
e-ISSN 1607-3274   Радіоелектроніка, інформатика, управління. 2020. № 3 
p-ISSN 2313-688X  Radio Electronics, Computer Science, Control. 2020. № 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 

РАДІОЕЛЕКТРОНІКА 
ТА ТЕЛЕКОМУНІКАЦІЇ 

 

RADIO ELECTRONICS 
AND TELECOMMUNICATIONS 

 

РАДИОЭЛЕКТРОНИКА 
И ТЕЛЕКОММУНИКАЦИИ 

 
UDC 621.396 
RADAR CROSS-SECTION IMAGING IN SYNTHETIC APERTURE RADAR 

WITH LINEAR ANTENNA ARRAY AND ADAPTIVE RECEIVER 
Volosyuk V. K. – Dr. Sc., Professor, Professor of the Aerospace Radio-Electronic Systems Department, National 

Aerospace University “Kharkiv Aviation Institute”, Kharkiv, Ukraine. 
Zhyla S. S. – PhD, Head of the Aerospace Radio-Electronic Systems Department, National Aerospace University 

“Kharkiv Aviation Institute”, Kharkiv, Ukraine. 
Ruzhentsev M. V. – Dr. Sc., Professor, Leading researcher of the Aerospace Radio-Electronic Systems Department, 

National Aerospace University “Kharkiv Aviation Institute”, Kharkiv, Ukraine. 
Sobkolov A. D. – Postgraduate student of the Aerospace Radio-Electronic Systems Department, National Aerospace 

University “Kharkiv Aviation Institute”, Kharkiv, Ukraine. 
Tserne E. O. – Assistant of the Aerospace Radio-Electronic Systems Department, National Aerospace University 

“Kharkiv Aviation Institute”, Kharkiv, Ukraine. 
Kolesnikov D. V. – Engineer of the Aerospace Radio-Electronic Systems Department, National Aerospace Univer-

sity “Kharkiv Aviation Institute”, Kharkiv, Ukraine. 
Vlasenko D. S. – Assistant of the Aerospace Radio-Electronic Systems Department, National Aerospace University 

“Kharkiv Aviation Institute”, Kharkiv, Ukraine. 
Topal M. S. – Associate Professor of the Department of Airplanes and Helicopters Design, National Aerospace 

University “Kharkiv Aviation Institute”, Kharkiv, Ukraine. 
 

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 
RCS is a radar cross section; 

SAR is a synthetic-aperture radar; 
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′ ; 

( )WE r  is an energy of the reference signal; 
( )F r  is a complex scattering coefficient of dr ; 

{}xF ′ ⋅  is a discrete Fourier transform in spatial coor-
dinates; 

{}1
xF−
′ ⋅  is an inverse discrete Fourier transform in spa-

tial coordinates; 
1{}TF− ⋅  is a Fourier transform in time coordinates; 
1{}TF− ⋅  is an inverse Fourier transform in time coordi-

nates; 
( )DF ′ ⋅  is a radiation pattern of the antenna; 

0f  is a central frequency; 
( )RG ⋅  is a two-dimensional Fourier transform of cor-

relation function ( )uR ⋅ ; 
( )WG ⋅  is a two-dimensional Fourier transform of in-

verse correlation function ( )W ⋅ ; 
( )W DG ′ ⋅  is a spectral characteristic of adaptive in-

verse filter for spatial processing; 
( )W TG ⋅  is a spectral characteristic of adaptive inverse 

filter for time processing; 
H  is an aircraft flight altitude; 
( )I x′  is a complex amplitude-phase distribution; 

nI  is an amplitude-phase distribution for antenna ar-
ray; 

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

( )Im F r  is an imaginary part of the complex scatter-
ing coefficient; 

j  is a unit imaginary number; 
k  is a wave number; 

0nN  is a power spectral density; 
( )n ⋅  is a white internal noise; 
( , )P x y  is a point on the surface with coordinates 

,x y ; 

0[ ( , ) | ( )]P u t x r′ σ  is a likelihood functional; 

0 ( , )R r t  is a range to surface element r  for time t ; 
( )FR ⋅  is a correlation function of the scattering coef-

ficient ( )F r ; 
( )nR ⋅  is a correlation function of a white noise; 
( )uR ⋅  is a final correlation function for cognitive 

SAR; 
( , )r x y=  is a coordinate of the surface element; 

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

0( )s t  is a unit signal; 

( )0S jω  is a spectrum of 0( )s t ; 
( )ts t  is a signal transmitted in the direction of the sur-

face; 
( , )s t x′  is a signal, received by the registration area; 

0 ( )Ws ⋅  is a pulse response of the optimal and adaptive 
spatio-temporal filter; 

T  is an observation time; 
t  is a time; 

( , )dt r x′  is a signal delay time during propagation 
from the transmitting antenna to the surface and vice 
versa; 

( )U jω  is a spectrum of the observation equation; 
( )u ⋅  is a complex envelope of the observation equa-

tion; 
( )u ⋅  is an observation equation; 

1( )mu t  is an observation equation for antenna array; 
V  is a velocity of the aircraft; 

( )W ⋅  is an inverse correlation function; 
( )mnW ⋅  is an adaptive inverse correlation matrix of the 

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

x′  is a coordinate of each element of the antenna; 
nx′  is a coordinate of n-th element of the antenna ar-

ray; 
( )Y r  is an optimal output effect for continuous an-

tenna; 
( )kY r  is an optimal output effect for antenna array; 

( )δ ⋅  is a delta function; 
ε  is an attenuation of the signal along the propagation 

path; 
( )xθ ⋅  is an azimuth angle; 
( )xkθ ⋅  is a discrete value of k -th azimuth angle; 

( )xϑ ⋅  is the direction cosine of the coordinate x ; 
( )xkϑ ⋅  is a discrete value of k -th direction cosine; 

xϑ  is a vector of direction cosines; 
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0[ ( )]rκ σ  is a coefficient in the likelihood functional 

depending on the desired energy parameter 0 ( )rσ ; 

( )rλ  is an estimated parameter; 
0 ( )σ ⋅  is a RCS for scattering surface; 

φ  is an initial phase; 
( )WΨ ⋅  is a complex ambiguity function; 

0ω  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 
( , 0, )x Vt y z H= = = . A signal is transmitted in the direc-
tion of the observation area D , in a wide sector of angles 
 })(Re{)2cos()()( 00

tj
t etAtftAts ω=φ+π= . (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 ( , ,0)r x y 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]: 

 
 0( , ) ( ) ( , , ) ,

D
s t x F r s t r x dr′ ′= ∫  (2) 

 
where  
 

 0

0

( , , ) ( ) ( ( , ))
exp[ 2 ( ( , ))],

d

d

s t r x I x A t t r x
j f t t r x

′ ′ ′= ε − ×
′× π −

 (3) 

 
− unit signal reflected from a surface element dr  with 

[ , ( )] 1F r rλ = . 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 
 

1
0 0( , , ) ( ) exp( 2 ( , ) ) ( 2 ( , ) )xs t r x I x j k r t x A t R r t c−′ ′ ′= ε ϑ − ×

2 2 1 2
0 0 0 0exp( ( ) ( , )sin ( , ))xjkV t t R r t r t−× − − θ ×  

 ( ) ( )0 0 0exp 2 ( )cos ( , ) exp 2xj k Vt Vt r t j f t× − θ π . (4) 
 

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

 
 ( , ) Re ( , ) ( , )u t x s t x n t x′ ′ ′= + , (5) 
 
where ( ),n t x′  is a white internal noise with a correlation 
function 
 
 1 2 1 2 0 1 2 1 2( , , , ) 0,5 ( ) ( ).n nR t t x x N t t x x′ ′ ′ ′= δ − δ −  (6) 
 

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

has the form 
 

 ( ) ( ) ( ) ( ) ( )., 211
0

2121 rrrrFrFrrRF −δσ== ∗  (7) 

 
For our problem ( )0 rσ  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
1 2 1 2 1 1 2 2

0
0 1 1 0 2 2

0 1 2 1 2

( , , , ( )) ( , ) ( , )

0,5Re ( , , ) ( , , )

0,5 ( ) ( ).

,u

D

n

R t t x x r u t x u t x

r s t r x s t r x dr

N t t x x

′ ′ ′ ′σ = =

∗′ ′= σ +∫

′ ′+ δ − δ −

 (8) 

 
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 ( , )s 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 ( )o rσ  of the underlying surface as a statistical char-
acteristic of the complex scattering coefficient ( )F r  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 ( )o rσ  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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 0 0
1 1

1[ ( , ) | ( )] [ ( )]exp{ ( , )
2 T T D D

P u t x r r u t x
′ ′

′ ′σ = κ σ − ×∫ ∫ ∫ ∫  

 ( ) }1 2
0

2 21 2 1 2 1 2( ) ( , ), ,, , ,W t t x x dr u t dt dxt x dx′× σ′ ′ ′ ′  (9) 

 
where ( )1

0
1 2 2, , , , ( )W t x x rt σ′ ′  is found from the inverse 

integral equation 
 
 ( )1 2 1 2

0 ( ), , , ,
T D

uR t t x x r
′

σ ×′ ′∫ ∫  

 ( )2 3 2 3 1 3
0

2 2 1 3( ) ( ), , (, , ).r dx dt t t x xW t t x x′ ′ ′ ′ ′σ = δ − δ −×  (10) 

 
Applying the variational derivative to (10) 
 

 0
)(

)](|),([ln

)(0)(0
0

0
=

δσ

σ′δ

σ=σ roptrr
rxtuP  (11) 

 
we obtain the likelihood equation 
 

 ( )2 20
1 1 1 0

1( ) ( , ) ( ) .
2 n W

D
Y r r r r dr N E rσ Ψ +∫=  (12) 

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

received signals 
 

 1 1
0

1 0 1 1 1( ) ( ) , , (, )W
T D

Y r u t s t xx dx tr d
′

⎡ ⎤′= σ⎣ ⎦
′ ′∫ ∫ , (13) 

 
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

0 1 1[ , ( )],Ws t x r′ σ =  

 1 3
0

0 3 3 3 31 3 ( ) ( , , )( , , , , ) .
T D

r s t r xW t t x x dx dt
′

′ ′= ′ ′ σ∫ ∫  (14) 

 
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 

1 3
0

1 3( , , , , )( )W t t x rx σ′ ′ . 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 ( )0
1rσ  by am-

biguity function 
 

 *
1 0 1 1 0 1 1 1 11( , ) ( , , ) ( , , )W

T D
r r s dx dtt r x s t r x

′

′ ′′Ψ = ∫ ∫  (15) 

and the offset estimate of the desired radar image by the 
amount 0 ( )n WN E r , where 
 

 0 3 3 3 3
21( ) ( , , )

2W W
T D

E r s t r dxx dt
′

′= ′∫ ∫ . (16) 

 
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 

 
 ( )1 3 1 3

0, , , , ( )W t x x rt ′ ′ =σ   

 ( ) ( ) .,1,,1,)(,,)(, 0
31

0 NnMmrttWrtW Tmn ==σ⋅σ=    (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 

 

( )

( )

0 3

0
1 1

1 1
20

1 1

1
3 0 0 3 0 3

1 3

( ) ( ) , ( )

exp( 2 ( , ) ) ( ) e

exp 2 ( )cos ( , ) ( 2 (

)

,

,

)

(

)

,

l mn

l

N M
m n

n mT

T

l

T
j f t

x n

x

Y r u t t r I

j k r t x r dt

j k Vt Vt r t A t R

W

t

t c

W t

r

= =

π

−

⎡ ⎛ ⎞
= σ ×⎢ ⎜ ⎟⎜ ⎟⎢ ⎝ ⎠⎣

⎤′× ϑ σ ×⎦

× − θ − ×

∑ ∑∫ ∫

 

 .),(sin
),(
)(

exp 30
2

00

2
03

2
dttr

trR
ttV

jk xl ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
θ

−
−×  (18) 

 
The essence of processing the space-time signals 

1( )mu t  received by the antenna array according to (18) is 
as follows. Firstly, the received oscillations from the out-
put of each antenna array element are whitened in the 
spatial filter ( )0

1, ( )mn t rW σ . This is followed by the op-

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

( )1exp 2 ( , )xl nj k r t x′ϑ ) and coherent summation with am-

plitude-phase distribution nI . 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 

( )1
0

3, , ( )T rW t t σ , 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 0 ( )rσ . Multiplication by ( )0 3exp 2j f tπ  transfers the 
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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 3 0 3( 2 ( , ) / )A t R r t c− , 
each of which is tuned to the range 0 3( , )R r t  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 
1 3t t t= =  (at the current time t ), spatial processing is 

determined by the internal sums of expression (18) 
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1
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The discrete Fourier transform in spatial coordinates 
{}xF ′ ⋅  of (20) is the radiation pattern of the antenna sys-

tem 
 

 { }1( , )x WmlF I t r′ =  

 { } { }0
1 1exp( 2 ( , ) .)( )() ,x n x l n x nWF I j k r t x F t r′ ′′= ϑ ⋅ σ  (21) 

 
The first factor is the radiation pattern 1(( ), )D xl tF r′ ϑ  

of an antenna with amplitude-phase distribution nI  
shifted on coordinate xϑ  by the number of angles 

1( , )x l r tϑ . Physically, this factor indicates the procedure 
for the formation of many radiation patterns oriented to 
each point on the surface r  and changing their angular 
direction as the aircraft moves creating a focusing effect 
at every point ( , )P x y  of the surface. By selection nI  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 

 
 1 1( , ( , ))W xlG t r tϑ =  

 
( ) 20 0

1 0 1 1

1 .
( , ) ( , ( , ))

2
n

x l x l
N

r t S t r t
=
σ ϑ ϑ +

 (22) 

 
where 0 1( , ( , ))x lS t r tϑ  is the spectrum of (4). 

Taking into account (22) the expression (19) will be 
 
 ( , )D lY t r′ =   
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 (23) 

 
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 

0
1, (( ))mnW t rσ .  
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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 0nx′ = , n m=  in the following 
form 

 
 1 3

0
1 0 3 3 1( ) ( ) ( , ) (( , ), ) ,

T
l T

T
WY r u t s t r r dt dttt= σ∫ ∫  (24) 

 
where 
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We will find the inverse correlation function using the 

inverse Fourier transform in temporal coordinates 1{}TF− ⋅  
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0

2
0

01 −− +ωσ= nT jSrF  (26) 
 
where )](,[ rG o

R σω  is found at some point 0nx′ = , 
n m= . 

Taking into account (26), algorithm (24) in spectral 
domain takes the form 
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 (27) 

 
In (27) { }( ) , 0( )TU j F u t xω ′ ==  and *

0 ( , )S j rω  is the 
spectrum of signal reflected from each point of the sur-
face with coordinates r .  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 nN05.0  in the 
denominator eliminates the incorrect division by zero 
operation and is a regularizer of this unconventional sta-
tistical solution inverse problem of ( )0 rσ  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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The two-dimensional Fourier transform in spatial and 
temporal coordinates of the ambiguity function takes the 
form 

 
 ( , ( , ))x r tΨ ω ϑ =  

 ( ) .))(),,(,()),(( 022
0 rtrGtrFjS xWxD σϑωϑω= ′  (29) 

 

For the case of a discrete aperture of the onboard an-
tenna array, the spectrum of the inverse correlation func-
tion can be factorized and written (29) in the following 
form 

 
 2 0
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a 

 
b 

 
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 0
0 10,  25) / 52 , 0(  nr Nσ =  
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a 

 
b 

 
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 
0

0 1,  5,  10,  15,  20,  ( / 52 ) 0nr Nσ =  
 

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 0 ( )rσ . 

Ambiguity functions 1( , )r rΨ  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, ( )00,5 rσ  is the block of the test image normaliza-
tion; ×  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 ( )Re F r  and imaginary ( )Im F r  parts 

of the complex scattering coefficient ( )F r . Thereafter 

we form ( ) ( ) ( )Re ImF r F r j F r= +  and convolve it 
with a complex ambiguity function. At the output we 
form estimates of desired RCS ( )o rσ . 

 
 

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). 

 

 
Figure 6 – Test image (RCS) ( )0 rσ  
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a 
 

 
b 

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 1( , ) ( )xl xlr t rϑ = ϑ , 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 1 1 1( , ) ( , )xl xr t r tϑ = ϑ , 
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 1 0( , ) ( )xl xr t rϑ = ϑ  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 

1 0( , ) ( ) / ( , )x r t x Vt R r tϑ = −  is consistent with the veloc-
ity V  of the aircraft. At the same time, with arbitrary 
change of the 1( , )x r tϑ , 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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AНОТАЦІЯ 

Актуальність. Існує велика кількість  методів оцінки ЕПР в бортових радах з синтезом апертури, які відрізняються точ-
ністю, часом відновлення ЕПР заданої області і складністю реалізації. У той же час оптимальний метод, який є узагальнен-
ням всіх існуючих і який характеризує як просторову, так і часову оптимальну обробку сигналів синтезований не був. Та-
кож при постановці більшості завдань не враховується стохастична структура сигналів, відбитих від більшості підстилаю-
чих поверхонь. В результаті не визначені подальші шляхи покращення роздільної здатності, оптимальна структура радара з 
синтезуванням апертури антени і гранично досяжна точність оцінювання ЕПР. 

Мета. Метою роботи є рішення наскрізної задачі синтезу оптимального методу відновлення ЕПР поверхонь, як статис-
тичної характеристики просторово-неоднорідних випадкових процесів, в радіотехнічних системах аерокосмічного базуван-
ня з рухомими лінійними антенними решітками і адаптивною просторово-часовою обробкою сигналів. 

Метод. Використовуючи метод максимальної правдоподібності та враховуючи апріорну інформацію про статистичні 
характеристики прийнятих просторово-часових полів, отриманий метод надрозрізнення оцінки ЕПР за просторовими коор-
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динатам. Узагальнена постановка задачі дозволила визначити оптимальний метод спостереження поверхні, що дозволяє 
подолати протиріччя між розміром зони спостереження і точністю оцінок параметрів. Отриманий метод дозволяє досягнути 
найкращого розрізнення (як в прожекторному режимі) радіолокаційних зображень для широкої області спостереження (та-
кої, як в смуговому режимі). Показано, що загальний алгоритм можна адаптувати до часткових розв’язків з обмеженими 
постановками завдання. На відміну від відомого методу синтезу апертури обробка прийнятого поля в антенній решітці і 
приймачі є адаптивною і залежить від відношення сигнал/шум.  

Результати. Оптимальний метод сканування області спостереження на борту РСА з антенними решітками і відповідний 
метод адаптивної просторово-часової обробки сигналу можуть бути використані для опису роботи вхідного тракту прийма-
чів когнітивного бортового радара дистанційного зондування. 

Висновки. Отриманий оптимальний метод можна розглядати як модифікований метод синтезування апертури з багато-
променевим прожекторним оглядом і можливістю адаптивного діаграмоутворення, і часовою обробкою сигналів. На відмі-
ну від класичного методу, який здійснює узгоджену фільтрацію прийнятого сигналу з опорним сигналом, в модифікованому 
методі додатково здійснюється декореляції сигналів, відбитих від земної поверхні. В результаті такої декореляції характерні 
інтервали спеклів (розміри плямистої структури зображення) будуть значно менше, ніж при узгодженій фільтрації. Тому їх 
подальше згладжування з тією ж ефективністю може бути виконано вікнами меншої ширини. Це в підсумку в результаті 
спільно з багатопроменевим прожекторним оглядом дозволить значно підвищити роздільну здатність РСА з розширеною 
областю спостереження. 

КЛЮЧОВІ СЛОВА: радар з синтезованою апертурою, ефективна площа розсіювання, статистична оптимізація, опти-
мальний режим огляду поверхні, надроздільний метод, когнітивні радари. 
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AННОТАЦИЯ 

Актуальность. Существует значительное количество методов оценки ЭПР в бортовых радах с синтезом апертуры, 
которые отличаются точностью, временем восстановления ЭПР заданной области и сложностью реализации. В тоже время 
оптимальный метод, являющийся обобщением всех существующих и характеризующий как пространственную, так и 
временную оптимальную обработку сигналов синтезирован не был. Также при постановке большинства задач не 
учитывается стохастическая структура сигналов, отраженных от большинства подстилающих поверхностей. В результате не 
определены дальнейшие пути улучшения разрешающей способности, оптимальная структура радара с синтезированием 
апертуры антенны и предельно достижимая точность оценивания ЭПР. 

Цель. Целью работы является решение сквозной задачи синтеза оптимального метода восстановления ЭПР 
поверхностей, как статистической характеристики пространственно-неоднородных случайных процессов, в 
радиотехнических системах аэрокосмического базирования с движущимися линейными антенными решетками и 
адаптивной пространственно-временной обработкой сигналов. 

Метод. Используя метод максимального правдоподобия и учитывая априорную информацию о статистических характери-
стиках принятых пространственно-временных полей, получен метод сверхразрешения оценки ЭПР по пространственным ко-
ординатам. Обобщенная постановка задачи позволила определить оптимальный метод наблюдения поверхности, позволяющий 
преодолеть противоречие между размером зоны наблюдения и точностью оценок параметров. Полученный метод позволяет 
добиться наилучшего разрешения (как в прожекторном режиме) радиолокационных изображений для широкой области на-
блюдения (такой, как в полосовом режиме). Показано, что общий алгоритм можно адаптировать к частным решениям с огра-
ниченными постановками задачи. В отличие от известного метода синтеза апертуры обработка принимаемого поля в антенной 
решетке и приемнике является адаптивной и зависит от отношения сигнал/шум. 
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Результаты. Оптимальный метод сканирования области наблюдения на борту РСА с антенными решетками и 
соответствующий метод адаптивной пространственно-временной обработки сигнала могут быть использованы для 
описания работы входного тракта приемников когнитивного бортового радара дистанционного зондирования. 

Выводы. Полученный оптимальный метод можно рассматривать как модифицированный метод синтезирования 
апертуры с многолучевым прожекторным обзором и возможностью адаптивного диаграмообразования и временной 
обработкой сигналов. В отличие от классического метода, осуществляющего согласованную фильтрацию принятого сигнала 
с опорным сигналом, в модифицированном методе дополнительно осуществляется декорреляция сигналов, отраженных от 
земной поверхности. В результате такой декорреляции характерные интервалы спеклов (размеры пятнистой структуры 
изображения) будут значительно меньше, чем при согласованной фильтрации. Поэтому их последующее сглаживание с той 
же эффективностью может быть выполнено окнами меньшей ширины. Это, в конечном итоге, совместно с многолучевым 
прожекторным обзором позволит значительно повысить разрешающую способность РСА с расширенной областью 
наблюдения. 

КЛЮЧЕВЫЕ СЛОВА: радар с синтезированной апертурой, эффективная площадь рассеяния, статистическая оптими-
зация, оптимальный режим обзора поверхности, сверхразрешающий метод, когнитивные радары. 
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