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ABSTRACT

Context. There are a large number of RCS estimation methods in synthetic-aperture radars (SAR), which differ by precision, RCS re-
covery time of an observation area and complexity of implementation. At the same time, the optimal method, which is a generalization of all
existing ones and characterizes both spatial and temporal optimal signal processing, has not been synthesized. Also, usually problem state-
ments do not take into account the stochastic structure of signals reflected from most underlying surfaces. As a result, further ways of im-
proving resolution, optimal SAR structure and maximum achievable precision of estimation of RCS are not determined.

Objective. The goal of the work is to solve the problem of synthesis of the optimal method of RCS surfaces restoration as a statistical
characteristic of spatially-inhomogeneous random scattering coefficient in aerospace-based radio engineering systems with moving linear
antenna arrays and adaptive spatio-temporal signal processing.

Method. Applying the method of maximum likelihood estimation and taking into account a priori information about the statistical character-
istics of the received spatio-temporal fields a super-resolution method of RCS estimation on spatial coordinates is derived. The generalized prob-
lem statement has shown the optimal method of surface observation that allows to overcome the contradiction between the size of the observation
area and the accuracy of the parameter estimates. The obtained method allows to achieve highest resolution (as for SpotLight mode) of radar
images for wide area of observation (as for Stripmap mode). It is shown that the general algorithm can be adapted to particular solutions with
limited statements of the problem. In contrast to the well-known method of aperture synthesis the processing of the received field in the antenna
array and receiver is adaptive and depends on the signal-to-noise ratio.

Results. The optimal method of area scanning in onboard SAR with antenna arrays and the corresponding method of adaptive spatio-temporal
signal processing can be used to describe the receiving path of cognitive on-board radar for remote sensing.

Conclusions. The obtained optimal method can be considered as a modified method of aperture synthesis with a multi-beam spotlight
mode with the possibility of adaptive radiation pattern formation and signal time processing. In contrast to the classical method performing
matched-filtering of the received signal with the reference signal, the modified method additionally decorrelates signals reflected from the
earth’s surface. As a result of this decorrelation the characteristic intervals of speckles (the size of the spotted pattern of the image) will be
significantly smaller than with match-filtering. Therefore, their subsequent smoothing with the same efficiency can be performed by win-
dows of smaller width. Such processing together with a multi-beam spotlight mode will significantly increase the resolution of the SAR with
an expanded area of view.

KEYWORDS: synthetic aperture radar, radar cross section, statistical optimization, optimal acquisition mode, superresolution method,
cognitive radars.

ABBREVIATIONS SAR is a synthetic-aperture radar;
RCS is a radar cross section; ScanSAR is a scanning synthetic aperture radar;
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TOPS is a terrain observation with progressive scan;
ITOPS is an inverse terrain observation with progres-
sive scan.

NOMENCLATURE

® is a convolution operator;

(.)* is a complex conjugation operator;

A(") is an envelope of the probing signal;

A(") is a complex envelope of the probing signal;

C is a speed of light in vacuum;

D is an observation area;

D’ is an antenna surface;

dr is a surface element of the D ;

dr’ is a surface element of the D';

By (T) is an energy of the reference signal;

F(F) is a complex scattering coefficient of dF ;

Fy {-} is a discrete Fourier transform in spatial coor-
dinates;

Fo'{} is an inverse discrete Fourier transform in spa-
tial coordinates;

Fr_l {} is a Fourier transform in time coordinates;

Fr_l {} is an inverse Fourier transform in time coordi-
nates;

'iD’ () is aradiation pattern of the antenna;

fy is a central frequency;

Ggr (") is a two-dimensional Fourier transform of cor-
relation function R, (") ;

Gy (1) is a two-dimensional Fourier transform of in-
verse correlation function W(:) ;

Gy p'() 1is a spectral characteristic of adaptive in-

verse filter for spatial processing;

Gw T (1) is a spectral characteristic of adaptive inverse
filter for time processing;

H 1is an aircraft flight altitude;

[(X") is a complex amplitude-phase distribution;

I, is an amplitude-phase distribution for antenna ar-
ray;

lwmk () is an optimal amplitude-phase distribution of
the transfer coefficient of the elements of the antenna ar-
ray;

ImF () is an imaginary part of the complex scatter-
ing coefficient;

j 1is a unit imaginary number;

k is a wave number;

Non is a power spectral density;

Nn(:) is a white internal noise;

P(x,y) is a point on the surface with coordinates

XY

Plu(t,x")| GO(F)] is a likelihood functional;

Ry (T,t) is a range to surface element ' for time t;

RF (1) is a correlation function of the scattering coef-
ficient F(T);

Ry () is a correlation function of a white noise;

Ry() is a final correlation function for cognitive
SAR;

I =(X,Y) is a coordinate of the surface element;

ReF (F) is a real part of the complex scattering coef-
ficient;

So(t) is a unit signal;

So (jo) is a spectrum of $y(t);

St (t) is a signal transmitted in the direction of the sur-
face;

§(t,x") is a signal, received by the registration area;

Sow () 1s a pulse response of the optimal and adaptive
spatio-temporal filter;

T 1is an observation time;

t is a time;

ty(F,X) is a signal delay time during propagation
from the transmitting antenna to the surface and vice
versa,

U(jo) is a spectrum of the observation equation;

u(-) is a complex envelope of the observation equa-
tion;

u(-) is an observation equation;

Um(t)) is an observation equation for antenna array;

V is a velocity of the aircraft;

W (") is an inverse correlation function;

Wpn () is an adaptive inverse correlation matrix of the

received signals in space;
Wi () is an inverse correlation function in time;

X' is a coordinate of each element of the antenna;

Xn is a coordinate of n-th element of the antenna ar-
ray;

Y(F) is an optimal output effect for continuous an-
tenna;

Yk () is an optimal output effect for antenna array;

3(+) is a delta function;

€ is an attenuation of the signal along the propagation
path;

6, (-) is an azimuth angle;

0,k (-) is a discrete value of k -th azimuth angle;

94 () is the direction cosine of the coordinate X ;

Yy () is a discrete value of K -th direction cosine;

9y is a vector of direction cosines;
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K[GO(F)] is a coefficient in the likelihood functional
depending on the desired energy parameter o (r);
X(?) is an estimated parameter;

o () is a RCS for scattering surface;

¢ is an initial phase;

‘PW (1) is a complex ambiguity function;
@y is a circular frequency.

INTRODUCTION

Synthetic-aperture radars are a key component of the
modern aerospace equipment for aircraft and artificial
Earth satellites. The images formed by them are in high
demand due to high resolution, commensurate with opti-
cal images, weatherproof and non-dependent time of day
measurements. At present, space SARs implement a sig-
nificant number of views (high-precision Spotlight Mode,
wide-range strip Strip-map Mode, multi-view mode, etc.),
use planar phased antenna arrays for measurements, proc-
ess signals by advanced methods of digital signal process-
ing. From the analysis of their technical characteristics it
follows that the spatial resolution of radar images is con-
stantly improving and has already reached a sub-meter
value. At the same time, the variety of technical solutions
and methods of forming an artificial aperture of an an-
tenna in moving radars does not have an optimal theory of
creating methods and means of spatio-temporal signal
processing. This, in turn, imposes restrictions on the crea-
tion of cognitive radars with optimal spatio-temporal sig-
nal processing. Also, the synthesis of new methods usu-
ally does not take into account the stochastic nature of
reflected signals from real underlying surfaces, which
limits the potential characteristics of SAR. Consequently,
the problem of optimization of spatio-temporal signal
processing in modern on-board SARs, synthesis of new
methods of estimation of RCS of surface as a statistical
characteristic of the complex scattering coefficient and
determination of the potential of radar systems with an-
tenna array located on aerospace carriers are relevant.

The object of study is the process of radar imaging of
surfaces as a statistical characteristic of their random scat-
tering coefficient.

The subject of study is the methods and devices for
optimal spatio-temporal signal processing in SAR with
linear antenna arrays.

The known methods [1-25] are synthesized with al-
ready specified spatial processing of signals in an antenna
array, that is given in problem statement, without the pos-
sibility of its change, which does not allow to obtain a
generalized method with the best resolution and extended
area of observation. Also, existing methods do not take
into account the statistical characteristics of the reflected
signals from surfaces and the possibilities of adaptive
processing in spatial and time.

The purpose of the work is to increase spatial resolu-
tion and expand the area of observation of the SAR, using
modern achievements of the statistical theory of optimiza-
tion of radio engineering systems.

1 PROBLEM STATEMENT

Suppose that on the board of an aircraft moving
straight at a constant velocity V and height H , there is a
linear array antenna with coordinates (x',z), as it is

shown in Fig. 1. The coordinates of the phase center of
the antenna at an arbitrary point in time t are equal to
(x=Vt,y=0,z=H). A signal is transmitted in the direc-
tion of the observation area D , in a wide sector of angles
St (t) = A(t)cos(2rfyt + §) = Re{A(t)e J.(”Ot} . 1)
In the general case A(t) represents a wide class of radio

engineering signals, both simple and complex (with
modulation).

Transmitted signal reaches the surface D with coor-
dinates T =(X,Y,0) € D, reflects from it (scattered by its
inhomogeneities) and is received by each element of the
antenna with coordinates X' and a complex amplitude-
phase distribution I(x').

Figure 1 — Geometry of the underlying surface observation
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The signals received by the registration area are sto-
chastic and have the following form [26, 27]:

$(t,X') = [ F(F)$ (LT, x)dF, )
D

where

$o(t, P, x") = e [(X)A(t—tq (F, X)) x

_ o A3)
xexpl j2nfo (t—tq (F, X)),

— unit signal reflected from a surface element dif with
Ii[F,X(f)]: 1. From the analysis of Fig. 1 it follows that
the signal (3) with the rectilinear motion of the aircraft

with constant velocity V has the form

$o (67, x) = el (X exp(j2k 9y (F,t) X') At — 2Ry (F,t)c 1)
xexp(—jKV 2 (t—tg)? Ry | (F, ty)sin” 0, (F,ty)) x
xexp( J2k(Vt =Vt;)cos OX(F,tO))exp( j27tf0t) @

There is internal noise in any receiver that is why we
write the observation equation in the following form

u(t,x") =Res(t,x)+n(t, x"), (5)

where n(t,x’) is a white internal noise with a correlation

function
Rn(t,ty, X(,X5) =0,5Ng, 3(t —t)3(X] —X3).  (6)

The correlation function of the scattering coefficient
F(F) for the most practical problems of terrain mapping
has the form

Re (fu7) = (FR)F*(R)) = o* (BB 7). (D)

For our problem GO(F) is an estimated parameter, the

desired image.
Taking into account (2), (6) and (7), we present the
correlation function of (5) in the following form

’ ’ 0 7 ’ !
Ry (tysty, X7, X5,6" (F) = (Ut X u(ty, %)) =
=0,5Re [ 6” (F)$o(ty,F. xS0 (L, F.x) )P+ (8)
D
+0,5Ngp 8(t] —t5)8(X] —Xx5).
This correlation function contains all the necessary in-
formation for the adaptive work of cognitive SAR.

According to the reception of stochastic reflected sig-
nals $(t,x") by each element of the antenna array D',

observed against the background of additive Gaussian
noises n(t,x"), it is necessary to optimally estimate the

RCS 6°(F) of the underlying surface as a statistical char-
acteristic of the complex scattering coefficient F (F) us-

ing onboard radar with linear antenna array.

2 REVIEW OF THE LITERATURE

The method of artificial synthesis of an aperture of an
antenna located on board of the aircraft was proposed
approximately 70 years ago [1]. Since then, methods of
area scanning [2—6], technical means of implementing
spatio-temporal signal processing [7-9], a set of orthogo-
nal probing signals [12, 13], post-processing of SAR im-
ages [14, 15] and applications of these images [16—18]
have been constantly developing. At the same time, most
of the results presented are obtained more as a generaliza-
tion of engineering experience in operation and develop-
ment of such systems, rather than as a result of solving
statistical problems of optimization of radio devices and
systems. As a result, the further development of high-
precision SAR for a long time could not exceed the deci-
meter resolution [19-21]. In recent years, developers of
the RAMSES-NG system have succeeded in building a
radar image with a subdecimeter resolution [22, 23]. Such
results have been achieved through the use of the full po-
tential of the frequency range, which covers the
waveguide. The improvement in accuracy leads to de-
creasing the observation area and increasing the global
monitoring time. Such a contradiction has long been
known in the practice of aerospace radio-vision. Possible
ways of further development are noted in the works [24,
25]. The presented radar schemes are logical and will give
results in practice, but at the same time, this approach
does not allow to determine the potential (best) method of
spatio-temporal signals and will reveal further ways of
development. It should also be noted that most algorithms
do not take into account the stochastic nature of signal
reflection from most underlying surfaces, which is also
informative for further optimization of SAR systems.

In contrast to the above results, it is proposed to syn-
thesize an optimal method of RCS estimation for underly-
ing surfaces as a statistical characteristic of their random
complex scattering coefficient in onboard radars with
linear antenna arrays. It is proposed to use modern meth-
ods [28] of statistical optimization and decision theory to
optimize the radar structure.

3 MATERIALS AND METHODS
We can obtain the optimal method of the c°(F) esti-
mation by the maximum likelihood method. We will write
the likelihood functional for the stochastic model of re-

ceived signals, as shown in [29-32], in the following
form:
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P[U(t,X')IGO(F)]=K[GO(F)]eXP{—% [T [ ut.x)x

TTD'D'
W (112,61, (F) uta. )l dtaciics |, (9)

where W(tl,tz,xl' ,X’z,co(f)) is found from the inverse

integral equation

[ Ry (tlatzaxf,XQ,GO(F))X
TD

AW (t,5,5, %4, 67 (F) | iy dty = 84 ~t)8(0 = ). (10)

Applying the variational derivative to (10)

5InPu(t.x) | o*(F)]
56 (F)

| -0 (1)
o (M=ogp (1)

we obtain the likelihood equation
.2 1 0/ o2 —
YO =5 [ 6" (R)[ER[ df +Nop By (F) . (12)
D

The left side (12) is the optimal method for processing
received signals

V()= [ utxsow (4.0 Jasiat . (13)
TD

the essence of which is the matched filtering of the re-
ceived oscillations in the optimal and adaptive spatio-
temporal filter with a pulse response

. ' 0,/
Sow [t, X160 (F)] =

= [ [Wt.t5.%. x4, 0% (P8 (5.7, x5 ) dity . (14)
TD

Expression (13) form the basis of the modified aper-
ture synthesis method in airborne radars with antenna
arrays. In contrast to the classical method, the modified
one additionally performs decorrelation of signals re-
flected from the earth's surface in the adaptive filter

W(tl,t3,X{,X§,GO(F)). As a result of this, the speckle

intervals (spot sizes) of radar images will be significantly
smaller than with classical aperture synthesis. Therefore,
their subsequent smoothing with the same efficiency can
be performed with windows of smaller width, which ulti-
mately allows to increase the resolution of the SAR.

The right side is the square-smoothed o’ (F]) by am-

biguity function

W) = [ [ (.70 Sow (4, T x")dxi dty - (15)
TD
and the offset estimate of the desired radar image by the
amount Ny, By (F), where

oLl BN
EW(r):EfI‘SOW (t3,F, X )‘ dx; dt; . (16)

TD

We will consider in more detail the structure of the
unit signal and its effect on the processing of the received
field u(t,x’), assuming that the antenna consists of a dis-
crete set of isotropic emitters. In this case, the inverse
correlation function can be factorized

w (tl,t3,x;,x§,o°(r)) -

=Wmn ('[,GO(F))~WT ('[1,'[3,0'0(F)), m=1LM,n=1N. (17)

Substituting (4) and (17) into (13), we obtain the op-
timal output effect of a moving radar system with a linear
antenna array in a vector-matrix form

TT
xexp( 2K S (7. 1)x0) JWa (8,0 (F)dy 127 x

io=]] nzzl[mzzlumal)wmn (. (r))Jlnx

xexp( j2k(Vty —Vig)cos Oy (F,ty)) Aty — 2Ry (F,t3)c ) x

x exp(— jk

The essence of processing the space-time signals
Un (t)) received by the antenna array according to (18) is

V(13 -tp)?

.2 -
0, (r,t dt,. 18
Ry(F 1) sin” By ( o)j 3. (18)

as follows. Firstly, the received oscillations from the out-
put of each antenna array element are whitened in the

spatial filter Wy, (tl,GO (f)). This is followed by the op-

eration of compensating phase shifts of reflected signals
from each point on the surface (multiplication by

exp( j2k 9y (F,t))Xp, ) ) and coherent summation with am-

plitude-phase distribution I'n. These operations corre-

spond to the operation of the adaptive beam-forming cir-
cuit, which forms a set of moving rays focused on each
point on the surface. This type of review allows to in-
crease the observation time and expand the range of view-
ing angles. The signals observed by each diagram in time
are decorrelated in the filter with the impulse response

Wy (tl,t3,co(f)), which leads to the broadening of the

spectrum band of the observed oscillations. The broaden-
ing of band width is adaptive and depends on the amount

of Go(f). Multiplication by exp( j2nfyt;) transfers the
0'3

© Volosyuk V. K., Zhyla S. S., Ruzhentsev M. V., Sobkolov A. D., Tserne E. O., Kolesnikov D. V., Vlasenko D. S., Topal M. S., 2020

DOI 10.15588/1607-3274-2020-3-1

11



e-ISSN 1607-3274 PapioenexkrpoHika, inpopmatuka, ynpasminss. 2020. Ne 3
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2020. Ne 3

observed signals to an intermediate frequency. Multiplica-
tion by the next exponent compensates the Doppler fre-
quency shift of the reflected signals in the anterolateral
and posterolateral observation. The next stage of process-
ing is the coherent detection of amplitudes in the filter

grating with impulse characteristics A(t3 -2Ry(F,13)/¢),
each of which is tuned to the range R, (F,t3) in the case

of impulse operation of the radar. The last exponent re-
veals the essence of the classical method of synthesis of
the antenna aperture, which consists in the coherent ac-
cumulation of reflected signals with a quadratic phase
shift along the flight path of the aircraft. Coherent phase
shift in the reference signal leads to the formation of an
artificial aperture, the length of which is equal to the
product of the velocity of the aircraft and the synthesis
time. In this case, the synthesis time is determined by the
time of focusing on the selected point.

The described processing combines two methods an-
tenna aperture synthesizing in the case of a Spot-Light
and multi-look observation of the underlying surface. At
the same time, it implements the advantages of each of
them. The obtained method has the highest spatial resolu-
tion in azimuth (along the flight path) due to the constant
focusing on the selected area of space and covers a sig-
nificant area of the surface as a result of the formation of
many partial antenna patterns.

The form of adaptive decorrelating filters in (18) and
the whole method (18) depend on the signal-to-noise ra-
tio, the type of the probing signal, the parameters of the
antenna array, sounding geometry, and RCS of the studied
one. This result gives a wide range of possible changes
and can be used for describing of the receiving path of the
cognitive radar.

The principle of the formation of a multiple rays, each
of which focuses on a selected area of the underlying sur-
face, followed by coherent processing of the path signal is
shown in Fig. 2. The given geometries show the process
of radar imaging of a surface with high spatial resolution
without gaps.

For a physical interpretation of the decorrelation proc-
ess in obtained algorithm (18), we divide the procedure of
imaging into two stages: spatial and temporal processing.

Spatial processing. At coinciding moments in time
t, =t; =t (at the current time t), spatial processing is
determined by the internal sums of expression (18)

. N M 0 .
YD’| (tl,f)z Z[Z Um(tl)Wmn (t]ac (F))Jlnx
n=1\m=1

M .
xexp(j2k9y1 (F,t)X) | = 3 U ()l (4,7), (19)

m=1

where

N

lwmi (6, F) = D [ exp(j2kSy (T, t))xp) x
" =" " ) (20)

Wi (t,6° (F)).

The discrete Fourier transform in spatial coordinates
Fy {} of (20) is the radiation pattern of the antenna sys-

tem

Ry {I.Wml (, F)} =

= Fy {I oxp(12k8,0 (7.t X} By (W (1.0 (7)) 21)

The first factor is the radiation pattern Fpy (9 (T,t))

of an antenna with amplitude-phase distribution I'n
shifted on coordinate 9, by the number of angles
9y (F,t)) . Physically, this factor indicates the procedure

for the formation of many radiation patterns oriented to
each point on the surface I and changing their angular
direction as the aircraft moves creating a focusing effect
at every point P(X,Y) of the surface. By selection I'n the
shape of the antenna pattern can be adjusted. This type of
review allows to increase the observation time and expand
the range of viewing angles. The second factor of expres-
sion (21) is an adaptive spatial decorrelation filter with a
spatial characteristic

Gw (4,951 (P, 1)) =

- 1 22)

. . = 2 Npp
o (91 (7.) S (. 81 (7o) + 2"

where So (t, 9y (T,1))) is the spectrum of (4).
Taking into account (22) the expression (19) will be

Yoy (t,7) =

_ Fx_rl U(t,9X| (r,0) I:.D'(le (r,1) . (23)

= . .12 N
o (81 (F.0)[So(t. 90 (F.0)[ + 0"

The numerator of expression (23) indicates the selec-
tivity of the antenna array in angular coordinates in the
form of a radiation pattern. The denominator extends the
observation area limited by the antenna array radiation
pattern due to inverse filtering in the adaptive filter

Wi (t,6° (F)) -
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Figure 2 — The principle of the formation of a multiple radiation beams with coherent processing in each of them

Temporal processing. The temporal processing in (18)
is defined at some point X, =0, n=m in the following

form

Y1 (F) = Juct) [ $o (5, F) Wr (45,07 (M)dtadty,  (24)
T T

where

$9(t3.7) = Aty ~2Rg (T, ty)c )7 obx
xexp( j2k(Vt; —Vty) cos Oy (F,tg)) x

20 2
X exp —jkwsin2 0, (T, 1y) |.
Ro(F.tp)

(25)

We will find the inverse correlation function using the

inverse Fourier transform in temporal coordinates F{l {}

W[t,6°(F)] = Fr H{GR'[0,6°(F)]} =

= FrH{(e” () [ So(jo) * +0.5Ng) '3, (26)
where GR[m,GO(F)] is found at some point X, =0,
n=m.

Taking into account (26), algorithm (24) in spectral
domain takes the form

-
H
N -\,,\)-:
Yi(r) = K U o) —— 002D @7)

In (27) U(jo) = Fy {u(t,x' = 0)} and S;(jo,F) is the

spectrum of signal reflected from each point of the sur-
face with coordinates . From the analysis of expression
(27) it follows that the numerator corresponds to the clas-
sical method of synthesizing the aperture in the form of
coordinated processing of received signals with a refer-
ence signal. The denominator describes the operation of
an adaptive inverse filter with a pulse response (26). The
gain of the inverse filter increases at those frequencies at
which the spectral components of the received signal are
reduced. As a result, the effective spectrum width of the

received oscillations expands. The addition 0.5N, in the

denominator eliminates the incorrect division by zero
operation and is a regularizer of this unconventional sta-

tistical solution inverse problem of o° (F) recovery. An

inverse filter decorrelates the received signal making it
closer to white noise.

4 EXPERIMENTS
To understand quality of proposed method of aperture
synthesizing is reasonable to investigate ambiguity func-
tion. We will write (15) taking into account (3) in the
following form
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For the case of a discrete aperture of the onboard an-

YF.R) = [ 30 (4 —tg(F) [ $0 (4 —tg (7)) x
(r.n) I 0( 17 ta( ))I 0( 3~ 1)) tenna array, the spectrum of the inverse correlation func-

T. , . T , tion can be factorized and written (29) in the following
x [ [ T0q)exp(j2k9y (F,t)x) x form
D' D’
AW (8,5, 5,0° () ) d ¥(0,9¢(F,1) = (| So(jo) * Gy 1 (@,6° (M)
X1 (x3) exp (— j2k 9y (F, ty)x4 ) dx§ dtydty = x(| For (9 (F,0) [ Gy (8 (F,0),5°(F),  (30)
—5(t) ®[s‘3 ®® [(I(x)exp(j2k9y (F.HX) ® where

O (t,x,60 (F) ® I () exp(— j2k8, (F.tx)||. 28) e |
Gwr(0,67(F) =(c"(F)[Se(Jo) |~ +0.5Ngp) ~, 31)
The two-dimensional Fourier transform in spatial and

temporal coordinates of the ambiguity function takes the Gy b (9 (Fo1) 50 (F) =
X st ) -

form ) 32)
, = (6 (F)| So(t, 95 (F,1) [* +0,5Ngy) .
Y(w,9(T,1) =

=[S0 (o) [For (9 7.0 G (@.84(7.0.0°(F). (29)

| li’(',‘”: 7.1) |

Ay,m ' -20

Ax,m
a b
1 1
= -
£ <
705 705
0-

=

0 0

20

0 - -
. -20
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C d

Figure 3 — Moduli of normalized ambiguity function for a sine-wave signal with a rectangular envelope and uniform amplitude-
phase distribution: a — algorithm without decorrelation,

b-d — algorithms with decorrelation and signal-to-noise ratio 26° (f)/ Ng, =10, 25, 50
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Figure 4 — The cross sections of the moduli of ambiguity functions in following coordinates: a — range, b — azimuth,
1 — algorithm without decorrelation, (2—7) — algorithms with decorrelation and signal-to-noise ratio

26%(F)/ Ngy =1, 5, 10, 15, 20, 50

In contrast to the classical ambiguity functions the
decorrelation filters make the received signals closer to
white noise. In this case, the speckle dimensions are re-
duced in width, the number of speckles per unit area in-
creases, which allows them to be averaged more effi-
ciently and adaptively increase resolution with respect to

the restoration of the function c° (r).

Ambiguity functions W(F,f;) and their cross sections

for different signal processing algorithms are shown in
Fig. 3 and Fig. 4.

For validation of proposed method it is necessary to
specify observation equation correctly, i.e. model of re-
ceived signal should take into account stochastic character
of scattered electromagnetic field. Simulation is per-
formed according to the scheme shown in Fig. 5.

Fig. 5 contains the following blocks: White Gaussian
Noise is the block of simulation of spatial white Gaussian
noise with unit variance; Test Image is test image genera-

tor, +/0,56° (F) is the block of the test image normaliza-

tion; x is product, + is sum, ® is two-dimensional con-
volution, Ambiguity Function is ambiguity function gen-

erator, ||2 is square modulus, Radar Image is block of

radar images visualization. In the upper and lower chan-
nel we count real ReF () and imaginary ImF () parts

of the complex scattering coefficient F(f'). Thereafter
we form F(F)=ReF(F)+ jImF(F) and convolve it
with a complex ambiguity function. At the output we
form estimates of desired RCS 6°(F).

White
Gﬁugwan

Ambiguity Function

_|__.®_.|.|2

| I

Radar

White
Gilussian v

Complex
| Conjugation [—

Figure 5 — The algorithm of radar images simulation

5 RESULTS
Test image is shown in Fig. 6. Fig. 7 shows a radar
image formed using the classical SAR (ambiguity func-
tion in Fig. 4a) and modified algorithm (ambiguity func-
tion in Fig. 4b).

e

{ n» T ¢ y
Figure 6 — Test image (RCS) (F)
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Figure 7 — Radar images reconstructed with: a — classical
method, b — modified method

Images simulated using classical methods are more
distorted. Resolution of modified SAR significantly ex-
ceeds the classical methods. Further image filtering by
means of different rectangular windows (filters with rec-
tangular spatial impulses response), exponential windows,
Hemming weight functions, atomic functions [33, 34],
median filters, Li and Frost filters allow to reduce speckle
noise.

6 DISCUSSION

The obtained method (18) can be used for description
of whole receiving part, means procedure of beamforming
and signal processing in receiver, of cognitive radar. It is
possible not only because of adaptive signals decorrela-
tion, but also modified method of surface observation.
Taking into account some restrictions it is possible to de-
rive already well-known methods of SAR operation. We
will discuss some of them.

A multi-view mode. This method is widely used in
practice to compensate the speckle noise in radar images.
The essence of this method is the formation of multiple
rays in the azimuthal plane, the reconstruction of the RCS

surface at different angles and the summation of the shifted
images. Assuming in (18) that the radiation beams are fixed
in the given directions 8y (F,t)) = 8y (), we obtain the

method for processing signals in a multi-view mode.
SpotLight mode. This method shows the opposite
situation when one beam is formed 3y (7,t;) = 9,;(F,t;),

which is focused on one fixed observation area. In this
case, it is possible to achieve the highest resolution, but
only local sections with the size of a spot pattern.
StripMap mode. For this mode, only one fixed beam
in the direction 8y (F,t;) =9, () is used. This is a clas-

sic method for generating a continuous radar image with a
resolution equal to the size of the aperture of a non-
synthesized airborne antenna.

Scanning modes. The calculations performed in the
work show that the rate of change of the angle
9y (F,t) = (Xx=Vt)/Ry(F,1) is consistent with the veloc-
ity V of the aircraft. At the same time, with arbitrary
change of the 3, (,t;), any of the known scanning meth-

ods can be implemented: ScanSAR, TOPS, ITOPS.

So at the stage of radar designing it is possible to
choose several programs of observation based on the pro-
posed method.

CONCLUSIONS

The problem of further developing signal processing
methods of RCS estimation in SAR with linear antenna
array and adaptive receiver is solved.

The scientific novelty of obtained results is that the
method can satisfy two contradictory requirements to ra-
dar vision — high spatial resolution and a wide strip of the
observation. The obtained optimal operations supplement
already existing results with new methods and algorithms
of high-precision formation of radar images, the organiza-
tion of interrelations between the adaptive transmitter, the
receiver, the phased array, and show potential which it is
necessary to approach.

The practical significance of obtained results is that
they can be used for the development of cognitive radar
systems with aperture synthesizing, which country-owner
will be able independently to apply, to export, lease and
sell the results of observations. At the same time, the price
of radar images of the required area will be defined by
two factors: resolution and efficiency of imaging. These
contradictory requirements to radar imaging are satisfied
in this work.

Prospects for further research are to study the
method of RCS estimation in SAR with planar antenna
array.
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AHOTAIIIA

AKTyanbHicTh. IcHye Benuka KinbkicTs MetoniB ouinku EITP B 60pToBHX pajsax 3 CHHTE30M anepTypH, sKi BiAPI3HIIOTHCS TOY-
HicTio, yacoM BinHoBieHHs EITP 3amanoi obnacti i ckiagHicTio peanizaiii. Y Toi ke 4ac ONTUMAIIbHUI METOJ, SIKMH € y3arajibHeH-
HSM BCiX ICHYIOUHX 1 KU XapakTepusye sSK IMPOCTOPOBY, TaK 1 YaCOBY ONTHUMAaJIbHY 00pOoOKy CHrHaliB cuHTe30BaHUil He OyB. Ta-
KO IPH MMOCTaHOBI OUIBIIOCTI 3aBJaHb HE BPAaXOBYETHCS CTOXACTHYHA CTPYKTYpa CHTHAJIB, BIZOMTUX BiA OLIBIIOCTI MiACTHIAIO-
YHX IOBEPXOHb. B pe3ynbrari He BU3HAUCHI MOJANBII UUISXU TOKPAICHHS PO3AIBHOI 3aTHOCTI, ONTHMalIbHA CTPYKTYpa pajiapa 3
CHHTE3YBAaHHSIM anepTypu aHTCHH | IPAHIYHO JOCSHKHA TOYHICTH oriHroBaHHs EITP.

Meta. MeToro po6oTH € pillleHHs] HACKPI3HOT 33/1a4i CHHTE3y ONTUMAIBHOTrO MeToxay BigHoBieHHs EITP moBepxoHs, sik cTaTHC-
THYHOI XapaKTePUCTHKU MPOCTOPOBO-HEOTHOPIIHHX BHUIAJKOBUX IPOIIECIB, B PAJiOTEXHIYHUX CHCTEMAaX acpoOKOCMiuHOro Ga3yBaH-
HsI 3 PyXOMUMH JITHIHHUMH aHTCHHUMH PELIITKAMH 1 aJalITHBHOIO TPOCTOPOBO-4aCOBOIO 0OPOOKOIO CUTHAIIB.

Metoa. BukoprcToByroun MeTOI MAaKCHMAaIbHOI MPaBIONOAIOHOCTI Ta BPaXxOBYIOUYM ampiopHy iH(GOpMALil0 OPO CTATHCTHYHI
XapaKTEPUCTUKH MPHUHHATHX MPOCTOPOBO-YaCOBUX IIOJIiB, OTPUMAHUI METOX Haapo3pisHeHH: ouinku EIIP 3a mpocTopoBrMu KoOp-
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JMHaTaM. Y3arajipHeHa MOCTaHOBKA 3ajadi J03BOJIMIA BH3HAYMTH ONTHMAIBHHHA METOJ CIIOCTEPEKCHHs ITOBEPXHi, IO JJ03BOJISE
HOJIOJIATH MPOTUPIYYS MK PO3MIPOM 30HH CHOCTEPEKCHHS 1 TOYHICTIO OL[iHOK mapaMetpiB. OTpUMaHH METO/ A03BOJISIE JOCATHYTH
HAMKPAIIoro po3pi3HEHHS (K B MPOKEKTOPHOMY PEKUMI) paliofOKaIliHHUX 300pakeHb JJIsl IMUPOKOI 00JacTi COCTepEekKEeHHS (Ta-
KOi, K B CMyroBoMmy pexumi). [Toka3aHo, 110 3arajbHUil QJITOPUTM MOXKHA aJaNTyBaTH O YaCTKOBHX PO3B’S3KIB 3 OOMEKEHUMH
MMOCTaHOBKaMH 3aBnaaHHs. Ha BiMiHy Bif BiZOMOro METOAy CHHTE3y amepTypu oOpoOka HMPHUHATOrO MOJsl B aHTCHHIN pemnTii i
npuiiMayi € aJanTUBHOIO 1 3aJISKUTH Bij BIAHOLICHHS CUTHAI/IIYM.

PesyabTaTn. OnTHMaNBHINA METO/ CKaHyBaHHS 00JIacTi criocTepexeHHs Ha 60pTy PCA 3 aHTEeHHUMU peIiTKaMH i BiATIOBiqHAN
METOJ aJIalITUBHOI IIPOCTOPOBO-YaCOBOI 0OPOOKH CHUrHAILy MOXKYTh OYTH BUKOPHUCTaHI JUIsl OMUCY POOOTH BXiJHOTO TPAKTy HpHilMa-
4iB KOTHITUBHOTO OOPTOBOTO pajiapa AUCTAHIIHHOTO 30HIyBaHHS.

BucnoBku. OTpuMaHHUii ONTUMAIIBHUN METOJ[ MOXKHA PO3IIISIATH K MOIH(DIKOBAHMI METOJ| CHHTE3yBaHHs alepTypH 3 6araro-
IPOMEHEBHM NPOXKEKTOPHUM OTJISIIOM 1 MOXKJIMBICTIO aIalITUBHOTO JiarpaMOyTBOPEHH:I, 1 4acoBOIO 0OpobKoto curHaniB. Ha BigMi-
HY BiJ] KJIACHYHOTO METOAY, SIKHI 3/11HICHIOE Y3ro/KeHy (ijbTpaiiio NPUHATOr0 CUrHAIY 3 OHOPHHM CUTHAJIOM, B MOAU(DIKOBAaHOMY
METO[i JOAATKOBO 3/1iHCHIOEThCS IeKOPEILil CUIHAIB, BITOMTHX BiJ 3eMHOI MOoBepxHi. B pe3ynbTati Takoi nexopensiuii xapakTepHi
IHTepBaJIU CIEKIIB (PO3MIPH IUIIMUCTOI CTPYKTYPH 300pakeHHs) OyAyTh 3HAYHO MEHIIe, HIK MPH y3romkeHid ¢inprparii. Tomy ix
MOJaJTbINe 3TJIa/DKYBAHHS 3 TIi€I0 K €(EKTHBHICTIO MOKe OyTH BHKOHAHO BiKHaMH MeHIIOi mmpuHU. Lle B migcymKy B pe3ynbTarti
CIIBHO 3 6AaraTONPOMEHEBHM IMPOXKEKTOPHHM OIJISIOM JI03BOJIHMTH 3HAYHO MiJBUIIUTH PO3ALIbHY 3aaTHiCTH PCA 3 pO3IIMPEHOI0
00J1aCTIO CIIOCTEPEIKEHHS.

KJIFOYOBI CJIOBA: panap 3 CHHTE30BaHOK alepTyporo, epeKTUBHA IUIOIIA PO3CIFOBAHHS, CTATHCTUYHA ONTHUMI3allis, ONTH-
MaJIbHHI PEKHM OTJISIIY MOBEPXHIi, HaJApO3/iIbHUI METO/1, KOTHITHBHI paiapH.
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AHHOTALUA

AkTyanbHOCTb. CyIIecTByeT 3HAYUTENbHOE KOIMYECTBO METOAOB oueHKH OIIP B OOPTOBBIX pamax ¢ CHHTE30M amepTyphl,
KOTOpBIE OTJIMYAIOTCA TOYHOCTBIO, BpeMeHeM BoccTaHoBJIeHUs DI1P 3amanHO# 00MacTH U CIOKHOCTBIO peann3aiin. B Toxe Bpems
ONITHMAJIBHBII METOJ], SIBIIIONIMICAS 000OIICHHEM BCEX CYIIECTBYIOIIMX W XapaKTePH3YIONIMH KaK IPOCTPAHCTBEHHYIO, TaK M
BPEMEHHYIO ONTHUMANbHYI0 OOpa0OTKy CHTHAJOB CHHTE3MpOBAaH He ObUI. Takke NHpH INOCTAaHOBKE OOJBIIMHCTBA 3alad HE
YUYHUTBIBACTCS CTOXaCTHYECKasl CTPYKTypa CUIHAJIOB, OTPAYKEHHBIX OT OOJBIINHCTBA ITOJICTUIIAIOIINX TIOBEepXHOCTeH. B pesyibrare He
OIpe/eNeHbl NajbHEeHIINe MyTH YIIy4IIeHUs pa3peliaronield CrioCOOHOCTH, ONTHMAalbHAs CTPYKTypa pajgapa ¢ CHHTE3MPOBaHHEM
aTniepTyphbl aHTCHHBI U NIPEAEIbHO JOCTHXKUMAs TOYHOCTh oteHuBanus OIIP.

Heasb. Llenpio paboTHl ABISETCS pELIEHHE CKBO3HOW 3aJadyd CHHTE3a ONTUMAaJbHOTO MeToda BoccTaHoBieHus OIIP
MOBEPXHOCTEH, KaK CTAaTHCTUYECKOH  XapaKTePUCTUKH IPOCTPAHCTBEHHO-HEOAHOPOMHBIX  CIyYaHHBIX  IIPOIECCOB, B
PaTMOTeXHHYECKHX CHCTEMaxX a’pPOKOCMHYECKOTO Oa3HpOBaHUS C IBIKYIIUMUCS JHHEHHBIMA aHTEHHBIMH pEIIETKAMH M
aJlalTHBHOH NTPOCTPAaHCTBEHHO-BPEMEHHOM 00pabOTKOM CHTHAJIOB.

Mertona. Vcnons3yst METOR MaKCHMAIBHOTO TIPABIONONO0US U YUUTBIBAs allPHOPHYIO HHPOPMAIUIO O CTATUCTHIECKHUX XapaKTepH-
CTHKAaX IPUHATHIX IPOCTPAHCTBEHHO-BPEMEHHBIX ITOJICH, MONydeH MeTo]| cBepXpaspemeHns: oneHky JIIP 1mo nmpocTpaHCTBEHHBIM KO-
opauHaTam. O600IeHHast TTOCTAaHOBKA 33124y O3BOJIHIIA ONPEISIUTh ONTHMAJIBHBIA METO ] HaOIIOACHNS TOBEPXHOCTH, TTO3BOJISTIOLIHI
NPEOJIOJIETh NIPOTHBOPEUHE MEXKIY Pa3MepoM 30HBI HAOIIOJEHHST M TOYHOCTHIO OLICHOK mapaMerpoB. [ToyrydeHHbIH MeTo[| MO3BOIIseT
JOOUTHCST HAMITYUIIEro pa3pelleHus (Kak B MPOXKEKTOPHOM PEXHMME) PaAHOIOKALMOHHBIX M300paXeHUH I IIMPOKOH 00JIacTH Ha-
OmrozieHust (Takoi, Kak B MOJI0COBOM pexknMe). 11oka3aHo, 4To OOIIHMA anropuT™ MOXKHO aJalTHPOBATh K YAaCTHBIM PELIEHUSM C Orpa-
HUYEHHBIMHU TTOCTAaHOBKAMU 337a4i. B oTnmdme oT M3BECTHOTO METOa CHHTE3a alepTyphl 00paboTKa IPHHUMAEMOTO OIS B AHTEHHON
pelIeTke 1 NPHEMHHKE SBIISIETCS aIallTHBHON M 3aBHCHT OT OTHOIIECHMS CHTHAJ/IIIyM.
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PesyabTarel. OnTuManbHBIE METOJ| CKaHMpOBaHWs oOnacTn HaOmomeHus Ha Oopry PCA c aHTeHHBIMH peleTKaMu H
COOTBETCTBYIOLIMIT METOJ| aJalTHBHOW IPOCTPAHCTBEHHO-BPEMEHHOHW 00pabOTKM CHrHaia MOTYT OBITh HCIIOJNB30BaHBI IS
onucaHus paboTHI BXOJHOI'O TPaKTa MPUEMHHKOB KOTHUTHBHOTO OOPTOBOTO pajapa JUCTAHIIMOHHOTO 30HANPOBAHNSI.

BoiBoabl. [lony4yeHHbI ONTUMANbHBIA METOJ MOXHO pPaccMaTpuBaTh Kak MOAW(DHIMPOBAHHBIA METOJ| CHHTE3MPOBAaHHS
amnepTypbl C MHOTOJYYEBBIM IPOXKEKTOPHBIM 0030pOM M BO3MOXKHOCTBIO aJaNTUBHOTO JAHAarpaMooOpa3oBaHUs U BPEMEHHOM
00paboTKOi CHrHANOB. B oTim4me OT KI1acCHIecKoro MeTo/a, OCYIECTBISIONIET0 COTTIaCOBAaHHYIO (PUIBTPALIUIO IPHHSATOTO CHTHAIA
C OTIOPHBIM CHUTHAJIOM, B MOTH(UIIMPOBAHHOM METOJE AOMOIHUTENHFHO OCYIIECTBIAETCS JEKOPPEISINSA CUTHAIOB, OTPAXXEHHBIX OT
3eMHOH NOBEpXHOCTH. B pesyinprare Takol IEKOPPEISIMU XapaKTepHbIE MHTEPBAJbl CHEKIOB (pa3Mephl ISITHUCTOH CTPYKTYPHI
n300pakeHust) Oy IyT 3HAUNTENHEHO MEHbIIe, YeM IPH CoTrfIacoBaHHON (uuibTpanuy. [losToMy UX mocienyromniee CrilaKMBaHHEe C TON
ke 3 (PEKTUBHOCTHIO MOXKET OBITh BBIIIOJIHEHO OKHAMH MEHBILEH IIMPHHBI. JTO, B KOHEYHOM HUTOTe, COBMECTHO C MHOTOJIyYEeBbIM
MPOKEKTOPHBIM 0030pOM TMO3BOJIUT 3HAYMTEIBHO TMOBBICHTh pa3pelnaronlyto crnocobHocte PCA ¢ pacumpeHHOH 005acThio
HaOJIIoAeHHSI.
KJUIFOYEBBIE CJIOBA: pagap ¢ CHHTE3UpOBaHHOM anepTypoil, 3 pekTrBHas MUIOLalb paCCeSHHS, CTATUCTUYECKAsT ONTHMH-
3aIys, ONTHMAIIBHBIN PEXUM 0030pa MOBEPXHOCTH, CBEPXPA3PEMIAIONINN METO, KOTHUTHBHBIE Pafaphl.
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