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The object of this study is
the process of detecting and
determining the coordinates of
stealth unmanned aerial vehicles
by a network of two small-sized
radars. The main hypothesis of
the study assumes that the use
of two small-sized radars, which
are connected in a network, could
improve the quality of detection
and determination of the coordi-
nates of stealth unmanned aeri-
al vehicles.

The improved  meth-
od for detecting and determin-
ing the coordinates of a stealth
unmanned aerial vehicle, unlike
the known ones, enables the fol-
lowing:

— synchronous inspection of
the airspace;

— reception of the signal
reflected from a stealth unmanned
aerial vehicle by two small-sized
radars;

— carrying out coordinated
filtering of incoming signals;

— compensation of phase
shifts and coherent addition of
output signals from matched fil-
ters;

— formation of Doppler chan-
nels in each small-sized radar
and formation of a complex enve-
lope from the output of the corre-
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— coherent processing (addi-
tion) of signals;

— compensation of the ran-
dom initial phase of signals
reflected from a stealth unmanned
aerial vehicle by detecting the
output signal from the coherent
adder;

— measuring the range to a
stealth unmanned aerial vehicle
by each small-sized radar;

— calculation of the coordi-
nates of a stealth unmanned aeri-
al vehicle.

It was established that at low
signal/noise values, the gain in
terms of the conditional probabili-
ty of correct detection is from 25 %
to 32 %. It was determined that
the use of a network of two small-
sized radars makes it possible to
reduce the mean square ervor in
determining the coordinates of a
stealth unmanned aerial vehicle
JSfrom 28 % to 37 % on average

Keywords: small-sized
radar, determination of coor-
dinates, two-position network,
conditional probability of correct
detection
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1. Introduction

One of the main trends in modern armed conflicts
(for example, the Israeli-Palestinian, Russian-Ukrainian
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war, tc.) is the widespread use of stealth unmanned aerial
vehicles [1, 2]. Typical stealth unmanned aerial vehicles
are cruise missiles, unmanned aerial vehicles, anti-radar
missiles, etc. [3-5].




Among current methods for detecting stealth unmanned
aerial vehicles (for example, acoustic, visual, thermal, radio fre-
quency, etc.), the most effective are the those involving modern
radars. Moreover, many air defense systems use small-sized
radars (for example, [6, 7]). Small-sized radars have certain dis-
advantages, which are primarily related to their small dimen-
sions and, accordingly, a wide directional pattern. This leads to
a deterioration in the accuracy of determining the coordinates
of stealth unmanned aerial vehicles.

To increase the accuracy of determining the coordinates
of stealth unmanned aerial vehicles, several small-sized radars
of the same type are used, which are combined into a network
(for example, [8, 9]). In such networks, by using system effects,
it is possible to improve the accuracy of determining the coor-
dinates of stealth unmanned aerial vehicles. Known works on
combining two small-sized radars into a two-position network
only consider increasing the accuracy of determining the coor-
dinates of aerial objects. At the same time, a method for detect-
ing a signal reflected from a stealth unmanned aerial vehicle
remains outside the scope of consideration. The detection of a
signal from a stealth unmanned aerial vehicle in a two-position
network of small-sized radars is directly related to an increase
in the accuracy of determining the coordinates of aerial objects.

Therefore, improving the method for detecting and mea-
suring the coordinates of a stealth unmanned aerial vehicle
by a network of two small-sized radars is an urgent task.

2. Literature review and problem statement

In [10], to improve the quality of object detection, radar
emission of complex probing signals is proposed. The use of
methods [10] leads to the complication of complex signal de-
tection algorithms and cannot be used in small-sized radars.

In [11], the process of detecting and determining the
coordinates of objects is carried out by the range-finding
method and its variants (difference-range-range, total-dif-
ference-range-range). It is noted that the methods [11] are
effective with a narrow radar directional pattern, which
makes it impossible to use them in small-sized radars.

In [12], increasing the quality indicators of cruise missile
detection is ensured by combining surveillance radars into
the network. The disadvantage of [12] is the impossibility
of providing a synchronous survey of the air space, which
negates the advantages of the method [12].

In [13], methods for increasing quality indicators due to
the creation of a network of two radars with mechanical ro-
tation are considered. The disadvantage of [13] is the lack of
ensuring coherence of signals and their coherent processing,
which makes compatible processing of signals reflected from
an aerial object impossible.

In [14], the increase in quality indicators is ensured by add-
ing the energy of cellular communication signals. The disad-
vantage of [14] is the impossibility of practical implementation
of the synchronization of cellular communication stations and
radar.

In [15], an improvement of the method from [14] was pro-
posed but with the use of two radars. Adding another radar
only exacerbates the problem of synchronizing the operation
of cellular communication stations and two radars.

In [15], the increase in quality indicators is ensured by
adding the energy of navigation signals. The disadvantage
of [15] is the impossibility of practical implementation of
synchronization of navigation signal sources and radar.

In [16], the increase in quality indicators is ensured by
adding the energy of the television signal and creating an
additional receiving channel of the television signal. The
disadvantage of [16] is the need to equip the radar with addi-
tional equipment, which is impossible in small-sized radars.

In [17], the development of [16] was proposed and the
radar detection zone was calculated with the addition of
television signal energy. It was established that the main
drawback of [18] is the appearance of a powerful penetrat-
ing signal through an additional reception channel.

In [18], navigation methods for increasing the accuracy
of determining the coordinates of aerial objects (methods of
the Loran-C navigation system (USA)) are proposed. The
disadvantage of [18] is the use of navigation methods only
for solving navigation tasks.

In [19], an increase in accuracy is achieved by using
multilateration systems. The disadvantage of [19] is the ef-
fective operation of such multilateration systems at a limited
distance, which makes it impossible to use such systems in
small-sized radars.

In [20], increasing the distance and increasing the
accuracy are achieved using the Wide Area Multilatera-
tion (WAM) system. The disadvantage of [20] is the low
power of the reflected signals under the conditions of in-
creased distance of the multilateration system.

In [21], theoretical calculations were performed and an
improved method for maximum likelihood was proposed.
The disadvantage of [21] is the use of multidimensional
complex objective functions. This predetermines a more
theoretical than practical orientation [21].

Improvements to [22] and the use of linear and quadrat-
ic functions of the maximum likelihood method are given
in [21]. In [21], it was possible to reduce the dimensions of
the search space for complex objective functions. The disad-
vantage of [22] is the bias and suboptimality of the obtained
estimates of the coordinates of the aerial object.

In [23], quality indicators are increased by adding energy
to the sound source of information. The disadvantage of [23]
is the impossibility of practical implementation of the syn-
chronization of the sound information source and the radar.

In [24], the improvement of quality indicators is pro-
vided by the use of only a sound signal when detecting an
unmanned aerial vehicle. The disadvantage of [24] is the
limited detection range of an aerial object.

In [25], a method for detecting an unmanned aerial vehicle
of the multi-rotor drone type is considered. Detection is provid-
ed by a small-sized radar. The disadvantage of [25] is the im-
possibility of combining such small-sized radars into a network.

In [26], a method for making structural changes to the
radar antenna and reducing the size of its directional pattern
is considered. The disadvantage of [26] is the introduction of
changes in the design of the radar antenna system.

An analysis of the Multiple-Input and Multiple-Out-
put (MIMO) radar directional pattern is given in [27]. It
has been established that the use of MIMO radar improves
the quality of solving various tasks using radio engineering
systems. At the same time, [27] has a more theoretical value,
considering the solution of communication issues, evaluation
of parameters of received signals, etc. The results of [27] can-
not be directly applied to the detection and determination of
coordinates by small-sized radars.

Study [28] provides a brief overview of the basic methods
for designing MIMO radar signals. Methods for signal forma-
tion are taken into account, taking into account the minimi-




zation of the influence of interference, the level of correlation,
etc. At the same time, the criterion of minimizing the signal/
noise ratio is used. The disadvantage of [28] is the impossibility
of practical implementation in a two-position network of small-
sized radars.

In [29], a genetic method is used to combine several ra-
dars into a network. The drawback of [29] is the dependence
of the method on the flight path of aerial objects. This makes
it difficult to use [29] to detect aerial objects by a network of
two small-sized radars.

Thus, known methods for detecting and determining
the coordinates of stealth unmanned aerial vehicles involve
either a structural change in the radar or an increase in the
complexity of information processing. Combining radar into
a network improves the quality of information processing
but known methods are mainly aimed at building MIMO
systems to solve communication tasks.

Therefore, it is necessary to conduct further research on
improving a method for detecting and measuring the coor-
dinates of a stealth unmanned aerial vehicle using a network
of two small-sized radars.

3. The aim and objectives of the study

The purpose of this study is to improve the quality of
detection and measurement of the coordinates of a stealth
unmanned aerial vehicle by a network of two small-sized ra-
dars. This will make it possible to meet the requirements for
the quality of detection and the accuracy of determining the
coordinates of stealth unmanned aerial vehicles.

To achieve the goal, it is necessary to solve the following
tasks:

— to state the main stages of the method for detecting
and measuring the coordinates of a stealth unmanned aerial
vehicle using a network of two small-sized radars;

— to evaluate the quality of detection and measurement
of the coordinates of a stealth unmanned aerial vehicle by a
network of two small-sized radars.

4. The study materials and methods

The object of our research is the process of detecting and
measuring the coordinates of stealth unmanned aerial vehi-
cles by a network of two small-sized radars.

The main hypothesis of the study assumes that combin-
ing two small-sized radars into a network could improve the
quality of detection and measurement of the coordinates of
stealth unmanned aerial vehicles.

The following research methods were used during the
research:

— methods for digital signal processing;

— differential calculus methods;

— methods for probability theory and mathematical sta-
tistics;

— radar location methods;

— methods for statistical theory of detection and mea-
surement of parameters of radar signals;

— methods for multi-position radar;

— mathematical apparatus of matrix theory;

— iterative methods;

— methods for system analysis;

— methods for mathematical modeling.

The following limitations and assumptions were adopted
during the research:

— small-sized radars with digital signal processing are
considered;

— a stealth unmanned aerial vehicle is an air object from
which the reflected radar signal in the direction of the radar
has a low value of the signal-to-noise ratio;

—conditions for receiving a reflected signal from a
stealth unmanned aerial vehicle are provided by each small-
sized radar;

— the survey of the airspace by small-sized radars is syn-
chronous;

— conditions for coherent processing of the reflected
signal from a stealth unmanned aerial vehicle are provided,

— absence of natural and artificial obstacles;

— the range of operation of small-sized radars — X-band
(centimeter wavelength (from 2.5 ¢m to 3.75 cm));

— when conducting experimental calculations, cruise mis-
siles of the KEPD-150/359 TAURUS (Germany-Sweden)
and Kalibr (Russia) type, which have speeds of 0.6-0.95 M,
are considered,;

— the average effective scattering surface of cruise mis-
siles of the KEPD-150/359 TAURUS (Germany-Sweden)
and Kalibr (Russia) type is accepted from (0.4—0.6) sq.m
to (1-1.5) sq.m in depending on the location of air objects
relative to small-sized radars;

— the Monte Carlo method for statistical tests is used in
the simulation.

When conducting experimental studies, the following
were used:

—software: high-level programming language and in-
teractive environment for programming, numerical calcula-
tions, and visualization of results MATLAB R2017b;

—software: high-level programming language Py-
thon 3.11;

— hardware: ASUSTeK COMPUTER INC model
X550CC, 3rd Gen processor DRAM Controller — 0154,
NVIDIA GeForce GT 720M.

3. Results of research on improving a method for
detecting and measuring the coordinates of a stealth
unmanned aerial vehicle

5.1.Main stages of the method for detecting and
measuring the coordinates of a stealth unmanned aerial
vehicle

The network of two small-sized radars is shown in Fig. 1
(B is the distance (base) between radars) [9].

B Radar 2
Radar 1

Fig. 1. A network of two small-sized radars [9]




Each small-sized radar emits a probing signal. These sig-
nals have the property of mutual orthogonality. The mathe-
matical expression for the probing signal can be represented
by expression (1):
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where I, (¢), I, (¢) are the envelopes of probing signals

(complex normahzed) of the first and second small-sized
radars;
— pulse duration;

* is a symbol of complex conjugation.

Probing signals are reflected from a stealth unmanned
aerial vehicle and enter the input of the receiving system
of each small-sized radar. Moreover, each of the two small-
sized radars can receive both its own reflected signal and
the reflected signal from a stealth unmanned aerial vehi-
cle emitted by another radar. This can be written in the
form of expression (2):

r(6R)=(1 (6%,) L(6X,)), 2)

where [ (t,X) is the set of receiving signals (echo signals) by
each small-sized radar;

I1(t,7»1 ,IZ(I,XZ) — echo signal of the first and second
small-sized radars.

Echo signals of the first and second (i=1; 2) small radars
can be described by expression (3):
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where I, is the mathematical expectation;

A — informative parameters of the signal which are
represented by the vector ((pY i, ), ¢, — initial
phase of the signal in each small- 51zed radar; t, — sig-
nal delay time in each small-sized radar; Q_ — Doppler
correction to the frequency in each small- sized radar;
o, — signal carrier frequency in each small-sized radar;
I, (t —t, )— signal envelope (complex, normalized), which
is determined by the modulation law in each small-sized
radar.

Taking into account the conditions of coherent pro-
cessing of the reflected signal from a stealth unmanned
aerial vehicle, we shall write down the optimal detection
algorithm. At the same time, we shall use the well-known
Neyman-Pearson test [30]. So, the detection algorithm
optimal according to the Neyman-Pearson criterion is
represented by expression (4):
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where L is the likelihood ratio; t,, 1, — time that takes
into account the delay of the probing signal by the j-th
small-sized radar at the input of the receiving device of the
i-th small-sized radar (i, j=1; 2); th is the defined detection
threshold.

In accordance with expression (4), the scheme of the
detector of a stealth unmanned aerial vehicle optimal ac-
cording to the Neyman-Pearson criterion by a network of
two small-sized radars is shown in Fig. 2.

Taking into account expression (4) and Fig. 2, the main
stages of the method for detecting a stealth unmanned aerial
vehicle by a network of two small-sized radars are:

— reception of a signal reflected from a stealth unmanned
aerial vehicle by two small-sized radars;

— carrying out coordinated filtering (UV) of input sig-
nals 1, (t t);

— compensation of phase shifts and coherent addition of
output signals from UV;

— formation of Doppler channels in each small-sized ra-
dar and formation of a complex envelope from the output of
the corresponding Doppler channel;

— coherent processing (adding) of signals from two small
radars;

— compensation of the random initial phase of signals
reflected from a stealth unmanned aerial vehicle by de-
tecting the output signal from the coherent adder.

Analyzing the above, we can conclude that the method
for detecting a stealth unmanned aerial vehicle by a network
of two small-sized radars involves directing the network to
the area of the airspace with the most probable value of find-
ing an aerial object.

To determine the coordinates of a stealth unmanned
aerial vehicle using a network of two small-sized radars, we
shall use a method from [9].

The main stages of the method in [9] are as follows:

1. Determining the distance from a small-sized radar
to a stealth unmanned aerial vehicle using a range-finding
method. These distances Ry, Ry are calculated according to
expressions (5), (6), in line with [9]:

R=0.5c¢t,4, (5)

where ¢ is the speed of light; 7,1 is the delay time of the prob-
ing signal from radar 1:

Ry=0.5ct,», (6)

where .5 is the delay time of the probing signal from ra-
dar 2.

2. Calculation of the coordinates of a stealth unmanned
aerial vehicle (x40, y40) according to expressions (7), (8), in
line with [9]:

1
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3. Checking the conditions for tracking a stealth un-
manned aerial vehicle with two small-sized radars.

4. Determining the trajectory parameters of a stealth
unmanned aerial vehicle.

The method for determining the coordinates of a stealth
unmanned aerial vehicle by a network of two small-sized
radars involves:

— synchronous inspection of the airspace by small-sized
radars;

— measuring the range to a stealth unmanned aerial ve-
hicle by each small-sized radar;

— calculation of the coordinates of a stealth unmanned
aerial vehicle.
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Fig. 2. Scheme of a detector of a stealth unmanned aerial vehicle by a network of two small-sized radars, optimal according
to the Neyman-Pearson criterion

Thus, the improved method for detecting and determin-
ing the coordinates of a stealth unmanned aerial vehicle by a
network of two small-sized radars involves:

— synchronous inspection of the airspace by small-sized
radars;

— reception of a signal reflected from a stealth unmanned
aerial vehicle by two small-sized radars;

— conduction of UV input signals;

— compensation of phase shifts and coherent addition of
output signals from UV;

— formation of Doppler channels in each small-sized ra-
dar and formation of a complex envelope from the output of
the corresponding Doppler channel;

— coherent processing (adding) of signals from two small
radars;

— compensation of the random initial phase of signals re-
flected from a stealth unmanned aerial vehicle by detecting
the output signal from the coherent adder;

— measuring the range to a stealth unmanned aerial ve-
hicle by each small-sized radar;

— calculation of the coordinates of a stealth unmanned
aerial vehicle.

5. 2. Evaluation of the quality of detection and mea-
surement of the coordinates of a stealth unmanned aerial
vehicle by a network of two small-sized radars

Evaluation of the quality of detection of a stealth un-
manned aerial vehicle by a network of small-sized radars
was carried out by calculating the conditional probability
of correct detection. To this end, the initial statistics
(likelihood ratio) were calculated in the presence of a
usable signal. Taking into account (4), the likelihood

ratio in the presence of a usable signal is calculated by
expression (9):

L= iie(’“’“”’ Jelw7m) TI;/ (t=t,)x,(¢)de. )

= j=1

The output statistic (likelihood ratio) in the absence of a
usable signal is determined by expression (10):

L= iie““’”’ )l i) TI; (t=t,)m,(¢)dt, (10)

i=1 j=1

where 7;(¢) is a function describing the noise of each of the
two small radars.

Subsequently, it was assumed that the noise amplitude is
distributed according to the normal law under condition (11):

11—
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where 8(t1—¢2) is the delta function; §; is the Kronecker
symbol.

The variance of Ly value (expression (10)) is calculated
from expression (12):

1=F
S Lk =8N, (12)

The variance of L (expression (9)) is calculated accord-
ing to expression (13):

T =30Fx,
2

(13)




The average value % of the signal/noise is calculated.
Taking into account (12), (13), we obtain expression (14):

1
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where ¢? is the signal/noise ratio for one signal at the
output of a small-sized radar.

Taking into account expression (14), the conditional
probability of correct detection was calculated. The condi-
tional probability of correct detection is calculated accord-
ing to expression (15):

1

p=rt) a5)
where Fis the conditional probability of a false alarm.

Fig. 3 shows constructed detection curves for the case of
one radar (green curve) and for a network of two small-sized
radars (blue curve).
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Fig. 4. Mean square errors in determining the coordinates of
a stealth unmanned aerial vehicle by a network of two small-
sized radars [9]

6. Discussion of research results on improving
the method for detecting and measuring the
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coordinates of a stealth unmanned aerial vehicle

A mathematical expression for the likelihood
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obtained (expression (4)). At the same time, the
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detector of a stealth unmanned aerial vehicle with a
network of two small-sized radars was built (Fig. 2).

The improved method for detecting and deter-
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mining the coordinates of a stealth unmanned aerial
vehicle by a network of two small-sized radars, un-

like the known ones (for example, [10, 11]), enables:
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Fig. 3. Curves of detection of an aerial object by one radar (green
curve) and a network of two small-sized radars (blue curve)

Fig. 3 shows the dependence of conditional probability of
correct detection on the signal/noise ratio. The conditional
probability of a false alarm was assumed to be F=10°6,

Analysis of Fig. 3 reveals that the use of a network of
two small-sized radars provides a gain in the value of the
conditional probability of correct detection at a fixed value
of the conditional probability of a false alarm. This gain is
especially significant at low signal-to-noise values. At low
signal-to-noise values, the gain in terms of the conditional
probability of correct detection is from 25 % to 32 %.

The evaluation of the quality of determining the coordi-
nates of a stealth unmanned aerial vehicle was carried out
taking into account [9].

Fig. 4 shows the mean square values of errors in deter-
mining the coordinates of a stealth unmanned aerial vehicle
by a network of two small-sized radars [9].

Analysis of Fig.4 demonstrates that the use of a net-
work of two small-sized radars makes it possible to reduce
the mean square error in determining the coordinates of a
stealth unmanned aerial vehicle by 28 % to 37 % on average.

—synchronous inspection of the airspace by
10 small-sized radars;
— reception of a signal reflected from a stealth
unmanned aerial vehicle by two small-sized radars;
— conduction of UV input signals;
— compensation of phase shifts and coherent
addition of output signals from UV;
— formation of Doppler channels in each small-sized ra-
dar and formation of a complex envelope from the output of
the corresponding Doppler channel;

— coherent processing (adding) of signals from two small
radars;

— compensation of the random initial phase of signals re-
flected from a stealth unmanned aerial vehicle by detecting
the output signal from the coherent adder;

— measuring the range to a stealth unmanned aerial ve-
hicle by each small-sized radar;

— calculation of the coordinates of a stealth unmanned
aerial vehicle.

A feature of the method is the use of two small-sized ra-
dars, which are connected in a network to detect and deter-
mine the coordinates of a stealth unmanned aerial vehicle.

The quality of detecting and measuring the coordinates
of a stealth unmanned aerial vehicle by a network of two
small-sized radars was evaluated. An expression for the
initial statistics (likelihood ratio) in the presence of a usable
signal is obtained (expression (9)). The expression for the




initial statistics (likelihood ratio) in the absence of a usable
signal is determined (expression (10)). Expressions for the
variance of the determined statistics were obtained (expres-
sions (11) and (12), respectively). The average signal/noise
value (expression (14)) and conditional probability of cor-
rect detection (expression (15)) were calculated. Detection
curves are plotted for the case of one radar (green curve) and
for a network of two small-sized radars (blue curve) (Fig. 3).

Analysis of Fig. 3 reveals that the use of a network of
two small-sized radars provides a gain in the value of the
conditional probability of correct detection at a fixed value
of the conditional probability of a false alarm. This gain is es-
pecially significant at low signal-to-noise values. At low sig-
nal-to-noise values, the gain in the value of the conditional
probability of correct detection, for example, in comparison
with [10, 11], is from 25 % to 32 %.

Fig. 4 shows the mean square values of errors in deter-
mining the coordinates of a stealth unmanned aerial vehicle
by a network of two small-sized radars. From the analysis
of Fig. 4, it can be seen that the use of a network of two
small-sized radars makes it possible to reduce the value of
the mean square error in determining the coordinates of a
stealth unmanned aerial vehicle, for example, in comparison
with [10, 11], by, on average, 28 % to 37 %.

This study has the following limitations:

— small-sized radars must have digital signal processing;

— stable conditions for receiving a reflected signal from
a stealth unmanned aerial vehicle must be ensured by each
small-sized radar;

— inspection of the airspace by small-sized radars must
necessarily be synchronous;

— the processing of the reflected signal from a stealth
unmanned aerial vehicle must be coherent;

— restrictions on the absence of natural and artificial
obstacles were imposed.

The disadvantage of the method for detecting and deter-
mining the coordinates of a stealth unmanned aerial vehicle by
a network of two small-sized radars is that it does not take into
account the case of incoherent processing of reflected signals.

Further research is aimed at taking into account the
case of incoherence of signals reflected from a stealth aerial
vehicle.

— conduction of UV input signals;

— compensation of phase shifts and coherent addition of
output signals from UV;

— formation of Doppler channels in each small-sized ra-
dar and formation of a complex envelope from the output of
the corresponding Doppler channel;

— coherent processing (adding) of signals from two small
radars;

— compensation of the random initial phase of signals re-
flected from a stealth unmanned aerial vehicle by detecting
the output signal from the coherent adder.

— measuring the range to a stealth unmanned aerial ve-
hicle by each small-sized radar;

— calculation of the coordinates of a stealth unmanned
aerial vehicle.

2. The quality of detecting and measuring the coordi-
nates of a stealth unmanned aerial vehicle by a network of
two small-sized radars was evaluated. It was established
that the use of a network of two small-sized radars provides
a gain in the value of the conditional probability of correct
detection at a fixed value of the conditional probability of a
false alarm. This gain is especially significant at low signal-
to-noise values. At low signal-to-noise values, the gain in
terms of the conditional probability of correct detection is
from 25 % to 32 %.

It was established that the use of a network of two small-
sized radars makes it possible to reduce the mean square
error in determining the coordinates of a stealth unmanned
aerial vehicle by 28 % to 37 % on average.
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7. Conclusions
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1. The improved method for detecting and determining
the coordinates of a stealth unmanned aerial vehicle using a
network of two small-sized radars involves:

— synchronous inspection of the airspace by small-sized
radars;

— reception of a signal reflected from a stealth unmanned
aerial vehicle by two small-sized radars;

All data are available in the main text of the manuscript.
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