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ABSTRACT

Context. The development and improvement of technologies for creating unmanned aerial vehicles (UAVs) and their use in the
military conflicts, particularly in the war in Ukraine, pose the task of effectively counteraction to UAVs. The most difficult targets
for radar detection are small, low-speed UAVs flying at low altitudes. Therefore, the search for efficient methods of detecting,
tracking, and identifying UAVs using both existing and new promising tools is a relevant task for scientific research.

Objective. The analysis of the operation algorithm of the moving target indication (MTI) system based on the discrete Fourier
transform in radars with burst-to burst probing pulse repetition frequency stagger and to propose the modernisation of the MTI
system to increase the efficiency of UAV detection against passive interferences

Method. The effectiveness of the methods is determined experimentally based on the results of simulation and their comparison
with known results presented in the open literature.

Results. It is shown that in the MTI system with burst-to burst probe pulse repetition frequency stagger, a non-adaptive filter for
suppressing reflections from ground clutters (GC) and incoherent energy accumulation of pulses of the input burst are realized. These
circumstances cause the losses in the ratio signal/(interference + inner noise). The proposals for improving the efficiency of the MTI
system by transition to the construction of the MTI system with the structure “suppression filter and integration filter” are
substantiated. They consist in the inclusion of a special filter for suppressing reflections from GC and fully coherent processing of the
input burst pulses. The latter is realized by using the standard discrete Fourier transform (DFT) only as a integrating filter with a
slight correction of the DFT algorithm. An algorithm for energy accumulation of the burst pulses using the current estimate of the
inter-pulse phase incursion of the burst pulses reflected from the target is proposed. It is shown that this accumulation algorithm is
close to the optimal one. The effectiveness of these proposals is analyzed in terms of the achievable signal-to-(interference+inner
noise) ratio and the detection area compression ratio. It is shown that their implementation potentially leads to an increase in the
detection range and an improvement in the measurement of UAV coordinates by about two times. The proposed ways are quite
simply realized by digital processing used in this MTI system

Conclusions The conducted research is a development of the existing theory and technique of radar detection and recognition of
air targets. The scientific novelty of the obtained results is that the algorithms of inter-period signal processing in radar with burst-to
burst probing pulse repetition frequency stagger, namely the accumulation of a bust by correcting the algorithm of the standard DFT,
have been further developed. The practical value of the research lies in the fact that the implementation of the proposed proposals
provides approximately twice the efficiency of detecting the signal reflected from the target, compared to the standard processing
device

KEYWORDS: Unmanned aerial vehicle, Radar, UAV detection, Technical requirement, Suppression filter, Optimal processing,
Passive interference.

ABBREVIATIONS UAV is an unmanned aerial vehicle;
AP is an adaptive processing; WEF is a whitening filter;
ACEF is an adaptive cancellation filte; SINR is a signal /(interference+receiver internal noise)
APR is an amplitude-phase response; ratio;
AFR is an amplitude-frequency response; DFT is a discrete Fourier transform;
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DF is a Doppler filter;

RCS is a radar cross section;

EPR is a energy phase response;

PFS is a power frequency spectrum;

EFR is an energy frequency response;

IR is an impulse response ;

CM is a correlation matrix;

GC is a ground (fixed) clutter;

IBP is an inter-burst
processing) ;

MF is a meteorological formation.

MP is a matched processing;

Pl is a passive interference (background clutter) ;

RP is a radio pulse;

MTI is a moving target indication;

FR is a frequency response.

processing  (inter-train

NOMENCLATURE
f is a normalized frequency;
V. is aradial velocity;
T; is
pulses;
T; is a periods of pulses probing in the each;

an i-th period repetition period of probing

A is a radar wavelength;
K; is a i -th weighting coefficient of “FR smoothing”;

|K ((p)| is an APR;

|I'(((p)|2 is an EPR;

|K(Fd)| is an AFR;

|K ([ s an EFR;

|KSt ((p)| is an APR of the standard MTI system;

Kwr() is an APR of the whitening filter;
|KCI ((p)| is an APR of the coherent integrator;

|KMT11 ((P)| is an APR of MTI system;

Ks(to ) ((p)‘ is an APR of standard MTI system with the

interference suppression function turned off
K s(tl)((p) is an APR of corrected DFT of the standard

MTI system;
h; is a relation of RCS of interference and target in

the resolution element;
R, is a maximal radar range in the conditions of PI;

pic
Kimpr 1s a coefficient of SINR improvement by MTI
system
K, is a coefficient of PI suppression by MTI system;
K., 1s a compression ratio of scan area
Kimpr s a coefficient of SINR improvement by MTI

system;
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k; is a coefficient of change of losses when the MTI
system is turned on;

kmean 1S an average power transmission efficiency of
a useful signal
Fy is a Doppler frequency;

Fymin 18 @ minimal value of Doppler frequency;
F§max 15 @ maximum value of Doppler frequency;
Fy, 1s a signal Doppler frequency;

Fy; is adoppler frequency of interference;
F,, is an average repetition rate of the probing
pulses;

F, is an average repetition rate of the probing pulses;

h is a vector-column of the coefficients of IR of the
system,

hyr is an impulse response of whitening filter;

5¢((0gs) 1s a values of the interference spectrum and
signal with phase ¢ ;

s(Fys) 1s an energy spectrum of the signal at the
system input;

Sout () is @ power spectrum process at the system
output;

x(f) is an acolumn vector of equidistant samples of a
complex harmonic with a normalized frequency f ;

x"(Fy) is a M —dimensional row vector complex

amplitudes of the RP;

M, is a voltage at the output of detector of n- th
phase;

M is a size of a burst of sensing radio pulses;

v is a SINR;

Yimatch 1S @ current values of SINR for the case when

n

the MTI system is turned off and PI is available;
Y1opt 18 a current values of SINR for the case when

the MTI system is turned on and PI is available;

Yy 1s a required signal-to-noise ratios at the output;

y; is a signal-to-noise ratio at the output of the
receiving path required to ensure the specified detection
quality for turned off MTI system;

Vipic 18 @ signal-to-noise ratio at the output of the

receiving path required to ensure the specified detection
quality for turned on MTI system and ability of passive
interference;

Yipic 18 a required signal-to-noise ratio at the

receiving path;

p is a value of the SINR for the optimal processing
on the passive interference background ;

R is a CM of interperiod fluctuations of input process
samples;

Rpic is a maximal range of radar in the conditions of

PIs (in the conditions of PIs);
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(g ¢ 18 a current inter-pulse phase offset;
¢ is an estimate of @ ;
¢, is a rotation angle of signal vector, to which n-th

filter is established;
@5, is an initial phase of pulses of i -th pulse burst of

input signal;
G? is a power of signal;

G% is a power of pulse in the RP burst;
Z is a number of probe pulse packets;

Opi isa mean value of the total effective surface of

PI sources.

o is an average value of the total effective surface of
the target in the pulse volume;

o is a mean values of the total effective surface of PI
sources and effective scattering surface of the target, that
are in the same pulse volume.

INTRODUCTION

The massive use of UAVs is a characteristic feature of
modern armed conflicts [1 — 5]. The most common today
are tactical UAVs and battlefield UAVs. The capabilities
of airspace radar to detect and track these UAVs are
extremely limited. As noted in [6, 7], one of the reasons
for the difficulty of detecting and tracking tactical (small,
mini and micro) UAVs is their low flight speed, which
causes entering reflections from UAVs in the rejection
zone of the radar MTI system. In [6], this circumstance is
directly related to the imperfection of MTI systems.

However, the development of radar methods and the
digital element base makes it possible to create reliable,
economical and small-sized digital equivalents of existing
analog signal processing systems, and fundamentally new
more complex digital systems with significantly higher
efficiency, close to the limit. This reveals reserves for
improving the performance of both some radar systems
and the tactical capabilities of radar in general. Therefore,
the search for relatively simple improvements to existing
processing algorithms in existing radars to increase the
efficiency of UAV detection is an actual problem.

Paper purpose: to analyze the algorithm of the MTI
system on a DFT device in a radar with burst-to burst
probing pulse repetition frequency stagger and to propose
the modernization of the MTI system to improve the
efficiency of UAV detection against passive interference.

1 PROBLEM STATEMENT

Let in the S-band radar the Mz =Z-M - dimensional
coherent bursts of the probing radio pulses are
periodically transmitted, that are composed from Z =4
M — element busts, where M =8, 12, 16. The periods T;

l
(or frequencies F; =1/T;) of pulses probing in the each
i-th (i €1,Z) burst are constant, but they are different in

the different bursts. The processing in the radar with
classical MTI system is performed as burst-by-burst and
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can be divided on the coherent inner-burst and
noncoherent binary IBP (see Fig. 1).

The package of input influences (a vector of complex
signal amplitudes received from one resolution cell in the
Mz sensing periods) is divided into burst of 8 (12 or 16)
elements. Each burst is consequently supplied to the input

of the block of N =M filters performing DFT.

gV T - 3
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u doppler threshold 1
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Figure 1 — Block diagram of IBP of radar signals [8]

The procedure of signal processing in n-th phase
(frequency) filter is in the compensation of interperiod
phase shifts of signals by corresponding phase rotation,
i.e. by reduction to the same start phase with further their
integration and definition of the absolute value of the
obtained sum signal.

The DFs are tuned on the frequencies, that uniformly
distributed on the interval (O,FZ ), ze€l,Z and have low

level of sidelobes (i.e. “smoothed” FR). Moreover, for
suppression of the reflection from the fixed scatters (or
ground scatters) the voltage in the zero filter is blanked.
Furthermore, the subtraction of the half wvalue of
integrated signal in the zero filter from the modulus of
signals of the 1-th and 7-th filters is performed, i.e.

M -05My; M7 -05M,.

The voltage at the output of detector of n-th phase
filter is presented in a such way

0, n=0;
M, =My, —0,5M; (-0,5, n=Lor n=N-1; (1)
My ,, n#{0,1, N1},
n=N-1,

N-1 g N
Mo, =| Y K;-Up-e' "z a7/ | @
i=0

where ¢, =n(2n/N), ne(0, N-1); by, =4nV, T /2,
ze(l,Z).
It is necessary for this IBP system to substantiate the

proposals for modernization to improve the efficiency of
UAYV detection against passive interferences (clutters).
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2 REVIEW OF LITERATURE

There are various methods used to detect and track
unmanned aerial vehicles. A brief guide to a wide range
of methods can be found, for example, in [9, 10, 11]. As
shown in these works, UAV detection is carried out
against the background of reflections from local objects,
which is one of the reasons for the difficulty of detecting
and tracking tactical (small, mini- and micro-) UAVs.
Reducing the negative impact of reflections from GC
(hereinafter also referred to as “passive jamming”) is
based on the principle of Doppler (speed) signal selection.
The suppression is realized by creating sufficiently
narrow “dips” in the amplitude-frequency responses of
the MTI system in the areas of passive interference. The
width of these dips should correspond to the width of the
energy spectrum of PI fluctuations Sj; (o) .

At this moment of time, in the MTI systems of
surveillance radar wusually non-adaptive filter MTI
systems or compensation MTI systems are used [11, 12,
13]. In the filter MTI, a non-adaptive filter of passive
interference suppression can be created by zeroing the
voltage of the zero filter and correcting the amplitude of
the filters adjacent to it [8, 13, 14, 15]. In general, the
characteristics of such filters are not consistent with the
parameters of the PI energy spectrum. In addition, the low
flight speed causes the reflected signals from UAVs to
fall into the rejection zone of the radar MTI system [6,
15-18].

UAYV detection efficiency also decreases due to the
burst-to burst probe pulse repetition frequency stagger. As
noted in [19], this causes signal-to-noise ratio losses,
since the pulses of different packets cannot be
accumulated coherently.

The following quite obvious suggestions for
improving the standard MTI system under consideration
follow from the brief analysis. They are in the realization
of the following:

1. The fully coherent processing of the input packet.
As shown in [20], such a transition will increase the
signal-to-noise ratio in proportion to the increase in the
size ( Mz ) of the pulse packet;

2. A special filter for suppressing reflections from GC
using DFT only as a storage filter.

The first proposal is generally based on the a priori
certainty of the current inter-pulse phase offset @ of the

packet pulses reflected from the target. In practice, it is
absent. It is proposed to eliminate a priori uncertainty of
¢ ¢ by estimating ¢ based on the input packet.

This estimate of @ is not used directly for its

intended purpose, but only to determine the phase of the
filter number that is closest to the one in which all the
pulses of the packet should be coherently accumulated.

Subsequently, the packet pulse phases are corrected to
the phase value corresponding to the phase of the
maximum of the selected filter. This approach almost
completely reduces the negative impact of estimation
errors of phase ¢ on the processing result.
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The first suggestion is quite simply realized through
digital processing. The digital signal processing used in
this MTI system allows algorithmic formation of
suppression filters with EFRs of the required shapes,
which theoretically increases the “window of
transparency” in the area of the first and seventh phase
filters.

This fact gives hope for increasing the detection range
and improving the measurement of UAV coordinates

3 MATERIALS AND METHODS
MTI systems are described by the following
characteristics:

— the amplitude-phase |K ((p)| [amplitude-frequency
Ky

voltage at the output of the processing device when a
reference signal of a unit voltage with an initial phase

? (P EPmin>Pmax ) [Doppler frequency Fy
(F4 €F4 min->Fa max )] 1s applied to its input;

], which is numerically equal to the modulus of

. 2
—the energy phase (frequency) response |K((p)|

. 2
[[&eF)|

— the IR h of system which is related with filter EFR
by relation:

2

|K(Fd)|2 =x"(Fg)-h

> FdeFd.minaFd.max~ (3)

Further presentation of the article’s material is based
on the following well-known basic relations [21]:

Sout (B = 530 (B[ KO 4

which describes the relationship between the energy
spectrum of the process s, (f) at the input of the system

and the energy spectrum of the process at its output

Sout ®;

0,5
R = {’1,1‘}{};[:1 = I s(f)-x(f)-x*(f)af , 5)
-0,5

which describes the matrix form of the Wiener-Hinchin
inequality [22], that connects the correlation matrix (CM)
R and spectrum s(f) of inter-period fluctuations of the

input process samples.
Here

. M
X(f)= {e‘]zﬂ:f(}e:]’ f € _0359035 . (6)

The effectiveness of processing options is analyzed by
the following quality indicators:

— the SINR;
OPEN a ACCESS
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— the coefficient of reduction of the detection range
against the interference background, which in [23] called
the compression ratio of the detection zone.

The SINR y (F;,) is defined in the following way

[24]:

Y (Fys) = Psout (Fys )/Pi.out (7
where

0
Piou = | (Fd)'|K(Fd)|2 dFy=h"-®; h,

Py out (Fas) = .[ Ss(Fd.s)'|K(Fd)|2 dFy (®)

is the average power of the interfering signal with energy
spectrum s;(fy) and the signal from the target with the

Fy =Fy, at the output of the MTI system with energy

.. . 2
characteristic |K (Fy )| ;

ss(Fys) = 038(Fys — Fy) , o3 =M )

is the energy spectrum of the signal at the system input.
Compression ratio K. of scan area is defined by
equation [23, eq. 2.44]

4 —
K {Rpm] = kmean [y Toie 0011 10g)
R T1pic - ky, Kimpr o

Kimpr = Kjs  kmean (10b)

where y; and vy are required signal-to-noise ratios at

the output of the receiving path to ensure the specified
quality of detection when the MTI system is turned off
(amplitude mode) and when the MTI system is turned on

and Pl is available (i.e. in conditions of PI); o; i G are

the average values of the total effective surface of the PI
sources and the effective surface of the target located in
the same pulse volume;

It should be noted that the above formula uses the
values vy, Y that are average values for all Doppler

frequencies.

According to opinion of the authors of the article, this
approach is not entirely correct, since the value of the
SINR is highly dependent on the difference in absolute
Doppler frequencies of the signal from the target and the
interferer.

Let’s estimate the value of the coefficient K. under

the influence of PI. The current values of SINR for the
case when the MTI system is turned off and PI is
available Y. (i.. MP case) and for the case when the

MTI system is turned on and Pl is available v, (i.e. AP

mode) depends on the current values of Doppler signal
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10

frequencies Fye and interference Fy;:

Vmatch = Ymateh (Fa.s>£d.i) » Yopt = Yopt (Fgs,Fq;)- In the

general case  Ypqap (FysoFai)  and  Viaeeh (Fas> £4.i)

depend on the power of the packet at the input of the MTI
system which depends on the range to the target with the
same technical characteristics of the radar

However, the attitude of the y; to vy, in (10)

eliminates this dependence, so it is possible to use any

power values when modeling the compression ratio.
Obviously, to detect a signal from a target the

inequalities Ymatch (Fas> Fdi) = 11 and

YVadapt (Fa.s-Fdi) = Yipic must be followed. This ratio

Ymatch Fas-Fai) << v1 1is small for the frequencies of

interference spectrum and, therefore, to ensure detection,
the wvalue y; in (10) must satisfy the relation

Y1 21/ Ymatch (Fa s Fai) - Similarly, for ;. we can write
Yadapt = 1/“ (Fd.s’Fd.i) , Where p (Fd.s’Fd.i) is the

current value of SINR with optimal processing against the
PI background that depends on frequencies Fy, and Fy;

Then expression (10) will take the following form:

4
Rpie (Fas:Fai) |
R
Yadap (Fdis’Fd.i) ’ kmean J1- hi
Y match (Fd.s’Fd.i) ’ kL Yadap (Fd.s’Fd.i) ’ Kimpr

Kér(Fd.s’Fd.i) :(
(11)

Here h; :G_pi / o is the relation of RCS of
interference and target in the resolution element. In the
case when the interference is absent h; =1, and for the
case when it is available provided that the interference is
completely suppressed h; = K,; .

From the analysis of formula (11), it follows that an
increase in the input signal power will increase the

absolute values of ranges R ;. and R, but not their ratio.

C
The compression ratio depends on the values &} and the

noise supression factor K ; .

Graphs of compression ratio values K (Fyq,Fy;)

are used as follows. First, according to the given threshold
value of the SINR vy, and the graphs of the SINR (8), the

Fis(@as) 18 which
Y (Fys) =7V - This  argument graphs of

K, (Fys.F; ;) are used to determine the specific value of

determined, at
and the

argument

the compression ratio.

4 EXPERIMENTS
The following options for processing an incoming
packet by MTI systems implemented by the following
devices are investigated:
OPENaﬁCCESS
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— option 1:using adaptive whitening filter to suppress
the reflections from the GC [25, 26] with a burst
integrator of RP;

— option 2: using DFT with burst-to burst probe pulse
repetition frequency stagger [13] (hereinafter “standard
MTI);

— option 3: using an adaptive whitening filter to
suppress reflections from the GC with an integrator of RP
burst based on a standard DFT radar [13] (without the
function of zeroing the amplitude of the zero filter and
correcting the amplitude of the remaining filters);

— option 4: using adaptive whitening filter of GC
suppression and a integrator of RP burst based on a
modification of the standard DFT radar.

First, let’s model the APR of the regular MTI system.
Expressions (1), (2) describe the algorithm of the standard
MTI system and allow us to determine its APR. Indeed, if
the pulse packets with a unit amplitude and an inter-pulse

phase shift ¢, (@5, €@ . ¢ ) is passed to the input

of the MTI system, then the modulus of the signal
amplitude at the device output is proportional to the

device APR |KSt ((p)| ,1.e.

N-1

|K ()] = max {M,,} " . (12)

Fig. 2 shows, for a range of phases ¢; € —900, 900,
. 2 .
the squares of the APR (|Kst_n((ps)| j normalized to

value of M (hereinafter referred to as “APRs”) of the
standard MTI system with the functions of “FR
smoothing” and suppression of reflections from GC
(curve 2) and without the function of “FR smoothing”
(curve 3).

| Sii@)|Kigymof’dB
; .Q.“"'o’ 0..‘ "'¢' .Q.~“.’."
T ~——— kS V{ S /—\/—_
-10 3 /
20 \ 314 2
30
U
-40 !
-50

0 1 1 | 1 1
-80 -60 -40 -20 0 20 40 60 80
0.0, deg
Figure 2 — Power spectrum of interference of the “GC” type and
EPR of the standard MTI system

For comparison, curve 1 shows the energy anti-
spectrum  Sy;(9) =1/[S;(9)/S; max (@)] of the interference

of the “reflection from GC” type normalized to its
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maximum value with a relative (relative to the receiver
noise power) power /hy; =30dB, Gaussian spectrum

shape (p — ), zero phase (radial velocity) ((¢;; =0
(V:1; =0 m/s)), with the correlation coefficient of the
radial velocity fluctuations of the interferer p;= 0.9992,

which corresponds to the width of the velocity fluctuation
spectrum W}; =0.5 m/s for A =0.1 m and the average

repetition rate of the probing pulses F; = Fl =1.54 kHz.

It can be seen that “FR smoothing” not only widens
the main filter lobes, but also reduces the maximum
possible value of the output voltage. The finite dimension
M of the discrete Fourier transform causes the fluctuations
in the output amplitude of the MTI system and is the
cause of additional losses in the output signal amplitude at
the inter-pulse shift, which does not correspond to the
phases of the maximums of FR filter main lobes.

The analysis of Fig. 2 and expressions (1), (2) shows
that only individual bursts of pulses in a packet are
processed coherently, and their results are integrated
incoherently, i.e., the burst of pulses is not processed
optimally in general, that is expected to lead to losses in
the signal-to-noise ratio.

511 (9){ Kip/M)
| 4

0 T
o ..oou-..." “" ‘D ,0" “.oo-¢~-..w~
R e [ o

-10 i
20 \ [

I

-80 -60 -40 -20 0 20 40 60 80
0.9, deg

a

’ dB

2 dB

o\

VVii:O.S m/s |

513 (@), K(os)/M)
0

R

-20

-30

-40

-50

|

-80 -60 -40 -20 0 20 40 60 80
0,05, deg

b
Figure 3 — EPR of MTI system
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Now, by simulating the EPR of MTI systems, the
values of the SINR p (7) and the compression ratio X
(11), the graphs of which are shown in Figures 3, 4 and 5,
respectively, we will substantiate the feasibility of the
proposals formulated in paragraph 2.

The curves 0 in Fig. 3 show the jammer antispectrum
Si;(p) = l/ [S:(9)/S; max (¢)] normalized to the maximum

value with a spectral width of jammer velocity
fluctuations W; = 0.5 m/s (Fig. 3a) and Wj; =1.5 m/s

(Fig. 3b). Curves 2, 3, 4, respectively, reflect the EPR of
the standard MTI system with 8-element DFT (MTI
system according to variant 2), curves 3 — MTI system
according to variant 3, curves 4 — MTI system according
to variant 4.

and the interference of the “GC” type (Figs. 4b, 5b) with
the parameters specified for the model situation in Fig. 2.

Curves 1 illustrate the efficiency of the MTI system
implemented according to variant 1. They correspond to
the efficiency of package optimal processing according to
the criterion of maximum SINR and determine the
maximum possible values of SINR and compression ratio
for the specified conditions. In addition, they perform the
function of controlling the compliance of model values of
performance indicators with the results known in the
scientific literature.

Curves 2 -4 show the effectiveness of the MTI
system implemented according to the respective design
options.
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Figure 4 — SINR at the outputs of the MTI system during signal
processing against the background of receiver noise (a) and GC

(b)
The graphs in Figs. 4 and 5 correspond to the situation
of processing a Mz =64-element packet (8) of a mixture
of the reflected signal from the target with 0(2) =1 and the

receiver’s internal noise with power 6121 = 1 (Figs. 4a, 5a)
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Figure 5 — Compression ratio of the detection zone during signal
processing against the background of receiver noise (a) and GC
noise (b)
The compression ratio K. (11) was calculated under
the conditions k; =1 and interference suppression ratio

Ksi: hi .
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Fig. 6 shows the graphs of the SINR at the output of
the standard MTI system when processing the signal
against the background of a mixture of reflections from
GC and MF. The package parameters correspond to the
model situation of Figs. 4, 5.
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Figure 6 — SINR at the output of the standard MTI during signal

processing against the background of reflections from GC and
MF

Here, curve 1 corresponds to the reflections from the GC
with a width W}; = 0.5 m/s, curve 2 corresponds to one

with W}; = 1.5 m/s (Fig. 3b), and curve 3 corresponds to
the reflections from the GC with a width W}; =0.5 m/s
and MF with a width W}; = 0.5 m/s, power hy; =30dB,
Gaussian spectrum shape (p — ), radial velocity
V.p; =15 my/s.

5 RESULTS

1.As follows from Fig. 3, the shape and
characteristics of the EPR of the standard system are
fixed. The shape of the MTI system’s amplitude-
frequency response is uneven over the entire range of
possible target Doppler velocities. The degree and depth
of the unevenness is determined by the number of DFT
filters. This circumstance leads to a decrease in the
maximum possible value of the received signal from the
target when the target Doppler frequency and the
maximums of the DFT filters do not match.

In general, the shape of the EPR does not coincide
with the PFS of the GC reflections. If the EFR of the filter
is narrower than the PFS of the GC reflections, then
uncompensated interference residuals appear. Otherwise,
the excessive expansion of the interference suppression
zone reduces the level of the useful signal at the output of
the EPR filter at Doppler frequencies free of interference.
In both cases, the mismatch of the power phase spectra of
the reflections from the GC and the EPR filter leads to a
decrease in the SNIR at the output of the MTI system.

The EPR parameters of the remaining MTI systems
(options 1, 3 —5) change adaptively to take into account
possible changes in the position and width of the
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interfering spectrum. In particular, they automatically
monitor the situation of absence of interference. Such
EPRs are formed under conditions of a priori certainty, or
estimation of interference parameters.

2. Blanking of the null filter and correction of the
output amplitude of the filters adjacent to it is one of the
ways to implement a non-adaptive passive interference
suppression filter of the “reflection from GC” type.
Failure to disable the zero filter blanking function and
correct the amplitude of the remaining filters and
“smoothing” the side lobes of the EPR leads to loss of the
useful signal in the absence of interference.

3. The burst-to-bust stagger of the repetition frequency
of the sensing pulses causes different inter-pulse phase
hops in the pulses of the packet bursts. This can lead to
the distribution of the total amplitude of the packet pulses
over different DFT phase filters, and as a result, the
sufficiency of the burst amplitude to make a decision on
target detection does not guarantee its detection at the
maximum amplitude of one of the phase filters.

4. EPR features cause different efficiencies of the
systems under consideration. The efficiency of the
standard system decreases almost twice due to the forced
implementation of the zero filter blanking function and
the correction of the amplitude of the remaining filters
and the “smoothing” of the EPR side lobes, which has
already been noted in the scientific literature. The
maximum possible values of the EPR for a given model
situation, both against the background of receiver noise
and against the background of interference, are achieved
by the MTI system according to variants 1 and 4. The
efficiency of the MTI system according to variant 3 is
between the efficiency of variants 1 and 4.

5. The influence of a mixture of interference of the
“reflection from GC” and “reflection from meteorological
phenomena” types due to the lack of a mechanism for
suppressing the latter leads to a decrease in the SNIR in
proportion to the power of the uncompensated
interference.

6 DISCUSSION

Let us substantiate these results. To do this, let us
analyze the APR and SINR of the MTI systems under
consideration. The block diagram of the MTI system of
variant 1 contains series-connected ACFs of the
interference of “GC” type and a coherent integrator of the
RP burst. As an ACF, a whitening filter (WF) with an
APR of the form

|Kwi (@) =1/5i(9) .

can be used.
It can be determined by the known CM of interference
[27]:
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1
, hyp ==V,
\/\Vl,l

where w; is the first row of CM ¥ =(I)i_l , which is

|Kwe (@) =|hwr -x(¢) (13)

inverse matrix to interference CM ®; , and y;is its first

x(9)
d=2n Fd/Fp , which by analogy with (6) is equal to

element; is the reference vector with phase

X(@) = {in (@f_ps (@) =397 (14)
The integrator APR can be determined as follows:

L P=0Qg
0, ¢ # @

>

|Ker(9)] = 80— gy) = {

which corresponds to the M —dimensional IR with the
form h¢y = {L,1,....1}.

The final APR of the MTI system will have the
following form:

5(9—95)

Vsi (@)

It is easy to show that the powers of the interfering
P; out and useful signals Py, (94) (9) at the output of

|KMTII (<P)| =

the MTI system are equal:

0.5
) 2
Piout = I Si((P)"KMTII((P)‘ do=1,
-0.5
o0 2
. 2 Mo
Ps.out ((Pd.s) = I S ((Pd.s)'|KMTIl ((P)| d(P = 0 ) (15)
o 5i(9q5)

where s;(pq) and s,(pq¢) are the values of the
interference spectrum and signal with phase ¢ .

Therefore, the spectrum (5) at the WF output is
uniform and represents the receiver noise spectrum, which
creates conditions for the MP of the input signal package.
In the MTI system according to variant 1, the maximum
possible value of the SINR (8) is achieved [27]:

MG%
$(Pgs)

V(@) =X (¢)¥x(p) =

The block diagram of the MTI system of variant 3
contains series-connected ACF jammers of the “GC” type
and the integrator of the standard MTI radar system [10]
with the jamming function disabled.

APR of such a system:

‘KMTB((P)‘ = [Kwr (o)

B

Ks(to ) (9)

where |1'<WF ((p)| is the APR of WF (13);
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14

N-1
n=0

Ks(to) ((p)‘ = max {Mo,n }

is the of APR the standard MTI system with the
interference suppression function turned off, and the
values M|, are determined by expression (2)

This correction is obvious, since the interference is
suppressed by an adaptive suppression filter. The DFT of
the standard MTI system is used as an RP integrator with
enabled function of the APR lobe smoothing. This
circumstance reduces the maximum achievable value
SINR of the MTI system’s and compression ratio, as
illustrated by curves 3 in Figs. 4 and 5, respectively.

The block diagram of the MTI system of variant 4
contains the consequently connected the ACF of jammer
of the “GC” type with the corrected DFT of the standard
MTI system (see the formulation of proposal 1 of the
“Problem Statement” section).

APR of this system can be presented as:

|KMTI3((P)| = |KWF (cp)| KD ((p)‘ ,

Where|KWF ((p)| is the APR of WF (13).

Now let’s determine the potentially achievable SINR
at the output of the standard MTI system when processing
the signal from the resolution element against the
background of reflections from the GC and MF (Fig. 6).
This situation occurs when the UAV moves in cloud
formations. The significant decrease in the SINR (curve
3) which is observed in Fig. 6 is due to the non-zero
average velocity of MF. Powerful reflections from the MF
pass through the “unprotected” DFT filters to the output
of the MTI system, increasing the overall level of the
noise component of the SINR.

The absence of a “dip” in the MTI plot at the MF
phase (velocity), which can be observed, for example, in
the classical matched processing, is explained by different
ways of determining the output voltage of the MTI
system. Due to the a priori uncertainty of the MF velocity,
the output voltage is considered to be the maximum
voltage value from the entire set of filters. With MP, the
voltage for determining the SINR is determined at the
output of a specific filter tuned to the phase of the
detected signal. This circumstance allows for a slight
reduction in the influence of interference.

In general, if the MTI system is affected by different
types of interference, appropriate filters must be provided
to suppress each type of interference. For the “MF” type
interference, a digital interleaved autocompensator can be
used as such a filter. The two suppression filters can be
combined into one adaptive suppression filter based on
the CM estimate of the interference.

CONCLUSIONS
1. The processing algorithm of the MTI system with
packet-by-packet sampling of the repetition rate of
sensing pulses is analyzed. It is shown that the MTI
suppressing

implements a non-adaptive filter for
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reflections from the GC and a “semi-coherent” energy
accumulation of the input packet pulses. In general, the
characteristics of such filters are not matched with the
parameters of the PI energy spectrum, and this integration
causes losses in the SINR.

2. It is shown that there are reserves for increasing its
efficiency by improving the existing algorithm of
processing input signals: transition to the classical
construction of the MTI system of the “suppression filter
and integration filter” type. This transition consists in the
inclusion of a special filter to suppress reflections from
the GC and fully coherent processing of the input packet
pulses. The latter is realized by using the standard DFT
only as an integration filter with a slight correction of the
DFT algorithm.

3. A near-optimal algorithm for integrating the energy
of packet pulses is proposed, which uses the current
estimate of the inter-pulse change of the phase ¢, of the

packet pulses reflected from the target. This estimate
¢ ¢ of is used only to determine the phase of the filter

number that is closest to the one in which all the pulses of
the packet should be coherently accumulated.
Subsequently, the phases of the packet pulses are
corrected to the phase value corresponding to the
maximum phase of the selected filter.

4.1t is proposed to algorithmically form suppression
filters from the EFR of the required shapes, which
increases the “window of transparency” in the area of the
first and seventh phase filters. This circumstance leads to
an increase in the detection range and improvement of
UAV coordinate measurement by about 2 times. The
adaptive suppression filter can be replaced by a non-
adaptive filter with a sharp decline in APR.

5. The proposed ways are quite simply realized by the
digital processing used in this MTI system.

The presented research results illustrate the potential
reserves that can be realized if signal processing
algorithms in MTI systems with a burst-to-burst stagger
of the probing pulse repetition rate are modernized. It is
advisable to investigate the effectiveness of the proposed
solutions in the situation of using their estimates instead
of the real values of IR filters, as well as different values

of the coefficients possible in practice & >1 and the

interference suppression (cancellation) factor K # h; .
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PE3EPBHU INII/IBUIIEHUA E@EKTUBHOCTI CUCTEMMU CPILI PJIC 3 IOITAYKOBOIO BOBYJIALIUEIO YACTOTH
MNOBTOPEHHSA 30HAYBAJIbHUX IMITYJIbCIB

Atamanceknii . B. — 1-p TexH. Hayk, npodecop, npodecop XapkiBChbKOro HalioHanbHOro yHiBepcurtery [loBitpsitanx Cui
imeHi IBana Koxeny6a, Xapkis, Ykpaina.

Bacuanums B. 1. — 1-p texu. Hayk, npodecop, HauanbHUK Kadeapu XapKiBCbKOro HalioHajgbHOTro yHiBepcuteTy [ToBiTpsiHUX
Cun imeni IBana Koxeny6a, Xapkis, Ykpaina.

Kinmuenko B. M. — kan. Texn. Hayk JOIEHT IPOBIAHMIT HAYKOBHH CIIBPOOITHHK XapKiBCHKOTO HAIOHATBHOTO YHIBEPCHTETY
[ositpstanx Cun imeni IBana Koxkeny6a, Xapkis, YkpaiHa.

CroB6a P. JI. — Bukmanau XapkiBchkoro HarioHanbHOro yHiBepcurery IlositpsHmx Cumn imeni IBama Koxxemy6a, Xapkis,
VYkpaiHa.

IIpoxonenxko JI. B. — Monomumii HaykoBuii criiBpoOiTHUK XapKiBCHKOTO HaliOHAIBLHOTO yHiBepcuteTy [loBiTpsiHux Cuit iMeHi
IBana Koxxeny6a, XapkiB, Ykpaina

AHOTAULIA

AKTyalIbHicTh. PO3BUTOK 1 yIOCKOHAJCHHS TEXHOJOTiii CTBOPEHHs OE3MIIIOTHUX JITATbHUX amapaTiB Ta iX 3aCTOCYBaHHS Yy
BiIICPKOBHX KOH(IIIKTaX, 30KpeMa y BiliHI B YKpaiHi, CTaBUTh 3aBJaHHS e(peKTUBHOI mpoTuaii iM. Hait0inpIn cknagHuMu minsamMu 1uist
PazmioNOKaifHOTO BUSBICHHS € MaJIOPO3MipHI, MANOIIBUAKICHI Mami O0e3mitoTHI JiTanbHi anapatd (BIIJIA) , mo netars Ha Manux
BrcoTax. ToMy NOIIyk epeKTHBHHUX CIOCO0IB BUSBIECHHS, CyNIpOBOUKEHHS Ta inenTudikamii BIIJIA 3 BUKOpHUCTaHHM SIK iCHYIOYHX,
TaK i HOBHX NEPCHEKTUBHUX 3aC00IB € aKTyaJbHHM 3aBJaHHIM HAYKOBHX JOCITI/KCHb.

Merta. [IpoananizyBatu anroput™ poboTtu cucteMu cenekuii pyxomux minei (CPL[) Ha npucTpoi AUCKPETHOTO MEpeTBOPEHHS
®yp’e B panmionokauiitnux cranuisx (PJIC) i3 no — maykoBolo BOOYIILI€I0 YacTOTH IMOBTOPEHHS 30HAYBAJTBHHMX IMIYJBCIB i
3anponoHyBatu MoaepHizauito cucremu CPL] s miaBuinenHs epexkruBHocTi BusiBiaeHHs BITJIA Ha Ti1i MaCHMBHHX 3aBajl.

Metoa. EdexTrBHICTS METOIB BU3HAYAETHCS €KCIEPUMEHTAIBHO 33 Pe3yJbTaTaMH IMITalifHOTO MOJENIOBAHHS Ta iXHBOTO
MIOPIBHSHHS 3 BIIOMHUMH Pe3yJIbTaTaMH, BUKJIAJICHIMH Y BiIKPHTiH JiTepartypi.

PesyabTaTtu. Ilokazano, mo B cuctemi CPL] 3 mo — maukoBoi BOOYJIAIMI€I0 YaCTOTH TOBTOPEHHS 30HIYBAaJbHUX IMITYJIBbCIB
peanizyeTbcsl HEaNaUTUBHUH (QIIBTP NPUAYIICHHS BiJI3epKAJICHb BiJ MICIEBUX IPEIMETIB 1 HEKOTEPEHTHE HAKOIMYCHHS SHeprii
IMITyJIbCIB TTAYOK ~ IMIyJNBCIB  BXiHOTO  makera. Bkasani oOcraBHHM  OOyMOBIIOIOTH  BTPaTH y  BiJHONICHHI
curHai/( 3aBaza + BHyTpimHii mym ). OGrpyHTOBaHO mpono3uwii migsuieHHs edextuBHocTi cucteMi CPL] 3a paxyHok mepexony
no mobynosu cuctemu CPLl 3a cTpykTyporo «diabTp mnpuaymieHHsS + GiIbTp HaKONWYeHHs». BOHM MOIraroTh y BKIIIOYEHHI
crewiagpHOro (inbTpa HPHAYIICHHs Bifa3epkaieHb Bia micueBux mpeameriB (MII) i moBHICTIO KOrepeHTHY OOpOOKy iMITyJIbCiB
BXiZiHOro nakera. OCTaHHE peai3yeThcsi BAKOPUCTAHHAM LITATHOTO AUCKpeTHOro neperBopeHHs dyp’e (AID) nume sk ¢inbrpa —
HAKOMU4YyBaya 3 HE3HAYHOIO Kopekuiero anropurmy pobotu JAIID. 3ampomoHOBaHO alropuTM HAKOMHYEHHS CHEPTii IMITyJbCiB

TIAKeTa, IO BUKOPUCTOBYE MOTOYHY OLIHKY MDKIMITyJIbCHOTO Haliry ¢asu @ iMmynbciB naketa, BinOutux Bin uini. Ilokasawo,

L0 TaKUil AITOPUTM HAKOMUYEHHs OIM3bKHI 10 ONTUMaNbHOro. [IpoanaiizoBaHo e(eKTHBHICTh BKa3aHHUX MPOIO3UIIIi 3a KpUTEpieM
JOCSDKHOTO BiJHOIICHHSI CHTHAI/(3aBaja+tBHYTPIIIHIA mrym) i KoedilieHTa CTHCKY 30HH BusiBieHHs. [lokasaHo, 1m0 1x peasizaiis
MOTEHIIaTbHO TPUBOAMTE 10 30UIBLICHHS NalbHOCTI BHSABICHHS 1 MOKpalieHHs BuMipy xoopamHat BITJIA mpubnmsao B 2 pasm.
3anponoHOBaHi NUISXU TOBOJII TIPOCTO Pealli3y0ThCs NU(PPOBOIO 0OPOOKOIO, 0 BUKOPHCTOBY€EThCA B AaHii cuctemi CPLI.

Bucnosku. [IpoBeneHi qOCIi/KEHHSI € PO3BUTKOM iCHYI04Oi Teopil # TEXHIKH paJioIOKAIIfHOrO BUSBICHHS 1 PO3IIi3HABAHHS
NOBITpsiHUX winei. HaykoBa HOBH3HA OTPHMAHHX PE3yJIbTaTiB MOJAra€ B TOMY, IO HAOyJM MOJAJBLIOrO PO3BUTKY AITOPUTMH
MiknepionHoi 00poOku curHaniB B PJIC 3 no — naukoBoro BOOYJISILIEI0 YaCTHTH HMOBTOPEHHS 30HIYBAJbHUX IMILYJBCIB, a came
HAKOITMYCHHS MaKEeTy iMITyJbCiB 3a paxyHOK Kopekuii anroputmy turataoro JI1®. IpakTtudHa WiHHICTH JOCHI/KCHBb MOJISTae B
TOMy, 1[0 peaji3alis 3ampolOHOBAaHMX MPOMO3HLIi 3abe3neuye mpuOIM3HO B ABivi OUIbLIy €(EKTUBHICTH BHUSIBICHHS CHTHAINY,
BiZIOMTOTO Bif I(iJIi, Y MTOPIBHSAHHI 3 IITATHUM IPUCTPOEM OOPOOKH.

KJIFOYOBI CJIOBA: OesminotHuii mitaneuuit anapar, PJIC BusBnenns BIIJIA, TexHiuHi BUMOTH, QUIBTp NPHIYLICHHS,
onTuMalibHa 00poOKa, MACHBHI 3aBaIH.

© Atamanskiy D. V., Vasylyshyn V. L., Klymchenko V. Y., Stovba R. L., Prokopenko L. V., 2025
DOI 10.15588/1607-3274-2025-1-1 OPEN (o) ACCESS

16



p-ISSN 1607-3274 Pagioenextponika, inpopmaTuka, ynpasminss. 2025. Ne 1
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2025. Ne 1

10.

11.

12.

13.

© Atamanskiy D. V., Vasylyshyn V. L., Klymchenko V. Y., Stovba R. L., Prokopenko L. V., 2025

JITEPATYPA
Kunertova D. The war in Ukraine shows the game-changing
effect of drones depends on the game/Dominika
Kunertova // Bulletin of the Atomic Scientists. — 2023. —
Vol. 79, No. 2. - P. 95-102. DOI:
10.1080/00963402.2023.2178180
Hwang W.-J. The extension of Turkish influence and the use
of drones/Won-June Hwang, Seung-Hoon Song//
Comparative  Strategy. — 2022. - P.1-20. DOIL:
10.1080/01495933.2022.2111907
Will the Drone Always Get through? Offensive Myths and
Defensive Realities/ [Antonio Calcara et al.] / Security
Studies. - 2022. - P. 1-35. DOI:
10.1080/09636412.2022.2153734.
Tuna F. Increasing drones’ combat -effectiveness: an
alternative analysis for integration into comprehensive
military and technological systems / Fatih Tuna // Uludag
Universitesi Fen-Edebiyat Fakiiltesi Sosyal Bilimler Dergisi.
— 2023. - Vol.25, No.46. — P.187-204. DOI:
10.21550/sosbilder.1336111
Information characteristics of sound radiation of small
unmanned aerial vehicles/ [V. M. Kartashov et al.] //
Telecommunications and Radio Engineering. — 2018. —
Vol. 77, No. 10. - P.915-924. DOIL:
10.1615/telecomradeng.v77.110.70
Riabukha V. P. Radar Surveillance of Unmanned Aerial
Vehicles (Review) / V. P. Riabukha // Radioelectronics and
Communications Systems. — 2020. — Vol. 63, No. 11. —
P. 561-573. DOI: 10.3103/s0735272720110011 .
Adaptive Radar Tracking Algorithm for Maneuverable UAV
with Probabilistic Identification of Data Using Coordinate
and Amplitude Characteristics/ [S. Ya. Zhuk et al.] //
Radioelectronics and Communications Systems. — 2022. —
Vol. 65, No. 10. - P. 503-516. DOIL:
10.3103/s073527272212007x .
Comparative Experimental Investigations of Adaptive and
Non-adaptive MTI Systems in Pulse Radars of Various
Applications and Wave Ranges/ [V. P. Riabukha et al.]//
Radioelectronics and Communications Systems. — 2022. —
Vol. 65, No. 4. - P. 165-176. DOIL:
10.3103/5073527272204001x.
Analyzing Radar Cross Section Signatures of Diverse Drone
Models at mmWave Frequencies / [Vasilii Semkin et al.] //
IEEE Access. — 2020. — Vol. 8. — P. 48958-48969. DOI:
10.1109/access.2020.2979339
Zitar R. A. A review of UAV Visual Detection and Tracking

Methods [Electronic resource] / [Zitar Raed Abu,
Mohammad Al-Betar, Mohamad Ryalat, Sofian Kassaymeh]
I arXiv.org. - 08.06.2023.

https://arxiv.org/abs/2306.05089

Survey on Anti-Drone Systems: Components, Designs, and
Challenges / Park Seongjoon et al.// IEEE Access. — 2021. —
Vol. 9. - P. 42635-42659. DOLI:
10.1109/access.2021.3065926

FDA radar with doppler-spreading consideration: Mainlobe
clutter suppression for blind-doppler target detection /
[Ronghua Gui et al.] // Signal Processing. — 2021. —
Vol. 179. —P. 107773. 10.1016/j.sigpro.2020.107773
Muravskiy A. P. Comparative evaluation of methods for
compensation of passive interference in radar location
stations / A. P. Muravskiy, M. A. Azerskiy // Radio industry.
— 2017. — No.3. — P.79-85. DOI: 10.21778/2413-9599-
2017-3-79-85

DOI 10.15588/1607-3274-2025-1-1

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Maii I. JI. Panmionokaniitna cranmist 36/16. Excruryaramis ta
TexHiyHe oOcimyroByBaHHs: HaBu. noci6 / [I. JI. Maii Ta in.].
— 3amopixokst : KEM3 «Ickpay, 2006. — 139 c.
Yopuoboponosa H. II. IlominmieHHs  mIBHAKICHOT
xapakrepuctuku PJIC 35]16 / H. II. YopuobOopomosa,
M. I1. YopHoGoponoB // Cucremu 030poeHHsS i BiliCbKOBa
texHika. — X.: XYIIC. — 2011. — Ne 2(26). — C. 178-182.
http://eir.zntu.edu.ua/handle/123456789/113.

Zhang W. Optimization of Adaptive MTI Filter / Wenxu
Zhang, Shudi Ma, Qiuying Du// International Journal of
Communications, Network and System Sciences. — 2017. —
Vol. 10, No. 08. - P.206-217. DOI:
10.4236/ijcns.2017.108b022

[eBuos I'. B. Anani3z cipomoskrocreit ormsinosux PJIC PTB
OI0A0 BHUSBICHHS, CYNPOBODKEHHS Ta imeHTH(iIKaIil
OC3MUIOTHUX ~ JIITAJBHUX amapatis/  I'. B. IleBros,
M. M. Onemyk // CucteMu 030po€HHS 1 BificbKOBa TEXHIKa.
—2021. — Ne 3(67). — C. 24-30. DOI: 10.30748/s0ivt.2021.
67.03

MoxuBi  HanpsIMKA ~— MOJEpHi3alil  pagionokamiiHux
CTaHIId paJIOTEXHIYHUX BIHCHK 3 METOIO MiABUILCHHS
e(eKTHBHOCTI BHSABJICHHS MAaJOPO3MIpHHX OE3MIIOTHHX
mitansHux anaparis / [B. Y. Kimmuenko Ta in.] // Cucremn
030poeHHs 1 BiificbkoBa TexHika. — 2024. — Nel (77). —
C. 16-21. DOLorg/10.30748/s0ivt.2024.77.02

Clutter and Range Ambiguity Suppression Using Diverse
Pulse Train in Pulse Doppler System / [Jiacen Xu et al.] //
Sensors. — 2018. — Vol. 18, No.7. — P.2326. DOI:
10.3390/518072326

Skolnik M. I. Radar Handbook, Third Edition/ Merrill I.
Skolnik. — 3rd ed. : McGraw-Hill Professional, 2008. —
1328 p.

Estimation of the energy spectrums of reflections in pulse
doppler weather radars. Part 1. Modifications of the spectral
estimation algorithms/ [D. 1. Lekhovytskiy et al.] //
Radioelectronics and Communications Systems. — 2015. —
Vol. 58, No. 12. - P. 523-550. DOI:
10.3103/50735272715120018 .

Stoica P. Introduction to spectral analysis/ Petre Stoica. —
Upper Saddle River, N.J : Prentice Hall, 1997. — 319 p.
Blokhin V. P. Fundamentals construction of radars of radio
engineering troops/ [V. P. Blokhin, B. F. Bondarenko, V. T.
Nesnov et al.]. — Kiev : KHIRTS of air ference, 1987. —
368 p.

Comparative Experimental Investigations of Adaptive and
Non-adaptive MTI Systems in Pulse Radars of Various
Applications and Wave Ranges / [V. P. Riabukha et al.] //
Radioelectronics and Communications Systems. — 2022. —
Vol. 65, No. 4. - P. 165-176. DOIL:
10.3103/5073527272204001x

Drone and Controller Detection and Localization: Trends
and Challenges / [Jawad Yousaf et al.] // Applied Sciences.
— 2022. - Vol.12, No.24. — P.12612. DOIL
10.3390/app122412612

Lattice Filtration Theory. Part I: One-Dimensional Lattice
Filters / [D. 1. Lekhovytskiy et al.] / Telecommunications
and Radio Engineering. — 2021. — Vol. 80, No. 5. — P. 41—
79. DOLI: 10.1615/telecomradeng.2021039186

Protection of Coherent Pulse Radars against Combined
Interferences. 4. Adaptive Systems of Space-Time Signal
Coprocessing against Background of Combined Interference
Based on Two-Dimensional ALF / [V. P. Riabukha et al.] //
Radioelectronics and Communications Systems. — 2022. —
Vol. 65, No. 8. - P. 400-410. DOI:
10.3103/50735272722070019

OPEN a ACCESS






