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Abstract: This article explores the design, modeling, and experimental validation of passive antenna arrays (AAs) tailored
for unmanned aerial vehicle (UAV) communication systems. Focusing on the technical composition and functionalities
of various types of passive antenna arrays, the study delves into different antenna elements that comprise these arrays,
discussing their integration into comprehensive systems. Through rigorous modeling aimed at predicting performance in
diverse operational conditions and backed by experimental studies, the paper provides practical insights for the
development and optimization of AAs. These passive systems leverage the collective strength of multiple antennas to
form directed beams, enhancing signal clarity and reducing interference, thereby supporting robust communication links
essential for UAV operations.

Index Terms: Unmanned Aerial Vehicles, Passive Antenna Arrays, Ground and Airborne Control Segment, Dipole
Antennas, Collinear Antennas, Planar Antenna Arrays, Log-Periodic Antenna, Yagi-Uda Antenna.

1. Introduction

Unmanned aerial vehicle (UAV) is a device capable of flying remotely with control or autonomously following a
preset course, transmitting or storing information according to its mission. There is no generalized system for classifying
UAVs. They can vary in weight and size, ranging from devices just a few centimeters in size to aircraft with wingspans
of up to ten meters. Among the numerous characteristics of UAVSs, notable ones include operational altitude, range, and
general performance features. There are several main classifications of UAVs by functionality: reconnaissance, combat,
logistics, research, civilian, and commercial. Reconnaissance and combat UAVs are used on the battlefield for high-risk
reconnaissance missions. Logistic UAVs are used for cargo logistics operations. Research drones are used for various
scientific projects and to determine the further development of UAV technologies.

UAYV development and production are continuously evolving. Currently, the defense sector is and likely will continue
to be the main market for UAVs. However, there is also ongoing expansion in the civilian and commercial use of UAVSs.
Manufacturers are increasingly focusing on developing aircraft for use in border missions, humanitarian aid, search and
rescue, scientific research, meteorology, fire monitoring, agriculture, infrastructure inspection, police surveillance, cargo
delivery, and signal transmission.

An UAYV system is not only the aircraft itself but a complex system that maintains communication with a ground
control station. This requires a large number of electronic devices for recording, receiving, and transmitting data, as well
as for avionics functions. They have become integral across various domains including military real-time surveillance,
using not only optical but also radar means [1, 2], commercial logistics, and environmental monitoring [3]. As UAVs
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operate in complex and dynamic environments, the demand for sophisticated communication systems to ensure reliable
data exchange, control [4, 5], precise navigation [6], trajectory correction [7], and surveillance [8] has grown
exponentially.

The antenna is a key component of any of mentioned telecommunication branches. Thus, antennas are one of the
most critical electronic devices in any UAV system, as they enable the vehicle to transmit and receive information from
other systems, including the ground segment of control. Exactly antenna largely determines the configuration and often
appearance of the entire system. Passive antenna arrays stand out in this landscape, offering significant improvements in
signal reception and transmission without the dependency on external power sources. Passive antenna arrays have become
essential in this context, providing robust improvements in signal reception and transmission, crucial for UAVs operating
in challenging environments. These arrays, utilizing the collaborative function of multiple antennas, direct beams
effectively to enhance signal clarity and reduce interference, vital for reliable communication. Such antenna arrays
leverage the collective strength of multiple antennas to form directed beams, enhancing signal strength and reducing
interference, which is crucial for maintaining robust communication links. This technology is especially effective in
supporting multiple-input multiple-output (MIMO) systems [10], which are essential for enhancing data throughput and
the reliability of UAV communications by enabling multiple simultaneous transmissions over the same channel.

Moreover, the potential integration of passive antenna arrays with ultra-wideband (UWB) technology [10, 11] opens
new possibilities for UAV applications. UWB is prized for its high resolution and precision, making it ideal for
applications requiring accurate navigation and real-time surveillance. The spatial diversity offered by antenna arrays can
significantly boost UWB device performance, enhancing their capability in secure, high-speed data transmission and
precise localization tasks [12].

Antennas used both for onboard systems and in mobile control systems of UAVs need to be low-profile and compact,
have a strong, simple, and lightweight design, and be easily mountable on various surface shapes. The radiation
parameters of antenna systems depending on the purpose of the system may have a sufficiently wide nomenclature.

Typically, both the airborne and ground segments of the remote-control system of UAVs include dipole
omnidirectional antennas with linear polarization or simple antennas with circular polarization (for example, cloverleaf
or Pagoda antennas). The advantage of this approach is broad angular coverage, which is crucial given the UAVS'
continual change in location. However, these antennas have a relatively low gain (about 2 dBi), which may limit
communication over long distances. Omnidirectional antennas are also more vulnerable to electronic warfare (EW)
interference. To solve this problem, it is appropriate to use either directional antennas or antenna arrays (AA) on the
ground control segment. For example, spiral, parabolic, horn antennas, Yagi-Uda antennas, log-periodic antennas, linear
or flat AA can be used.

Using AAs allows for the tasks of forming specifically shaped radiation patterns, controlling the shape of the
radiation pattern, orientation control in space, scanning space, and increasing radiation power, among others.

The use of such passive AAs allows for the creation of radiation patterns with narrow main lobes, specially shaped
radiation patterns, increased radiation power, as well as applying enhanced design technology. Passive AAs enable the
use of a combination of weakly directional radiating elements to create the necessary field distribution in space, apply
aperture control for radiation pattern formation quality, and perform tuning with relative ease, simultaneously forming
several radiation patterns. These positive properties of AAs with static amplitude-phase distribution have ensured their
widespread use in radio engineering and telecommunications.

Numerous works are dedicated to the principles of design, modeling, and research of AAs of various constructions.
In the overview part of this study, several works are considered that are closely related to our objectives focusing on such
characteristics as the half-power beamwidth (HPBW) and gain factor. In these studies, antennas are considered for various
segments of radio electronics and telecommunications, however, such designs can easily be adapted for UAV
communications purposes.

The paper [13] proposed a simple and compact Yagi-Uda antenna on Rogers RO4003 substrate for multi-band radar
applications. The prototype operates in three different frequency bands, namely 1.9, 2.5 and 3.5 GHz with gains of 6.29,
4.63 and 6.77 dBi, respectively. The goal of the research work [14] is to develop a planar compact Yagi-Uda antenna for
2.4 GHz WLAN applications. This document discusses methods for increasing antenna gain. The proposed antenna is
designed and manufactured on FR-4 substrate. The maximum antenna gain is 4.34 dBi. The above articles do not provide
the exact HPBW values that the prototypes showed. But, analyzing the indicated radiation patterns, we can assume that
these values are in the range of 120-130 deg. in the H-plane and 60-70 deg. in the E-plane, which is typical for Yagi-Uda
antennas.

The combination of helical elements of different lengths makes it possible to implement a dual-band helical antenna,
the study of which is described in the work [15]. This article describes the construction of twelve-element slot helical
antenna with right-handed circular polarization for frequencies 1.227 GHz and 1.575 GHz (GPS L1 and L2 bands). For
these frequencies, gains of 4.44 and 3.87 dBi were obtained at HPBW of 96 deg. and 122 deg., respectively. The principles
of constructing wire and microstrip four-element helical antennas were given in [16, 17]. Simulations were carried out of
two versions of the wired and one version of the printed helical quadrifilar antenna for BD3 band of the Chinese navigation
satellite system BeiDou (1268.52 +12 MHz). Simulation and experimental study showed voltage standing wave ratio
(VSWR) of less than 1.5 in the operating frequency range with the gain of about 3 dBi at HPBW 90 deg.

In the article [18], a comparison of the matching and radiation parameters of broadband microstrip log-periodic
antennas (LPASs) in the frequency band 2-5 GHz using dielectric substrates with different characteristics was made. As a
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result of modeling and experimental study of three samples, the gain of more than 6 dBi was obtained over the entire
frequency band. But it was emphasized that to improve the quality of microstrip LPAs and the stability of main
characteristics at frequencies above 3.5 GHz, it is advisable to use specialized microwave substrates for manufacturing
(for example, Roger RO4003C). As a result of the research in [19], an LPA design for WLAN/LTE/UWB applications
was obtained, manufactured on an FR4 substrate with dielectric constant of 4.3. The measurement results showed that the
proposed antenna has wide bandwidth from 1.4 to 12 GHz, providing the average gain of 4.51 dBi.

The article [20] presents fairly successful design of the 12-element slot AA, which, when positioned vertically, can
provide the HPBW in the meridional plane of about 7 deg. with the gain of 17 dBi.

The work [21] is devoted to the development and research of compact coaxial collinear AA for mobile satellite
communications at the frequency of 4.2 GHz. The AA consists of 10 elements and provides the gain of about 4.5 dBi in
the directions of 20 and 240 deg., which is suitable for use in satellite communication systems.

The paper [22] presents the 2 x 2 microstrip AA design with rectangular patch elements for the frequency of 3.8
GHz, having the HPBW of 33 deg. and the gain of 13.2 dBi. The compact two-element AA design with vertical
polarization for portable UAV remote control is considered in [23]. This AA operates at the frequency of 2.4 GHz. To
increase the radiation efficiency, patch elements with air cavities were used. When modeling and studying this AA, the
gain of 9.14 dBi was achieved at the HPBW of 60 deg. in the E-plane and 65 deg. in the H-plane. The study [24] presents
the design and implementation of four linear AAs consisting of microstrip rectangular antennas. Linear AAs operate in
the frequency range from 2.62 to 2.69 GHz and provide cosecant quadratic radiation pattern in the E-plane and the HPBW
of about 90 deg. in the H-plane with the maximum gain of 11.1 dB to 12.2 dB in the operating frequency band.

Unfortunately, in all the works discussed above, there is no indication of the features that arise during the modeling,
manufacturing and operation of the developed AA structures. Only the final results of the study are indicated there.
Although, according to the experience of the authors of this work, as a result of the development of any type of antenna,
nuances arise, taking into account which significantly simplifies the work and improves the final result. It would be very
useful to have practical guidelines to help researchers and developers of antennas and antenna systems optimize
performance and achieve their goals.

This article focuses primarily on the technical composition and capabilities of various types of passive AAs suitable
for UAV systems applications. We delve into the different types of antenna elements that compose these arrays and
discuss their design and integration into comprehensive systems. Detailed attention is given to the modeling of these
arrays to predict their performance in diverse operational conditions and to the experimental studies that validate these
models. The aim is to provide a thorough exploration of passive antenna arrays, offering practical recommendations and
insights that can aid in their development and optimization.

The study involves the modeling and research of several types of passive AAs with static amplitude-phase
distribution. These samples relate to AAs that are most convenient for use in UAV communication systems, meeting the
requirements for compactness, simplicity, reliability, and having good radiation and matching characteristics.

Through this article, we aim to convey to researchers and practitioners our experience, research results and
knowledge necessary to improve the design and functionality of passive AAs to increasing their effectiveness in UAV
communications systems. By focusing on the arrays’ structural and functional aspects, this article contributes to a deeper
understanding of their potential and the technical nuances involved in their development using different antenna elements.

In Section 2, an overview of the main principles of designing passive AAs of two types will be conducted: equidistant
in-phase equal-amplitude and non-equidistant unequal-amplitude. Section 3 is dedicated to the development process,
modeling, and experimental research of six samples of AAs of different types: microstrip flat AA 4x2, two samples of
Franklin antennas, coaxial collinear antenna, microstrip Yagi-Uda antenna, and microstrip log-periodic antenna.

2. Principles of Passive Antenna Array Construction
Structurally, passive AA can generally be divided according to the following criteria:

. according to the order of placement of AA elements: linear, flat and volumetric; equidistant or non-equidistant;
. according to the principle of feeding AA elements: equal-amplitude and unequal-amplitude; in-phase and phase-
shifted.

Let us briefly consider the theoretical principles of constructing different types of AA that will be studied in this
work.
2.1. Equidistant In-phase Antenna Array

Fig. 1 shows the linear equidistant in-phase AA with static amplitude-phase distribution.
The field intensity at the observation points from such AA, consisting of the set of n emitters, is equal to:
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where E,. isamplitude multiplier, the value of which depends on the power supply intensity of the emitters, their design
and distance to the observation point; F(O,(p) is normalized radiation pattern (RP) of identical emitters;

E =EmF(0.0)

F,(0) =sin[m(dzwse}/sin[kd 02056} is system multiplier; r is the distance from the AA center to the observation

point; d is the distance between two adjacent AA emitters; 6 is meridional angle; k = 2r/A is wave number.

Antenna
array, axis

Fig.1. The emitters system that are discretely located along the system axis

That is, AA RP radiation pattern is the product of two factors:
£(6.9)=F(0.0)F,(0),

the first of which describes the guiding properties of individual emitters, and the second (system multiplier) takes into
account the fields interference of all system emitters.

Provided that kd <2=n, AA RP will have one main lobe. The direction of the main maximum can be defined as
cos0,,, =0 . Consequently, the maximum radiation direction of an in-phase linear system coincides with the

perpendicular to the emitters location line.
Directions of zeros and side lobes of the RP of the linear equidistant in-phase AA are defined as:

cos0,, =%, p=+1£243,...;

2p+1
_@pibr

cos6,,,
nkd

=+1,+2,£3,...,

where 0, is zero radiation direction of p-th order; 0,,; is the direction of the side lobe maximum of the p-th order.

Unidirectional radiation can be obtained using a reflector (screen). The reflector is placed at the distance (0.2-0.25)
A from the AA plane. For example, the directivity characteristic in the horizontal (azimuthal) plane, as follows from Fig.
2, is determined by the directional properties of individual AA elements (for example, symmetrical dipoles), the system
multiplier and the reflector influence. According to the multiplication theorem, the directivity characteristic can be written
as

f(o) =F(@F () (9),
where F(p) is the directivity characteristic of individual element in the azimuthal plane;

F,(p) =sin (; mmsin (p)/msin(;nsin (pj is the system multiplier for the distance between AA elements d = 0.5A and
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the number of elements m; F, (o) :cos[%(l—coap)j is the multiplier that takes into account the reflector influence,

which is powered by the current shifted in phase by 90elative to the antenna current and located at the distance d, =
0.25); @ is azimuthal angle.

AA elements
1 2

dr

Reflector

Fig.2. AA with the reflector in the azimuthal plane

Any omnidirectional or directional antennas can be used as elements of linear or flat equidistant AA. For example,
half-wave symmetrical and asymmetrical dipoles with different arm designs are most often used (Fig. 3).

. I )

a b c

Fig.3. Examples of arms designs of symmetrical dipole: a — classic rectilinear; b — folded dipole; ¢ — biconical dipole

As elements of microstrip equidistant in-phase AA, many researchers choose simple rectangular patch element (Fig.4)
with different power supply methods, the construction of which is described in detail in many scientific works [21-25].

patch- microstrip patch- microstrip patch-

element power supply element power supply element
feed BRRootinocdones line AT line OIS 2
point [

¢ o:’ %

& e A
dielectric dielectric dielectric
substrate substrate substrate

a b c

Fig.4. Examples of connecting microstrip patch antennas: a — power supply using coaxial probe; b — power supply using microstrip line with quarter-
wave matching transformer; ¢ — power supply using microstrip line with an insert

2.2. Non-equidistant Unequal-amplitude Antenna Array

The most famous examples of non-equidistant unequal-amplitude AA are the Yagi-Uda antenna (director antenna,
wave channel antenna) and the log-periodic antenna.

The Yagi-Uda antenna design is shown schematically in Fig. 5. The dipoles axes are parallel to each other,
perpendicular to the antenna axis and are in the same plane. Of the entire set of dipoles, only one is active (A). The
remaining dipoles (the reflector R and directors D) are passive and are excited by the field of the active dipole.

The phase relationships of the re-emission fields of passive dipoles are selected in such a way that the resulting field
of the entire antenna has the highest intensity in the direction of the antenna axis. In this case, the maximum radiation is
directed towards the directors.

The reflector R reduces the antenna radiation into the half-space located to the left of the reflector (Fig. 5). Since the
field behind the reflector is significantly weakened, one dipole is sufficient to create unidirectional radiation from the
antenna. To weaken the field in the left half-space, it is necessary that the waves emitted by dipole R be in antiphase with
the waves of the dipole A when propagating into the left half-space and be in phase with the waves of the dipole A when
propagating into the right half-space (towards the directors). This condition is satisfied if the reflector current is in phase
ahead of the active vibrator current. This is achieved due to inductive nature of the reflector impedance. To do this, it is
necessary to take the reflector length slightly longer than half wavelength. The active dipole operates at its own
wavelength (21 = 0.5 1), so the reflector length is taken to be (5...15) % greater than the active dipole length. The distance
between the reflector and the active dipole is in the range (0.1...0.25) A.
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Fig.5. Yagi-Uda antenna

The directors are placed in the direction of radio waves propagation and contribute to electromagnetic energy
concentration. To ensure maximum intensity in the antenna axis direction, the director's radiation field must be out of
phase with the active dipole field. This is achieved by the phase lag of the currents in the directors. To do this, their
impedance must be capacitive nature. To obtain the capacitive nature of the director's impedance, their length is chosen
to be (5...15) % less than the active vibrator length. The distances between the active vibrator and the first director, as
well as between the directors, are selected in the range from 0.1 to 0.35 A.

The calculation of the Yagi-Uda antenna is quite complicated. As a result of solving the equations system, the current
values in the antenna elements is obtained, which makes it possible to calculate the system multiplier:

I, LI
fs(e) =—Re ikd og cOSO +1+Z_se|descoso '
L s=1 A

where Ig is reflector current, Is is director current, la is active dipole current, dar is the distance between the reflector and
the active dipole, das is the distance between the active dipole and the s-th director, 6 is the angle between the antenna
axis and the direction to the observation point.

The input impedance of the Yagi-Uda antenna can be quite low due to the fact that the induced resistances of the
passive dipoles are negative. Therefore, in the case of using half-wave symmetrical dipole as the active emitter, the input
impedance is about 20-30 Ohms. If the active emitter is the folded dipole, then the input impedance is 120-180 Ohms.
The Yagi-Uda antenna has a simple and durable design. Its disadvantage is its narrowband and configuration complexity.

An antenna with a logarithmic-periodic structure (log-periodic antenna LPA) belongs to the class of ultra-wideband
antennas. Its bandwidth ratio reaches values of more than 4. The directional coefficient of such antennas is relatively
small and amounts to 10-11 dB, but the operating frequency band is quite large. Therefore, LPAs find a very wide range
of applications.

The flat LPA has the form of linear AA of symmetrical dipoles, the length of which varies monotonically (Fig. 6).
Dipoles are powered by a two-wire feeder. The lines connecting dipoles ends create the antenna angle a.

Fig.6. LPA design
Conditions for log-periodic structure:

. tangent of half antenna opening angle

. relative diameter of the s-th dipole
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a
o =—=const,

where as is the diameter of the s-th dipole;

. relative distance between adjacent dipoles

t=Psa _ const |
P;

The requirement to maintain a constant relative diameter of the dipole elements is not critical, therefore, in violation
event, the antenna retains frequency independence. Therefore, dipoles can be made with the same cross-section. The first
and third conditions must be satisfied with great accuracy. Only in this case the basic properties of the antenna are
preserved.

The dipoles whose length is close to or equal to half wavelength have the small input impedance, in which the active
component predominates. The currents in these dipoles will be significant and therefore the radiation intensity of
electromagnetic waves compared to the waves intensity emitted by other dipoles is very high. The dipoles that intensely
emit waves create the LPA’s active zone. The LPA active zone is equivalent to the Yagi-Uda antenna consisting of three
dipoles. As the wavelength changes, the active zone shifts along the LPA.

Due to the fact that the relative length of the active zone dipoles is unchanged, the antenna parameters for all resonant
wavelengths are repeated. When designing an antenna, its constants a and t are selected in such a way that changes in the
antenna parameters do not exceed acceptable limits.

The resonant wavelength value of the s-th dipole is determined by the formula in terms of the resonant wavelength
of the first dipole:

Iy, =(s-1)Int+In,.

Therefore, on logarithmic scale, the resonant wavelengths repeat at equal intervals In t. This circumstance determines
the antenna name.

3. Modeling and Research of Antenna Arrays

The basic general principles of AA design were described in the previous section. This section discusses some
practical features when constructing various AA designs that can improve the matching and radiation parameters of the
antenna and which are recommended to be taken into account during modeling and manufacturing. All experimental
samples of the developed AAs were studied using the vector network analyzer Lite VNA 64.

3.1. Microstrip Flat Antenna Array 4 x 2

To construct microstrip flat equidistant equal-amplitude in-phase AAs, any microstrip elements can be used. But
most often, as noted above, researchers use simple rectangular patch emitters as AA elements (Fig. 4). The advantages of
these emitters are the ease of calculation described, for example, in [25, 26], and the possibility of relatively simple
implementation of the radiation pattern with the required beamwidth. But there are also disadvantages. For example, a
relatively narrow operating frequency band, which is unacceptable for some applications. Therefore, there is a need to
use other AA element designs that would expand the frequency band.

In addition to the rectangular microstrip element, depending on the tasks set by the designer, many other
modifications of the shape of the AA microstrip elements are used, which can improve such AA characteristics as the
gain, the HPBW, the operating frequency bandwidth, and more. For example, to construct the AA with linear polarization,
microstrip symmetrical dipole elements with different arm shapes are often used (classical rectilinear, bowtie antenna,
folded dipole antenna, etc.).

In this work, the microstrip folded dipole antenna powered by two-wire microstrip line was used as AA elements
(Fig. 7).

The main advantages of the folded dipole compared to the classic straight open dipole are:

« The folded dipole provides significant increase in the resistance level, which simplifies the matching of the

antenna with the power line.
. The folded dipole has flatter frequency response, allowing it to be used over wider frequency range.
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microstrip two-wire microstrip
power supply line folded
dipole

dielectric
substrate

Fig.7. The microstrip folded dipole

To design the microstrip folded dipole as the AA element, it is necessary to know the parameters of a strip two-wire
feeder (Fig. 8).

Fig.8. Two-wire strip feeder

The symmetrical strip two-wire feeder can be considered as two microstrip lines with a common shield. The
characteristic impedance of such line is equal to twice the impedance of the single microstrip line, since the characteristic
impedances of the microstrip line are connected in series. Therefore, for the calculation, expressions for the microstrip
line can be used, in which it is necessary to double the characteristic impedance and reduce the substrate thickness h by
half. As a result, from the expressions for the microstrip line impedance, a simplified formula for the width of the strip

two-wire feeder is obtained:
We 200m (E_Amj’
We, N2

where W, is the characteristic impedance of the symmetrical microstrip feeder; Am is metal thickness of the feeder strip;

gr is relative permittivity of the substrate.
To optimize feeder dimensions, use the following inequality, provided that characteristic impedance of standard
coaxial feeder W, =50 Ohm,

1.21< W <1.43.
w

f

To build the microstrip flat AA 4 x 2 (Fig. 9), the elements of which are folded dipoles, the dielectric substrate Roger
RO4030 was used with the following parameters:

. relative permittivity 3.38;
. dielectric loss tangent 0.0027;
«  Substrate thickness 0.813 mm.

Central operating frequency of the flat AA is 5.9 GHz.

~M2

Fzv-~1

~M2

Fig.9. Microstrip flat AA 4 x 2
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The main results of modeling and experimental research of the microstrip flat AA are presented in Fig. 10-14.

Fig.10. 3D radiation pattern of the microstrip flat AA 4 x 2

Frequency =5.7 GHz
----- Frequency =5.9 GHz
=== Frequency = 6.1 GHz

Frequency =5.7 GHz
----- Frequency =5.9 GHz
====Frequency = 6.1 GHz

a b
Fig.11. Radiation patterns of the microstrip flat AA 4 x 2: a—in the plane ¢ = 0 deg.; b — in the plane ¢ = 90 deg
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Realised gain, Directivity [dBi]
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Fig.12. Dependences of the gain and the directivity of the microstrip AA 4 x 2 on the frequency
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Fig.13. Dependence of the VSWR of the microstrip AA 4 x 2 on the frequency
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PM1: 5.906 666 868 GHz

1.5

1.25

~STHRT 5.760 666 860 GHz 201p 2x AVG STOP 6.200 866 666 GHz

Fig.14. Measured dependence of the VSWR of the microstrip AA 4 x 2 on the frequency

The results of modeling the microstrip array 4 x 2, the elements of which are folded dipoles, showed the possibility
of forming the radiation pattern with sufficiently narrow HPBW. When placing the antenna to work with vertical
polarization, HPBW in the horizontal plane was 17 deg., in the vertical plane it was 38 deg. In this case, the level of the
side lobes does not exceed —10 dB. The gain at the central operating frequency reaches 11 dBi. Experimental study showed
that the operating frequency band of the antenna reaches 300 MHz with VSWR < 2 (5.8-6.1 GHz). The experimentally
obtained frequency band is less than that obtained in the simulation. This is due to the inaccuracy of the production of the
experimental sample. But the goal was achieved.

When modeling, manufacturing and studying the experimental sample, the following features were noted:

. to expand the operating frequency band, it is necessary not only to increase the radiating element width of the
folded dipoles, but also to make small shift between the dipole arms on both sides of the substrate to reduce the
quality factor;

. the distance between the AA elements at the first stages of design should be half the wavelength, but during the
optimization process it definitely changes;

. this design requires careful calculation and maximum precision manufacturing; any inaccuracy of the
experimental sample (dimensions of elements, distance to the screen, etc.) negates all expected results.

Flat in-phase arrays are quite widely used as antennas for the ground control segment of UAVS.
3.2. Collinear Antennas

A. Franklin Antenna

Collinear antennas belong to the class of linear in-phase AA, which are made of symmetrical dipoles. An example
of collinear antenna design is Franklin antenna, created back in 1926. As can be seen from the design diagram (Fig. 15,
a), the Franklin antenna consists of metal rods 0.5\ long and inductive coils connecting the rods.

AT,
20 2y

T~ < T

\‘ - \

M2 |4 A

J J

P tee. P

vl .- Et"

T "~ P A

. - \

M2| |4 p

J J

v o <
coaxial
power line

a b

Fig.15. Franklin antenna

The generator powers the antenna using a coaxial cable connected to the antenna terminals through a matching
device (autotransformer). With the correct choice of generator frequency, half wavelength is placed on the rods, and the
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rods emit electromagnetic waves in the same way as half-wave symmetrical dipoles. The inductors absorb half the
standing wavelength, which ensures in-phase excitation of the dipoles. The value of the inductances is chosen large
enough so that half wavelength is also placed on the turns of the coils. The distributed capacitance between the turns
should be accounted when calculating inductors.

The equivalent circuit of Franklin antenna is shown in Fig. 15, b. The inductors can be replaced with quarter-wave
sections of short-circuited line. These conductors pick up half-waves of standing current in antiphase to the current in the
dipoles. Consequently, the dipoles are powered by in-phase currents, and Franklin antenna can be considered as the in-
phase AA. In the horizontal plane the collinear antenna is omnidirectional, and in the vertical plane the radiation is
concentrated at small elevation angles. The beamwidth of the collinear antenna has slightly larger value than that of the
equal-amplitude AA, since the greater the distance of the dipole from the antenna terminals, the smaller the current
amplitude. The side lobes’ level is reduced compared to the equal-amplitude AA, but the gain does not reach the similar
values. In modern collinear antennas, inductors are used with a small number of elements.

The collinear antenna was studied for the frequency range 730-760 MHz. For construction it was used:

. copper wire with the diameter of 2.5 mm;
« N pin connector for crimping RG-213 cable.

During the study, it was decided to compare two methods for constructing the collinear antenna: using the inductor
(Fig. 16) and using the quarter-wave stub (Fig. 17) for phasing currents in the antenna elements.

| ~3M4 M20, ~M2 |

RYYYY! |
=

Fig.16. The collinear antenna with the inductor

1 ~3M4 1 ~M2 |

o w0 |

Fig.17. The collinear antenna with the quarter-wave stub

The main results of modeling and research of collinear wire antennas are presented in Fig. 18-22.

Fig.18. 3D radiation patterns of the collinear antennas: a — with using the inductor; b — with using the quarter-wave stub

An experimental study of the samples showed that the operating frequency band of the collinear antennas reaches
more than 200 MHz (710-820 MHz and 695-805 MHz, respectively) with VSWR < 2. The gain at the central frequency
reaches 5 dBi at the HPBW value of about 30 deg.

The following features were noted during the modeling and study of the experimental samples:

. increasing the number of half-waves radiating elements does not significantly increase the gain (with the
addition of one more element, the gain increased to 6 dB), so in most cases there is no point in increasing the
collinear antenna length;

. the side lobes level when phasing AA elements using the quarter-wave stub is less than when using the inductor

Volume 16 (2024), Issue 4 41



Passive Antenna Arrays in UAV Communication Systems

(-9 dB and -6 dB, respectively);
. the manufacture of the collinear antenna with the inductor showed greater degree of repeatability, greater
simplicity and manufacturability of the process than the second sample.

= Frequency = 0.72 GHz Frequency =0.72 GHz

= === Frequency =0.75 GHz ==== Frequency =0.75 GHz
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== == Frequency =0.78 GHz

Fig.19. Radiation patterns of the collinear antennas in the E-plane: a — with using the inductor; b — with using the quarter-wave stub
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Fig.20. Dependences of the gain and the directivity of the collinear antennas on the frequency: a — with using the inductor; b — with using the quarter-
wave stub
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Fig.21. Dependences of the VSWR of the collinear antennas on the frequency: a — with using the inductor; b — with using the quarter-wave stub

B. Coaxial Collinear Antenna

More technologically advanced design compared to wired collinear antennas are collinear antennas made from
sections of coaxial wire (Fig. 23, a). Each of the cable segments is the half-wave dipole. Fig. 23, b shows longitudinal
section of the coaxial collinear antenna. From the above diagram it can be seen that the segments are connected crosswise,
which ensures that the currents on the outer surface of the coaxial rods are in-phase, provided that each segment contains
half wavelength. Common-mode currents also flow on the central conductors of the coax.
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Fig.22. Measured dependences of the VSWR of the collinear antennas on the frequency: a — with using the inductor; b — with using the quarter-wave
stub

Fig.23. Structure of the coaxial collinear antenna

The coaxial collinear antenna (Fig. 24) was designed and tested for the frequency band 5.5-5.8 GHz. For construction
were used:

. microwave coaxial cable RG-402 (central conductor 0.92 mm, braid 3.58 mm; shortening factor 1.43);
. SMA connector series S-111.

Fig.24. The coaxial collinear antenna

The main results of modeling and research of the coaxial collinear antenna are presented in Fig. 25-29.

Experimental study showed that the antenna operating frequency band reaches more than 300 MHz with VSWR <
2. The experimentally obtained frequency band is almost three times larger than that obtained in the simulation. This is
due to the physical characteristics of the coaxial cable used for construction, since it is impossible to fully take them into
account during modeling. The simulated gain reaches 5.5 dBi with the HPBW about 23 deg.

Volume 16 (2024), Issue 4 43



Passive Antenna Arrays in UAV Communication Systems

Fig.25. 3D radiation patterns of the coaxial collinear antenna
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Fig.26. Radiation patterns of the coaxial collinear antenna: a — in the plane ¢ = 0 deg.; b — in the plane ¢ =90 deg
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Fig.27. Dependences of the gain and the directivity of the coaxial collinear antennas on the frequency
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Fig.29. Measured dependences of the VSWR of the coaxial collinear antennas on the frequency
The following features were noted during the modeling and study of the experimental sample:

. the lengths of the coaxial cable sections must be shortened in comparison with the calculated ones to take into
account the influence of the relative permittivity of the cable (shortening factor);

. when using the SMA connector of the series S-111, the antenna matching with the standard 50 Ohm feeder has
improved, since in the connector design the part for cable crimping can play the role of a counterweight;

. itis possible to expand the operating frequency band through the use of coaxial elements of different lengths
(the difference should be about 5-10%);

. radiation pattern asymmetry in planes at ¢ = 0 deg. and at ¢ = 90 deg. can be eliminated by improving the
alignment of the coaxial antenna elements.

3.3. Yagi-Uda Antenna

The Yagi-Uda microstrip antenna belongs to the class of non-equidistant unequal-amplitude antennas with axial
radiation. The operating frequency of 5.75 GHz was chosen for the study. To build the Yagi-Uda microstrip antenna
(Fig.30), the dielectric substrate Roger RO4030 was used with the following parameters:

. relative permittivity 3.38;
. dielectric loss tangent 0.0027;
«  Substrate thickness 0.813 mm.

The main results of modeling and research of the Yagi-Uda microstrip antenna are presented in Fig. 31-35.
~A/2

— ]

Fig.30. Yagi-Uda microstrip antenna

The experimental study showed that the operating frequency band reaches more than 400 MHz with VSWR < 2 and
200 MHz with VSWR < 1.5. The simulation obtained the gain of 4.8 dBi with the HPBW in the E-plane of about 74 deg.
and in the H-plane of about 140 deg.

The following features were noted during the modeling and study of the experimental sample:

. the use of passive director microstrip dipole elements two to three times wider than the active dipole element
can significantly expand the operating frequency band;

. increasing the number of passive director elements had almost no effect on the increase in the gain; therefore,
there is no point in complicating the Uda-Yagi microstrip antenna design for these frequencies;
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. the use of standard fiberglass laminate FR-4 to build an antenna at these frequencies leads to significant losses
and, accordingly, a significant reduction in the gain.

Ny
RO A

Fig.31. 3D radiation patterns of the Yagi-Uda microstrip antenna
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Fig.32. Radiation patterns of the Yagi-Uda microstrip antenna: a — in the H-plane; b — in the E-plane
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Fig.33. Dependences of the gain and the directivity of the Yagi-Uda microstrip antenna on the frequency
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Fig.34. Dependence of the VSWR of the Yagi-Uda microstrip antenna on the frequency
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Fig.35. Measured dependences of the VSWR of the Yagi-Uda microstrip antenna on the frequency

3.4. Log-periodic Antenna

The log-periodic antenna (LPA), like the Yagi-Uda antenna, belongs to non-equidistant unequal-amplitude antennas
with axial radiation. The process of microstrip LPA designing is described step by step in the work [6]. The symmetrical
dipole elements of the LPA are fed by the strip two-wire feeder (Fig. 8).

The frequency range 2-6 GHz was chosen for the study. To build the microstrip LPA (Fig. 36), the dielectric
substrate Roger RO4003C was used with the following parameters:

. relative permittivity 3.55;
«  dielectric loss tangent 0.0021;
«  Substrate thickness 0.813 mm.

The main results of modeling and research of the microstrip LPA are presented in Fig. 37-41.

~Amax/2

Fig.36. The microstrip LPA

Fig.37. 3D radiation patterns of the microstrip LPA
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Fig.38. Radiation patterns of the microstrip LPA: a — in the H-plane; b — in the E-plane
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Fig.39. Dependences of the gain and the directivity of the microstrip LPA on the frequency
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Fig.40. Dependence of the VSWR of the microstrip LPA on the frequency

The experimental study showed that the operating frequency band of the LPA reaches more than 4 GHz with VSWR

< 2 (1.2-6.3 GHz). The simulation obtained the gain of about 6 dBi with the HPBW in the E-plane of about 76 deg. and
in the H-plane of about 112 deg.

48

The following features were noted during the modeling and study of the experimental sample:

. for the manufacture of microstrip LPAs with the high overlap coefficient of the frequency range above 3 GHz,
it is recommended to use special UHF substrates (for example, from Roger), since standard substrates for printed
circuit boards do not guarantee the stability of their parameters in wide frequency range and introduce large
losses;

. toincrease the gain at the lower limit of the frequency range and to reduce the antenna dimensions, microstrip
dipoles can be made in L-shaped (or T-shaped) form, which also allows optimizing the current distribution along
the dipoles;

« the short-circuited section can be made with a bend, which significantly reduces the longitudinal antenna
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dimension and has almost no effect on the radiation and matching characteristics;
. the short-circuited section can be replaced with an absorbing load (this is quite convenient for log-periodic
antennas in microstrip design, when lightning protection is not a rigid obstacle, as in the case of wired antennas).

PM1: 4.734 688 860 GHz

~STF!RT 1.5600 806 066 GHz 201p 2x AVG STOP 6.466 6686 8608 GHz

Fig.41. Measured dependences of the VSWR of the microstrip LPA on the frequency
4. Conclusions

This study has systematically explored the design, functionality, and optimization of passive antenna arrays for UAV
communication systems. By integrating theoretical modeling with experimental validation, we have demonstrated how
these arrays can significantly enhance signal reception and transmission capabilities in complex environments. The
findings underscore the importance of passive arrays in improving the robustness and reliability of UAV communications,
providing a foundation for future advancements in technology of antennas designed for UAVs. Recommendations are
provided to guide further research and development, ensuring that UAV communication systems continue to evolve with
increasing efficiency and effectiveness.

The theoretical justification, modeling, and experimental research of each type of AA has been performed and the
features and recommendations that are useful both for beginners and professionals in the field of antenna design.

Antennas are one of the most important electronic devices in any UAV system because they allow the aircraft to
transmit and receive information from other systems, including the ground control segment.

Antennas used both for the on-board segment and in mobile UAV control systems should be low-profile and compact,
have a strong, simple and light design, and be easily mounted on surfaces of various shapes. The requirements for the
radiation parameters of antenna systems, such as the gain factor and the shape of the directional pattern, can be
significantly different depending on the purpose of the antenna.

The use of passive AAs makes it possible to form a specially shaped antenna pattern, control the antenna pattern and
its orientation in space, as well as increase the radiation power. These AAs features significantly improve and expand the
functionality of control, communications and surveillance systems. On the other hand, such antennas have a low price
and do not require additional power sources.

This article has examined the main advantages of using AAs in the ground and airborne segments of the UAV system,
discussed the basic principles of constructing passive AAs of various types: equidistant and non-equidistant, in-phase and
phase-shifted, as well as the basic principles of designing AAs of the specified types. Modeling and experimental research
of examples of AAs of different types of construction was carried out. Features of construction of various types of AAs
are indicated, which can be applied in practice to ensure optimal results.

It has been shown that, when it is necessary transmit/receive an information signal with a gain factor greater than
that of a classic dipole antenna, and without a specific reference to the azimuthal direction, it is advisable to use equidistant
in-phase AAs both in the ground and in the on-board segments of the UAV system control. For example, it can be collinear
antennas of different construction (wire or coaxial) depending on the required frequency and conditions of use. This
allows the gain of up to 5 dBi with the HPBW of less than 30 deg. If it is necessary to transmit/receive signals in a specific
sector of space, it is advisable to use directional AAs, for example, in-phase equidistant planar AAs with the number of
elements depending on the required HPBW. This makes it possible to increase the gain by 12 dBi while reducing the
HPBW, which can be less than 10 deg. depending on the number of AA elements. Such measures improve
countermeasures against EW.

Directional antennas such as Yagi-Uda antenna and LPA have also been investigated. They have wider antenna
pattern than equidistant in-phase flat AAs. For example, the microstrip Yagi-Uda antenna with two directors can have the
gain of up to 5 dBi with the HPBW in the E-plane of about 76 deg. and in the H-plane nearly 112 deg. in the frequency
band up to 400 MHz. If it is necessary to significantly expand the frequency band, it is advisable to use the LPA. For
example, the microstrip 17-elements LPA can provide the gain of up to 6 dBi with the HPBW in the E-plane of about 80
deg. and in the H-plane about 120 deg.
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Thus, in this work, modeling and research of samples of several types of passive AAs with static amplitude-phase

distribution has been carried out. These samples refer to AAs, which are the most convenient for use in communication
systems with UAVs because they satisfy the conditions of compactness, simplicity, reliability and have acceptable
characteristics of radiation and coordination. After the theoretical justification, modeling and experimental study of the
key features of each type of AAs, practical recommendations for the design of such antennas have been given.
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