o‘ol\t )4

' =i
i i n

+ cos Pat Z Aa¥ (AF-i)sin (weht- 1)}, .

l ’ | =i ] . ( 8 . 32)
X Ba*(Al-1) cos ((o.At 0
o e __arctg = '
. - L Ba* (At-0) sln (08¢-1) (8.23)

.

1 =1,2,3,...,5n0; .

n
: | Co o Y, da(atd)
= Aa® (At+i) == Aa (A¢-i) —Aa (BE-1); Ba(BFl) = e
! 1

we

where At-i.= t

n

ezt




The averagé valué: of dynamic érror will be equal to

=7 o
where k_ 1is the numben of error signal models;

GA 1 is the dynamic error for fixed values of the mean signal/
noise ratio in each of the models.

After subtracting in each model sum Ac*¥(At+i) the determined
component GA 4 sin [wa(At'i) + ¢ we obtain the model of
fluctuation error

a 1]’

Ae* (At i) = Aa¥ (At i) — 8y 5it 65, (A2 D) - Pl
‘ (8.35)

The average value of the correlation function of fluctuation
error will have the form

by
 Naws
R(At-i)==£-’i'—-'f‘——- ,

(8.36)

" where

" N

Re(At o) = g 2 As* (At-) As* (A2 (- 1)),

=1

N is the total number of points in the calculation of the correlation
functions;

m= 1,2,3,000, % are the points in which the correlation function
is calculated;

At = % is the time range of discreteness.

T 1s the total length of model (averaging interval).

Mean value of spectral density of fluctuation error is determined
by formula
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N_—m;__ ’
G (&f-i) =40t ); R(At-)cos [o, (At )y (8.37)
where Af is the freqﬁency interval of discreténess.

The average value of fluctuation error variance will be

a

» B .
| ) ;_’[A" (at-3e.
Dyo=—"% . (8.38)

Pgramnters N, m, At, Af and ka are selected based on the necessary
accuracy involved in obtaining estimates of dynamic and fluctuation
errors.

§ 8.3. OVERALL BLGCK DIAGRAM CF A MODEL OF A
SCANNING MONOPULSE RADAR WITH FREQUENCY-MODULATED
SIGNALS AND AMPLITUDE DIRECTION FINDING

The task of determining coordinate measurement accuracy with a
model will be examined for an arbitrary signal/nois » ratio and the
case when at model output are formed single evaluations of measured
parameters of the signal and the evaluations obtained are not leveled.

In models of scanning monopulse radars whose block diagrams are
presented in Figs. 1.12 and 1.13, the main difficulty lies in describing
the signal and the angular discriminator.

In *he model at input of each channel is shaped a pulse whose
amplitude depends upon the angle of target deviution frcm equisignal
direction in accordance with the antenna radiation patterns, while
the envelope and instantaneous pulse phase are determined by the
type of sounding signal selected in the radar. Then amplitude
phase distortions required for studying the fcrm (random or regular)
are introduced into the pulse. The distorted pulse is mixed with
normal white noise whose spectral density can be varied for the
assignment of a necessary signal/noise ratio. Then linear filtration
of the signal and noise mixture is modeled by a filter with a weight
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function in agreement with the undistorted signai or containing dis-
tortions of the réquired'fofm. ,Detectionf;n the model cah be
represented as a determination of the process envelope at output ‘of
the linear filter. After detection, e&aluatipns of amplitude and
pulse time delay can be formed with respect to algorithms .selected
for processing radar information. which were examined in Chapter 1.

Let us consider models of an amplitude-amplitude and an amplitude
sum-difference scanning radar for determining coordinates in one
slane. In connection with this it is necessary to represent in the
' model two different measuring channels in which the amplitude of

input pulses, distortion, and nolse must be assigned independently.
If the volume ol 2computer memory in which modeling is produced is
sufficient, we can model both channels in parallel; in the opposite
case, first one of the channels 1s modeled and the output results
are stored and then che second channel is modeled and an evaluation
of the angle of target deviation from equisignal direction is formed.
This glves an overall representation of one cycle of modeling work.
The model will be described 1n more detall below.

In order to determine the statistical characteristics of
evaluating measured paramevers, the computing cycles on the model
are repeated. In each cycle a new model of noilse and random
distortions is used. When necessary, we can cha. g« the amplitude
of input signals and thelr temporary position, from cycle to cycle,
for modeling the fluctuation 'of reflacted signals and the displacement
of the target with respect to angular coordinates and range. In this
case, tize given models will be used later for studying smoothing

algorithms for output coordinates and characteristics of trajectery
determination accuracy.

8.3.1. Representation of signal and noise. In modeling wlth
a computer the signal s(t) can be represented only by a set of several
numbers, knowing which, we can calculate any of the current values
of the signal, using prescribed operationa.

*a
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‘There is an infinite set of variants for selecting the necessary
I set of numbers, Commonﬁproblemé of signal representation are studied
in reference [108) where a generalized representation in the form of

" a double geries 1is assumed: 3
. Mo ’Nc A R i%
) ’ § (t) =), E aumvmn (t)' &
s avd . )
- m==} n==} (8 . 39)

where an(t) are known functions. » 3

In [57, 108] it is shown that for representing a signal with

width Tq whose spectrum occuples the frequency band wc, Mch = TCWC

is requilred, as well as coefficient &n® Consequently, the selection

of any system of function an(t) is determined only by the convenience -
of solving a specifi~ problem. For the studies being conducted an )
expansion of the signal in Kotel'nikov's series has indisputable

advantages:
* N 1 a'. "
. AN sln—{-t-.(_l--tbg)
s= ) S8 —m oo (8.40)
' ==NJ2 ~Kt- (t—‘At)

when the expansion factors are values of signal s(iAt) with sample

= L
step At =F

In the representation (8.40) instead of continuous signal s{t)
we obtain discrete signal s(iAt), which enables us to use in the cal-
culation an extended mathematical apparatus ot' discrete systenms
(14, 58]. For a wide-band signal with intrapulse linear f{reguency
modulation, we can write

e

sh=She i (mt%ﬂ%ﬁ)}“ ‘: = (8.41)

where S(t) is the signal envelope;

l:)

is frequency deviation;

n

w
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9 Is average: signal frequency which later will be called
¢arrier’ frequency. -

‘There is~a/simp1e ﬁeIationship tetween the expansion factors
of the signal and the expansion factors of its spectrum since; in
accordance with the method of stationary. phase [80], the signal
spectrum (8.41) is described by function

~ Dty A |
S =y {@_@¢§}X

ext i — o it — }? .
Xexp{f [( o ,‘] (8.42)
)

-
where S[(w - mdD§9] is the signal envelope.

Let us go to the question of choosing the sample step At' Wé

shall designate the discrete signal in terms of s[%—] so that
t

sfi] = s(iAt) when 1 = -g, - g + Lyene, g and s[i] = 0 when 1 is not a
t

whole number, where 1 = =~ ,
t

>

Let us determine the spectrum S*¥(iw) of discrete signal [%; .

The expression connecting discrete and continuous signals is written

in the following form [14]:

s[—A‘;-]= éfs(t)B(t-—iA‘i)‘dt;. \}‘_g“%,

Ix3=00 ~=00 (8.)43)

We shall use the known equality [14]:

o . L

' < a
W se—idd=; e " - (8. 41)
=2 =0 I=—-m )

Multiplying both sides of equality (8.44) by s(t)e~10% ong

integrating with respect to time from -« to +», we obtain
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. i Ed B 2l )
S*(imy= 3 3 5 (m-}--m—)], . (8.45)
i=2—02
ise., the spectrum of the discrete signal is. a periodic function
wlth period 2n/At. Then let the continuous signal have limited
spectrum

e e e e e L I;\"wﬂ=0ﬂpﬁ[d‘1>~§-=ﬂ‘7a F ettt e e e e
[npu = when] (8.46)

For the possibility of representing continuous signal s(t) by
discrete =[i] agreement is required with accuracy up to the unessential
factors (in this case, %—) of the spectrum of the continuous signal

t

g(iw) and one of tné periods of the spectrum of discrete signal

S*(iw)(58]. This agreement occurs if, in accordance with (8.45) and

(8.46), inequality %E > Q@ is fulfilled, from which it tollows- that
t . '

the sample step 1s limited at the top by quantity

2= 1
M5 =" (8.47)

Accordingly, the sample volume N + 1 must satisfy inequality

N>Vt (8. 48)

Let us note another peculiarity of representing continuous
signals by discrete. The periodic character of the spectrum of a
discrete signal leads to the fact that continuous signals with carrier

frequencies spaced according to (8.45) by magnitude %ﬂi, have identical
t

discrete representations. In other words, we can represent continuous
signals in discrete form cnly with a carrier frequency of Wy s less

than 2v/At. Thus, for representation in the model we must use an
undistorted input , ulse with a carrier frequency equal to zero. Possible
variations in the model of the carrier up to a magnitude of 21r/At
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are sufficient for studying the effect of displacement of carrier
with phase distortions of input signal on the shape of the output
signal and the accuracy .of measuring itc parameters.

We know that radar signals always have wy >> . More detail
will be presented in paragraph 8.3.2. on the permissibility of using
in modeling signals with a zero carrier frequency in order to study
‘the processing of radar signals whose carrier frequency considerably
- - - exceeds’ the bant® decupied by their 3péctra.’ Tetton st T T

Let us examine what sample volume 1s required for representing
a square pulse with linear modulation frequency

s(t)-exp {1(mt+—-”} _W“;L (8.49)

Calculating a Fourier transformation from (8.49), we find the
input pulse spectrum [23]

s(xm)——-]/ exp‘—— isg (o;--(oo) ]X
Xzl VetV 5]~
—a[LY -V ]

(8.50)
nx2
;, vhere Z(u) = g exp(ig——)dx is the Fresnel integral in complex form.

An analysis of equation (8.50) shows that with an increase in
Q

the compression D,, = W, T, = 57T, the amplitude spectrum |§(iw)| is
similliar to rectangular with the total frequency band tending toward
2. With a decrease in coefficient-Dr the number of components goes
all the more beyond the frequency band f. Thus, for example, when
Dr = 50, studies have shown that for a representation of such.a
signal with virtually unsubstantial error, a sample volume of 90

numbers is required.
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Linear filtration does not lead to an expansion of the signal
spectrum. Let us examire, therefore, the expansion of signal
spectrum during detection. In the case of the large compression

factors from (8.50) we obtain [35]

\s(xu0]- ]/r rect —g—— ”‘ .

e v e v e (8 51)
The signal at output of the matched filter is
. Qt »
: sh-i—
sy()= 4 5 13 (.,,), esp ) do= o g7 exp (o),
. 5 * (8.52)

and the signal after square~law detection is determined by expression

9:1:,,
sinT

' 2 — ol :
L {s¢ (t)} = 10 -——-—Q—t-c——- .
2 . (8.53)

A Fourier transform from (8.53) can be written as

g nl-——-—

o

—

= a1
' (8.54)

Comparison of formulas (8.51) and (8.54) shows that a square-
law detector expands the spectrum by a factor of 2. Taking into
account the fact that the spectrum of the input signals with distortions
can be somewhat expanded as compared with the spectrum of an undistorted
signal and keeping in mind the convenience of using output data, we
finatly obtain a sample volume equal to 201, i.e., N = HD = 200,
Thus, the signal in actual Lorm with
50 will be

and a sample step of At = %.
a zero carrier frequency and compression factor Dr

s 21 250

{(8.55)
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and is tepresented in the model by discrefe signal

e T R % \? » ,
* SH=C08f —-—{ § -2 ) J 2=pix: Y ;
| i [2,0 (i ;\!) } £05 Py, (.56
where i = -‘é‘, "N ; 1 e 0y Né'3

I N . ~ Y I AW R
o~ i n et s esmn Y & = P i W Bes st oo o . e
PR

For the selected numerical values N = 200 a..d Dr = 50, we
obtain-¢2o = 0.00393.

At the begirning of this section it was shown that 1n the model
the amplitude of the input pulse .serves for the assignment of target
deviation from equisignal direction and modeling of reflected signal
fluctuations, while the additional components characterize the dis-
tortions of the envelope and instantaneous phase. Consequently,
input pulse can be represented by a discrete signal in the form

- o
== A, (1 4 AS {i]) cos® [i] rect - .
sisli] (14 AS [i]) cos @ [§] rect -5 (8.57)

where

@ 1= 96+ Pyn i+ Ppu+ E - Pgse i* - Ao .-

The quantitles A, and AS[i] serve to change pulse amplitude
and to assign the distortions of the pulse envelope. Coefficlent
¢¢2 determines the steepness of linear frequency modulation,
Coefficients ¢¢, ¢¢1, ¢¢3 and the quantity A¢¢[i] serve to assign

varinus laws of variation for instantaneous pulse phase. The
quantities AS[1i] and A¢¢{i] can be random.

In examining the question of répreéenting white nolse in & model,
normal noise n(t) with mathematical expectation n(t) = 0 and
correlation function
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() n () = Nud(t,— 1),
n () n () (t,—1t) 5.58)

where 2N is the spectral density of the noise,
6(tl~t ) is the delta function, is replaced with noise in a
limited frequency band which is several times wider than the signal

Then when
representing a continuous noise by discrete and using (8.40), for
noise n (t) limited in band we write

‘Wwe can assume to be white with respect to a given signal,

«; sin -—E;- (t —id1) \
n.(t)y= E n(idy) - ’ ’ . ‘
18 5 i) (8.59)

i.e,, contlnuous noise nn(t) is represented by discrete noise
nfi] = n(iAt), and i varies from -= to +«,
of continuous noise nn(t), represented in the form (8.59), is

Mathematical expectation

.

-T (t — 1A3)
iy (t) = \}"‘ 7 (iay it —————=0,
s-.-:-. A ——--(t-—il.\t)
and the correlation function is
¢
13
0 sin~z- (6, —181)
<3 YTRYTITY t X
Rattut)= ) n(idg) n (b — .
I =00 Rz~00 Y (ts — i81)
. * : ©
A v (ts — A1), o sin—g- (¢~ iAg.)

>'< .

—
—

.
n . L]
Iy U 81) o, —ar h—18)

™ L )
sin —5; (b — 184) sin—g~ (h—1)

D¢ =Ny . (8.60)
_.“&. {t; —ib1) -_Aﬁt— (t; —12)

“frequéncy band. “Undétr these tonditiodns, ‘the noiae “used' in ‘the model=- - -
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‘The power spectium of thé noise n,(t)

Ru{0)= 2 S R, (t) e.xp (iwot) dt
-0 P

(8.61)
is calculated by substituting (8.60) into (8.61):
wshlj%ft L
R () =20y Sn-—;-—-é_xp(iébt)dt. (8.62)
. 8 a

An integral in the form of (8.62) is studied in work [57]; it
agrees in mean-square and is

oo, by
kn(m)=2NmAgrect i | (8.63)

Thus, the power spectrum of the noise, represented in the form

(8.59), is uniform in frequency band %1. In modeling, it is con-
t

venlent to choose the same sample step At for representing signal

= 3
and noise, i.e., At = 35

Then noise frequency band is 4Q and, consequently, noise nn(t)

represents white noise well with respect to a signal whose basic
energy ls concentrated in frequency band Q.

Discrete noise n{i], in accordance with the above, is a sequence
of independent random numbers with zero average and variance
og = Nlus distributed according to normal law. Methods for obtaining
such sequences on a compurer are described in [9]. Determining the
necessary sample volume for noise will be carried out in paragraph
8.3.2.

The required signal/noise ratio qg in the model is assigned by
the amplitude of the lnput signal Ac and the varlance of noise ui.
The vower of the undistorted input signal is
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Sixo () = Accos (—2%-?). ”I<—;ﬁ- ,

represented in the form (8.4C), equal to

L
vae - e . NyS co. Siﬂ"“"‘-(l——-fA;)' Ceraee .
¥ At . .
A + Cos? ( 2 1’Af.) dt =

¢ - % 27
=T s | A —1m0) :

N2 .
= A\, cos? /.2 A,
) \ 2, 1
=—N)2

(8.64)
.
Spe. ral density of the noise, according to (8.63), is equal to
205'At5 .onsequently, the ratio of signal energy to spectral density
of noise will be determined by formula

I\.-' Shx o i)
2 __ l=—-NJ2
9= 2“?! ¢

(8.65)

Substituting into (8.65) the selected values N = 200 and
D = 40, we -obtain

r
<2 a2 100
. q =A —5=e
[ [ 2°m

8.3.2. Modeling the processing of a signal in the receiving
channel. Signal processing in the receiving channel includes the
linear filtration of input pulse and noise, as well as the dis-
tinguishing of the envelope obtained after Lhe filtration of the
additive mixture of signal and noise. We shall write the input pulse
in the form

" Sux (t) = Sun(f) exp {i foot +2us (O} 1] < (8.66)




%

3
w4
X

[

its envelope Sax(t) and phase modulation ¢ ( ) contain disvortions

relative to undistorted S_ (t)= A and ¢ (t). In the model

8X 0 8X 0

. all distortions are introduced more convehiently into the signal

only; therefore, the welght function of the filter is assumed matched
with the undistorted pulse and is- equal to

h(t).-?-exp.{.——i [.-e--;, (t*%),{q?m,.(%.:_.;')j.}.ﬂ!. e :

. %
<= (8.67)

A§‘a result of filtration, at filter output we have the signal
. i

sit)= ofs;, (x)k (}_--, ) du== exp [m,] (t __:5_) X
T X B O+l

where -s,c(t)"‘";'S sm(.;)cosl%x('t) ‘Puros(‘t—-—l‘*'")]

t-—t.

X rect'—f- dr,

s,.(t)...-— S Sic)sin | oax (t)—muo(‘~;+ )]X (8.69)

t—%,
1

XKrect -;- d.

—

The signal envelope at filter cutput 1s

. Lis,th =15 (t)+s,. @', . (8.70)

and instantaneous phase
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arg {s, ('l)}= b. (t —— )—}-arctg z" {g 8.71)

- |
The i formulas presented show that carmier frequency Wy is present
only in the linear phabe term mo(t +| ) known a priori and 1is not

tee o @ *» @ - L A X R -\ ee o e we o

of incterest in the study. Thus, for modeling linear signal ‘filtration

it is necessary £0 represent in the model operations (8.69), while
) the carrier frequency of .the input pulse can be given as zero.

' !
, Input white noise éives at .output of‘the linear filter with

weight function (8.67) the noise ‘process
. ; .

’ : ‘ gn:(t)='=' ofn(f)f (t—r) dr= [n,c 0+

—00 ! 1

tinaOenfin (1—3)] .

1 I (8.72)
' ' I
where ! : o
' £ y o,
. R (t)= j‘ 1 (x) cos [w,~;+?n?°(¢_,.{_12<a_)] e
’ t—v, . :
nn«)-—— j n@ sin [ow Foue («-: l———-)]dc.
i =2 ‘ . :
’ : a (8.73)

i )
The ‘sum process at output of linear filter is an additive mixture

of signal 8 (t) and noise ny (t):

y\(f) [yxc(t)+‘st(f)] exp [lwo( —--2—).],‘ .

(8.74)

41 c (t;= sxxc(t) '{"nll'c 6] y,;(t)= Sya ()25 (f)- (8.75)
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The envelope of the input process is T
- | i ;;
‘ o9 .2 2 ' 3
Ly =1y, 044, &1, ; z
(8.76)
...and its instaptaneous.phase.is.... ... - : et i If
- 7‘;‘}
#ha {f) 3
208 {5, (0 = (15— ) Fraretg 220 : ;
; AT (8.77) E
Since in the model we assign carrier frequency as zero, in order %
to model. linear noise filtration, it is necessary to perform opera- E
tions ¢ . X
o
R (f) = j (%) cos [pu,.(cg+%)]d¢, 3
f-'i’ ' ‘}
' %
%
n,.(t)....-- s n('c)sm ‘ano(**“l“—)ld% 3
t—s,

(8.78)

In analogy with (8.40), the welght function of the linear filter
is written in the form

-

. Np sin—z= (t--fﬂt) %
h(t)= E h(iAg) A:-=_~,—,—.‘ .
teNy2 (' — i) (8.79)

so that the continuous welght function h(t) is
function h{i] = h(iAt).
filtration

represented by discrete
Then for the operation of linear signal

-]
S={sux®)h(t—r)dn
. =00
we have discrete output signal

M2 Mg - (—1a) .
s (1) = }3 2 Sin (100) h (10Ay) j“ ~—9‘—--_.._><

=gy b==Np2 2 i— Mt)
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”n - il
Stn 7o [2— (0 - k) &4 I
X Gt M saleb) bbb
A +.x) &t ®=N[241. : :
A Nj2
=A ' ‘
O L N L e TR TS
=~=N/241
representing in the model the continuous output signal
. L sin-—% . —iby)
Sl (t) == S‘ (iA‘) "‘“_’—'—'—"—.
1=, B (t—i8) - (8.81)
Let us deternine the necessary calculation limits for the values
of the output discrete signal Nl and N2. As shown above, the weight
function of a linear filter (8.67) is in agreement with the undistorted
input signal with a zero carrier freguency '
. Te
- Same ()= Acexp {i Puxo (D) <5
' (8.82)
and, consequently, is equal to
T - »
; h(f)=:ex {"“‘Pex (“"""t‘)}n O<isite
3 ()=2exp N2 (8.83)
‘ For the studied signal with linear frequency modulation
¢ex 0('c) = ;‘T-t2 the undistorted output signal is described by
¥ c
. expression
3 ® PR
v S10 ()= fsm(e)h(t_._t)_de—..—_/;c f exp{i =X
B -~ t—t ¢
Jg 1 '
i‘ - x['c’ — —E-cq-- l _‘E_. P ‘40':0
iy 3 t:—[-v Ircct =g X
(8.84)
X . .
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For studies it is completely sufficient to reproduce the_
output signal (8.84) within the four side lobes nearest to the main

Te 10w .
lobe, i.e., for |t - -—2-| { g+ Hence we obtain the computation

limits for discrete signal sl[i]:

1 < ~ 108\

Substituting into (8.85) the selected valve At = g—s—i, we obtain
N, = 80, N, = 120. '

This makes it possible to write the algorithm of linear signal
filtration 1n the model, representing operations (8.6Y) for the
input signal (8.57), in the following form:

%

Si:f{il = xg_"’;‘ AQA-t (1 AS[x])cos [(p [x] — |
'-?,: (lc—i-{-—gi) ]rect-;;-. ‘
sull=Y) 3AM0-H0S [d)sin [0~
x=l-N
Ty =y (x-——i-l--'zi-)'] rect—r-, N, <<i<N,

(8.86)
Just as accurately, for representing linear noise filtration

(8.78), we obtain
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2
A=i~N /3
{
nlil = A n [x]sin | s (fc — i-l—«ﬁ)’];
gg_u [ 2 (8.87)

Let us determine the necessary sample volume of discrete noise
nfk] after calculating the statistlcal characteristics of one of

the processes (8.87) when nfk] = 0 at k > N3 and k < -Ny; Ny, N3

> N/2. The values cf N3 and le will be lower. For a thus limited
input noise sequence, from {8.87) we shall have

>

a7 melll=
' . "
| Y} nldcos[ow (k—itg) ] i< =N,

K= N,
]

B n [x] cos [9,, (x — i+-l§v—)'], N—N <i<N,,

g=j~N

I

n [x] cos [7,, [lc——i-}--’;’—)’], 1>1\}’. ’ (8.88)

k={—N

Since in n[k] = 0, and n[kJn[i] = ijék 4» from (8.88) we obtained

the average value of noise nlcliJ = 0 and the noise variance nlc[i],
related to oil\%, equal to

(=N 24N, - y
2 cos? (Pzoé%)s 1< N—N,
R x;-—ﬂ/ﬁ .
-ﬁ%ﬂ_‘: f cos? (cptoxz)"NTN“i‘N”
&7 9% x-_--N/2~ .
el 4 Hy b N .
v cost (agtt)s >N (8.89)
{ wex—Nj2 )
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The noise variance established according to (8.89) occurs when
N-Ny<ic< N3. Being given the natural requirement of stationary
output additive noise for all calculated pcdnts of the signal
Ny, £1 < N,, we obtain Ny =N - N,, Ny = N,. With the selected values
N = 200, Ny = 80 and- N, = 120, the sequence of discrete input noise
n[k] must fall within =120 < k < 1-9.

The sum discrete output processes, in accordance with (8.75),
are egual to

Yse [‘1 =T8¢ [11 .+ flye m.
ts [ =su i) +”um-_ (8.90)

To reduce the volume of computation, it 1s advisable to add
signal and noise before the summation operations (8.86) and (8.87).
Discarding the same standardizing factor At’ we finally obtain

1

el = é {—}Ac(l;l-ASIKI) éo's[«b 11— (=t +5) ] X
) x=l—N

Xrect %%n x] cos [tp,. (lc — i —2—'—)‘]},
yuli) = ﬁ [Ac(1-+SieIsin[0 1 — 9 (s —+7) | X

x=jN .
Yrect 'F';".—'” (€] sin [?,, (ic -—'l+—’;~) ].
N,<i<N, - :

: 8.91
® 1] = 90 Pu- & - Ppa+ K Poa- #* 4 Apg [1). (8.91)

If the compression factor of the undistorted signal is taken as
50, the calculated values of the constants are N = 200, Nl = 80,
Ny = 120, ¢,, = 3.93°1073,
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Usually in a radar the process from output of the matched filter
is subjected to additional ifxrar filtration with the aim of
v .ppressing the side lobes of the output pulse. When using weighted
treatment for suppressing l¢ ..ral lcbes, the weight function of the
second linear filter has th: form

h,(t)—a(t)-a-ula(:; B yha(i+ 2 2, I
Po=0:42. (8.92)

The discrete rate fw.cticn ha[i] = hz(iat), when the quantity

A, = X

t = 390 is then equal t.

a1 = 8 ) po (S li — 4+ 1141,
' (8.93)

and the discrete processes at output of the second linear filter are
described by expreszions

4 .
2 [i] = z yncL"I’zz i—u=

. =N
=y;cm + 2 {the {{—4] 4 ysc [i+4},
Yauli] = yx-[‘]‘!“l’d){yxs[t—'4]+.‘/|t(i+4]}'
N +4<.<~N;’~4 '
(8.94)

In accordance with (8.76) and (8.77), in order to determine the
discrete envelope and discrete phase modulation of the process at
output, we must calculate

Lip Wy =V 4;, 1l +9;, 0 ]
(8.95) {

and

' g {y: (]} = arctg Y24 ?}
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Let us note that in order to exclude the operation of suppressing
side lobes of a signal, it 1s sufficient to assume p¢ = 0.

All discrete signals in the model represent actual continuous
signals and are connected with them by a Kotel'nikov series (8.40);

therefore, when 1t 1s necessary to obtain intermediate¢ values of
signals at points 1 + Ny inM[ < 1, we should perform interpolation

F — sins'(l-l-'f).-x)
(@ 1) EF["] Sl m—n) (8.96)

where F[k] is the interpolated signal.

Figure 8.2 presents a simplified block diagram of the part of
the model described, for one receiving channel. In the signal unit
(6C) the following quantities are calculated:

Ac(1 -8 [1]) 1 © () = 04 + Yok -+ Gae K-
‘ +ooowtt-Lygln) -
[n = and]
for -g <k < %. Quantitiés Ags AS[k], A¢¢[k] are glven by table or
are calculated in other units of the model, depending upon the purposes
of the study. Units of the matched filters (6Cd-1 and BC$-2) perform
the operation (8.91) and the weighted processing unit (BBO) the
operations iun (8.94). Two square-law Iunction generators and the
add circult represent the amplitude quadratic detector. If, however,
it is necessary to model a linear amplitude detector, at output of .
the add circuit the unit which extracts the square root is connected.

Later, when we study the block diagram of a model of a specific
scanning monopulse radar, the BC® and BEBD units will be designated
BO0 (optinal processing unit); the two square-law function generators,
the add circuit, and the square-root extraction unit will be called
the amplitude detector unit (BAJ). .
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Fig. €.2: Block diagram of a model of one receiving channel in a
scanning monopulse radar.
KEY: (1) Noise generator; (2) Add circuit. *

§ 8.4, MODELS OF AMPLITUDE-AMPLITUDE AND AMPLITUDE
SUM-DIFFERENCE SCANNING RADARS

The block diagram of an amplitude-~amplitude scanning radar is
presented in Fig. 1.12 and the block diagram of the model of this
station 1s presented in Fig. 8.3 in order to evaluate the accuracy
of angular coordinate determination when direction finding in one
plane.

v
I 4
560-C y:r [‘J’ * (1)
A9l rxera  NLl93 L] -L88 L 0T
6e-1 644 Svemanun v
£00-S
I’eﬂ(n:; mp y,‘;, “ ' » i
ufyniv - dfﬁfwn a

2 o,
500-¢ &L[E)L () ¥
5o-0 {51 2\ Cxeva
i Lfyg (e]] | CaMmenuR (L Ly Ci) e Llyss (2]

“1600-s
Vi .

Fig. 8.3. Block diagram of a model of an amplitude-amplitude scanning

monopulse radar for determining coordinates 1ln one plane.
KEY: (1) Subtraction circuit; (2) Noise generatecr; (3) Division
circuit; (4) Add circuit,

.o~
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In accordance with formula (1.39); in order to form zn evaluation
of the angle of target deviation from equisignal direction, in the
model the following ratio is used

(8.97)

where L{y; [_g.]} and L{g;' [—g—}} are the values of signal envelopes at

outputs of the amp:itudz detector unis for the first and second
channels when i = g, which, with undistorted input signal, corresponds
to the maximum value of the output signal envelope. 1In formula (1.36)
they are designated ag ul(e) and u2(6), respectivery At model input
in each of these cycl2s with respect to Js input signals are glven:

$hes 1 =41 (1S} [ cost! 1, *
s s =A% (1 - as" L)) cos i 1s],

wx §

(8.98)

where

s G AR -
oL w0 g Oy
A =0,3F\ (0 A'=g,4F, ), -

LN

aq P 1s the coefficient assigning the value of the signal/noise
ratio in accordance with (8.65).

Radiation patterns F,(8) and F2(9) can be given by table or by
corresponding formulas,

The quantities ASJERJ, % 342 % 152 % 250 Yo 350 44, J[kJ.
which determine amplitude and phase distortions of input signals can
oe given independentiy in both channels or in only one channel, 1In
the latter case, they will represent the relative distortions of the
characteristics of one channel with respect to the other.
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[Lnvelopes L{y2 [1]} and L{y J[i]} of piocesses at outputs of
the first and second channels are obtained in the model according
to thé algorithms described in paragraph 8.3.2.

The angle of target deviatidn from equisignal direction 8
is determined according to the ' ilue obtzined for 63 (8.97) from
the direction finding charazteristic, equal to

- 9 —F 8
Q,=5()= F,() »()
F,(e)+F.(0) (8.99)
A block diagram of an amplitude sum-difference scanning monopulse

radar 1s presented in Fig. 1.13 and the block diagram of the model
in Fig. 8.4.

In reference [55] it'is shown that antenna radiation patterns
for the sum and difference channels are determined according‘to the
dlagrams of the first and second channels with the aid of a matrix

equation
(fo (8) )s( Ths ';lu\) (F‘ (3)).
f P (0) ':231 ';hl F’ (0)

where complex quantity "11’ (1 = 1, 2) gives the amplitude and phase
nonidentity of the difference waveguide bridge. If we deslgnate

(8.100)

5= "1;€Xpi Qe -

then from (8.100) we obtailn

fe (5) c.(o) exp [ife (0,
o (0)= F,, (0)exp [izp (6)), (8.101)

where

F2(0)= b 00590y 0) -+ nacos g Fu O] -

+ ["lusm ?uFl] (0) ‘;;"('Ia; sin ?nzfi" (O)va) (8.202)
_ M3 SIN 94 Fy (0) 4 s sin 912F,
?0 (e) - aTCtg 1y coS an; (6) + T1a COS ?an (e) ;
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, F (ﬂ) == fnyy cos 'PuF (0) “‘ﬂu 005?::F 2 (0)] +
' + fnay sm e2Fy ().~ Naa SiR PsaF 2 (/)] 1

F. (8 (8.103)°
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Fig. 8.4, Block diagram of a model of an amplitude sum-difference
scanning monopulse radar for determining coordinates in one plane.
KEY: (1) Divislon circuit; (2) Add circuit; (3) Sum signal unit;
(4) Subtraction circuit; (‘) Noise generator, (6) Difference signal
unit.
1 i

:,l'a ¢1J = 0

The wavegulide bridge is strictly balanced if'niJ =

In accordance with equalities (8. 101), (8. 102) and (8. 103), 'when
modeling, in each cycle the two input signals should be given°

Sumesli = A (U OS5 ) cos @ [4],
Soxp3lid = 4,1 45} [x])cos 3 ],

\ H

(8.104)

where A
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s&gnals (8:104) mixed with noises give, at output of the linear
! part of the model, pro?esses ygj[i] and ygt[ij, represented by

two orthogonal components (8.94), each in accordance with algorithms

examined in paragrgph'8.3.2.
| . , :

In order to evaluate target deviation from equisignal .direction,
processes are used as indicated in Chapter 1, at phase detector
output and at sum channel output. To model the process at quadratic
phase detector output, it 1s necessary to calculate

o, m =-—1—, LA{Y, T 0, 1l —
, Ldr gy, — o ).

| | _ ' (8.105)
! Atilinear‘detector outpht we must determine

AL o =g L e ) —

: | - -‘-%;L{yf,[i]-—yf,lil}- (8.106)

’

After this, ifi ascordance with formula (1.43), to determine

the target deviation aagle {iom edui%ignal direccvion, the following
i ratio iﬁ computed:
I
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[P

or

e
. L {yﬁ,i[ ;‘:J}; ‘ :
B ¢ (8.107)

where L{ygd[g]} 1s the value of the sum signal envelope at output of
the amplitude detector unit.

v
‘Target deviation angle from equisignal direction 6, is determined
based} on the value obtained for TJ from the direction finding char-
acteristic

Tj= S(b')_-_—_ Ff (3)—-'"2’(5) .
Fi(0) £ (9) -
(8.108)
Methods of assigning various types of amplitude and phase
distortions for input signals and methods c¢f processing results
are determined by the specific purpose of the study, as well as the
purpose and characteristics of the radar, and we shall not discuss
them here.
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CHAPTER S

AREAS OF APPLICATION AWD CERTAIH\CHARACTERISTICS
OF FOREIGN MONOPULSE RADARS

Monopulse systems, as indicated above, have high accuracy, noise
immunity, and rapid actlion. Because of these advantages they have
found wide application in guidance and control systems of rocket
weapons, ballistic and space target interception systems and satellite
tracking systems, )

In this chapter we shall examine monopulse radars for these
systems, about which we have information from foreign and domestic
literature.

§ 9.1. RADARS FOR TRACKING BOTH BALLISTIC AND
SPACE TARGETS

The first monopulse radar used in the USA for tracking ballistic
rockets and artificial satellites is the AN/FrS-16 [73, 89]. The
antenna system of this set ccunsists of a parabol@c reflector and a
four-hern feed {(Fig. 9.1). Tracking is carried out in two planecs.

In double wavegulde bridges the sum and two difference signals
are processed, then amplified and multiplied in the phase detector.
The error signals obtained are used for bringing into motion the
antenna drive, i.e., the AN/FPS-16 is an amplitude sum-differeice
monopulse target tracking raddr,

The characteristics of many AN/FPS-16 radars presently in
operation have been considerably improved as a result of a whole
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series of modificatidﬁs. In the antenna between the feed and the i

LSS

reflector a polarization device has bren installéd for transforming :
the linear polarization of the signal into circular polarizaticn;
in the receivirg device an improved crystal mixer has been used and “
a parametric afpiifiesr 4hich reduces the noise factor to 5 dB. The '
main tactical and technical characteristics of the AN/FPS-16, for |

isoth versiohs, ar;e presénted in Tz . le 9.1. Sl

ﬂf Based on the perfected AN/FPS-16; the AN/FPQ-6 has been developed

. ? (Fig. 9.2); the main tactical and technical characteristics of this

Tz, o set are,élso presented in Table 9.1.

§ .

Hed

E

RS-

3 g/ )

i% ‘Fig. 9,1. The AN/FPS-16 radar antenna.

%11 The parameters of the AN/FPQ-6 are being improved with the aim

Bt of increasing target tracking range by using a cooled parametric

gé amplifier, doubling the transmitter power, and.using the\Fethod of .

i . pulse compression. It ic to be expected that these improvements will

%; lead to an effective target ﬁ?nge from o3¢¢ = 1 m to 3400 km,

' :
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Table 9.1.
1 s k. et L paaaresx tanes PUC
f2) l(3)(1)\‘ rpi‘lj = -
OLHCBUM * XaPhicpll s N Prmin
& it ,3:?\‘%”“ TE— NP ‘NJEPy-L
LR ‘pl's?ﬁ-l:l.'l'l‘rﬂ
{5) . . . !
Jawoet aefier-] 333 500 900 4800
bl PRA RO e ©
. . -Cagq = i .‘l:. K (7)
(5Pabovas wacro- | 5300— | 5400— | 5400— | panuxosoaxosmlt
+ 73, Aey 5900 5900 5000  [(458 .Mzy4) # xopot-
I ) KOBOIHOBLR yuacT-
KH REUHAMETPOBOTO

‘ (8 AnanaaoHa
: liuny.;mnan 1. 3 3 |(9) necromxo
DIHOlll)HO«'.’Ib. AMem , Mezasamnt

10

“Uacrora caeno- |142--1707142--1707{160—1707 - ‘
BAKHA HRUYILOB, . :

.(zu.

11
¢ i.{ameammb 0,25; 0,25: |0,25; 0,5;
| mumpacea, wex 10,55 1,0 0,5; 1,01 1,05 234 $
(l?osth;mmqem { 10 5 8

wWyMa  HPRENHEK],

wn \

{13)

Ouwuske noaane] 4.8 4,6 4,6 - :
HOCTH, M .
{14)

Oumnbra no yr-| 0.7 0,35 0,4 —

JGBHM, XCOPARHL.
TaN, Y2AexUL
{15) .

Hinamerp zhten| 3,60 5 8,8 25
HEL M
d%)

Wupues  amee | 1,1 6,7 0,4 2
CPAMMN  HENPAD:
lneu;ﬁoem. 2pad
(1 .

’g(om"uucm H.5 43 81
g;memmaarcnmu,

{18) {19) (29) (20} (19)

OBayuatesn utle | SeTHDCR: | ueltipex- | Anupy- qerpexpynophnt
TCHRH priiopraf pylopasi nopuwf

KBEY: (1) Indices for various types of radar; (2) Main characteristics
(3) Pirst version; (4) Modified version; (5) Effective target range
with 06 ° 1 m2, km; (6) Operating freguency, WMHz; (7) Long wave

(438 MHz) and short wave sections of decimeter range; (8) Pulse

- power, Mw; (9) Several megawatts; (10) Puise repetition frequency,
Hz; (11) Pulse width us; {12) Receiver noise factor, dB; (13) Range
error, m; (14) Angular coordinate error, angle.min.; (15} Antenna
diameter, m; (16) Radiation pattern width, Jdeg; (17) Antenna amplifi-
cation factor, dB; (18) Antenna feed; {19) fouc-horn; (20) five-horn.
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Fig. 9.2. Overall view of AN/FPQ-6 radar.

The monopulse‘AN/F?S—u9 radar in the early warning BMEWS system
is designed for detecting and tracking long-range and medlum-range
rockets as well as artificial earth satellites. It is a pulse-doppler
radar operating on two frequencles in the long wave region of the
detonator range and 1n‘the short wave region of thls same range.

In target search spiral scanning is used. The set detects ta}géts
from Sopp = 1m? at a range of 4800 km and after detecting them
changes to tracking mode, during which time it calculates speed,
direction of flight, and impact point if the carget is a rocket [36].

The antenna has a parabolic reflector 25 m in diameter (Fig. 9.3)
mounted on a dome 45 m in diameter. The frameless spherical dome
(Fig. 9.4) of honeycomb design has very small losses. It is made up
of 1646 hexagonal ‘elements 15 cm thick. The overall weight of the
dome 1s approximately 100 t. It can withstard windspeed up to 200
km/h. Antenna rotation is accomplished with a hydroelectric drive.
Space scan irn azimuth is 360° and in elevation is 90°. The basic
tactical and technical data .are preazented in Table 9.1.

-
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Fig. 9.3. The AN/FPS-U49 radar antenna.

In the detection mode signals reflected from a target and received
by the AN/FPS-U49, from receiver output are fed to a system of infor-
mation logging and preliminary processing. Information on range,
angular coordinates, and doppler rate is fed into a preliminary
data processing computer which, by correlation of signals, shifts
signals reflected from nonballistic targets and preliminarilydis-
tinguishes potentially dangerous targets with a ballistic trajectory.
Data on these targets are fed into an IBM 7090 computer which
performs the final solutlon concerning the presence of a target. In
this computer intercontinental ballistic missiles are separated from
artificial satellites based on the rate of azimuth and range variation
and also a comparison of dynamlc characteristics of targets described
in the memory. The IBM 704%0 can simultaneously compute the trajectories
of several hundred targets and distinguish potentially dangerous
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targets on a background of false ones. On the basis of data obtained,

antenna control signals are processed for the AN/FPS-49 radars
designed to track targets.

Based on the AN/FPS-U49 radar, a more advanced radar, the AN/FPS-92,

designed for tracking ballistic missiles and satellites, was developed
for the BMEWS system in 1966. This radar is more reliable shd noise-
immune than the AN/FPS-49. Semiconductor circuits are widely used

in its design. The radar is equipped with a device which ensures
normal operation in periods of the aurora polaris [90].

Fig. 9.4. Antenna dome for AN/FPS-49 radar.

5§ 9.2, RADAR SYSTEMS FOR REMOTE TRACKING AND
COMMUNICATION WITH SATELLITES AND SPACE SHIPS

The system of space communication and tracking TRAC(E) (Tracking
and Communicatio:, Extraterrestrial) [7], which provides for
tracking and maintaining communicatlion with earth satellites, the
moon, and other space objectives, has a monopulse ampllitude sum-
difference tracking radar with a mirror-parabolic antenna 25.5 m in
diameter (Fig. 9.5). The antenna feed is in the form of four
turniquet radiators and four coaxial couplers connected with respect
to the bridge circuit. Signals recelved by thesg feeds are added
in the bridge circuit so that a sum and two difference radiation
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ratterns are obtained. 'The width of the sum pattern at the half-power
level is on the order of 1°. To detect moving targets the station is
provided -with spiral space scanning in a +3° sector with controllable
scanning rate.

Fig. 9.5. Overall view of receiving set for TRAC(E) system.

The TRAC(E) system is one~sided, enabling it to measure angular
coordinates, doppler frequency, and receive telemetric information.
The ground station of the system operates on signals from a transmitter
on board. The tracking range for the space rocket Ploneer IV, on
board which there is installed a responder with a power of 0.2 W
operating at a frequency of 960 Mhz, is 690000 km.

The monopulse method of determining ;ngular coordinates 1s used
in ground stations of the detection and automatic tracking system
for the communications satellite Telstar [39]. The sysﬁem accomplishes
multiple transmission of various coded information along 118 channels.
Transmission of a full cycle of information requires 1 min.

Telstar has the followlng characteristics:

apogee 5600 km

. perigee 1100 km

) orbital information ~ 4o
tangential velocity 560 km/min.
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Fig. 9.6. Functional diagram of ground equipment. 1 - coarse
guidance station; 2 - precise guldance station; 3 - computer; 4 -

antenna of automatic tracking station; 5 - autotracking system; 6 -
control panel.

Two beacons operating on frequencies of 136 MHz and 4080 MHz,
as well asételemetric and communications equipmeﬁt, are installed on
the satellite. Signals communicated from earth to the satellite are
transmitted on a frequency of 6390 MHz and from the satellite to
earth on a frequency of 4170 MHz. Telemetric data from the satellite
is transmitted on 136 MHz; the satellite beacon signal will be
modulated at this frequency by telemetric data.

The ground post of the system consists of stations for coarse

., guidance, precise guldance, and automatic tracking (Fig. 9.6), which

operate on signals from the two satellite beacons [39].

iy TN

Fig. 9.7. Antenna of coarse
guidance station.
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Satellite detection and tracking is accomplished in the following
manner. .According to data obtained -after launching the satellite,
operators from the control panel of the ground post -direct the antenna
device of the command line (Fig. 9.7), used in the coarse guidance
station, to a point where the satellite is expected to appear. After
the reception of signals from the beacon on board the satellite. at
a frequency :of 136 MHz, the coarse guldance system changes to automatic
tracking mode. After this, the operators send z series of commands
which bring into action the main systems of the satellite.

On the satellite the: beacon begins to operate on a frequency of
UO8ODMHz; its signals are received by the precise guidance station
and lock-on occurs. After lock-on by the precise guldance station,
its automatic tracking begins and the antennas of the precise
guidance and automatic tracking stations operate synchronously.

The coarse guldance station is a phase sum-difference station.
In addition to a rough determination of satellite positiocn, this
station receives microwave telemetric signals from it and the antenna
system is also used for transmitting coded signals to the satellite.
The transmitter with a power of 200 W operates in continuous mode.
A block diagram of the station is presented in Fig. 9.8.
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Flg. 9.9. Block diagram of precise guidance station.

KEY: (1) Lock-on receiver; (2) Parametric amplifier; (3) Double
wavegulide T-Jjoints; (4) Tracking receiver; (5) Elevation error signal;
(6) Antenna drive; (7) Azimuth error-signal.
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The antenna system of this station consists of four spiral
antennas (Fig. $.7). The width of the antenna radiation pattern
with respect to half-power level is 20°. The high-frequency signals
received by thé spiral antennas are fed to four angular waveguide
bridges with the ald of which the elevation and azimuth sum and
difference signals are formed. Sum and difference signals are fed
through high-pass filters to a three-channel phase-sensitive receiver.
The total reéeiver noise factor is 3.5 dB., Conversion to the first
intermediate frequency 30 MHz is accomplished with a thermostatic
heterodyne with quartz stabilization, whose stability is 0.001%.

In each of the three independent outputs of the first heterodyne,
phase is adjusted by more than +60°. 1In order to preserve phase
coherence between the sum and difference signals in all three
receiving channels, identical amplifiers, converters, generators,
and AGC circuits, developed for the sum channel are used. Secondary
converters in all three receiving chaiinels convert the frequency

30 MHz to 10 MHz. Azimuth and elevation error signals are fed to
antenna drive.

The precise guldance ctation is an amplitude sum-difference
station whose block diagram is presented in Fig. 9.9. The antenna
of the station (Fig. 9.10) consists of a parabolic reflector 2.4 m
in diameter, a hyperbolic primary radiator 0.9 m in diameter, and
four horn feeds. The width of the radiation pattern is 2.1°.

Filg. 9.10. Overall view of
antenna of precise guidance
station.
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Signals from antenna output are fed to four double W@vggugde .
P-joints, with whose aid the azimuth and elevation sum and difference i
signals are formed. Sum and différence sigh@lélare féd_to three
paramétric amplifiers and then to the tracking receiver in which ' Py
azimuth and elévationh error 51guai"se?aration occurs.“Error‘signals
then move to the azimuth and élevation antenna.drives. At the same
time, part of the sum signal energy moves to the[lock-on receiver ’ ES
which accelerates the tracking peceiverfs entrance ‘into ndrmal ‘
operating mode. ] ) | : B 1
. ) .
In the three-=-channel tracking receiver, two stages of frequencyl
conversion are used (60 and 5 MHz)»‘ ‘the voltage for the'AGC system
is developed in the sum channel ang applied to all chénneis. The
“sign of the azimuth and elevation error signal is determined'by
comparing the phases of the sum and corresponding difference signalé '

in the phase detector. : . ]
‘ ]
' * J .

|- 3

The automatic tracking statlon is also an_amplitude sum-gLfference °
monopulse station operating on a frequency af 4070 MHz on the signal
of the beacon on board the satellite. The block diagram pf this i

station is presented in Fig. 9.11. . o :
! . t
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Fig. 9.11. Rlcek diagram of an automatic'tracking statlon.

KEY: (1) 1ls% heterodyne; (2) Parametric amplifier; (3) lst converter;
(4) Converter of types of oscillations; {(5) Prelimlnary i-f.amplifier
(60 MHz); (6) I~f amplifier 60 MHz; (7) 2nd converter; (8) I-f ampliffer .,

5 MHz; (9) Phase detector; (10) Azimuth error signal; (11)iAntenna "

drive; (12) Elevation error signal; (13) 2nd heterodyne. : .
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1 6 - door; 7 - compressors of

1 1 H H
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A horn-parabolic antenna, whose overall view is presented in

.Fig. 9, 12 is used in the station. Tne antenna consists of a parabolic
.refleqtor irradiated by a coni’cal horn. The tip of the horn agrees

with the foeéus of the ,paraboloid; the axis of the horn is perpendicular

to the ax.s of the paraboloid. The antenna has the following basic

!
characteristics: n

aperture angle of conical horn - 31.5°

focal distance : " - 18.2 m
aperture diameted ' - 20.6 m
.aperture area S - 334 m
beam width (at ffequency Lo80o MHz) - 0.24°,

I The antenna is bovered by an inflated Gome 65 m in diameter.
! | i 1 .

’

1 R

Two tbpes of waves, Hll and EOl’ are propagated in the horn on
beacon frequency. For waves H11 there are both vertically polarized
and horizontaliy polarized components (i.el, vertiecally polarized and
horizontally polarized waves of this type are propagated). In [39]
it 1s shown that the radiation patterns of a circular aperture
excited by Hll and E 01 waves are very similiar in form to the sum
and difference patterns of a mouopulse system. The sum pattern is
formed by’ the Hll wave and the difference by the E01 wave, The H
and EOl wave 'are separated in the station with a converter of
oscillation types. Since the components of the Hll wave are geometri-
tally onthogonal, with the kid of two hybrid junctions, they are

11

‘separated Into vertical and horizontal components.

Fig. 9.12. Antenna of automatic
tracking station. 1 - upper equip -
iment; 2 - bearing of elevation .
rotdtion device; 3 - wheel of.

elevation device; 4 - parabolic

mirror; 5 < azimuth drive gear; '

dome inflatlon system.
!
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Then horizontal and vertical components are modulated and amplified
séparateiya Two of these sum signals L ucy’ along with the modu-
lated difference signal Uys form three automatic tracking signals
obtained from the component of the elliptically polarized incident
wave. Thesg thrée signals ucg’ ucy and u, are amplified and converted
with respect to frequency in independent channels. Each channel
consists of a varactor parametric amplifier, a balance mixer, and
a preliminary mixer on 60 MHz. Then these signals on intermediate
frequencies 60 MHz are fegf%o the 1-f amplifier in which the difference
signals are standardized. Then a second conversion of intermediate
frequency occurs (to 5 MHz). The angular error in each plane is
separated by the phase detector to which the sum .d difference
signals are fed. Error signals move to the elevation and azimuth
antenna drives, respectively.

The radar complex Haystack, developed in the USA, is a monopulse
radar of very high power, designed both for tracking space vehicles
and for operating in the fields of communication and radio astronomy,
including obtaining information on such distant planets as Mars,
Mercury, and Jupiter [36].

The antenna of the station (Fig. 9.13) consists of a parabolic
reflector 37 m in diameter with a primary radiator 2.85 m in diameter
and horn Jecds. The reflector consists of separate aluminum panels
of honeycomb design. The antenna amplification factor is 69 dB
and radiation pattern width is approximately 3 angular minutes. The
antenna is protected from winter winds and frost by a spherical
dome 45 m 4in diameter made from glass fibre 0.76 mm thick reinforced
with aluminum,

In order to ensure antenna orientation agcuracy no less than
+0.3 angular minutes with a radiation pattern width on the order of
3 angular minutes, the use of a special hydrostatic bearing weighing
approximately 24 t is necessary. The antenna positicn is controlled
by a UNIVAC-490 computer. :
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The transmitter operates in continichs radiation mode or by
pulses of long duration and has an average &utput. power of 100 kW
and working frequency of 7750 MHz. T

G Weak signals are received with the aid of several parcmagnetic

amplifiers (masers) and parametric amplifiers which can bw cooled
to the temperature of liquid helium. -

(1)

Fig. 9.13., Haystack antenna complex.
KEY: (1) Detachable box.

§ 9.3. RADARS OF THE ANTIMISSILE DEFENSE SYSTEM
At the present time the USA has developed and is using in their
antimissile defense system the Nike-X, designed for the defense of

* large cities, industrial centers and concealed rocket bases where
the Atlaé, Titan, and Minuteman rockets are located.
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The basic: elements of the Nike-X system are the MAR, TASMAR,
PAR,"MSR radars, the Spartan and Sprint antimissiles, a computer
for processing data obtained during target tracking and used for
guiding the antimissile missile [36, 69, 79]. These elements. are
assumed to be in the antimissile défense system Nike-X, designed
for protecting the territory of the USA from massive,rpcket'and
nuclear attack. This system will be deployed in the second stage
of the antimissile -defense system creation. 'In the first stage the
Department of Defense made the decision to deploy the "limited"
safeguard system with the introduction period in 1972-1973.

b/ 5™

- g%gzan‘olr% <)

n

“
Fig. 9.14. Elements of the "limited" ABM system:’Qhe Safeguard.

KEY: (1) Decoy; (2) Spartan; (3) Warhead; (4) Sprint; (5) Communications
link; (6) Computer complex; (7) Atmosphere.

The Safeguard ABM system will have the PAR and MSR radars, a
computer complex consisting of several computers, 15-20 launch posi-
tions for the Spartan antimissile missile (to intercept warheads beyond“
. the dense layers of atmosphere) and fof the Sprint (to intercept
‘Warheads at low altitudes), and a communications line (Fig. 9.14).

Al
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The MAR multloperational radar, in the case of a massive enemy
. miégile'attack using advanced means of ABM cystem penetration, solves
the following problems: performs search and detection éf targets
at 'a range of approximately 3000 km, target tracking and identification
of ‘warheads from decoys, and guidance of antimissile missiles. The
MAR radar has to serve several launch, positions for the antimissile
missiles and is located 25 km from them.

The MAR equipment is mounted in an underground reinforced concrete
site with a useful area of 6000 m2 and under three protective domes
(Fig. 9.15). Under‘the'large dome is the receiving equipment and
under the two smaller ones the transmitting equivment. In the walls
of the.large and one of the two small domes are "windows" in which
.antennas made in the form of phased arrays are mounted.
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Pig. 9.15. Overall view of MAR station. 1 - large dome; 2 - small
domes.

The TASMAR radar, which is a somewhat simplified version of the
MAR, solves the above listed probilem during a less than massive
missile attack using less advanced means of ABM system penetration.
The radar 1s located in one building 30 m high and occupies one area

of 75 x 75 m.

The PAR radar serves for very remote target detection and also
for guiding the Spartan antimissile missile, designed to lntercept
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targets on distance approaches to the <éfended objective (at a range
of up to 960 km). The PAR has separate receiving and transmitting }
phased arrays and w#il probably operate on frequencies in the uppef
part of the meter range (Fig. 9.16). Antenna arrays are located on

two faces to provide scanning in azimuth 180°. The larger array is
the receiving array.

The MSR radar also has a phased antenna array and makes possible
the simultansous guidance of a large number of Sprint and Spartan
antimissile missilés (Fig. 9.l7). This station is unique in the
system, 1n which a common phased array operating on transmission and
recebtién is used. The radar is located directly at launch position.
Prohably four MSR radars would fit on one MAR. In case of necessity,
the MSR can be replaced by the TASMAR.

. eam . . E e me e e etaeame Y2 (IR 3e R e P
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Fig. 9.16. Overall view of PAR.

In the initial period of deployment of an ABM system, each of
its radars will have two transmitting and two receiving arrays,
providing azimuth scan of 180°,
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Fig. 9.17. Overall view and arrangement of equipment in the building
housing the MSR. A - antenna array.
: M%% %ﬁ%ﬁ
k: 5§
Fig. 9.18. Antenna of the Rampart radari
. Since the problem of distingulshing the head of the missile on
® a background of decoys is one of the most important in the creation
of an ABM system, a great deal of attention has been given in the USA
o bullding radars for target identification.
)
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Thus, the Rampart monopulse radar has two transmitters- with a
total power of 24 MW which operate on one antehina 18 m in diameter
(Fig. 9.18). Radiation is on a frequency of 3032 MHz. The antenna
has an amplification of 52 aB [36].

The emitted pulse consists of ten separate pulses, each 1 ps
in duration, spaced 1 MHz in frequency. The front of each pulse
coincides with the drop of the preceding pulse so that the signal
emitted appears as one pulse 10 us in duration. Signals reflected
from a target and received by the radar recelver are fed from its
output to vi~ual indicators and are recorded on tape or paper tape,
and, in digital form, on magnetic tape.

A more modern experimental radar for identification than the
Rampart is the.Tradex, designed for studying complex targets and
identifying warheads at ranges to 3200 km [36].

The overall view of the antenna for this radar is presented in
Fig. 9.19. A two-frequency method of operation is used, with which
two transmitters operate simultaneously. The first transmitter with
a pulse power cf U MW operates on a frequency of 425 MHz. The
second transmitter operates on 1320 MHz and has a pulse power of
1.25 MW. Pulse repetitlon frequency is 1500 Hz.

Fig. 9.19. Antenna
of Tradex radar.
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Search and detection of target are carried out:at 1320 MHz.
At this frequency pulses broaden during radiation and contract during
reception. Wlth a pulse expanslion factor of 50, a 50-fold increase

in the energy of the emitted pulse is achieved with the same pulse
power of the trangsmitter.

After reception the pulse 15 compressed
by a factor of 50.

Target tracking is accomplished by the monopulse method at

425 MHz. Data obtained during target tracking are stored and converted
to digital and analog form for use by computers and onerators.

To analyze a complex target contalning a large number of separate
parts, data on all elements of the complex target are stored in the
i-f' channel. Upon target lock-on 30 successlve range strobe pulses
are generated; the signals in each strobe are stored from pulse to
pulse on a magnetic disk in accordance with the sequential position
of each strobe. Information is given in the form of a continuous

sequence of signals corresponding to the doppler frequencies of the
targets in each strobe. The simultaneous use of frequency and time
methods of analysis, l.e., range strobing and narrow-band filtration

in the i-f channel provides high resolution.

Because of this high resolution, the wide-band range tracking,
and the narrow-band trackling based on doppler frequency, data on
dimensions, target shape, forward speed, rotational velocity, and
acceleration can be obtained from the statements of the developers.

§ 9.4, RADARS FOR GUIDING ANTIAIRCRAFT ROCKETS

Monopulse radars are widely used in American and British systems
for guiding ground-to-air rockets (Nike-Ajax, Nike-Hercules, Bloodhound)

and in ship systems for controlling the fire of antiaircraft rockets
(Tartor, Talos, Terrier).

The Nike-Ajax system includes a circular scan section, a target
tracking section, aand an antiaircraft rocket ,uidance section (ZUR),

4o3
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the last two of which are monopulse stations MPA=4 [98]. These sets
operate on 9100. MHz (A = 3.3 cm) and havé lens antennas 1.9 m in

diameter and a beam width of 1.2°, The external view of the antenna
is presented in Fig. $.20., Pulse power of the transmitter is 200 kW.

BRAPHIC NOT ‘REPRODUCIBL

Fig, 9.20. Anteana for Nike-Ajax Fig. 9.21. Antenna for Nike-
tracking system. Hercules guidance system.

The Nike-Hercules [91, 114] has a target detection radar and
a monopulse ZUX guidance station. A spherical antenna system with a
double lens (Jig. 9.21), encloééd in a dome of silicone resin 1is
used in the guldance station.

In the modified ZUR guidance radar the transmitter power has
been increased and the antenna dimensions almost doubled (i.e., its
aperture is 8 m). Ihe modified Nike-Hercules system is capable of
acting not only against aircraft but also against rockets; rockets are

5

detected at a range of 300-1000 km. ’

4

In the English Bloodhound system a two-channel radar station
is used for illuminating and guiding ZUR (Fig. 9.22) while accomplishing,
at the same time, target tracking and rccket guldance. 1In this

Loy




statlon there is a channel in the -10-cm range with horizontal polari-
zation and with a wide bean for lock-on afid initial tracking (from

2 to 6°) and a channel in the 3-cm range with circular polarization
and a narrower beam (1°) for precise tracking and target iliumination.
An antenna with a parabolic reflector 2.15 m in diameter and a four-
horn feed is used in the radar. Repetition frequency and working

frequency can be changed; three frequency types and six repetition

frequencies are available. .

. Flg. 9.22. Bloodhound guidance
. system radar. .
¢ ~
'IHTIl "3 ‘“‘*ﬁ N9 | .
PHIC NOT " TBLE

Fig. 9.23. The AN/SPG-51 fire Fig. 9.24. The AN/SPG-49 tracking \\
control radar. radar. N

After target detection the radar goes into precise tracking

mode. Its data are fed to the computer, which wcrks out the commands
for rocket launch and centrol in the initial stage. In the final stage

ko5




of flight the rocket is brought to.a semiactive self-guildance
mode on signals reflected from the target.

Monopulse radars with lens antennas ‘have found wide application
in ship systems for controlling the firing cf antlaircraft rocketvs.

In the Tartor system the AN/SPG-51 monopulse radar is used to
control firing (Fig. 9.23), which ensures automatlic lock-on and
target tracking [92]. Several seconds before launch the intensifylng
beam is turned on and the rocket 1s guided by signals reflected from
the target._ Fer tracking and intensification, one parabolic reflector
antenna 2.4 m in diameter is used.

In the Talos system, to detect the targets and gulde the ZUR,
the monopulse AN/SPG-49 (Fig. 9.24) 1is used [70, 115]. In-1958 a
new AN/SPG-56 was developed for this system. Lens antennas are used
in the stations, forming simultaneously both the 'lock-on ard target
tracking beam and the tracking beam used during the flight of the
ZUR; therefore, they can simultaneously guide to a target two or more
ZUR.

In the AN/SPG-49 a magnetron with a power of 4 MW is used, and
in the AN/SPG-56 a klystron with an average power of several kilowatts.

In the Terrier system [99] for guiding antiaircraft rockets
an AN/SPG—5’(Fig. 9.25) is used and since 1957 an AN/SPG=55 witn
lens antennas. Powerful klystrons with an average power of several
kilowatts are used in the transmitters. These radars have long range,
altitude, high accuracy, and stability in gulding rockets launched
in groups or singly.

§ 9.5. A RADAR FOR DETECTING GROUND TARGETS ON
THE LOCAL BACKGROUND

In 1958 the USA developed a phase sum-difference experimental

monopulse radar for detecting and determining the distance to ground
targets on a background of interfering reflections from vegetation

4o6




[59]. The block diagram of this station is illustrated in Fig. 9.26
and 3ts basic characteristics are presented in Table 9.2.

Fig. 9.25. The AN/SPQ-5 anti-
alreraft rocket guidance radsrv,

Table 9.2.

Basic characteristics Indices
Working frequency 35000 MHz
Pulse power 35 kW
Pulse width 0.06 us
Repetition rate 4000 pulse/s
Intermediate frequency 60 MHz
I-f amplifier bandwidth 20 MHz
Receiver nolse factor in
each channel 18 4B
Diameter of each parabolic
antenna reflector 61 cm
Antenna amplification 4y @gB
Radiation pattern width

in azimuth 3°

in elevation 1°

The antenna system ls a double parabolic reflector with two
horn feeds whose centers are spaced 61.4 cm in the horizorntal plane
for signal phase comparison.

Signals reflected from the target move from the antenna system
output to the double wavegulde T-joints in which summation and
subtraction of high-frequency signals is performed; then, the converted
signals are fed to the two-channel receiver at whose output sum
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The electronic switch at
receiver output énsures the simultaneous indication of sum and
difference video signals on the indicator.

and difference video signals are obtained.

2

(n_ (a) (3 | |
reeiove)' Nouesmur i .
';;’l'lell"ﬁ‘w- = %'53'.' “Fedew . ~ \ v .
/ atpedavy . 18 xavars (5) 6] '
| Hotyrn| [Corepimic) .
e 82nempon o4 29 s ”:_] . !
' (813}
MECUMENs il
" N ,
. . I
' s={Pemepotun %
(o : ; ‘ ) X i
Ji ) - (2 3 i ““m’p‘c 30epm. H |
gLl mess | Caecu} o, 1" ew un
!j~ nzuero. {1 mens —O:g«l:g”h.ﬂg S
L Ne2038%u

Fig. 9.26. Block diagram of 'a ground target detection radar.

KEY: (1) Send-receive switch; (2) Mixer; (3) Sum channel receive:'

(4) Magnetron; (5) Modulator; (6) Synchronizer, (7) Eleétronic switch,
(8) Video signals of sum and difference channels; (9) Heterodyne;

(10) ASC; (11) Difference channel receiver° (12) Two indicator sweep
synchronization.

Fig} 9.27. Antenna of ground Fig. 9.28. Oscillograms of;video )
target detection radar. signals at radar output. a) with
: conical scanning; b) suln channel

in monopulge radar; c) difference

i
channel. ! .

i
l

Figure 9.28 illustrates data oﬁ‘the siinultaneous variation of
video 8ignals in sum (b) and difference (c)' channels during reflect}on
from a truck on a background of thick bushes and. woods. ?he observa-
tion results were compared with data obtained with:a T-47 radar with
conical scanning, located beside the ﬁonopdlse radar.

at recelver output for the radar with conical scanning are shown
. i | .

408 L ;

|

The video pulses'!
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- ‘l .
in Fig. 9,.2§a. The distance between the truck and the radars was
750 m., ' :

! ’ ’ ¢
As seen from Fig. 9.28a the detectiqn af a truck on a backéround
of byshes with a radar haviné.conical beam scanning is praéticall§
impossibleldue to the;very high level %f interfering reflections.
A monopulse station correct%y detects such a target based on the.
Max}mum value of the sum signal (d) and,the absence of a difference
signal.’ |, The s;gnél (e) fpllowing the signal from the truck is caused

by a reflection!from t",lie side of-the road behind the truck.
, I :
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