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Abstract—With the emergence of unmanned aerial
vehicles, the assignments of combating them have also
become significantly more relevant. Today, operational
countermeasures against UAVs are of great importance.
Modern UAVs are capable not only of conducting video
reconnaissance in a certain area, but also of observing a
specific object for a long time and striking it. After
detecting and identifying UAVs by RLS, it is necessary to
take measures to neutralize them. In the paper, a
mathematical model of the evaluation of the dead zone of
RLS working together for the effective detection of
unmanned aerial vehicles was established and a
comparison of the dead zone was made on concrete
examples. The purpose of the research work is to solve the
problem of effective placement of joint working RLS by
mathematical methods for nonobserved remaining part of
them had minimal volume and to select the necessary
placement scheme.

Keywords—unmanned aerial vehicles; dead zone;
radiolocation area; effective reflection area; radiolocation
station.

|.INTRODUCTION

Analysis of the 2020 Patriotic War and the ongoing
Russian-Ukrainian war, as well as recent occuring local
wars and conflicts, shows that the detection of UAVS is
one of the main issues for combating them [1 — 4]. For a
more effective fight against UAVSs, it is important factor
to quickly detect them both at long distances and in the
dead zone [5-7].

Modern local conflicts, where high-precision
weapons and military equipment are more involved,
impose new requirements for conducting combat
operations. UAVS, in turn, at the present stage of the
development of science and technology are being
developed more and more, creating many difficulties for
air defense systems. These difficulties are related to the
following factors:

e small effective reflection area, i.e. small
radiolocation visibility (effective reflection area
0,01-0,001 m?), visual detection less than 100 m
(in ideal weather conditions), the hearing of the
sound is 15-50 m, (0,5 Wt/rad);
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o low flight speeds (10-30 m/sec), wide diapason
of movement speeds, performance of flights at
low and minimum altitudes using the terrain;

e to have the little time for obtaining information
about the type of object according to its spatial
(geometric) characteristics and making a timely
decision;

e In the characteristics of the RLS, there are so-
called "dead zone" with a radius of tens of
kilometers, where it is impossible to detect and
track aerial objects [8 — 10].

A dead zone (DZ) is a section of space above a RLS
that is outside the radar's observations and in which the
RLS cannot detect air targets (Fig.1). The presence of a
dead zone is determined by the appropriate selection of
the orientation diagram in the verical plane of the radar
station, which depends on the relief of the area in the
area of influence of the station, the nature of the
position, the height of the antenna and the technical
parameters of the RLS. It is impossible to detect and
track aerial targets in a dead zone [11].

The area of view of radiolocation stations is
determined by the design of the RLS antenna and its
operating characteristics (wavelength, transmission
power, and other parameters).

When creating a grouping of RLS for the detection
of UAVs, the detection zones of radiolocation stations
have the following important features that must be taken
into account:

1. The boundary of the sighting zones of the
radiolocation stations indicates the diapason of
target detection depending on the target's flight
height.  The earth’'s surface significantly
affects the formation of the direction diagram of
radiolocation stations for meter and decimeter
ranges. This means that the terrain will have a
significant effect on the area of view of the
radiolocation station. As a result, the detection
ranges of the same type of air targets at the same
altitude can be different in different directions.
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2. Radiolocation stations are used to conduct
reconnaissance of the air enemy in a circular
search mode. The detection of air attack
vehicles by RLS in the vertical plane is limited,
which leads to the presence of so-called "dead
zone" in the field of vision, where it is
impossible for RLS to observe air targets.

The following requirements must be met when
creating a grouping of RLSs for the detection of UAVS:

e in the most probable flight directions of the
enemy's air attacks (in front of the front line) the
far border of the detection zone should be set;

e the continuous radiolocation area must cover the
entire area at the possible altitudes of the
enemy's air attack vehicles flight, and the
probability of detecting targets at any point of
the radiolocation area must be at least 0.75;

o radiolocation field should have high durability;

e the radiolocation area should be created with the
maximum saving on the number of RLSs [12].

Currently, the state and trends of the development of
UAYV require the creation of a radar site at a height of
several tens of meters (50-60 m). In this regard, a large
number of RLS will be required to create a radiolocation
area with this height of low boundary. Calculations
show that when the height of the lower boundary of the
radiolocation area is reduced from 500 m to 300 m, the
need for the number of RLSs increases by 2.2 times, and
when it is reduced from 500 m to 100 m, it increases by
7 times.

As a rule, the height of the upper border of the
radiolocation area is not determined, they are
determined by the capabilities of the radiolocation
stations [13].

Il. PROBLEM STATEMENT

The development of a general methodology for
calculating the values of the intervals and distances
between RLSs, which contain different types of
radiolocation stations in the radiotechnical grouping,
and the nature of the terrain does not significantly affect
the radar area, constitutes the issue.

Thus, depending on the location of radiolocation
stations in the area, the dead zone (zone outside of
observation) will be different. The purpose of the
research is to investigate the issue of evaluating the dead
zone (zone outside of observation) depending on the
place of radiolocation stations in the area.

I1l.  MATHEMATICAL FORMULATION AND SOLUTION
OF THE PROBLEM

We will assume that radiolocation stations operate in
a fairly limited area, so we can ignore the curvature of
the Earth's surface when describing the location area. To
give the place of the radar stations relative to each other
in the area, let us introduce the Oxyz positively
oriented rectangular coordinate system with related to
the ground [14, p.73], traditionally, the Oz axis can be
considered perpendicular to the Earth's surface, pointing
vertically upwards.

Let's assume that it is planned to place k number of
radiolocation stations in the area. Let us denote the
coordinates of the locations of the radiolocation stations
relative to the Oxyz system through {(x;,v;, z),i =
1,2,..,k} . According to the requirement of the
problem, the distance between radiolocation stations is
required to be at minimal [,, in other words, the
following inequalities must be satisfied relative the
coordinates of the points:

(—x) +—-v) +(z-2) 28 !
Lji=12.k i#j @D

As mentioned above, in general, the characteristic
indicators of radiolocation stations may differ from each
other. Let us denote the target sighting distance of the i -
th radiolocation station as d;, and the characteristic
angle of its unobserved sectoras a; (i = 1,2, ..., k).

In general, a dead zone (zone beyond observation) is
a three-dimensional space figure, we will consider that
the evaluation of these figures can be done based on
their volume.

It is clear that geometrically the dead zone (zone
outside of observation) of the i-th radiolocation station
taken separately can be described as a truncated cone, let
us denote this cone as K;. Then the height of the cone K;

is calculated by the formula h; = d; ctg%. If take into

account that the coordinates of the radar station are
(x;,v:,z;), the cuted cone K; can be expressed as

d; 2
K; = {(x,y,z)|x2 +y?< [#(z—zi)] ,0
13
<z—-z < hi},

its volume will calculated by the following formula
[15, p.347]:

Voi = ﬂj dxdydz
(x,y.2)EK;

d? rzithi
h—lzf (z — z;)%dz.
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However, it is clear that to estimate the dead zone
(zone excluded from observation) of radiolocation
stations operating together the formal sum of the
guantities determined by the formulas (2) cannot be
taken, this is due to the fact that they have intersecting
parts.

To solve the problem, it is necessary to reduce the
volume of each radar station's dead zone (zone outside
of observation) by the volume of the part that other radar
stations can see this zone.

Let's calculate this volume for the i-th radiolocation
station. For other radiolocation stations, the dead zone
(zone outside of observation) is expressed as U;; K;.
Then it can be written the following formula for the
sought volume:
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v, = ﬂ-f dxdydz. 3)
(x,,2)EK\ Ujzi K

Considering that the sets K\U;.K; , i=
1,2, ...,k do not intersect, we can write the following
formula for the evaluation of the dead zone (zone
outside of observation) for all radiolocation stations:

k

V= z V.. 4)

i=
From a mathematical point of view, the problem of
the minimum dead zone (zone outside of observation) of
radiolocation stations operating together can be formed
as follows:

e Itisrequired to find such coordinates (x;, y;, z;)
for which the conditions (1) are satisfied and in
this case the functional (4) takes a minimum
value.

Note that the functional (4) is defined in the non-
convex set K;\ Uj.; K; and it is very difficult to give a
general solution to such minimization problem.
Therefore, the value of this type of functional is
calculated by numerical methods.

On the other hand, the location of radiolocation
stations cannot be arbitrary according to the existing
infrastructure. Taking into account what has been said ,
it is suggested to find a rational solution to the problem.
Thus, the best of the possible options proposed for the
location of the stations can be considered as rational
solution. In order to find a rational solution, a discrete
version of the model (1) — (4) is written and functionals
(4) are calculated for the proposed location options and
compared with each other.

IV. EXAMPLES ON LOCATION OPTION EVALUATION

Example 1: Suppose that four RLSs of the same
type are placed at the vertices of the square
geometrically (Fig.1). Considering that the minimum
distance (side of the square) between the radar stations
isly =15 km, the dead gap angle of each RLS is
a = 130° and the detection distance of RLS is D,,,, =

[km] , we can find the volume V,, of the dead zone of
each RLS considered separately and the volume V of
the dead zone which is caused by the joint location of
these stations.

According to the data of the problem h =
30 ctg > ~ 13 [km] and if we apply the formula (2),
we obtain

2

30 14
Vo = n(—) f z%dz ~ 12252 [km3,]
14) |,

V, ~ 6945 [km3],i = 1,2,3,4

4
V= Z v, ~ 27781 [km?].

i=1
Thus, when comparing, it can be seen that V is about
1.6 times less than 4V,.
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Figure 1. Schematic representation of the placement of RLSs at the
vertices of a square geometrically

Example 2: Suppose that 3 radiolocation stations of
the same type are placed at the vertices of an equilateral
triangle (Fig.2).

b/
A{A

Figure 2. Schematic representation of the placement of RLSs at the
vertices of a triangle geometrically

Taking into account that the minimum distance
between radiolocation stations (side of the triangle) is
lo = 10 [km], the angle of the dead zone of each RLS
is @ =120°, the detection distance of the RLS is
Diax = 35 [km], it is possible to evaluate the separate
dead zone of each RLS V,, and the total sector V.

Based on the data, h = 35 ctg%oo ~ 20 [km]. Then

35

2 .20
22 24, 3
20) fo z%dz =~ 25656 [km3],

VO=7T<

V, ~ 18362 [km®],i = 1,2,3

V =3V, ~ 55088 [km®].

Thus, comparing 3V, and V it can be seen that the
total dead zone of RLSs are reduced by about 1.3 times.

From the comparison of the obtained numbers, it can
be concluded that the creation of a radiolocation area by
placing RLSs on the vertices of equilateral triangles (in
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the form of a checkerboard) is more economically
profitable, as it requires fewer stations.

Although advantageous in terms of cost savings,
fig.-2 grouping does not satisfy other critical
requirements. For example, the failure of any of the
RLSs leads to the formation of large gaps in the
radiolocation field. Losses of air targets during tracking
will be observed even with the correct operation of all
RLSs, since the "dead zone" in the sighting zones of
RLSs are not closed.

If we also take into account the distortion of the
visual zones of RLSs as a result of the influence of the
nature of the relief around the positions, we can
generally conclude that the grouping in Fig. 2 can be
used only in exceptional cases- with an acute shortage of
funds and in secondary areas, but their use at the
forefront is not effective.
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