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STATISTICAL SYNTHESIS OF AEROSPACE RADARS STRUCTURE
WITH OPTIMAL SPATIO-TEMPORAL SIGNAL PROCESSING,
EXTENDED OBSERVATION AREA AND HIGH SPATIAL RESOLUTION

Using the statistical theory of optimization of radio engineering systems the optimal method of coherent radar imag-
ing of surfaces in airborne synthetic aperture radar with planar antenna arrays is developed. This method summa-
rizes several modes of terrain observation and it is fully consistent with current trends in the development of cogni-
tive radars with the possibilities of radiation pattern restructuring in space and adaptive reception of reflected sig-
nals. Possible modifications of the obtained optimal method for the operation of high-precision airborne radars with
a wide swath are presented. The idea is to create a theoretical basis and lay the foundations for its practical appli-
cation in solving a wide range of issues of statistical optimization of methods and algorithms for optimal spatiotem-
poral signal processing in cognitive radar systems for the formation of both high-precision and global radar images.
To implement the idea, the article highlights the concept of statistical optimization of spatio-temporal processing of
electromagnetic fields in on-board cognitive radar systems, which will be based on the synthesis and analysis of
methods, algorithms and structures of radar devices for coherent imaging, the study of limiting errors in restoring
the spatial distribution of the complex scattering coefficient, the synthesis of optimal feedback for receiver and
transmitter adaptations in accordance with a priori information about the parameters of the objects of study, the ar-
ea of observation and the existing sources of interference. Objective is to develop the theory and fundamentals of the
technical implementation of airborne radar systems for the formation of high-precision radar images in an extended
field of view from aerospace carriers. Tasks. To reach the objective it is necessary to solve following tasks:

— formalize mathematical models of spatiotemporal stochastic radio signals and develop likelihood functional for
observation equations in which the useful signal, receiver internal noise and interference radiation of anthropogenic

objects are random processes;

— to synthesize algorithms for optimal processing of spatio-temporal stochastic signals in multi-channel radar sys-

tems located on aerospace-based mobile platforms;

- in accordance with the synthesized methods, to substantiate the block diagrams of their implementation;

— obtain analytical expressions for the potential characteristics of the quality of radar imaging and determine the
class of probing signals and space scanning methods necessary to perform various tasks of radar surveillance;

— to confirm some of the theoretical results by simulation methods, in which to reveal the features of the technical
implementation of aerospace remote sensing radar systems.

Keywords: cognitive radars; antenna array; statistical optimization; synthetic aperture radar.

Introduction

Motivation. Earth remote sensing systems are used
to solve many problems of the national economy. An
important component of such systems is synthetic aper-
ture radar (SAR) which makes it possible to obtain radar

images of the Earth's surface with high spatial resolu-
tion, commensurate with optical images, in all weather
conditions and regardless of the time of day.

State of the Art. Currently a significant number of
high-precision satellite systems for remote sensing of the
Earth have been developed. From the analysis of their
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technical characteristics follows that the spatial resolution
of radar images is constantly improving. Despite signifi-
cant results in the field of theory and practice of remote
sensing [1, 2] and surfaces imaging [3] the problems of
the synthesis of new methods and algorithms for estimat-
ing parameters and statistical characteristics of surfaces,
the problems of developing high-precision structures of
measuring systems with a spatial resolution of less than a
decimeter and problems of experiments planning are still
relevant.

In most cases, current trends in the development of
remote methods for environmental media studies are
aimed to improve secondary processing and increase the
reliability of the interpretation of radar measurements.
For example, one of the most up-to-date works of 2022 [4]
is devoted to the development of quality indicator tools for
multi-temporal DINSAR outputs, which are already gener-
ated and cannot be changed. Another work of 2020 [5] is
devoted to the processing of Sentinel-1 raw data, which,
according to the authors’ opinion, can be considered as a
milestone in the development of INSAR techniques. In
addition to the development of raw data processing algo-
rithms, it is also necessary to improve the methods for
generating these raw data. Fairly recent work [6] also con-
siders applications of the results of the SAR work and the
PSINSAR technique to create a land subsidence inventory
of the study area as a high-precision tool with a low cost
and frequent reproducibility. To a lesser extent, the article
touches upon the optimization of the system as a whole.

Works [7, 8] devoted to the optimization of radio
systems are also of great importance for the future of
space radio systems. At the same time the issues of end-
to-end optimization of the spatio-temporal processing of
the received field, starting from the moment of its regis-
tration, in these works are practically not considered.
This fact does not allow to exceed the existing threshold
of the accuracy and resolution. Usually the artificial
aperture synthesis method is interpreted and investigat-
ed under the assumption that the radiation pattern of the
airborne antenna is already set and the spatial pro-
cessing of the received electromagnetic oscillations
within the receiving aperture is completed. As a result
of this simplification it is not possible to synthesize and
analyze the optimal method for underlying surface ob-
servation and achieve the best spatial resolution of the
radar images.

Methodology of research. To determine the opti-
mal mode for underlying surface observation and
achieve the best quality of radar imaging the generalized
problem of synthesizing the optimal method of spatio-
temporal processing of the electromagnetic field in aer-
ospace-based radio engineering systems with planar
antenna arrays has to be solved using modern results in
the statistical theory of optimization active [9, 10], pas-
sive [11], single-channel [12] and multichannel [13]

radio engineering systems.

The research results presented in the article were ob-
tained as part of the implementation of the following joint
projects by the authors: Ukrainian radar complex of low
altitudes and flight speeds for helicopters of JSC "Motor
Sich", Ultra-wideband microwave passive radar for the
university nanosatellite KHAI-1KA and Helicopter (for
Mi-2MSB-V, Mi-8MTV-MSB1, Mi-8MTV-V, Mi-24V-
MSB) collision warning radar for low-altitude safety (state
registration number 0121U109598). These projects were
obtained by the authors in the mentioned above institutions
and were sponsored or would be sponsored by Ministry of
education and science of Ukraine.

1. Geometry of the problem and model
of the received signal

On the fig. 1 it is shown the geometry of surface
sounding from the satellite. The flight altitude is indi-
cated as H, and the speed is indicated as V. The
movement of the aircraft is carried out along the axis X,
in the XoZ plane. The parameters H and V are con-
stant and are assumed to be known. On board of the
spacecraft there is a phased antenna array with elements
at points 7' =(x',y’,z") e D’. During the movement of
the aircraft, the phase center of the antenna array has the
following coordinates (x'=WVt, y'=0, z’'=H) at each
moment of time t.

It is assumed that for transmitting signals in the di-
rection of the test surface D and to illuminate large

surface area it is used group of dot radiators in the mid-
dle of the phased antenna array or one small antenna

with a separate feeder. Transmitted signal s; (t) has the
following form
St (t) = A(t) cos(2nfpt + ¢) = Re{A(t)ej‘Dot} . (D
In the (1) is used envelope of the probe signal
A(t), complex envelope A(t) =A(t)exp(jo), initial
phase ¢, carrier frequency fy, angular velocity

g = 2nfy . In the general case A(t) represents a wide

class of radio engineering signals.

The probing signal propagates into the area of sur-
face irradiation D and irradiates each point, which is
designated as T =(X,y,0)eD. Due to the dielectric
jump, each point of the surface reflects the probing sig-
nal. Scattered electromagnetic radiation is received by a
phased antenna array at each point '=(x",y’,H)eD".
Each point of the receiving plane introduces changes in
the phase and amplitude of the received field according
to the law (7).

The received signal in each antenna of the receiv-
ing phased antenna array has the following form [14]:
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§(t,7) = jD F(F)$o(t, T, 7 dF . @)

Formula (2) introduces the function of the complex

scattering coefficient F(¥) of a small element df on

the surface D. The function F(¥) will be subject to
evaluation and is called a coherent image,

$o (4, T, 7)) = I(F)A(t -ty (T, 7)) x @
xexp[j2nfy (t—ty (¥, 7))]

is the signal scattered by the element dr and received

by each element of the phased antenna when F(t)=1,

tq(r,T') is the time delay. In the literature the signal (3)

is called a unit signal. The received signal model (2),
being a special case of the Kirchhoff scalar formula,
was studied in detail by the phenomenological approach
in [14].

A unit signal (3) can be rewritten taking into ac-
count the geometry in Fig. 1

$(t, T, 7) =Sy (L, T, ) exp(j2nfot), (4)
where
So (L, F, ) = i(F") exp(j2k (T, )T") x
xA(t—2R (F, t)c ) x
xexp(j2k(V(t—tg)cos 0y (T, t))) x
xexp(— jk (V2 (t—tg)*Ro* (7, tg) sin 0y (T, 1)) ),
(7, 1) = (9, (7, 1) = cos 0, (1" 1), 9y (T, ) =cos O, (F, 1))

®)

is the vector of direction cosines, which varies in time
and depends on the trajectory of the satellite, the dis-
tance from the middle of the antenna array to each point

of the surface is denoted as Ry (T,t).

2. Problem statement

According to the received signals $(t, ") by each
element of the antenna array D’ and observed against
the background of additive Gaussian noises n(t, ') it is
necessary to optimally estimate the specific complex
scattering coefficient F(¥).

As the observation equations assumed an additive
mixture of reflected useful signals and delta correlated
internal noise of the receiving channels:

u(t, ') =Res(t, ") +n(t, ") . (6)
In formula (6) the white Gaussian noise is denoted by
the function n(t, ¥") , which has the correlation function
Ry, (7, A1) = (Ng / 2)8(ty —t2)3(F - 13) .

The elements of the antenna array have different
amplitude-phase characteristics, but it is assumed that
the energy level of the noise in each channel is the same

and equal to N .

Fig. 1. Surface sensing geometry
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3. Statistical optimization of the signal
processing algorithm

We obtain the optimal method for estimating the
parameters of the underlying surface by the maximum
likelihood method. As shown in aerospace [15, 16] and
ground [17, 18] researches, the likelihood functional for
this problem can be written as follows

Plu(t, 7) | F(F)] =
= exp{-No* [ | [u(t, P)-Res(t,7) Tdrdg”

Formula (7) is used the parameter «, which does
not depend on the coherent image F(T), the observation

()

time of scattered signals is denoted as T .
The maximum of functional (7) is found from the
condition that its derivative with respect to the desired

parameter F(¥) be equal to zero. Because F(T) is a

function of spatial coordinates, it is necessary to solve
the problem with the variational derivative

31n P[u(t, ") | F(F)1/ 8F(7)|. (P () 0, (®

&/8F(T) is the operator of the variational derivative

with respect to the desired image.
The result of (8) is equation

2 J Ut 18 (4,7, 7)ot =

N ©)
= [ Fopt ()9 (5, Tl

where
R = [ [ St FISo (LT, F)dFdt (10)

is the ambiguity function of SAR.

The obtained form of the equation (9) is not simple
and has already been interpreted in aerospace [15, 16]
and ground [17, 18] researches. The left-hand side is the
optimal signal processing method, and the right-hand

side is the optimal radar image estimate Iéopt(Fl)

smoothed by the ambiguity function ¥ (%, 7).

Using the complex envelope method, we represent
processing (9) as follows

jTjD, U(t, ¥)So (t, ¥, ) dFdt =

e (12)
= [ Fopt ()" (5.7 o,

where U(t, ") is the complex envelope of the observa-
tion equation (6).

Substituting (5) into the left-hand side of (9), we
obtain the optimal output effect in the aerospace radar
system with a planar antenna array

Y(F) = jT j o U(t, P (F) exp(=j2kS(T, t) F)dF’ x

< 2Ry(T,1)
C

xA(t yexp(—j2k (V(t—tg) cos 0, (T, tg))) x

xexp(jk (V2 (t—tg)?Rg*(F, tg)sin? B, (¥, to)))dt. (12)

4. Physical interpretation
of the output effect

The essence of optimal spatio-temporal received
field U(t, ") processing according to (12) is as follows.
At first, the antenna is focused on each point of the un-
derlying surface P(X,Y). For this, the signals received

at each point of the region D’ with the coordinates T’
are delayed for a time S(7,t)7'c™* and coherently add-

ed up with the amplitude-phase distribution i(7"). It
should be noted that the delay in each channel at a time

ty is made considering the vector §(F,to) of angles.

This leads to the formation of a multi-beam pattern with
the possibility of further processing of the signals for
each beam separately.

The S(7,t)T’c™ multiplier shows that during the

movement of the satellite in the antenna system such de-
lays should be created that each radiation pattern should be
focused on a selected point under the aircraft and change
its angular position in time. Such operations overcome the
inconsistency in synthetic aperture radars that high resolu-
tion cannot be obtained from large surfaces. The obtained
field processing in the receiving area corresponds to the
operation of a beam-forming circuit (BFC) with tunable
delay lines, which lead to adaptive rotation of partial radia-
tion patterns of the antenna array.

The next stage of processing is coherent amplitude
detection, which can be implemented in serial or paral-
lel circuits. Sequential processing consists in the convo-
lution of signals at an intermediate frequency with an

impulse response A*(t—ZRO(?,t)c‘l). Parallel pro-

cessing involves the formation of a multi-channel
scheme with multiple filters tuned to different ranges in

each beam relative to distances R (F,t). The separa-

tion between the filters is determined by the geometry
of the problem and the correlation features of the enve-
lope of the signals.

The multiplier exp(—j2k (V(t—tg)cos 6y (7, ty)))
characterizes the operation of Doppler frequency shift
compensation.

The last exponent with a quadratic phase change
reveals the essence of the classical method of aperture
synthesis, which consists in the coherent accumulation
of reflected signals along the flight path of the aircraft.
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Signal processing accurate to the phase will make it
possible to synthesize a new antenna aperture with large
sizes. The length of the synthesized aperture is propor-
tional to the speed of the aircraft and the accumulation
time of the scattered signals. The accumulation time
depends on the ability of the airborne radar to focus on a
given area.

The described processing combines two methods
of forming a synthesized aperture of the antenna in the
case of Spotlight and Multi-view modes. At the same
time, it implements the advantages of each of them. The
obtained method has the highest spatial resolution in
azimuth (along the flight path) due to the continuous
focusing on the selected area and covers an extended
observation area of the surface as a result of the for-
mation of many partial antenna patterns.

VWMWWWWWN\M@WW 0
T WN\’\‘\MMNWV\N\'\‘\N\W%” @y,

u(d,,T) u(9,,1)

LI(SN.I) u(y,to)

The obtained generalized method can be used as
the base structure for cognitive radars since it allows
implement various modes of observation according to
the task. In addition to the existing results, it is neces-
sary to develop a method that is adaptive to the interfer-
ence environment. This can be done by solving the
problem under the assumption that the reflected signal is
stochastic with the given correlation features.

The principle of the formation of the multiple an-
tenna patterns followed by coherent processing of the
trajectory signal is shown in Fig. 2. The projection of
this figure onto a plane is shown in Fig. 3. The given
sensing geometries show the process of continuous ra-
dar imaging of a surface with high spatial resolution
without gaps.

S
t

11(52,1(,)

LLLLLLL LiLLLL

<| A

X
Fig. 3. Spatial accumulation of the trajectory signal during the Multi-view observation of the surface
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5. Possible modification of the obtained
optimal method

5.1. Multiple beam observation with fixed
beams

It is of interest to investigate the method, which
consists in the formation of a fixed fan of radiation pat-
terns, the accumulation of sections of the chirp signal in
each beam, the combination of the obtained sections, or
the serial connection of the BFC outputs to the receiver
and the matched processing of the trajectory signal in the
form of convolution with a reference chirp signal. The
effective width of each individual beam in the fan is de-
termined by the linear dimensions of the antenna

(D%, Dy) and the amplitude-phase distribution i(r".
For an even distribution of amplitudes and a zero-phase
distribution i(¥") = const the effective beam width along

the flight path will be A9, ~0.88L/Dy . The step be-

tween partial diagrams must be A8, so the viewing an-

gles of the selected surface point P(X,y) "flow" continu-

ously from one beam to another during the movement of
the aircraft.

To obtain the analytical form of the proposed mod-
ification of the optimal method it is necessary to sample
the observation time (0, T) in such a way that the direc-

tion of each radiation pattern does not change. This kind
of sampling is shown in Fig. 4.

Taking into account the discrete observation areas
we write (12) in the following form:

YR = [ X i) Uy (¢ i)

<A"(t —ZROT(F’D) exp(—j 2k (V(t—tg) cos 8, (T, o)) x

xexp(jk (V2 (t—tg)?Ro(T, tg) sin? 6, (T, to)))dt, (13)
where T1(t—iT;) is the sampling function.
5.2. Fixed fan of beams with coherent pro-

cessing at the output of each channel and coher-
ent inter-channel summation

To analyze this modification of the method, we
rewrite expression (13) as follows

Y(?):Z jn(t i) U (4,7, i) A" (t-2

xexp(jk (V2 (t—ty)? R (F, ty) sin? Ox(r,to)))dtx
xexp(—j2k (-V(t—ty) cos 6 (T, tg))) =

=2l Y

Ro(r l))

(14)
where
Y(F,i) = an(t —iT)U; (4, F,i) A" (t— 2R (T,i)c 1) x
xexp(—j2k (V(t—tg)cos O, (F,1g))) x
xexp(jk (V2 (t—tg)?Rg (F,tg)sin® 0, (F, to)))dt (15)
is the output effect for each antenna pattern.

The essence of method (15) is as follows:
1) registration of signals at the outputs of BFC

Ui (L, 7.i)
[U; t,

and coherent detection of amplitudes

i) A" (t—2Ry (F,i)c)];

s “1

IEEFY2TER]!

<1n

1 | 2 |3 | 4

5 6 7 8
Fig. 4. Geometry of surface observation with a fixed fan of radiation patterns
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2) the temporary separation of pulses into intervals
that correspond to the observation of one surface area
with different radiation patterns

TI(t—iT;)[U; (4, ¥, i) A" (t— 2R (F, D)D)
3) the convolution of individual trajectory signals

in different processing channels with the expected full
reference signal

exp[j k(vz (t—ty)2Rg (T, to)sinzqex (F, to)—D
—2V(t—ty)cosO, (1, tg)

with duration T, which corresponds to the total time of
sequential observation of one surface area with all direc-
tional patterns,

4) summing the results of the matched processing

to form the final output effect Y/(¥).

The proposed modification of the algorithm also
requires coherent summation and accurate phase track-
ing to obtain a synthesized radiation pattern. At the
same time, separate preliminary processing of signals
from different outputs of the BFC does not have strict
requirements for overlapping and matching of antenna
patterns, and also allows slight time offsets. So there is
no need to form one continuous trajectory signal with
exact transitions at the joints of diagrams.

5.3. Fixed fan of beams with coherent
processing at the output of each channel and
incoherent inter-channel summation

If it is not possible to achieve synchronization be-
tween signals from separate antenna patterns, i.e. it is
not possible to coherently select parts of the trajectory
signal by the function II(t—iT;), then we can proceed

to the method of incoherent averaging of output effects
from various channels. For this it is necessary to limit
the integration intervals in the method (15) and fix the
point in each individual beam

N (OEDIS ji(Tii“)T”l U (LFDAT(t -—ZROC(?’ Dy
xexp[jk(V (t—t;)? Ro (7, tg;)sin? 0, (7, to;) -
—2V/(t—tg;)cos 0, (7, tg;) )] dt. (16)

According to the obtained analytical expression
(16), the convolution will be performed only within the
selected range of the beam pattern and subsequently
participate in incoherent averaging with other beams
with an index i. This method is already known and
practically implemented. It has a resolution that is the
same as for single-beam observation with StripMap
mode, but is characterized by a reduced level of multi-
plicative noise (speckle noise) in the image due to inco-
herent averaging.

5.4. Fixed fan of beams with coherent sig-
nal processing at the output of each channel,
compensation of the Doppler frequency shift
and incoherent inter-channel summation

The above signal processing algorithms show the
main optimal operations on the received oscillations and
do not specify the type of the probing signal, the type of
its modulation, coding, etc. At the same time, a signifi-
cant part of existing SARs use a pulsed mode of opera-
tion and have in their processing algorithms a contradic-
tion in the choice of pulse repetition rate: increasing the
pulse repetition frequency allows increasing the SAR
resolution in azimuth but leads to an ambiguous meas-
urement of range. In this case, the algorithm presented
in (16) on the extreme radiation patterns, at significant
angles of deviation from the nadir, will be difficult to
implement in practice. It is more expedient in each
channel to compensate the Doppler frequency shift due
to the deviation of the i -th radiation pattern by an angle
and then perform coordinated processing with the refer-
ence signal at a lower frequency. As a result it is neces-
sary to present (16) in the following form:

T N-L (D) Tipa e 0 -
YO=2i% i TIUI T X
xexp(—j2m (2V cos 0y (F, toi)) A 7L (t—tg;)) x
xA"(t— 2R (F,i)c ) x
xexp(jk (V2 (t—to)*Ro™ (7, toi)sin by (7' top))dt. (17)

Compensation of the Doppler frequency shift of
the trajectory signal before the coordinated processing
allows using the same pulse repetition rate in each

channel and, in the general case, reducing its value to
achieve unambiguous range measurements.

5.5. Single beam SAR

Further simplifications of expression (17) can lead
to well-known SAR imaging modes. Assuming one
beam and many range channels, we obtain a generalized
SAR for anterolateral, strictly lateral and posterolateral
Stripmap SAR

V()= Uj(t,7)exp(~jdn(
xA" (t=2R ()1
xexp(jk (V2(t—tg)?Rg (T, tg)sin? 6, (T, to)))dt. (18)

Vcos 0, (T,
COoS ;(r tg)) (t—tg)) x

6. Simulation result

Analysis of algorithm (12) shows that operation of
multiple beams forming is very important for SAR imaging,
because it not only increases scene size, but also gives new
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information about man-made objects. To such objects can
be attributed buildings with metal roof, aircrafts, ships and
any other objects with smooth surfaces and large roughness
compare to operating wavelength. In work [3] it is men-
tioned that AER-Il image with one-meter resolution,
PAMIR image with 20cm resolution are less informative
than aerial optical image with 30cm resolution (Fig. 5).
Such effect of invisibility occurs because the incident angle
of transmitted electromagnetic waves does not equal to
specular angle. In this part we propose to simulate different
surfaces and calculate areas that can be retrieved with SAR.

Using the computing environment MATLAB the
test model of the surface with manmade objects was
developed taking into account the phenomenological
description of the electromagnetic field and coherent
images [14]. The model of elevation for whole surface
is shown in the Fig 6, a-b and for manmade objects in
the Fig 6, c-d and Fig 7, a-d. The radar cross section

GO(F) and real part of the complex scattering

coefficient F(F) for each point of the test surface are

shown in the Fig 8.
To verify the simulation at first the optimal output ef-

fect |E(x,y)| in the aerospace radar system (12) was ob-
tained for one beam with the following parameters:
0, (T, 1) =0, 0y (f,)=0, fy=10GHz, H=10km,
surface dimension 150 mx150m, ambiguity function size
3mx3m and 1mx1m. The radar images for these pa-

rameters are depicted in the Fig 8, a-d.
For more practical results was simulated radar images
with the same parameters but for observation with one

beam (0, (T, t) =90° 6, (T, t) = (20°+20.5°) ), incoherent
summation of two beams (0, (T,t)=(90°60°),
0y (7,t) = (20°+20.5°) ), incoherent summation of three
beams (6, (T, t) = (90°, 60° 120°), 6, (F,t) = (20°+20.5))

and coherent summation in three beams Spotlight mode
(optimal mode). All simulated images are shown in
the Fig. 9.

c)
Fig. 5. Images with different resolution: a) AER-1I image with one-meter resolution;
b) PAMIR image with resolution 20 cm; c¢) Aerial optical image with resolution 30cm
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Fig. 6. The elevation models: a) whole surface; b) Top view of the surface; c) building; d) truck

Fig. 7. The elevation models: a) tanks; b) forest; c) mobile surface-to-air missile system; d) aircraft
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|ECx.y)|

150

X

d)

Fig. 8. Output effect | E(x,y)| in the aerospace radar system: a) ambiguity function size 3mx3m ; b) top view
of |E(x,y)| when ambiguity function size is 3mx3m ; ¢) ambiguity function size 1Imx1m;

d) top view of |E(x,y)| when ambiguity function size is Imx1m

150 |E(X’y)|

100 |
34
50 -
0 . . )
0 50 100 150
X
a)

Fig. 9. Modulus and output effect |E(x, y)| in the aerospace radar system: a) Modulus of the ideal complex
scattering coefficient; b) Observation with one beam; c¢) Incoherent summation of two beams
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Fig. 9. Modulus and output effect |E(x, y)| in the aerospace radar system: b) Observation with one beam;

c) Incoherent summation of two beams; d) Incoherent summation of three beams;
e) Coherent summation in three beams Spotlight mode (optimal output effect)

For obtained radar images on the Fig. 9 it was calcu-
lated their entropy, quality and distinction from the test
image with the full-reference [19, 20] and no-reference
quality metrics [21]: Mean-squared error (MSE), Peak
signal-to-noise ratio (pSNR), Structural similarity (SSIM)
index, Blind/Referenceless image spatial quality evaluator
(BRISQUE), Natural image quality evaluator (NIQE) and
Perception based Image quality evaluator (PIQE). All re-
sults are summarized in the Table 1.

According to full-reference metrics (MSE, pSNR,
SSIM) optimal output effect is not always the best, because
images dynamic range was adjusted manually. In practice
in order to see the structure of the image in the presence of
powerful reflectors the dynamic range is also adjusted dur-
ing the secondary processing of radar images. In contrast
all the no-reference metrics (BRISQUE, NIQE, PIQE)
shows the best quality for optimal output effect, it is even
better than reference image.

Table 1
Comparison of the simulated and test radar images
Figure MSE PSNR SSIM BRISQUE NIQE PIQE
Fig. 11,a 0 Inf 1 43.0494 8.5282 69.4806
Fig. 11,b 0.0384 14.1592 0.1939 57.4215 9.2167 84.3591
Fig. 11,c 0.0349 14.5726 0.2046 56.2384 8.9705 82.8793
Fig. 11,d 0.0544 12.6468 0.1925 56.6353 8.7231 83.2645
Fig. 11,e 0.0650 11.8705 0.2116 46.8832 5.9386 46.6039
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It is because the modulus of the ideal complex scattering
coefficient is very stochastic and restored radar images are
smoothed by the ambiguity function.

From the obtained results it follows that proposed op-
timal method of imaging in the aerospace radar system
with a planar antenna array is more informative, gives re-
sults without gaps and has the highest spatial resolution in
azimuth coordinate.

Conclusions

From the solution of the optimization problem the
optimal method for signals processing in SAR with a
planar antenna array is obtained. This method combines
the advantages of multi-look and SpotLight modes of
surface observation. For the implementation of cogni-
tive radars, it is necessary to have several modes of
high-precision radar imaging in advance, which can be
obtained from the above method by introducing the nec-
essary restrictions. The obtained optimal analytical ex-
pressions are rather difficult to implement with a mod-
ern element base, therefore reducing the quality of radar
images the expressions for quasi-optimal methods are
shown. All results are fundamental and physical, since
on the one hand they show potential the capability of the
aerospace radar system with a planar antenna array, and
on the other hand, in particular cases, the solutions cor-
respond to already known results.

According to the scales of the mentioned in intro-
duction R&D projects the obtained results develop the
statistical theory for the synthesis of optimal methods
for spatio-temporal processing of functionally deter-
mined signals in multi-channel cognitive radio-vision
radar systems. In particular, models of spatio-temporal
functionally determined signals are mathematically
formalized, methods for optimal spatio-temporal pro-
cessing of functionally deterministic signals are synthe-
sized and investigated and errors of radar imaging are
investigated.
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CTATUCTUYHUA CUHTE3 CTPYKTYPU AEPOKOCMIUHHUX PATIOJIOKATOPIB
3 OIITUMAJIBHOIO ITPOCTOPOBO-YACOBOIO OBPOBKOIO CUT'HAJIIB, POSIIUPEHOIO
30HOIO CHOCTEPEXKEHHS I BUCOKOIO ITPOCTOPOBOIO PO3JAIJIBHOIO 3JATHICTIO

C. /Kuna, B. Bonociok, B. Ilasnuxos,
M. Pyscenuyes, E. I]epue, A. Ilonos, O. IllImamxko, O. I'agpunenxo, H. Ky3omenxo, K. /lepeauos, F0. Agep'anosa,
0. Cywenxo, M. 3anicokuii, O. Conomenuyes, I. Ocmpoymos, b. Kyzueyos, T. Hikimina

3 BUKOPHUCTaHHSIM CTATHCTUYHOI TEOPii OINTHMI3allii pagioTEXHIYHMX CHCTEM PO3POOIEHO ONTUMAIBHUI METO
KOTepEHTHOr0 (hOpMYBaHHS DPaIioNIOKaLiHHOr0 300pakeHHS MMOBEPXOHb B OOPTOBIM pamiomoKalliiiHiii cuctemi 3
CHHTE30BAHOIO allepTypPoOrO 1 MIaHAPHUMHK aHTEHHMMH pemriTkamu. Ileii MeTon y3araibHIOE KijbKa PEXHMIB CITO-
CTEPEXEHHS 3a MICIIEBICTIO Ta MOBHICTIO BiIIOBia€ Cy9acHHUM TEHIEHIIISIM CTBOPEHHS KOTHITUBHUX PaiojoKaTo-
PiB 3 MOXKJIMBICTIO ITepe0yI0BH AiarpaMu CIIPSMOBAHOCTI Y IIPOCTOPI Ta aJallTHBHOIO MPUHAOMY BiJOMTHX CHTHAIB.
[pexacraBneni MoxuBi MOaHDiKaIlii OTPUMAHOTO ONTUMATIHLHOIO METOAY POOOTH BUCOKOTOYHUX OOPTOBHX Pajiio-
JIOKATOPIB 3 IIMPOKOK CMYTOI0 OLJISIY.

Ines monsrae B ToMy, 1100 CTBOPUTH TEOPETUYHY 0a3y Ta 3aKJIACTH OCHOBH JUIS ii MPAKTUYHOI'O 3aCTOCYBAHHS
IIPY BUPIIICHHI ITMPOKOI0 KOJjia MUTaHh CTATUCTUYHOI ONTUMI3allii METO/IIB Ta aJrOPUTMIB ONTHMAJILHOI IIPOCTOPO-
BO-4aCOBOI 00pOOKH CUTHAJIIB Y KOTHITUBHHUX paaioJOKaIlIHHUX cUcTeMaX It ()OPMYBAHHS SIK BUCOKOTOYHHX, TaK 1
ro0aabHUX pagio300pakeHb MicleBocTi. [l peamizarii iiei B CTATTI BUCBITIIEHO KOHIICIIIIIFO CTATHCTHYHOI OITH-
Mi3alii mpocTOpOBO-4aCOBOI OOPOOKH €JICKTPOMATrHITHUX IOJIIB Y OOPTOBMX KOTHITUBHHMX PaJiOiIOKaI[iMHMX CHUCTE-
MaX, SIKa IPYHTYBaTHMEThCS Ha CHHTE31 Ta aHaji3l METOIB, alfOPUTMIB 1 CTPYKTYP PadiOiOKalliliHUX IPUCTPOIB
KOTepEHTHOI Bi3yaui3allii, JOCIIHPKEHHS TPaHUYHUX MOXHOOK BiJIHOBJICHHS TMPOCTOPOBOTO PO3MOIiIY 3BOPOTHOT'O
3B'S3KY I aAamnTarlii npuiiMada Ta mepegaBava BiIIOBITHO 0 arpiopHOi iHpopMarii mpo mapameTpu 00'eKTiB 10-
CHIPKEHHS, paliOHY CIIOCTEPEKEHHS Ta HAsIBHI JHKEpesia MEePEIIKOI.

Meta — po3pobOKa Teopii Ta OCHOB TEXHIYHOI peati3allii OOPTOBUX padioNOKAiHHNX CHCTeM (OPMYBAHHS BU-
COKOTOYHOTO PaJIioJIOKAIliHHOT'0 300payKEHHS y PO3IMIMPEHOMY ITOJTi 30pY 3 aPOKOCMIYHUX HOCITB.

3aBaanus. {15 TOCATHEHHS ITOCTABICHOI METH HEOOXiJHO BUPIIIMTH TaKi 3aBJIaHHI:

— (opMalTi3yBaTH MaTeMaTHIHI MOJIENTI TIPOCTOPOBO-YACOBUX CTOXACTUIHHMX PATiOCUTHAIIIB Ta PO3poOUTH (Y-
HKI[IOHaJI TPaBJONOMIOHOCTI ISl PiBHSHB CIIOCTEPE)KEHHS, B SKMX KOPUCHMI CHTHAJI, BHYTPIIIHI IIyMH NpHAMada
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Ta TEPEIIKOI0BE BUIIPOMIHIOBAHHS TEXHOT'CHHUX O0'€KTIB € BHITAIKOBUMHU IPOICCAMU;

— CHHTE3yBaTH aJITOPUTMH ONTUMAIIEHOI 00POOKH IPOCTOPOBO-YACOBUX CTOXACTUYHHUX CHTHAJIB y OaraToka-
HAJBHUX PaJiONOKAIIIHAX KOMIDIEKCAaX, IO PO3MIIIYIOThECSA Ha MOOITHHHX TUTaThopMax aepoOKOCMIYHOr0 Oa3yBaH-
HA,

— BIJITIOBITHO JTO CHHTE30BAaHUX METOJIIB OOIPYHTYBATH OJIOK-CXEMH X peati3allii;

— OTpUMATH aHAJTITHYHI BUPA3H T MOTCHIIIHUX XapaKTEPUCTHK SKOCTI PaIioiOKaIliiiHOl 3HOMKH Ta BU3HA-
YUTH KJIac 30HAYBAJBHHX CHTHAIIIB Ta METOIU CKaHYBaHHS IPOCTOPY, HEOOXiIHI JUIsi BUPIIICHHS PI3HUX 3aBJaHb
PaIi0NOKAIIIIHOT PO3BIAKHY;

— MIATBEPIUTH AESKI TEOPETUYHI PE3YIBTATH METOAAMH IMITAIIHHOTO MOJICTIOBAHHS, Y SKUX BHSIBHUTH OCO0-
JIMBOCTI TEXHIYHOI peaizallii aepOKOCMIYHMX PaJioIOKAiiHUX CHCTEM JANCTAaHIIHHOTO 30HIyBaHHI.

Kiro4oBi c10Ba: KOTHITUBHI pajiapy; aHTEHHA PEIIiTKA; CTATHCTHYHA ONTHMI3allisl; paaap i3 CHHTE30BaHOIO
amepTyporo.

CTATUCTUYECKHUI CUHTE3 CTPYKTYPbI ADPOKOCMUYECKHX PAJIMOJIOKATOPOB
C ONITUMAJIbHOM ITIPOCTPAHCTBEHHO-BPEMEHHOI OBPABOTKOM CUTHAJIOB,
PACIIMPEHHOM 30HOM HABJIFOJAEHU S 1 BBICOKUM ITPOCTPAHCTBEHHBIM PA3PEIIEHUEM

C. /Kuna, B. Bonociwk, B. Ilasnuxos,
H. Pyscenuyes, 3. llepue, A. Ilonos, A. IlImamxo, O. I'aspunenxo, H. Ky3vmenxo, K. /lepeauos, FO. Agepvanosa,
0. Cywenko, M. 3anuckuii, O. Conomenyes, H. Ocmpoymos, b. Kyzneyoe, T. Hukumuna

C HCIIOJIb30BAHUEM CTAaTUCTHYECKOU TCOPUH OINTHUMH3ALIKNH PAJHOTCXHUYCCKHUX CHUCTEM pa3pa60TaH OIITU-
MaJIbHBIA METOJ] KOTEPEHTHOr0 (hOPMHUPOBAHHUS PAIMOIOKAIIMOHHOTO U300paKeHHs TTOBEPXHOCTEH B OOPTOBOII pa-
JTUOJIOKAIITMOHHOM CHUCTEME C CHHTE3WPOBAHHOM amepTypoil W IUTaHAPHBIMU aHTEHHBIMU pelIeTKaMHu. JTOT METONA
00001I1aeT HECKOIBKO PEKMMOB HAOIOICHHS 32 MECTHOCTHIO U TIOJTHOCTHIO COOTBETCTBYET COBPEMEHHBIM TEH/ICH-
HUsAM CO3JJaHUsA KOI'HHUTHBHBIX DPAAWOJIOKATOPOB C BO3MOXXHOCTBIO HepeCTpOﬁKH JuarpaMMbl HallpaBJICHHOCTHU B
IMPOCTPAHCTBE U aJallITUBHOI'O IIpHEMa OTPAXCHHBIX CHUI'HAJIOB. Hpe}lCTaBHeHbI BO3MOXXHBIC MO]II/I(bI/IKaIlI/II/I Imony-
YEHHOT'0 ONTHUMAJILHOI'O METOJA UIs Pa0OThl BBICOKOTOYHBIX OOPTOBBIX PaHOIOKATOPOB C IMHPOKOH MOIOCON 00-
30pa.

Hpnest cocTouT B TOM, YTOOBI CO37aTh TCOPETHUCCKYIO 0a3y M 3aJI0KUTh OCHOBBI JUIs €€ MPAKTHYECKOro IpH-
MEHCHUS TPU PEIICHUH HMIUPOKOr0 KPyra BOMPOCOB CTATHCTHYCCKON ONTHMHU3AIIMK METOAOB U aJITOPUTMOB OITH-
MaJIbHOM MPOCTPAHCTBEHHO-BPEMEHHON OOPaOOTKH CHUTHAJIOB B KOTHUTHBHBIX PaJHOIOKAIIMOHHBIX CHCTEMaXxX IS
(hOPMHUPOBAHHUS KaK BBICOKOTOYHBIX, TaK M TJI00aIbHBIX PaIHOM300pakeHUi MecTHOCTH. [ peanusaiuu uacH B
CTaThe OCBEIICHA KOHIICMIIHUSA CTATHCTUYCCKOH ONTHMHU3AIUMKM MPOCTPAHCTBEHHO-BPEMEHHOH 00paOOTKH 3JIEKTPO-
MAarHUTHBIX IT0JICH B OOPTOBBIX KOIHUTHBHBIX PaJHOJOKAIMOHHBIX CHCTEMax, KOTOpas OydeT OCHOBBIBATHCS Ha
CHHTE3€ U aHAJIN3€ METOIOB, AJITOPUTMOB M CTPYKTYP PaarOJIOKAIIMOHHBIX YCTPOMCTB KOIePEHTHOM BU3YyaIH3allny,
HCCIICAOBAHUE MPEACIbHBIX MMOIPEIIHOCTEH BOCCTAHOBJICHHS MPOCTPAHCTBEHHOI'O PACHPEACICHHS KOMILICKCHOIO
ko3 duIeHTa paCcCesIHUSA, CHHTE3 ONTUMAIbHOW OOpATHON CBSI3M UIS aJalTalldd MMPHEMHHKA U IepeJaTddka B
COOTBETCTBHH C alPUOPHON MH(pOpMAaIHeil 0 mapamerpax 0ObEKTOB HCCIEOBaHMs, palioHa HAOMIOACHHS U CYIIle-
CTBYIOIIEH UCTOYHUKH TTOMEX.

Lenp - pa3paboTKa TEOPHH U OCHOB TEXHHYECKOH peann3alyi OOPTOBBIX PaAHOJOKAIMOHHBIX CHCTEM (Op-
MHUPOBaHHS BHICOKOTOYHOI'O PaIOIOKAIIOHHOI'0 N300paKeHHs B PACIIUPEHHOM TIOJI€ 3PEHHUS ¢ a3POKOCMUYECKHUX
HOCHUTEIEH.

3aganus. /{11 1OCTHIKEHHUS TIOCTABICHHOM 1IEIM HEOOXOUMO PEIINTh CICIYIONINE 3a1aH:

— (hopMaIM30BaTh MAaTEMATHUECKHE MOJIEIIN IIPOCTPAHCTBEHHO-BPEMEHHBIX CTOXAaCTHYECKUX PaJlOCHTHAIIOB M
pa3paborarh (HYHKIIMOHAN MPABAONOA00Us /sl YPaBHEHUH HAOIOCHHS, B KOTOPBIX MOJE3HbI CHI'HAN, BHYTPEH-
HHUE [IyMBI IPUEMHHKA U IIOMEXOBOE H3JIY4CHHE TEXHOINCHHBIX 00bEKTOB SIBIIIOTCS CIIyYaliHBIMU IIPOIECCAMT;

— CHHTE3WPOBATh AJTOPUTMBI ONITUMAIIbHON 00PabOTKH MPOCTPAHCTBEHHO-BPEMEHHBIX CTOXACTUYCCKHMX CHI-
HAJIOB B MHOTOKAHAJIbHBIX PAIMOJOKAIMOHHBIX KOMIUIEKCAX, Pa3MeNaeMbIX Ha MOOMIBHBIX MIaTGopMax a’spoKoc-
MHYECKOro 0a3upOBaHUSL,

— B COOTBETCTBUH C CHHTE3MPOBAHHBIMH METOaMH 00OCHOBATH OJIOK-CXEMBI MX PEalIn3aIliH;

— MOJYYHUTh AHATMTUYECKHE BBIPAKECHHS IJIS MOTCHIMAIBHBIX XapaKTEPUCTHK KadyecTBa DPadHOIOKAIIMOHHON
CHEMKH U ONPEJICIUTD KIIACC 30HIUPYIOUIMX CUTHATIOB U METObI CKAHUPOBAHUSI MPOCTPAHCTBA, HEOOXOAUMBIE JIJIsI
PELICHUS Pa3InYHBIX 33124 PAIHOIOKAIIMOHHON Pa3Be/IKy;

— IOATBEPIUTh HEKOTOPHIE TEOPETUUECKUE PE3YIbTAThl METOAAMH HMHMTAIHOHHOTO MOJACIMPOBAHUS, B KOTO-
PBIX BBISIBUTH OCOOCHHOCTH TEXHHUYECKOW pean3aliu adpPOKOCMHUYECKHUX PaHOIOKAIIMOHHBIX CUCTEM JMCTAHIIU-
OHHOT'O 30HIUPOBAHHUSL.

KiwoueBble ¢10Ba: KOTHUTUBHBIC Pajiapbl; aHTCHHAS PEIIETKA; CTATHCTHYECKAsh ONTUMM3AIHS, Pajap ¢ CHUH-
TE3UPOBAHHOU anepTypoi.
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Cemen 7Kuna — 1-p TexH. HayK, 3aB. Kad. aepOKOCMIYHUX PaTiOeIeKTPOHHUX cHcTeM, HarioHanbHuit aepoko-
cmiunmi yHiBepcuTeT iM. M. €. XXykoBchkoro «XapKiBCbkuil aBialliiiHui iHCTUTYT», XapKiB, YKpaiHa.

Banepiii Bonociok — 1-p TexH. Hayk, npod., npod. kad. aepoKoCcMidYHHX paJlioeNeKTpOHHHUX cucteM, Hartio-
HaJIbHUH aepokocMiyHuil yHiBepcureT iM. M. €. XykoBchkoro «XapKiBChbkHi aBialliiHUNA 1HCTUTYT», XapKiB, YK-
paiHa.

Bosoqumup ITaBiikoB — 1-p TeXH. HayK, CTapIll. HAyK. CHiBPOO., MPOPEKTOp 3 HAyKoBOI poboTH, HarioHanb-
HUH aepoKocMiyHMH yHiBepcuTeT iM. M. €. JKykoBcbkoro «XapKiBCbKUH aBianiiHUN 1HCTUTYT», XapKiB, YKpaiHa.

Muxkona Py:xkeHueB — 1-p TexH. HayK, Ipogecop, TOJIOBHUI HAYKOBHH CHIBPOOITHHK Kadeapu aepoKOCMid-
HUX PajioeleKTpOHHUX cucTeM, HamioHanpHui aepokocMmiuHui yHiBepcuteT iM. M. €. JKykoBcbkoro "XapkiBchb-
Ku# aBiamiinuid iHctutyT", Xapkis, YkpaiHa.

Enyapn Llepne — acucrent kadeapu aepoKOCMIYHUX pagioeseKTpOHHUX cucteM, HarioHanbHuiT aepokocMid-
Hui yHiBepcuteT iM. M. €. XKykoBchkoro "XapkiBchKuii aBianiiiHuii iHCTUTYT", XapKiB, YKpaiHa.

Amnaromniii ITonoB — 1-p TexH. HayK, JIOLEHT, JOLUEHT Kadenpu aepoKOCMIYHUX DPaioeIeKTPOHHUX CHCTEM,
Haunionanbhuii aepokocMiynuii yHiBepcuteT iM. M. €. XKykoBcbkoro "XapkiBCbKHiA aBialliiiHui iHCTUTYT", XapKiB,
VYkpaina.

Outexcanap llImMaTko — kaHI. TEXH. HayK, CTapil. HayK. cHiBpoO., HamioHanmsHUI aepoKOCMiYHMI YHiBEpCH-
ter iM. M. €. )KykoBcbkoro «XapKiBChbKHii aBiaiiHUN 1HCTUTYT», XapkiB, YKpaiHa.

Ouiena I'aBpuJIeHKO — KaH/I. TeXH. HayK, TOUECHT Kadeapy CUCTEM YIPABIIiHHS JIITAIBHHUX anapartis., Hamio-
HaJIbHUI aepokocMiuHui yHiBepcuteT iM. M.E. JKykoBcbkoro "XapkiBcbkuil aBianiiinuii incTuTyT", XapkiB, Ykpa-
iHa.

Haranis Ky3sMeHKoO — KaH/. TeXH. HayK, CTapll. Hayk. criBpoO. kadenpu AepoHaBiraniiiHux cucrem, Hari-
OHaJIbHUM aBialiiiHuii yHiBepcuteT, Kuis, Ykpaina.

KoctsinTin /lepradoB — kaHa. TeXH. HayK, 3aB. Kad. CUCTEM YIIPaBJIiHHS JIiTAIBHUX anapariB, HarjioHaabHUi
aepokocMiuHui yHiBepcuteT iM. M. €. JKykoBcbkoro "XapkiBchKuii aBiaiiauid iHcTHTYT", XapkiB, YKpaiHa.

HOuist ABepbsiHOBa — /I-p TeXH. HayK, JOUEHT, npodecop kadeapu AepoHaBiraniiHux cucreM, HaiioHaub-
HUH aBianiiiHuii yHiBepcurer, Kuis, Ykpaina.

Ouibra CymeHko — J1-p TexH. HayK, npogecop, mpodecop kapenpu AepokocMiYHUX chUcTeM yrpaBiiHas, Ha-
LioHaJIbHUH aBiawiitHuii yHiBepcuret, Kuis, Ykpaina.

Maxkcum 3anicbKkuii — 1-p TEXH. HayK, JIOLEHT, npodecop Kadeapu TeleKoMyHIKalliiHux cucteM, HamioHa-
JIbHUH aBialiiinuii yHiBepcuter, KuiB, YkpaiHa.

Ouexcangp CoJjioMeHIeB — [-p TexH. Hayk, npodecop, npodecop kadeapu kadeapa TeneKkoMyHIKaiiHUX
cucrem, HarnionanbHuit aBianiiinuii yniBepceurer, KuiB, Ykpaina.

IBan OcTpoyMoB — 11I-p TeXH. HayK, JIOUEHT, npodecop kadenpu AepoHaBiraumiiHux cucrem, HarioHanbHuiA
aBiauiliHuii yHiBepcurer, KuiB, Ykpaina.

Bopuc Ky3HenoB — 1-p TexH. Hayk, mpodecop, 3aBifyBad BiAIuly mpoOieM yIpaBiiHHS MarHiTHUM TOJEM,
JepxaBHa ycraHoBa «[HCTHTYT TeXHIUHHMX MpoOiieM MarHetuamy HamioHanbHOi akaneMii Hayk Ykpainu», Xapkis,
VYkpaina.

Tersna Hikitina — 1-p texn. Hayk, npodecop, 3aBigyBau kadeapu [IpupogHuymx i ryMaHITApHUX JUCLIUII-
J1iH, XapKiBCbKUI HaIllOHATBHUI aBTO-MOOLILHO IOPOXKHIHN YHIBEpCUTET, XapKiB, YKpaiHa.
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