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Abstract. The article is devoted to the design the proposed construction of the antenna system for the direction-finding complex of the unmanned aerial
vehicle (UAV). The experimental part is represented by the results of mathematical modeling the behavior of the antenna in different parts the operating
frequency range. The effectiveness of the adopted design solutions was evaluated in comparison with analogues of leading companies in the world. Based
on the results of the research, the areas of application the antenna as part of the built-in functional mobile UAV direction finding systems were determined.
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OPRACOWANIE | MODELOWANIE SYSTEMU ANTENOWEGO CELOWNIKA
BEZZAY.OGOWEGO STATKU POWIETRZNEGO

Streszczenie. Artykul poswiecony jest zaprojektowaniu proponowanej konstrukcji systemu antenowego dla zespolu radionawigacyjnego bezzalogowego
statku powietrznego (BSP). Czes¢ eksperymentalna jest reprezentowana przez wyniki matematycznego modelowania zachowania anteny w réznych
czesciach zakresu czestotliwosSci pracy. Skutecznosé przyjetych rozwigzan konstrukcyjnych zostala oceniona w poréownaniu z odpo wiednikami wiodgcych
firm na $wiecie. Na podstawie wynikéw przeprowadzonych badan okreslono obszary zastosowania anteny w ramach wbudowanych funkcjonalnych
mobilnych systeméw radionamierzania bezzalogowych statkow powietrznych.

Stowa kluczowe: anteny, charakterystyka promieniowania, modelowanie, sterowanie napigciem

Introduction

Direction finding and positioning the location of the source
of radio emission (RES) is an important task in the
implementation of the introduction of measures for radio
monitoring, solved in the interests of civil and special services,
including during antiterrorist and military operations.

For a direction finder, the efficiency of solving the problem
of radio monitoring depends on characteristics such as the
accuracy of the measurement of the angle of arrival radio waves,
the type of polarization of the direction-finding signals, the spatial
resolution breaking capacity, sensitivity and operating frequency
range. Specified the characteristics of the radio direction finder are
largely determined by the parameters of the antenna system used.
Therefore, research and development radio direction finders
for small UAVs [4, 9, 13] is a very relevant scientific practical
task for: increasing the accuracy of measuring the angular
coordinates of RES; increasing resolution in angular coordinates;
increasing the sensitivity of the receiving antenna system;
reducing the weight and size parameters of the equipment.

When designing radio direction finders [3, 5], satisfy-meeting
the above requirements, an important task is the development
of antenna systems and methods for processing received signals
that take into account the diffraction distortions of the measured
electromagnetic field, which are a consequence of the scattering
of incident waves on the elements max design of the antenna
system of its fairing, under conditions of a priori unknown
polarization of the received radio waves and an indefinite number
of sources of radio radiation.

Achieving this goal required solving the following tasks:
— analysis of the current state and prospective development trends
theories, techniques and technologies for the production of
direction-finding antenna systems topics; — research and
development of signal processing methods, minimizing which
influence the influence of diffraction distortions of the measured
field on the accuracy of positioning, and antenna systems for their
implementation in radio direction finders; — studies of promising
ways to build ultra-wideband linear direction-finding antenna
arrays with a beam-forming circuit based on a printed Rotman
lens, which increase the sensitivity of direction finding.

At the current moment in the development of antenna systems
for the design of direction-finding complexes of UAVs,
it is possible to single out the design of the TCI antenna,
in particular models 641, 643. In general, the design of such

an antenna is based on the general provisions described above
regarding the parameters of the Vivaldi antenna. However, the key
feature of such antennas is the use of ultra-broadband directional
antenna elements that do not have a phase centre. The antenna
contains systems of the TEM horn type (built on two identical
mirror-curved relative to each other conductive plates) with strips
that expand, and each of the strips is divided into two parts
by a gap (analogous to the Vivaldi antenna discussed [12]).
In fig. 1 aand b, respectively, present the designs of TCI antennas.

Fig. 1. Design of TCI antennas: a) TCI 643, b) TCI 647D

Analysis of the design features of antenna systems without a
phase center allows us to state that the basis of the design of such
ultra-broadband antennas includes a set of TEM horns and Vivaldi
antennas. Among similar solutions, in the subject area of the
article, it is possible to single out the Rohde&Schwarz antenna
systems based on phased antenna arrays [8], symmetrical antenna
vibrators and frame-type antennas [2, 11].

As stated in the statement of the research task, the proposed
article examines the results of simulation of a relatively new
design of the antenna [7], which is being developed for UAV
direction finding and contains the TSA (Tapered Slot Antenna)
concept. It should be noted that specifying a specific task
for designing an antenna system gives a variety of shapes
and proportions between its structural elements. The analysis
of existing information on this issue revealed the following
patterns for TSA: the width of the slit determines the lower
frequency of the working range; the length determines the gain
in the middle and at the upper edge of the frequency band;
the shape of the open slit determines the frequency characteristics
of the antenna element [6]. It is believed that TSA with
an exponentially increasing gap width have the most acceptable
frequency characteristics.
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The article will present the results of modeling the
characteristics of antenna elements of antenna systems using
software modeling tools. ANSYS 2022 FHSS software was used
as software for modeling elements of antenna systems. HFSS
is an industry-standardized 3D electromagnetic simulation tool
fields HFSS technology allows calculation of electric and
magnetic fields, currents, S-parameters, radiation fields in the near
and far zone. The calculation process is fully automated, the user
only needs to determine the geometric parameters, material
properties and the desired result.

1. Element of an antenna system made of slotted
elements of a traveling wave with printed lenses
for full azimuth direction finding sources
of radio emission with arbitrary polarization

The possibility of receiving and direction-finding UAV signals
with arbitrary polarization is an essential technical parameter
of a DF antenna system designed for compact placement on
a mobile carrier. However, the analysis of modern DF antenna
systems manufactured by such large manufacturers as Rohde &
Schwarz, TCI, Alaris Antennas, CRFS showed that only a few
of them produce DF antenna systems for receiving signals from
arbitrary polarization. Therefore, the development of antenna
systems of this type, taking into account the development
of UAVSs, is an urgent task.

In this section, an antenna system for full-azimuth direction
finding of radio emission sources with arbitrary polarization in the
frequency range from 1 GHz to 5 GHz, which consists of slotted
elements, has been developed and studied. As a single antenna
element of the developed antenna system, it is proposed to use a
pair of orthogonal elements of the Vivaldi type with metamaterial
polarization-selective lenses in their openings (Fig. 2).

1

Fig. 2. Basic single antenna element of the system

The antenna elements are made according to the technology
for the production of printed circuit boards on a dielectric
microwave material RO4003 with double-sided metallization by
Rogers. The thickness of the dielectric is 0.508 mm, overall
dimensions of elements — 340 mm x 340 mm. In accordance with
Fig. 1, the Vivaldi antenna is an ultra-broadband printed emitter
built on the basis of an expanding slit line. In this case,
a consistent transition between the non-radiating slit line and free
space can be made using an exponential slit line in the form
of a Vivaldi slit [6, 12]. As a result, such a design transforms
traveling surface waves into radiating leakage waves.
The relationship between geometric parameters and characteristics
of the antenna was established experimentally [9].

A distinctive feature of the proposed embodiment of the
Vivaldi antenna is the use of a printed lens in its aperture, which
increases the cross-polarization isolation and improves the
radiation pattern and input characteristics of the antenna elements.
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2. Mathematical description of the antenna
element

In accordance with Fig. 2, the Vivaldi antenna is an ultra-
wideband printed radiator, which is built on the basis of an
expanding slot line. In this case, a coordinated transition between
the non-radiating slot line and free space can be implemented
using an exponential slot line in the form of a Vivaldi slot [6, 12].
This design results in the transformation of traveling surface
waves into radiant leakage waves. The relationship between the
geometric characteristics and features of the antenna was
established experimentally [8]. The exponential taper of a thin
metal Vivaldi antenna located in the XY plane (Fig. 3) can be
described by points P1 and P2 at points with coordinates (XI, YI)
and (X2, Y2), respectively, as well as by the opening coefficient R.

Fig. 3. Design of a Vivaldi antenna element with parameters for an analytical
description

Between points P1 and P2, the exponential cone is described
by the following differential equations:
2= Ry+C, 1)
where R is the antenna opening curvature factor and C will
represent the offset from y chosen so that P1 and P2 are points on
the line y(x), Fig. 3.
Then the general solution of equation (1) will look like:

y = CleRx + CZ (2)

O = ®)
yleesz_yezeRxl

Co == meorm - 4)

Thus, the mathematical model of the upper curved edge of the
antenna element can be represented as:

R(x) =xe, +1Cief* + Cyle,, x<x <x,. (5)
The length of the section curvature the antenna element will
be described mathematically as follows:

1) = J;_, IR dg =
= % [\/1 + (C1R)?e?Rx — arctanh(\/l + (ClR)ZeZR")]. (6)

Thus, to represent the curves describing the petals of the
Vivaldi antenna, you can use a couple of equations [6]:

x =x1+ K(xz —x1), O]

_ (yz_yl)eR(x2+K(x2—x1))+yZeRx2 —yZeRxl
y= eRx2 _oRxq ®)

The following notations are used in formulas 1-8: R(£) is the
derivative of R(x) where R is the radius of curvature of the antenna
lobe; y, is the antenna lobe overlap coordinate relative
to the abscissa axis (Fig. 3); y. is the distance from the middle
of the upper part of the antenna to the lobe — opened the antenna;
X is a variable belonging to the interval 0... x, and defining
the function y, which determines the change in the lobe curve
from overlapping to opening the antenna; x; is a variable
that determines the lower point of the beginning of the antenna
lobe; x, is the lobe height and the height of the entire antenna
(Fig. 2); K is the value of the coefficient.
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2.1. Antenna modeling

The conducted studies have shown that without changing
the design of the antenna radiator, completely different radiation
patterns can be obtained by changing the phase relationships
at the inputs of the antenna vibrators. This feature will be used
in the construction of a UAV amplitude direction finder with
high resolution. Consider the features of the development
of a broadband radiator of the antenna system.

To analyse the basic element of the direction finder antenna,
we performed the following stages of solution proposed research,
see Fig. 4.
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Fig. 4. Overview of solution process in ANSYS 2022 FHSS environment

During the calculations, the following was found:
it is impossible to cover the required frequency range
of 100-3000 MHz with a simple TSA antenna element;
it is impossible to obtain an acceptable standing wave ratio (SWR)
of the antenna element in a wide frequency range; the shape
of the DC antenna element retains acceptable characteristics
of the frequency range within an octave [10].

To eliminate these shortcomings, it is proposed to divide
the design of the antenna element into three components, which
must be connected according to the scheme shown in Fig. 5.

In the absence of control voltage U1 and U2, the working area
of the radiating element is L1 of both radiating vibrators
and the radiating element provides the necessary characteristics
in the upper part of the operating frequency range.

When the control voltage U1 is applied, the working area
of the radiating element is L1 together with L2. In this case,
the radiating element has good characteristics in the middle part
of the operating range (while they are much worse in the upper
and lower parts of the operating range). And finally, when the
control voltage U2 is applied, the working area of the radiating
element is its entire surface, which provides good performance
characteristics of the lower part of the operating frequency range.

The following characteristics of the antenna element were
modeled: distribution of the E-component of the field, Fig. 6.

Simulation tools made it possible to obtain the structure
of the current density distribution on the antenna surface, see
Fig. 7, and the corresponding picture of the distribution of charges
on the surface of the antenna, see Fig. 8.
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Fig. 5. Schematic diagram of the antenna element
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Fig. 6. Electrical component distribution, simulation in ANSYS 2022 FHSS
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Fig. 7. Structure of the current density distribution on the antenna surface
in the ANSYS 2022 FHSS environment
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Fig. 8. Charge distributions on the surface of an antenna system element
in the ANSYS 2022 FHSS environment

The directions of the Umov-Poynting vector for the antenna
element were found (Fig. 9) and the pattern of losses in the space
of the opening of the antenna element was determined (Fig. 10).

The input characteristics of a single element are shown
in figures 11-15.
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Fig. 9. Directions of the Umov-Poynting vector for an antenna element in the ANSYS
2022 FHSS environment
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Fig. 10. The pattern of volumetric losses in the space of the opening of the antenna
element
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Fig. 11. Smith's nomogram of the Vivaldi antenna element (2 GHz-5 GHz)

-90

Fig. 12. Smith's nomogram of the Vivaldi antenna element (0.1 GHz-5 GHz)
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Fig. 13. S-Parameter antenna element of the antenna system (2 GHz -5 GHz)
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Fig. 15. Y-Parameter antenna element of the antenna system

To use the element under study as part of the radio direction
finder antenna system, a two-stage amplitude-phase direction
finding method is proposed, which involves the introduction
of tables of mutual phases between adjacent antenna elements,
for which the amplitudes of the signals received at the current time
are maximum. The initial bearing estimate is determined
by the amplitude method. The corrected bearing is determined
by the phase distribution of the signal on the elements with
the maximum amplitude. The correlation-interferometric method
can also be applied.

The correlation-interferometric method can also be applied
direction finding [1]. However, in this case, the antenna system
will have to be supplemented with an antenna element with
a circular radiation pattern, as implemented but in TCI direction-
finding antenna systems [3], and tabulate the amplitude-phase
radiation patterns of the elements. Thus, in this section, an antenna
system for full-azimuth direction finding of radio emission sources
with arbitrary polarization has been developed and studied.
The advantages of the proposed design include the following:

o simplicity of design and manufacturability;

o metamaterial lenses in the apertures of antenna elements allow;

e correct phase distortions and improve their radiation pattern,
input characteristics and cross-polarization isolation;

e simultaneous reception of signals on two orthogonal
polarizations.

An analysis of works [2-12] shows that for direction finding
antenna systems, classical vibrator antennas, less often slot
antennas and TEM horns, have found the greatest application,
and the most common direction-finding method is correlation-
interferometric. The antenna systems themselves often have a ring
geometry, while the receiving and processing equipment is located
in the geometric center of the system. In the frequency range
below 1 GHz, this the constructive solution does not have
a noticeable effect on the parameters of the antenna system
and the radio direction finder as a whole, since the radius
of the antennas in the ring arrays is significantly larger than
the dimensions of the receiving and processing equipment.

For the frequency range above 1 GHz, the size ratio changes
significantly, and the structural elements of the receiving
and processing equipment are scatterers, the dimensions of which
are commensurate with the dimensions of the antenna elements
of the system and their distance. As a rule, in this case, the design
of the central part of the antenna is deliberately used as a reflector,
which is clearly seen in the design of the ADDQ75 antenna system
from Rohde & Schwarz [11]. This solution has some
disadvantages, among which we pay attention to the linear vertical
size of the central metal post. In some cases, for example, when
placed on a mast, when connecting antenna systems of other
frequency ranges or lightning protection elements [7], the height
of the central vertical scattering structure is significantly greater
than the length of the antenna elements of the system. Such a ratio
of linear dimensions can lead to a significant irregularity
of the antenna element radiation pattern in the vertical plane,
and, as a result, to a significant decrease in sensitivity from
the corresponding elevation directions, which is unacceptable
for radio monitoring systems, especially UAVs.
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To solve this problem, two variants of ring antenna arrays
from modified dipoles [7] were developed and studied for the
frequency range from 1 GHz to 5 GHz. into construction vibrators
located in the immediate vicinity of the central rack, additional
resistive loads are introduced to ensure the stability of the shape
of the radiation pattern of each element in the array
in the frequency band with an overlap factor of more than 3.

2.2. Calculation of the radiating element

The calculation of the radiating element was carried
out in three stages: first, the optimal structure was calculated
in the high-frequency part of the operating range, then in the
mid-frequency part, and finally in the low-frequency part.
On Fig. 16 shows the characteristics of the antenna element
in the case of common-mode excitation in the absence of a control
voltage.

On Fig. 17 shows the characteristics of the antenna element
in the case of antiphase excitation in the absence of control
voltages (HF part).

The simulation results allow us to study the process
of changing the directional characteristic of the radiator
in the operating frequency range. In particular, in Fig. 15
and Fig. 16 shows the spatial radiation patterns of the emitter
and the gains in the operating frequency range.

From Fig. 16 and Fig. 17, we establish that in the frequency
range of 1100-2500 MHz (HF part of the operating function)
the antenna element has good characteristics in terms of antenna
diagram, amplification factor and standing wave ratio (SWR)
Fig. 18.
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Fig. 16. Characteristics of the antenna element with common-mode excitation
in the absence of control voltages (HF part)
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Fig. 17. Characteristics of the antenna element in the case of anti-phase excitation
in the absence of control voltages (HF part)
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Fig. 18. SWR characteristics of the antenna element under anti-phase excitation
in the absence of control voltages (HF Part)

When the control voltage U1 is applied to the main antenna
element, the second segment is connected to two vibrators,
which practically translates the antennas into the middle part of
the frequency range. At the same time, in the HF part of the range,
its characteristics deteriorate, and in the LF part of the operating
range, poor matching and a low gain are observed. The working
properties of the antenna element are shown in Fig. 19.
The middle part of the operating range occupies the band from
400 to 1200 MHz. By applying the control voltage U2, the entire
antenna structure is put into operation, providing good
performance
in the lower part of the operating range. At the same time,
the characteristics of the antenna element in HF become even
worse (antenna diagrams are distorted and side lobes appear,
the presence of which is highly undesirable when building
direction finding devices), and in the middle part of the range
antenna diagrams deteriorate.
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Fig. 19. Characteristics of the antenna diagram of the antenna element
with common-mode excitation in the presence of a control voltage U1 (middle part
of the frequency range)

The characteristics (antenna diagrams) of the antenna element
with anti-phase excitation in the presence of the control voltage
U2 (LF part) are presented in Fig. 20.

Fig. 20. The characteristics (antenna diagrams) of the antenna element with
anti-phase excitation in the presence of the control voltage U2 (LF part)
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Thus, by dividing the operating frequency range into
three sections, it is possible to cover the frequency range
of 100-2500 MHz with good performance.

Based on the simulation results, a prototype antenna was
developed, Fig. 21.

Fig. 21. Prototype of the manufactured antenna

The antenna was manufactured in the context of the
implementation of a grant from the Ministry of Education
and Science of Ukraine on the scientific topic "Development
of a broadband direction-finding system for determining
the location of military and non-military UAVs" state registration
number 0122U001211.

3. Conclusion

The paper presents the results of the development
and modeling of a broadband antenna system for UAV direction
finding. The research covered the issues of analytical description
of the antenna system based on the prototype — the Vivaldi
antenna. The article presents a mathematical description of the
Vivaldi antenna element model. An experimental relationship
between the geometrical parameters and characteristics
of the antenna has been established. A review of the current state
of the issue of designing antenna systems based on the concept
of constructing ultra-wideband directional antenna elements
in the absence of a phase centre. The main trends in the modern
design of broadband antenna systems are determined. The main
parameters of the proposed broadband antenna are determined
by the method of mathematical modeling. The parameters
of the proposed antenna in the frequency range under various
excitation conditions are investigated, and the specifics
of the application of such a system under the conditions
of its possible operation as part of UAV direction-finding
complexes are given.
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