The object of this study is
the process of detecting stealth
unmanned aerial vehicles by a net-
work of two small-sized radars
with incoherent signal processing.
The main hypothesis of the study

d that combining two small-
sized radars into a network could
improve the quality of detection of
stealth unmanned aerial vehicles
with incoherent signal processing.

The improved method for
detecting a stealth unmanned aerial
vehicle by a network of two small-
sized radars with incoherent signal
processing, unlike the known ones,
provides for the following:

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

- ding signal emission by
each small-sized radar;

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

— coordinated filtering of
incoming echo signals (separation
of echo signals) ;

— quadratic detection of sig-
nals at the outputs of matched fil-
ters;

— summation of the detect-
ed signals at the outputs of the
matched filters;

— summation of the outputs of
adders of two small-sized radars.

The scheme of a stealth
unmanned aerial vehicle detector is
presented, optimal according to the
Neumann-Pearson criterion, with
incoherent signal processing.

The quality of detection of a
stealth unmanned aerial vehicle
by a network of two small-sized
radars with incoherent signal pro-
cessing was evaluated. It was found
that with incoherent processing, the
gain in the value of the condition-
al probability of correct detection
is on average from 19 % to 26 %,
depending on the value of the sig-
nal-to-noise ratio. The gain in the
value of the conditional probabil-
ity of correct detection is greater
at low values of the signal-to-noise
ratio. At the same time, the gain in
signal-to-noise value is more sig-
nificant with coherent signal pro-
cessing than with non-coherent sig-
nal processing by a network of two
small-sized radars
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1. Introduction The relevance of the problem is confirmed by the expe-

rience of modern armed confrontations, for example, the

One of the urgent problems of high-quality air de-  Russian-Ukrainian war and the Israeli-Palestinian con-
fense is the detection of stealth unmanned aerial vehicles.  flict [1, 2]. The most effective means of detection in the air




defense system are radar stations or radars. So, for example,
modern air defense systems of the leading countries of the
world are equipped with small-sized radars [3, 4]. The small
size of modern radars imposes certain limitations on their
tactical and technical characteristics. This, in turn, leads to
a decrease in the quality of detection of stealth unmanned
aerial vehicles [5]. The decrease in the quality of detection
of stealth unmanned aerial vehicles by small-sized radars is
primarily associated with a low signal-to-noise ratio [6, 7].

One of the ways to improve the signal-to-noise ratio is to
increase the energy potential by combining two small-sized
radars into a network. Such an association is considered
in [8]. But in [8], a restriction was adopted regarding the
fulfillment of the signal coherence condition when detecting
a stealth unmanned aerial vehicle.

In practice, the conditions of coherence (spatial or
temporal) are not always met, or their fulfillment requires
certain conditions that are not always achieved. Therefore,
improving the method of incoherent signal processing by a
network of two small-sized radars when detecting a stealth
unmanned aerial vehicle is an urgent task.

2. Literature review and problem statement

In [9], it is proposed to increase the quality of detection of
stealthy objects by radars through complicating the type and
structure of probing signals. The complexity of the type and
structure of sounding signals leads to the need to increase the
size of radars, which is impossible in small-sized radars.

In [10], the use of a remote-sensing method for detecting
a stealth unmanned aerial vehicle is proposed. This method
is effective when the width of the antenna pattern is narrow.
But the width of the directional pattern of a small-sized ra-
dar is not narrow, so the method [10] cannot be implemented
in such a radar.

In [11], the general theoretical principles of building
multi-position radar systems are considered. The results
of [11] have theoretical significance and cannot be used in
small-sized radars without specification.

In [12], the principles of building Multiple Input — Mul-
tiple Output (MIMO, many inputs — many outputs) radar
systems are considered. The principles of construction of
MIMO systems are considered and general theoretical cal-
culations regarding the detection zones of such systems are
given. The disadvantage of [12] is the impossibility of apply-
ing the given theoretical calculations for small-sized radars.

In [13], it is proposed to improve the quality of detection
of stealth unmanned aerial vehicles by combining radars with
mechanical rotation into a network. The disadvantage [13] is
the small base of such a system and the lack of the possibility
of compatible processing of the useful signal.

In [14], the energy potential of a small-sized radar is in-
creased due to the additional energy potential of cellular sig-
nals. The disadvantage [14] is the difficulty of synchronizing
the operation of the radar and cellular communication stations.

In [15], multilateration (MLAT) methods are used to
improve the quality of aerial object detection. The disad-
vantage [15] is the impossibility of using such methods over
long distances. The method works well only at distances up
to several hundred meters.

In [16], the energy potential of a small-sized radar is in-
creased due to the additional energy potential of navigation

signals. The disadvantage [16] is the difficulty of synchro-
nizing the radar and navigation satellites.

n [17], the energy potential of a small-sized radar is
increased due to the additional energy potential of televi-
sion signals. The disadvantage [17] is the difficulty of syn-
chronizing the operation of the radar and digital television
stations.

In [18], for the method of [17], the energy potential of a
small-sized radar was evaluated taking into account the en-
ergy potential of a television signal. The disadvantage [18]
is the presence of an interfering signal with a high energy
potential in the additional channel.

In [19], a method of increasing the accuracy of deter-
mining the coordinates of a stealth unmanned aerial vehicle
by using the Loran-C navigation system (LOng RAnge
Navigation) (United States of America) is proposed. The
disadvantage [19] is the impossibility of using such a meth-
od to improve the detection of an aerial object.

In [15], an increase in accuracy is achieved by using
multilateration systems. The disadvantage [15] is the effec-
tive operation of such multilateration systems at a limited
distance, which makes it impossible to use such systems in
small-sized radars.

In [20], in contrast to [15], the use of the Wide Area
Multilateration (WAM, global multilateration) system is
proposed. The disadvantage [20] is the limitation of the
power of WAM signals over long distances.

In [21], a method for detecting an aerial object based on
the criterion of maximum likelihood is proposed. The disad-
vantage [21] is the complicated theoretical calculations, the
use of multidimensional complex quantities, the theoretical
focus of the method.

In [22], a simplification of the method [21] was proposed
due to the use of the first (linear) and second (quadratic)
order functions in the maximum likelihood method. The dis-
advantage of [22] is that it is focused more on determining the
coordinates of an aerial object, the issue of detecting an aerial
object is raised, but its solution is given only in general form.

In [23], the energy potential of a small-sized radar is in-
creased due to the additional energy potential of the sound
signal. The disadvantage [23] is the difficulty of synchroniz-
ing the operation of the radar and the sound signal source.

In [24], the use of an acoustic signal is proposed for the
detection of an unmanned aerial object. The disadvantage
of [24] is the small distance of application of the method [24].

In [25], an unmanned aerial vehicle with a multi-rotor
engine is used as an aerial detection object for a small-sized
radar. The disadvantage [25] is the specificity of the object
of detection, and the impossibility of building a network of
radars to solve the specified detection task.

In [26], the improvement of detection quality was proposed
by improving the radar antenna. Changes in the construction of
the radar antenna system are associated with a reduction in the
radar directional pattern. The disadvantage [26] is the need to
make structural changes in the construction of the radar, which
is unacceptable for a small-sized radar.

In [27], methods of increasing the accuracy of determin-
ing the coordinates of a stealth unmanned aerial vehicle by
improving (reducing) the width of the directional pattern of
the MIMO radar system are given. The results of [27] have
only theoretical value and cannot be used in the detection of
stealth unmanned aerial vehicles by a network of two small-
sized radars.



In [28], an overview of known methods of designing MIMO
radar systems is presented. At the same time, the degree of cor-
relation, the influence of interference, etc. is taken into account.
The disadvantage [28] is the difficulty of implementing known
methods in a network of two small-sized radars.

In [29], several radars are combined into a network using
a genetic algorithm. The disadvantage [29] is the complexity
of the practical implementation of the calculations, the pos-
sible discrepancy of the iteration process when applying the
genetic algorithm.

In [30], an improved method for detecting and determining
the coordinates of a stealth unmanned aerial vehicle in a net-
work of two small-sized radars is given. Compensation of the
random initial phase of the reflected signals is performed by
detecting the output signal from the coherent adder. The disad-
vantage of [30] is that coherent signal processing is considered,
which is valid only for small bases in the radar network.

Thus, the known methods of detecting stealth unmanned
aerial vehicles by a network of small-sized radars involve
a significant complication of information processing, com-
plications of hardware and software components of signal
processing, etc. When combining small-sized radars into a
network, the main attention should be paid to methods of
incoherent signal processing.

Therefore, it is necessary to conduct further research on
improving the method of incoherent signal processing by a
network of two small-sized radars when detecting a stealth
unmanned aerial vehicle.

3. The aim and objectives of the study

The purpose of our study is to improve the quality of
detection of a stealth unmanned aerial vehicle by a network
of two small-sized radars with incoherent signal processing.
This will make it possible to meet the requirements for the
quality of detection of stealth unmanned aerial vehicles.

To achieve the goal, it is necessary to solve the follow-
ing tasks:

— to state the main stages of the method for detecting a
stealth unmanned aerial vehicle by a network of two small-
sized radars with incoherent signal processing;

—to evaluate the quality of detection of a stealth un-
manned aerial vehicle by a network of two small-sized radars
with incoherent signal processing.

— methods of statistical theory of detection and measure-
ment of parameters of radar signals;

— mathematical apparatus of matrix theory;

— methods of integral and differential calculus;

— iterative methods;

— methods of system analysis;

— methods of mathematical modeling.

The following limitations and assumptions were adopted
during the research:

— small-sized digital radars are considered,;

— an air object with a small effective scattering surface is
taken as a stealthy air object;

— examples of stealth unmanned aerial vehicles are un-
manned aerial vehicles, cruise missiles, anti-radar missiles,
etc. [6, 7, 31];

—each radar can receive its own reflected signal and the
reflected signal from an aerial object whose probing signal is
emitted by another radar;

— synchronicity of airspace inspection by small-sized
radars is ensured;

— conditions for coherent processing of signals by small-
sized radars are not provided;

— there are no natural and artificial obstacles;

— working wavelength of small-sized radars from 2.5 cm
to 3.75 cm (X-band);

— during modeling, cruise missiles of the Kalibr
type (Russian Federation) and KEPD-150/359 TAURUS
(Germany-Sweden) were considered;

— velocities of stealthy air objects were assumed to be
0.6-0.95 M;

—the average effective scattering surface of stealth
unmanned aerial vehicles was taken from (0.4-0.6) m?
to (1-1.5) m%;

— the Monte Carlo statistical test method was used in
the simulation.

During simulation, the following were used:

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

— software: high-level programming language and in-
teractive environment for programming, numerical cal-
culations, and visualization of results MATLAB R2017b
(United States of America);

— software: high-level programming language Py-
thon 3.11 (Netherlands).

4. The study materials and methods

The object of this study is the process of detecting stealth
unmanned aerial vehicles by a network of two small-sized
radars with incoherent signal processing.

The main hypothesis of the study assumed that combin-
ing two small-sized radars into a network could improve the
quality of detection of stealth unmanned aerial vehicles with
incoherent signal processing.

The following research methods were used during our
study:

— methods of multi-position radar;

— radar location methods;

— methods of digital signal processing;

— methods of probability theory and mathematical sta-
tistics;

5. Research results on improving the detection method
for incoherent signal processing

5. 1. The main stages of the detection method for inco-
herent signal processing

By analogy with [30], the network of two small-sized
radars is shown in Fig. 1. In Fig. 1, the letter B denotes the
distance (base) between the radars of the network [30].

By analogy with [30], each radar of the network emits
a sounding signal in the direction of a stealth unmanned
aerial vehicle. At the same time, the probing signals of
network radars must be mutually orthogonal. The mutu-
al orthogonality of sounding signals can be ensured by
known methods, for example, frequency methods (fre-
quency diversity of radars) and code methods (coding of
radar signals) [32].
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Fig. 1. A network of two small radars [30]
Mutually orthogonal probing signals are represented by
expression (1) [30]:
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where [, (t), I, (t) are the complex normalized contours of
sounding signals, respectively, of the first and second radars;

* — symbol of complex conjugation;

7; is the pulse duration.

Mutually orthogonal sounding signals of each radar are
reflected from a stealth unmanned aerial vehicle. After that,
the reflected signals enter the input of the receivers of each
radar. It should be taken into account that each of the radars
receives both its signal reflected from the air object and the
signal reflected from the air object emitted by another radar
of the network. By analogy with [30], this statement is rep-
resented by expression (2):

I(67)=(1 (67) 1 (eF,)),

where 1 (t,X) is the set of echo signals (received signals) by
each radar;
I, gt,ﬂ), I, (t,XZ) — echo signals received, respectively,
by the first and second radars.
Taking into account [30], the received echo signals of
two radars (=1 for the first radar; i=2 for the second radar)
are written by expression (3):

(2)

where I is the mathematical expectation for the i-th signal;
A the vector of informative parameters of the i-th echo
51gna1 (includes ((p Q. ) where ¢, — the initial phase
of the echo signal for each - th radar; ¢, — the delay time of the
echo signal in each i-th radar; Q, — the Doppler correction to
the frequency in each i-th radar; (00 — the carrier frequency of
the echo signal in each i-th radar; I (t ¢ ) — the complex,
normalized envelope of the i-th echo signal (in each one is
determined by the modulation law).

In a network of two small-sized radars, signal processing
and detection of a stealth unmanned aerial vehicle is deter-
mined by the degree of coherence of the receivers and the
degree of mutual spatial correlation of echo signals at the
inputs of the receivers of spatially dispersed radars [33].

In the following, the most difficult case is considered,
when the mutual coherence of radar receivers is not ensured
in the network of small-sized radars and the mutual spatial
correlation of echo signals at the inputs of spatially dispersed
radar receivers is not ensured.

The well-known Neumann-Pearson criterion [30, 33]
was used in the synthesis of the optimal algorithm for de-
tecting an aerial object. Taking into account the conditions
of incoherent processing described above, expression (4)
represents the optimal detection algorithm according to the
Neumann-Pearson criterion:
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where L is the likelihood ratio; I, (¢—¢,) — impulse char-
acteristic of the matched filter of the signal emitted by the
i-th radar; x;() is an echo signal received by the j-th radar
receiver; th is the detection threshold (determined by the
given conditional probability of a false alarm).

Expression (4) makes it possible to construct a scheme
of a detector of a stealth unmanned aerial vehicle optimal
according to the Neumann-Pearson criterion by a network
of two small-sized radars with incoherent signal processing.
The term “incoherent signal processing” refers to the mutual
incoherence of radar receivers and the lack of mutual spatial
correlation of echo signals at the inputs of spatially dispersed
radar receivers. The scheme of the signal detector optimal ac-

L (tj‘f) =1, s 0, (t -t )e(/(m“m” e )), (3)  cording to the Neumann-Pearson criterion is shown in Fig. 2.
Uvy D =d BATH ud B2
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Fig. 2. Schematic diagram of the optimal Neumann-Pearson detector of a stealth unmanned aerial vehicle by a network of two
small-sized radars under incoherent signal processing



The main stages of the method for detecting a stealth un-
manned aerial vehicle by a network of two small-sized radars
with incoherent signal processing will be determined taking
into account Fig. 2 and expression (4).

Thus, the improved detection of a stealth unmanned
aerial vehicle by a network of two small-sized radars with
incoherent signal processing involves:

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

— sounding signal emission by each small-sized radar;

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

— coordinated filtering of incoming echo signals (separa-
tion of echo signals);

— quadratic detection of signals at the outputs of matched
filters;

— summation of the detected signals at the outputs of the
matched filters;

— summation of the outputs of adders of two small-sized
radars.

5. 2. Evaluation of detection quality during incoherent
signal processing

The conditional probability of correct detection was
chosen as an indicator of the quality of detection of a stealth
unmanned aerial vehicle by a network of two small-sized
radars with incoherent signal processing [30]. To calculate
the conditional probability of correct detection, the initial
statistics (likelihood ratio) were calculated in the presence
and absence of an echo signal from a stealth unmanned
aerial vehicle. Output statistics in the presence of an echo
signal, taking into account (4), is calculated according to
expression (5):
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where:
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— correlation integral in the presence of an echo signal;

n;(t) is a function describing the noise in the j-th small
radar.

The noise amplitude in the j-th small radar was assumed
to be distributed according to the Gaussian (normal) law
(expression (6)) [30]:

Eni (t1)n]*'(t2):N08(t1_t2)8ij’ (6)

where 8(t1—t») is the delta function; §; is the Kronecker
symbol.
The output statistics in the absence of an echo signal,

taking into account (4), are calculated according to ex-
pression (7):
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where:
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is the correlation integral in the absence of an echo signal.

The correlation integral (7) is the sum of four squares of
independent random variables that are distributed accord-
ing to the Gaussian (normal) law with zero mathematical ex-
pectation and equal variances. The correlation integral can
be described by the central %2 distribution with four degrees
of freedom (expression (8)):
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where Ny is the spectral noise density.

With the independence of amplitude fluctuations of spa-
tially incoherent signals at the outputs of small-sized radars
(absence of mutual correlation), the conditional probability
of correct detection of a stealth unmanned aerial vehicle D is
calculated according to expression (9):

4]
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The value of the detection threshold ¢4 is determined
by the value of the conditional probability of a false alarm F
according to expression (10):

F :exp[— 10)

The relationship between the values of the signal/noise
ratio when detecting a stealth unmanned aerial vehicle by an
autonomous radar and a network of two small-sized radars is
calculated according to expression (11) [30]:

qs =44, (11
where ¢g; is the signal/noise ratio of the network of two
small-sized radars; g” - the signal/noise ratio of an autono-
mous small-sized radar.

The detection curves of a stealth unmanned aerial vehicle
in various cases of using small-sized radars are shown in Fig. 3.

In Fig. 3, the detection curve of a stealth unmanned aeri-
al vehicle by one radar is represented in green. The detection
curve of a stealth unmanned aerial vehicle by a network of
two small-sized radars during coherent signal processing is
shown in blue. The detection curve of a stealth unmanned
aerial vehicle by a network of two small-sized radars with
incoherent signal processing is shown in yellow. When
constructing the detection curves (Fig. 3), the value of the
conditional probability of a false alarm was considered to
be F=1075. The detection curve of a stealth unmanned aerial
vehicle by a network of two small-sized radars during coher-
ent signal processing is obtained from expression (12) [30]:

1
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— summation of the outputs of adders of two small-
sized radars.
The peculiarity of the method is the use of a network

of two small-sized radars to detect a stealth unmanned
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aerial vehicle and incoherent signal processing.
The quality of detection of a stealth unmanned

aerial vehicle by a network of two small-sized radars

with incoherent signal processing was evaluated. The

conditional probability of correct detection is chosen as
an indicator of the quality of detection of a stealth un-
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manned aerial vehicle by a network of two small-sized

radars with incoherent signal processing. We calculat-
ed output statistics (likelihood ratio) in the presence

N
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Fig. 3. Detection curves of a stealth unmanned aerial vehicle by
one radar (green curve) and a network of two small-sized radars:
in coherent signal processing (blue curve), in incoherent signal

processing (yellow curve)

Analysis of Fig. 3 reveals that with incoherent signal pro-
cessing, the gain in the value of the conditional probability of
correct detection is on average from 19 % to 26 %, depending
on the value of the signal/noise ratio. The gain in the value
of the conditional probability of correct detection is greater
at low values of the signal-to-noise ratio.

At the same time, the gain in signal-to-noise value is
more significant with coherent signal processing than with
non-coherent signal processing by a network of two small-
sized radars.

6. Discussion of the research results regarding the
improvement of the detection method for incoherent
signal processing

The most complex case of incoherent signal processing is
considered. Incoherent signal processing implies the absence
of mutual coherence of network radar receivers and the
absence of mutual spatial correlation of echo signals at the
inputs of spatially dispersed radar receivers. For such a case,
the likelihood ratio takes the form of (4). Expression (4) is
obtained taking into account the Neumann-Pearson test.
The scheme of the optimal Neumann-Pearson criterion de-
tector of a stealth unmanned aerial vehicle by a network of
two small-sized radars with incoherent signal processing is
shown in Fig. 2.

Improved detection of a stealth unmanned aerial vehicle
by a network of two small-sized radars with incoherent signal
processing, unlike the known ones (for example, [10, 11, 30]),
involves:

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

— sounding signal emission by each small-sized radar;

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

— coordinated filtering of incoming echo signals (separa-
tion of echo signals);

— quadratic detection of signals at the outputs of matched
filters;

— summation of the detected signals at the outputs of the
matched filters;

an echo signal from a stealth unmanned aerial vehicle.

We calculated conditional probability of correct
detection of a stealth unmanned aerial vehicle (ex-
pression (9)). The value of the detection threshold is
determined by the value of the conditional probability
of a false alarm according to expression (10).

Fig. 3 shows the detection curves of a stealth
unmanned aerial vehicle by one radar (green curve)
and a network of two small-sized radars: with coher-
ent signal processing (blue curve), with incoherent signal
processing (yellow curve). When constructing the detection
curves (Fig. 3), the value of the conditional probability of
a false alarm was considered to be F=10%. The detection
curve of a stealth unmanned aerial vehicle by a network of
two small-sized radars during coherent signal processing is
calculated according to expression (12).

Analysis of Fig. 3 reveals that with incoherent signal pro-
cessing, the gain in the value of the conditional probability of
correct detection is on average from 19 % to 26 %, depending
on the value of the signal /noise ratio. The gain in the value of
the conditional probability of correct detection is greater at
low values of the signal-to-noise ratio. At the same time, the
gain in signal-to-noise ratio is more significant with coher-
ent signal processing than with incoherent signal processing
by a network of two small-sized radars.

This study has the following limitations:

—mandatory digital signal processing in small-sized
radars;

— enabling simultaneous reception of an echo signal from
a stealth unmanned aerial vehicle by each small-sized radar;

— mandatory synchronization of airspace survey by a
network of small-sized radars;

— the research was conducted in the absence of the influ-
ence of natural and artificial obstacles.

The disadvantage of the method for detecting a stealth
unmanned aerial vehicle using a network of two small-sized
radars is the difficulty of ensuring the synchronization of the
airspace survey.

Further research is aimed at optimizing the geometric
construction of a network of small-sized radars.

7. Conclusions

1. Improved detection of a stealth unmanned aerial ve-
hicle by a network of two small-sized radars with incoherent
signal processing, unlike the known ones, provides for the
following:

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



— sounding signal emission by each small-sized radar;

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

— coordinated filtering of incoming echo signals (separa-
tion of echo signals);

— quadratic detection of signals at the outputs of matched
filters;

— summation of the detected signals at the outputs of the
matched filters;

— summation of the outputs of adders of two small-sized
radars.

2. We have evaluated the quality of detection of a stealth
unmanned aerial vehicle by a network of two small-sized
radars with incoherent signal processing. It was found that
with incoherent signal processing, the gain in the value of
the conditional probability of correct detection is on average
from 19 % to 26 %, depending on the value of the signal/
noise ratio. The gain in the value of the conditional probabil-
ity of correct detection is greater at low values of the signal-
to-noise ratio. At the same time, the gain in signal-to-noise
value is more significant with coherent signal processing
than with incoherent signal processing.
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