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This study considers the
process of detecting a low-alti-
tude, low-speed air object in the
presence of ground clutter. The
principal hypothesis assumes
that improving the method could
make it possible to increase the
signal/noise ratio.

A  method has been
improved for detecting a low-al-
titude, low-speed air object in
the presence of ground clutter
using a synchronous multi-ra-
dar system, which, in contrast
to known ones, allows for the
Jfollowing:

- a synchronous survey of
the airspace in azimuth and
range by two radars by emit-
ting mutually orthogonal prob-
ing signals;

- forming signals reflected
from the air object at the output
of the radar receivers;

- incoherent, joint signal
processing in a synchronous
multi-radar system from two
survey radars;

- coordinated filtering of
received signals;

- formation of Doppler
channels;

- equalization by delay
time and Doppler frequency;

- for ion of an additi
processing channel where inco-
herent summation of signals is
carried out and formation of
air object detection marks in the
additive channel;

- formation of a multipli-
cative processing channel where
multiplication of signals is car-
ried out and formation of air
object detection marks of the
multiplicative channel;

- combination of air object
detection marks of the additive
and multiplicative channels
and formation of final detec-
tion marks.

An experimental study was
conducted on the detection of
a low-altitude, low-speed air
object. The use of a synchronous
multiradar system made it pos-
sible to increase the signal/noise
ratio by 4 times. Additional mul-
tiplicative signal processing pro-
vides an increase in the signal/
noise ratio and improves the dis-
crimination of the signal from
the air object in the presence of
ground clutter
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1. Introduction are used for monitoring, solving logistical tasks, as well as

surveillance tasks, including in military affairs [1, 2].
Currently, there is a rapid evolution of low-visibility, It is noted in [3] that such low-visibility, low-speed air

low-speed air objects. Due to their small size, such objects  objects are atypical for detection by modern radars. This is pri-
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marily due to their small geometric dimensions and low radar
visibility. In addition, signals reflected from such air objects
are usually masked by reflections from the ground clutter. This
fact leads to a decrease in the quality of detection of low-visibil-
ity, low-speed air objects [4]. In addition, selection by Doppler
frequency of such air objects is also complicated. This is due
to partial or complete overlapping of the characteristics of the
signals with the spectrum of reflections from the ground clut-
ter. Under such conditions, the quality of known methods for
detecting low-altitude, low-speed aerial objects in the presence
of ground clutter is significantly reduced.

Therefore, it is a relevant task to solve the task of im-
proving a method for detecting low-altitude, low-speed aerial
objects in the presence of ground clutter.

2. Literature review and problem statement

In [5], a method was proposed for selecting moving tar-
gets based on the use of features in the rotation of propellers
of an unmanned aerial vehicle (UAV). The method makes it
possible to detect such UAV, but only at very short ranges.
This requires an increase in the effective scattering surface
of the unmanned aerial vehicle. This approach is considered
in [6]. In it, an artificial increase in the effective scattering
surface of an air object is proposed. This led to an improve-
ment in the quality of detecting such air objects in the
presence of ground clutter. The disadvantage is the artificial
increase in the effective scattering surface, which is compli-
cated under actual conditions.

A method for preliminary suppression of reflections from
the ground clutter is proposed in [7]. It improves the quality
of detecting signals from inconspicuous air objects. The dis-
advantage is the need to pre-set the parameters for suppress-
ing reflections from the ground clutter.

In [8], a deep learning method is proposed for suppressing
reflections from the ground clutter. The method involves au-
tomatic learning and adaptation to the ground clutter model.
The disadvantage is the availability of a training sample and
significant computational resources.

In [9], an improved method for selecting moving targets
using a sparse component signal is proposed. This approach
improves the quality of selection in the presence of ground
clutter. The disadvantage is that it does not take into account
the case of complete overlap of the spectra of an air object and
reflections from the ground clutter.

A multi-position radar network was proposed in [10] to
improve the quality of air object detection. The disadvantage
is the impossibility of detecting a low-visibility, low-speed air
object under conditions of reflections from the ground clutter.
To overcome this disadvantage, a change in the frequency of
the radar transmitter was proposed.

A change in the frequency of the radar transmitter was
proposed in [11] to improve the quality of air object detection.
The disadvantage is the low accuracy in determining the co-
ordinates of the air object.

In [12], a multi-position network of two-coordinate radars
was suggested to improve the quality of signal detection from
low-visibility air objects. The disadvantage is the impossibil-
ity of ensuring synchronous airspace survey.

The use of a Multiple Input - Multiple Output (MIMO) ra-
dar system was proposed in [13] to improve the quality of sig-
nal detection from low-visibility air objects. The disadvantag-
es of are signal processing under incoherent conditions and

high system cost. Coherent signal processing is considered
in [14]. In it, a method for detecting a group of unmanned
aerial vehicles is suggested. The disadvantages are the low
signal-to-noise ratio, which, in turn, affects the accuracy of
determining the coordinates of air objects.

In [15], an additional source of information is used to im-
prove the quality of detecting signals from low-visibility air
objects. The disadvantages are the complexity of synchronizing
the operation of radars and the additional source of information.

A method for restoring the spectrum of signals reflected
from the ground clutter is proposed in [16]. In this case, only the
main components of such a spectrum are taken into account.
This significantly reduces the need to use training samples. The
disadvantage is the loss of part of the information regarding the
spectrum of the signal reflected from the ground clutter.

In [17], a method for detecting an unmanned aerial ve-
hicle based on the analysis of Doppler features is offered.
Methods for processing signals in time and frequency are
analyzed. The disadvantage is the lack of practical use of the
proposed methods.

Thus, our review of known methods for detecting low-al-
titude, low-speed aerial objects in the presence of ground
clutter indicates the following shortcomings:

- low signal-to-noise ratio;

- difficulty in ensuring synchronous operation of radars;

- failure to take into account the features of signals from
the ground clutter;

- high computational complexity;

- difficulty in practical implementation.

The above indicates the feasibility of a study aimed at
improving a method for detecting a low-altitude, low-speed
aerial object in the presence of ground clutter.

3. The aim and objectives of the study

The purpose of our study is to increase the signal-to-noise
ratio when detecting a low-altitude, low-speed air object in
the presence of ground clutter by combining radars into a
synchronous multi-radar system. The use of a synchronous
multi-radar system could make it possible to increase the
signal-to-noise ratio when detecting a low-altitude, low-speed
air object in the presence of ground clutter.

To achieve the goal, the following tasks were set:

- to define key stages in a method for detecting a low-al-
titude, low-speed air object in the presence of ground clutter
using a synchronous multi-radar system;

- to conduct an experimental study on the detection of a
low-altitude, low-speed air object in the presence of ground
clutter using a synchronous multi-radar system.

4. The study materials and methods

The object of our study is the process of detecting a low-al-
titude, low-speed air object in the presence of ground clutter.

The principal hypothesis assumes that improving a meth-
od for detecting a low-altitude, low-speed air object in the pres-
ence of ground clutter using a synchronous multi-radar system
could make it possible to increase the signal/noise ratio.

The following assumptions were adopted during the study:

- a multi-radar system is used;

- surveillance radars are taken as elements of the system;

- the radio receiver of each radar is digital;



- airspace is surveyed in azimuth and range;

- reflections from the ground clutter were considered as
interfering;

- the air object was considered to be low-altitude and
low-speed;

- joint processing of signals from elements of the multi-ra-
dar system is incoherent.

When conducting the study, the following simplifications
were accepted:

- the multi-radar system is synchronous (synchronous
airspace survey is provided);

- when conducting the experimental study, the number of
elements of the multi-radar system was taken to be two radars;

- the sounding signals emitted by the radars of the
multi-radar network are mutually orthogonal;

- the orthogonality of the sounding signals emitted by the
radars of the multi-radar network was ensured by shifting the
carrier frequency of the signal of the first radar relative to the
second radar;

- other interfering artifacts were not considered.

Our experimental study employed the following:

- hardware: DELL Intel(R) Core(TM) i7-8650U CPU @
1.90GHz (2.11 GHz) laptop (USA);

- software: high-level programming language and inter-
active environment for programming, numerical calcula-
tions, and visualization of results MATLAB R2017b (United
States of America).

The following general methods were used in the study:

- system analysis;

—radar location;

— multi-position radar;

- digital signal processing;

— statistical theory of detection and measurement of radar
signal parameters;

- spectral analysis;

- probability theory and mathematical statistics;

- mathematical apparatus of matrix theory;

- mathematical modeling;

- empirical research;

- comparative research.

This study’s methods were selected taking into account
the research objectives set above.

When defining key stages in a method for detecting a
low-altitude, low-speed air object in the presence of ground
clutter using a synchronous multi-radar system, the follow-
ing theoretical methods were used:

- system analysis;

- radar location;

- multi-position radar;

- digital signal processing;

- statistical theory of detection and measurement of radar
signal parameters;

- spectral analysis;

- probability theory and mathematical statistics;

- mathematical apparatus of matrix theory.

When conducting an experimental study on the detection
of a low-altitude, low-speed air object in the presence of ground
clutter using a synchronous multi-radar system, the following
theoretical and practical research methods were used:

- radar location;

- multi-position radar;

- digital signal processing;

- statistical theory of detection and measurement of radar
signal parameters;

- mathematical modeling;

- empirical research;

- comparative research.

The system analysis method was used for the following:

- construction of a configuration of a synchronous
multi-radar system from two surveillance radars;

- study of connections between elements of a multi-radar
system,;

- defining key stages in the detection method.

Radar methods were used for the following:

- analysis of the process of signal formation at the output
of radar receivers (Radar 1 and Radar 2);

- determination of the features of reflected signals from
an air object and from the ground clutter;

- carrying out incoherent joint signal processing using a
synchronous multi-radar system from two surveillance radars;

- formation of an additive processing channel;

- formation of a multiplicative processing channel.

Multi-position radar methods were used for the following:

- determination of the features of joint signal processing
using a synchronous multi-radar system from two surveil-
lance radars;

- synchronization of elements of a synchronous multi-ra-
dar system from two surveillance radars;

- combining the air object detection marks of the ad-
ditive and multiplicative channels and forming the final
detection marks.

Digital signal processing methods were used for the
following:

- preprocessing of signals in each of the elements of the
synchronous multi-radar system of two surveillance radars;

- separation of the useful signal from the air object
against the background of the ground clutter;

- formation of spatial-temporal signals from the air object
and from the ground clutter;

- coordinated filtering of received signals;

- formation of Doppler channels;

- equalization by delay time and Doppler frequency;

- formation of an adaptive threshold in accordance with
the specified indicators of signal detection quality (conditional
probability of correct detection and conditional probability of
false alarm).

Methods of the statistical theory of detection and measure-
ment of radar signal parameters were used for the following:

- construction of a structural diagram of a joint inco-
herent signal processing using a synchronous multi-radar
system of two surveillance radars;

- construction of a structural diagram of the joint incoher-
ent signal processing in the joint incoherent processing device
of a synchronous multi-radar system consisting of two surveil-
lance radars.

The methods of spectral analysis were used for the following:

— construction of Doppler characteristics of signals from an
air object and from the ground clutter;

- frequency selection of signals from an air object and
from the ground clutter.

The methods of probability theory and mathematical sta-
tistics were used for the following:

- representation of noise, fluctuations of signals reflected
from an air object and from the ground clutter;

- evaluation of statistical characteristics of signals reflect-
ed from an air object and from the ground clutter;

- conducting an experimental study on the detection of a
low-altitude, low-speed air object;



- confirmation of the reliability of the results of an experimen-
tal study on the detection of a low-altitude, low-speed air object.

The mathematical apparatus of matrix theory was used for
the following:

- mathematical formalization of multi-channel signal pro-
cessing using a synchronous multi-radar system of two sur-
veillance radars;

- spatial-temporal signal processing using a synchronous
multi-radar system of two surveillance radars.

Mathematical modeling methods were used:

- to reproduce the processes of radar signal propagation;

- to form signals reflected from an air object and from the
ground clutter;

- to conduct an experimental study on the detection of a
low-altitude, low-speed air object.

Empirical research methods were applied:

- to conduct an experimental study on the detection of a
low-altitude, low-speed air object;

— to obtain practical results on the detection of a low-alti-
tude, low-speed air object;

- to confirm the reliability of results from the experimental
study on the detection of a low-altitude, low-speed air object.

The comparative research method was used to compare
the improved and known detection methods by the signal-
to-noise ratio.

5. Results of investigating a method for detecting a
low-altitude, low-speed aerial object

5.1. Key stages in the method for detecting a low-al-
titude, low-speed aerial object

The configuration of a synchronous multi-radar system
consisting of two surveillance radars is shown in Fig. 1.

Key stages in the method for detecting a low-altitude,
low-speed aerial object are as follows:

1. Radars (Radar 1, Radar 2) conduct a synchronous survey
of the airspace in azimuth and range. Radar 1 and Radar 2 emit
mutually orthogonal probing signals. Orthogonality is ensured
by shifting the carrier frequency of the Radar 1 signal relative
to Radar 2. It was assumed that a low-altitude, low-speed aerial
object is detected in the presence of ground clutter. The aerial
object is detected based on the results of joint incoherent signal
processing in a joint incoherent processing device (JIPD).

2. At the output of the radar receivers (Radar 1 and Radar 2),
signals are formed in accordance with expressions (1), (2):

Y1(®) = 51t - tq1) + 5120t = ta12) +
+ g1(0) + g12(0) + my(®), €))

§21(t - tg21) is the echo signal received in Radar 2 and caused
by the reflection of the Radar 2 sounding signal from an air
object;

g1(t) — echo signal received in Radar 1 and caused by reflec-
tion from the ground clutter of the Radar 1 sounding signal;

g>(b) - echo signal received in Radar 2 and caused by reflec-
tion from the ground clutter of the Radar 2 sounding signal;

g12(H) - echo signal received in Radar 1 and caused by re-
flection from the ground clutter of the probing signal Radar 2;
g21(t) - echo signal received in Radar 2 and caused by re-
flection from the ground clutter of the probing signal Radar 1;

n(t), ny(f) — intrinsic noises of the receiving devices Radar
1 and Radar 2, respectively;

tq1 — echo delay time in Radar 1, which is caused by dis-
tance Ry;

tq; — echo delay time in Radar 2, which is caused by dis-
tance R;;

tq21 — echo delay time in Radar 2, which is caused by dis-
tance (R; + Ry);

t412 — echo delay time in Radar 1, which is caused by dis-
tance (R, + Ry);

0 - angle between directions on Radar 1 and Radar 2 from
the side of the air object.

3. Incoherent joint signal processing is performed using a
synchronous multi-radar system of two surveillance radars.
The block diagram of the joint incoherent signal processing
using a synchronous multi-radar system of two surveillance
radars is shown in Fig. 2.

Echo signals are received in Radar 1 and Radar 2 using an
antenna system (AS) and a digital radio receiver (DRR) [18]. In
each sounding period, the received signals are filtered using
digital filters. The digital filters are matched filters (MF) for
the sounding signal from Radar 1 (MF 1) and Radar 2 (MF 2).

Devices MF 1 and MF 2 on each sounding perform
matched digital filtering of the signals emitted by Radar 1
and Radar 2, respectively (expressions (3) to (6)).

Aerial object

Radar 1

Underlying

surface
Radar 2

Fig. 1. Configuration of a synchronous multi-radar system
with two surveillance radars
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where y;(f), y,(t) are the signals at the input of
the Radar 1 and Radar 2 receivers, respectively;

Radar 1

A\

JIPD

s1(tq1) is the echo signal received in Radar 1
and caused by the reflection of the Radar 1

sounding signal from an air object;
Sy(ta) is the echo signal received in Radar 2

| As | DRr

and caused by the reflection of the Radar 2 sound-

ing signal from an air object; Radar 2

s12(t — tg12) is the echo signal received in Ra-
dar 1 and caused by the reflection of the Radar 1
sounding signal from an air object;

Fig. 2. Block diagram of joint incoherent signal processing using a
synchronous multi-radar system with two surveillance radars



Devices MF 1 and MF 2 on each sounding perform
matched digital filtering of the signals emitted by Radar 1 and
Radar 2, respectively, according to the following expressions:

©

2, (6)= [ (7 (e=1)x,(1))ar, ®3)

-0

2o (6)= [ (3 (e =), (t))dt, @

§e—3

2 ()=
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(v, (t=)x, (1))de, ©)

222(ti):z(yz(t—ti)xz(t))dt, ®)

where z;;(t;) - signal at the output of MF 1 Radar 1; z;,(¢;) - sig-
nal at the output of MF 2 Radar 1; z,(¢t;) - signal at the output
of MF 1 Radar 2; z,,(t;) — signal at the output of MF 2 Radar 2;
x1() - impulse response of the filter corresponding to the sig-
nal emitted by Radar 1; x,(f) - impulse response of the filter
corresponding to the signal emitted by Radar 2; t; - delay time
for which signals are formed; i = (0...m) - signal delay interval.
After the output of the matched filters, a packet of signals
received during N sounding periods is fed to the Doppler fil-
ters (DF). At the output of DF after the amplitude detector (AD),
signals are formed for each delay time (expressions (7) to (10)):

& (6£2) = FPT ([, (81), o2 (1K), (6N ] D)

80 (6 82) =[PP ([ (612 (K)o 2 (M) ). ®)
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8o (10 £2) = FFT ([ 2 (£1): 25 (K )2 (£N) ] (100

where FFF() is the fast Fourier transform (FFT) function;
Il is the signal modulus calculation function; f; is the Doppler
frequency; ¢; is the delay time for which FFT is performed;
k = (1...N) is the probe number, N is the number of probes per
irradiation time that form a packet.

In this way, Doppler channels are formed.

Signals from DF outputs after amplitude detection (AD)
enter JIPD. After equalization by delay time and Doppler
frequency, joint incoherent signal processing and detection of
an air object are performed. The structural diagram of JIPD
is shown in Fig. 3.

In Fig. 3, signals from AD outputs of Radar 1 and Radar 2
are fed to the additive processing channel (£) where their
incoherent summation is carried out. At the input of the
device X of the additive processing channel (Fig. 3), a final
signal is formed according to expression (11)

a(t.f,) Z(gm (tz’fd))’

= an
m=1
where g, (t;, fy) is the signal formed at the outputs of AD ac-
cording to expressions (7) to (10).
From the output of the additive processing channel,
the final signal is fed to the additive channel detection de-
vice (DDy), where:

- an adaptive threshold is formed in accordance with the
specified indicators of signal detection quality (conditional
probability of correct detection and conditional probability
of false alarm);

- signals that exceed the detection threshold are detected;

- air object detection marks are formed in the additive
channel.

From Radar 1
>
DDs >
From Radar 2
DM
— ——>
—>
L
MP
— || DDwmp ||
N
-l

JIPD

Fig. 3. Block diagram of the joint incoherent signal
processing in the joint incoherent processing device of a
synchronous multi-radar system of two surveillance radars

Signals from the output of the additive processing chan-
nel (£) and signals from AD outputs of Radar 1 and Radar 2
are fed to the multiplicative processing channel (MP) where
they are multiplied. At the input of device MP of the multi-
plicative processing channel (Fig. 3), a final signal is formed
according to expression (12)

Pl ) =a(t ) 38 (10 1,))

m=1

12)

where a(t;, fy) is the signal formed at the output of the additive
processing channel according to expression (11).

From the output of the multiplicative processing channel,
the final signal is fed to the multiplicative channel detection
device (DDyp) Where:

- an adaptive threshold is formed in accordance with the
specified indicators of signal detection quality (conditional
probability of correct detection and conditional probability
of false alarm);

- signals exceeding the detection threshold are detected;

- air object detection marks of the multiplicative channel
are formed.

From the DDy and DDyp outputs, air object detection
marks are fed to the decision-making device (DM). In the
DM device, the air object detection marks of the additive and
multiplicative channels are combined, and the final detection
marks are formed.

Thus, a method for detecting a low-altitude, low-speed air
object in the presence of ground clutter using a synchronous
multi-radar system has been improved, which, in contrast to
known ones, provides for the following:

- asynchronous survey of the airspace in azimuth and range
by two radars by emitting mutually orthogonal probing signals;

- forming at the output of the radar receivers of signals
reflected from the air object;

- incoherent combined processing of signals using a syn-
chronous multi-radar system from two survey radars;

- coordinated filtering of received signals;



- formation of Doppler channels;

- equalization by delay time and Doppler frequencys;

- formation of an additive processing channel, where
incoherent summation of signals and formation of air object
detection marks in the additive channel are carried out;

- formation of a multiplicative processing channel, where
signals are multiplied and air object detection marks of the
multiplicative channel are formed;

- combination of air object detection marks of the ad-
ditive and multiplicative channels and formation of final
detection marks.

5.2. Experimental study on the detection of alow-al-
titude, low-speed aerial object

To conduct an experimental study on the detection of a
low-altitude, low-speed aerial object, the Monte Carlo statis-
tical test method was used.

When conducting an experimental study, the following
assumptions and limitations were accepted:

- surveillance radars were adopted as elements of the
multiradar system;

- reflections from the ground clutter were considered
interfering;

- the aerial object was considered low-altitude and low-
speed;

— joint processing of signals from the elements of the mul-
tiradar system is incoherent;

- synchronous airspace inspection is ensured;

- the number of elements of the multiradar system is
equal to two radars;

- the sounding signals emitted by the radars of the multi-
radar network are mutually orthogonal;

- other interfering artifacts were not considered;

- Ry = R,, which determines the equality of the delay
time for echo signals received at the RADAR 1 and Radar 2
positions (tq1 = taz = taz = tar2);

- the speed of the air object is so small that the echo sig-
nal from the air object and the echo signals from the ground
clutter are in the same Doppler filter.

The echo signal packets from a low-altitude, low-speed air
object and from the ground clutter are shown in Fig. 4, 5, re-
spectively. The packets (Fig. 4, 5) enter the MF input (Fig. 2).

At the MF output, echo signal packets from a low-alti-
tude, low-speed aerial object and from the ground clutter are
shown in Fig. 6, 7, respectively.

Echo signals from a low-altitude, low-speed aerial object
and from the ground clutter at the exit (DF+AD) are shown
in Fig. 8, 9, respectively.
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Fig. 4. A packet of echo signals from a low-altitude, low-
speed airborne object at the input of a matched filter
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Fig. 5. A packet of echo signals from the ground clutter at
the input of a matched filter
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Fig. 6. Echo signals from a low-altitude, low-speed airborne
object at the output of a matched filter
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Fig. 7. Echo signals from the ground clutter at the output of
the matched filter
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Fig. 8. Echo signals from a low-altitude, low-speed airborne
object at the exit (Doppler filter + amplitude detector)

Analysis of Fig. 8,9 reveals that the echo signals from
a low-altitude, low-speed aerial object and from the ground
clutter are in the same discrete Doppler frequency. This fact
is illustrated in Fig. 10.



The echo signals at the output (DF+AD) of RADAR 1
from RADAR 1 and from RADAR 2 are shown in Fig. 11, 12,

respectively.
The echo signals at the output (DF+AD) of RADAR 2

from RADAR 1 and from RADAR 2 are shown in Fig. 13, 14,
respectively.
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Fig. 9. Echo signals from the ground clutter at the output
(Doppler filter + amplitude detector)
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Fig. 10. Location of Doppler spectra of echo signals from the
ground clutter and from a low-altitude, low-speed airborne

object at the exit (Doppler filter + amplitude detector)
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Fig. 11. Echo signals at the output
(Doppler filter + amplitude detector) RADAR 1 from RADAR 1
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Fig. 12. Echo signals at the output
(Doppler filter + amplitude detector) RADAR 1 from RADAR 2
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Fig. 13. Echo signals at the output

(Doppler filter + amplitude detector) RADAR 2 from RADAR 2
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Fig. 14. Echo signals at the output
(Doppler filter + amplitude detector) RADAR 2 from RADAR 2

The signals at different stages of processing are shown
in Fig. 15-17. Fig. 15 depicts signals at the AD output of Ra-
dar 1 and Radar 2. Fig. 16 illustrates the final signal at the
output of the additive processing channel (Z). Fig. 17 shows
the final signal at the output of the multiplicative processing

channel (MP)
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Fig. 15. Signals at the output of the amplitude detector
Radar 1 and Radar 2
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Fig. 16. The final signal at the output of the additive
processing channel ()

Analysis of Fig. 17 reveals a clear separation of the signal
from a low-altitude, low-speed aerial object in the presence
of ground clutter.

To assess the gain in the signal/noise ratio of the im-
proved method, Fig. 18 shows the signals: input (blue), at the
output of the additive processing channel (black) and at the
output of the multiplicative processing channel (red).



0
(16 g 20 40

Doppler frequency discretes Range discretes

Fig. 17. The final signal at the output of the multiplicative
processing channel (MP)
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Fig. 18. Signals: input (blue), output of the additive
processing channel (black), and output of the multiplicative
processing channel (red)

From the analysis of Fig. 18, it was found that the use of
an improved method for detecting a low-altitude, low-speed
aerial object in the presence of ground clutter using a syn-
chronous multi-radar system has made it possible to increase
the signal-to-noise ratio by 4 times.

6. Discussion of results based on the improved method
for detecting a low-altitude, low-speed air object

A method for detecting a low-altitude, low-speed air
object in the presence of ground clutter using a synchronous
multi-radar system has been improved, which, in contrast
to known ones (for example, [6-9, 16, 17]), allows for the
following:

- conducting a synchronous survey of the airspace in
azimuth and range by two radars by emitting mutually or-
thogonal probing signals;

- forming signals reflected from the air object at the out-
put of the radar receivers;

- incoherent, joint processing of signals using a synchro-
nous multi-radar system from two survey radars;

- coordinated filtering of received signals;

— formation of Doppler channels;

- equalization by delay time and Doppler frequency;

- formation of an additive processing channel where inco-
herent summation of signals is carried out and formation of air
object detection marks in the additive channel is carried out;

— formation of a multiplicative processing channel where
multiplication of signals is carried out and formation of air
object detection marks in the multiplicative channel is car-
ried out;

- combination of air object detection marks in the ad-
ditive and multiplicative channels and formation of final
detection marks.

This becomes possible thanks to the use of a synchronous
multiradar system.

An experimental study was conducted on the detection
of a low-altitude, low-speed aerial object. The echo signal
packets from a low-altitude, low-speed aerial object and from
the ground clutter are shown in Fig. 4, 5, respectively. At the
MF output, the echo signal packets from a low-altitude, low-
speed aerial object and from the ground clutter are shown in
Fig. 6, 7, respectively. The echo signals from a low-altitude,
low-speed aerial object and from the ground clutter at the out-
put (DF+AD) are depicted in Fig. 8, 9, respectively. Analysis of
Fig. 8, 9 reveals that the echo signals from a low-altitude, low-
speed aerial object and from the ground clutter are in the same
discrete Doppler frequency. This fact is illustrated in Fig. 10.

Echo signals at the output (DF+AD) of RADAR 1 from
RADAR 1 and from RADAR 2 are shown in Fig. 11,12,
respectively. Echo signals at the output (DF+AD) of RA-
DAR 2 from RADAR 1 and from RADAR 2 are illustrated
in Fig. 13, 14, respectively. Signals at different stages of pro-
cessing are shown in Fig. 15-17. Analysis of Fig. 17 indicates
a clear separation of the signal from a low-altitude, low-speed
air object in the presence of ground clutter. To assess the
gain in the signal/noise ratio of the improved method, Fig. 18
shows the signals: input (blue color), at the output of the addi-
tive processing channel (black color) and at the output of the
multiplicative processing channel (red color).

For calculations illustrated in Fig. 18, we used the results
from known methods, for example, [6, 7, 10, 13, 16, 17].

From the analysis of Fig. 18, it was established that the
use of an improved method for detecting a low-altitude, low-
speed air object against the background of reflection from the
substratum in a synchronous multiradar system made it pos-
sible to increase the signal/noise ratio by 4 times compared
to known methods [6, 7, 10, 13, 16, 17]. This became possible
thanks to the use of a synchronous multi-radar system.

The improved method for detecting a low-altitude, low-
speed air object against the background of reflection from
the substratum using a synchronous multi-radar system has
made it possible to solve the problematic part, namely, to in-
crease the signal-to-noise ratio by 4 times.

Therefore, the use of a synchronous multi-radar system
made it possible to increase the signal-to-noise ratio when
detecting a low-altitude, low-speed air object in the presence
of ground clutter.

Thus, the uncorrelation of echo signals reflected from
the subsurface and received by elements of the multi-radar
network determines the possibility of improving the quality
of detection of low-speed air objects against the background of
reflections from the subsurface. At the same time, the echo sig-
nals from the air object and the ground clutter are in the same
Doppler filter. An increase in the signal-to-noise ratio is pro-
vided due to the incoherent accumulation of signals received
in the channels of the system elements (4 reception channels).
Additional multiplicative processing of signals provides an
additional increase in the signal-to-noise ratio and improves
the discrimination of the signal from the air object against the
background of the signals from the ground clutter.

Limitations of our study are as follows:

- only reflections from the ground clutter were selected as
interfering reflections;



- it was assumed that synchronous airspace surveillance
was provided;

- when conducting an experimental study, the number of
elements of the multi-radar system was taken to be two radars.

The disadvantages of the study are as follows:

- the complexity of ensuring synchronous operation of
the elements of the multi-radar system;

- limitations on the elements of the multi-radar sys-
tem (two radars).

Further studies should be aimed at devising a method for
detecting a low-altitude, low-speed air object in the presence
of ground clutter using a synchronous multi-radar system
with a number of radars exceeding two.

7. Conclusions

1. The key stages in the improved method for detecting a
low-altitude, low-speed air object in the presence of ground
clutter using a synchronous multi-radar system are:

- conducting a synchronous survey of the airspace in
azimuth and range by two radars by emitting mutually or-
thogonal probing signals;

- forming at the output of the radar receivers of signals
reflected from the air object;

— incoherent joint processing of signals using a synchro-
nous multi-radar system from two survey radars;

- coordinated filtering of received signals;

- formation of Doppler channels;

- equalization by delay time and Doppler frequency;

- formation of an additive processing channel, where
incoherent summation of signals and formation of air object
detection marks in the additive channel are carried out;

- formation of a multiplicative processing channel, where
signals are multiplied and air object detection marks of the
multiplicative channel are formed;

- combination of air object detection marks of the ad-
ditive and multiplicative channels and formation of final
detection marks.

2. An experimental study has been conducted on the
detection of a low-altitude, low-speed air object. The use of
a synchronous multiradar system has made it possible to
increase the signal/noise ratio by 4 times. Additional multi-
plicative signal processing provides an additional increase in

the signal/noise ratio and improves the discrimination of the
signal from the air object in the presence of ground clutter.
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