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ABSTRACT Drones are a form of remote-controlled aircraft that can take to the air without the need for a
human pilot. An increasing number of people are looking into using drones for a variety of tasks, including
but not limited to operations in hazardous areas, environmental monitoring and sensing, aerial spreading
of fertilizer and agricultural chemicals, disaster management and transporting goods from one location to
another. Drones are receiving a lot of attention for these and other uses. A drone’s position and navigation
can only be controlled by the remote pilot via radio frequency (RF) transmission between the drone and the
remote pilot. In order to facilitate two-way communications between the drone and its operator, it is necessary
to keep a tight eye on the telemetry data and supplementary sensor data being sent and received by the drone
in real time. Unmanned flying would not be conceivable without a flexible and dependable communication
system. Due to the necessity of complete spatial coverage for drone communication, the antenna radiating
in an isotropic pattern presents itself as a promising option for unmanned flying. Therefore, microstrip patch
antenna is an excellent choice for drone applications.

INDEX TERMS Drone communication, antenna design, phased antenna array, patch array, reconfigurable
antenna, UWB radar, smart antenna, parasitic patch, triangle array antenna, realized gain, swarm drones,

ground station and compact array antenna.

I. INTRODUCTION

The sophisticated processes and remarkable capacities of
drones are servicing a significant part of the business. The
use of drones in civil applications has gained significant
traction in recent years [1]. There are many different kinds of
drones, but they may be divided into two broad categories:
those that are used for reconnaissance and surveillance,
and those are used in scientific research [2], [3], [4], [5].
Drones are currently being used in the following human
endeavors: agricultural, aerial photography, search and res-
cue, shipping and delivery, 3D mapping, safety surveillance,
wireless internet access, research, and natural science. Drones
are no longer a cutting-edge novelty but a crucial compo-
nent of 21 century [6]. Despite this, many variants have
been released and sold commercially in recent years, and
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their popularity among end users has grown substantially.
Drones are remotely piloted aircraft that can be equipped with
cameras for use in videography and photography [7], [8].
Drones will be indispensable for many future uses, such
as the surveillance of infrastructure from above, such as in
manufacturing facilities, farms and other agricultural areas,
and emergency response operations [9], [10]. Drones can be
classified into subsets based on physical characteristics like
size and weight as well as performance metrics like maximum
altitude reached and flying range [11]. Fixed-wing aircraft
and multicopter aircraft are the two primary categories [12].

Drones capable of traversing long distances make
use of a narrow bandwidth. Ionosphere reflections and
low-attenuation windows in the atmosphere make long-
distance communications possible [13]. As part of the transi-
tion from analogue to digital television in Japan, the Ministry
of Internal Affairs and Communications (MIC) reallocated
the 169 MHz band in 2016 for use by autonomous vehicles

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

VOLUME 11, 2023

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

58367


https://orcid.org/0000-0003-2602-7255
https://orcid.org/0000-0001-5446-6357
https://orcid.org/0000-0002-4948-3870

IEEE Access

M. M. H. Mahfuz, C.-W. Park: Review of Patch Antennas used in Drone Applications

FIGURE 1. (a) Linear and (b) circular polarized antenna and (c) fabricated
porotype [23].

including robots and drones. Drone operations across long
distances and around barriers like buildings, trees, or terrains
will benefit from this band’s supposedly high range and
favorable diffraction characteristics [14]. HF antennas are
quite huge in comparison to the size of the drone because of
their relatively modest dimensions. Low radiation resistance
and intrinsic conductor losses are the two main drawbacks of
this narrowband antenna design. As a result, small drones
shouldn’t use broadband antennas that work in the HF to
lower-UHF bands [15]. Therefore, to reduce the antenna size,
multiple antenna methods are created and applied for differ-
ent frequency bands. The drone’s materials and electronics
must also be considered while constructing the antenna for
placement on the drone’s platform, as they may have an effect
on the antenna’s performance [16].
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FIGURE 2. S;; of proposed (a) circularly and (b) linearly polarized
antenna [23].

Microstrip antennas are rapidly improving in popular-
ity and are now widely used in a variety of cutting-edge
microwave systems [17], [18]. The rapid expansion of
microstrip antenna applications and usage has stimulated
ongoing research aimed at refining and enhancing the tech-
nology’s fundamental properties. In most cases, the low gain
of a microstrip antenna is traded off for a narrower frequency
range. The microstrip antenna offers many benefits over the
traditional microwave antenna, including its small size, low
weight, conformability to substrate surfaces, low cost and
ease of integration with other circuits [19]. The inventor of
a microstrip antenna possibilities are presented in a compre-
hensive manner. The antenna design goal can be achieved by
modifying the designer’s selection of substrate type, antenna
structure, perturbation type, and feeding method. In order
to transfer massive amounts of data in real time, wireless
drones communication systems require certain conditions
to be meet [20]. Consequently, the drone’s antenna system
needs to be carefully developed [21], [22]. This survey paper
presents the recent study of microstrip patch antennas used in
drone communications.
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FIGURE 3. (a, b) Geometry of flexible UAV's antenna, (c) S;; &
(d) antenna based drone display flexibility [24].

Il. PATCH ANTENNAS WITH SUBSTRATE
A. SINGLE BAND ANTENNAS

Antennas are essential to every drone, quadcopter or
unmanned aerial vehicle (UAV). Signal strength is the most
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FIGURE 4. Comparison of simulated and measured 2-D radiation pattern,
(a) E-Plane & (b) H-Plane [24].

essential element in the efficient operation of any drone
whether it be for commercial, recreational or other purposes.
It is impossible to imagine without computer simulation and
optimizations, how different individual antennas are con-
structed for this purpose in order to attain the desire out-
comes. Therefore, a squared microstrip patch (Fig. 1) that
is coax-fed provide the circularly polarized antenna [23].
Circular polarization is achieved through the excitation of
two orthogonal modes based on the slot size (Ws =1 mm,
Lg =6.5 mm) and feed location (Xf=7.8 mm, Yf=7.8 mm).
By changing the position of the feed along the patch diagonal,
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FIGURE 6. (a) Load capacitance as a parameter vs phase shift as a
function of bias voltage, (b) design of a 4 x 4 phased array antenna and
feeding network and (c) the phased antenna array’s measured and
simulated combined S;; at 5.8 GHz [26].

the patch input impedance matching was optimized. Each
antenna in the array is a rectangular microstrip patch with
a feed inset (Fig. 1). The properties of the substrate and
the resonance frequency (2.46 GHz) are used to calculate
the patch’s dimensions Wp=32.4 mm, Lp=24.2 mm. The
antenna is fabricated on Rogers RO4360G2 substrates with
dimension, D=7cm which is 1.524 mm in height with relative
permittivity 6.15. Because of the substrate’s high relative
permittivity, the resulting patches are not excessively large.
Altering the feedline slots’ width (Si=9.2 mm) and length
(Sg=0.6 mm) improves the patch’s input impedance match-
ing. S11 is depicted in Fig. 2 for both circularly and linearly
polarized antennas. In addition, the axial ratio of a circularly
polarized antenna is shown in Fig. 2 (a).
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FIGURE 7. (a) 1 x 4 array antenna’s top & bottom view, (b) overall
arrangement of the proposed antenna [27].

This research [24] presents a miniature, flexible, high-
gain UAV antenna. The suggested antenna was essentially
a series of three printed patches etched on a dielectric sub-
strate. In addition, a flexible wire is anchored to the dielec-
tric substrate, illustrated in Fig. 3 (a, b). To ensure proper
impedance matching, a coplanar waveguide (CPW) with an
asymmetric ground feeding structure is used. This pliable
cable is made from stainless steel and has a 2 mm diameter.
The UAV antenna’s measured and simulated S;; over its
(902-928) MHz bandwidth is shown in Fig. 3(c). To illustrate,
Fig. 4 (a, b) depicts a linearly polarized all-encompassing
radiation pattern. Though compact in size, the antenna’s gain
is impressively great. This demonstrates that the antenna’s
radiation pattern is nearly omnidirectional. This is because
omnidirectional radiation in the horizontal plane allows
the drone’s antenna to cover signals from any direction.
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FIGURE 8. Measured S;; of the proposed 1 x 4 array antenna [27].

In particular, as seen in Fig. 1(d), the drone’s flexible cable
can be bent during landing and straightened out during take-
off. Therefore, the radiated patch printed on the dielectric
substrate is replaced with a flexible cable, and the antenna
end is incorporated into the drone’s design to reduce air
resistance.

This research presents [25] a conformal patch antenna
layout, which can be used in aircraft for tasks like moni-
toring water currents from above. The current system uses
frequencies in the C-band (5.05-5.45) GHz because this is
the optimal range taking into account the decorrelation time,
precipitation, resolution, and antenna size. The improved
cross-range resolution is a result of the 7.7% bandwidth
attained in this design. The bore side angle is where a gain of
10 dB is attained. The effect of using a deflected ground struc-
ture (DGS) to dampen higher-order harmonics has been mod-
elled and described. Two patches, a quarter-wave transformer,
two microstrip lines joining the patches, a ground plane, and
a ground plane with DGS slits carved into it make up this
construction illustration in Fig. 5 (a, b). These two patches,
which are roughly the same size, both resonate (5.2 GHz) at
the intended frequency. Simulated and experimental place-
ment of the antenna on CFC sheets reveals minimal effect.
The entire bandwidth’s (5.05-5.45) GHz return loss —10dB,
it’s illustrated in Fig. 5 (c). Results from an anechoic cham-
ber measurement of the E-field and H-field are shown in
Fig. 5 (d, e).

For its optimal compromise between loss, matching per-
formance, and compactness, a reflection-type phase shifter
architecture using a four-port branch line coupler and two
reactive variable loads was chosen [26]. On a Rogers TM4
substrate (e, =4.5), a 35um copper cladding method was
used to build the 16 phase shifter unit cells. In order to
adjust the reactive load, four ultra-small diode varactors
were soldered together as shown in Fig. 6(a). Before being
incorporated into the phased array, each phase shifter was
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tested independently, which required the soldering of SMA
connectors. The goal was to create a4 x 4 element microstrip
antenna array (Fig. 6b) with adequate gain, scanning reso-
lution, and side lobe compression with minimal fabrication
cost and encumbrance. The combination of measured and
simulated of 4 x 4 phase array antenna’s Si; shows in
Fig. 6(c).

This work [27] proposed a highly effective antenna array
with a tilted-beam characteristic and 360° of beam coverage
for use in radar applications installed on unmanned aerial
vehicles (UAVs). Four 2-dimensional ground reflectors are
used to create four planar super J-pole antennas to form
the suggested array antenna. A UAV’s bottom super J-pole
antenna element has a strong directivity, with the peak gain
slanted at an angle of around 45° downward. This effec-
tively resolves the problem of air-to-ground communication
between the UAV and ground targets caused by the difference
in altitude between the two. In addition, the four super J-pole
components may cover a 360° arc around the UAV with
switched operation while keeping a very high antenna gain.
The top and bottom conducting layers of the single super
J-pole antenna element are shown in Fig. 7(a); these layers
are joined to one another vias to produce an electrically
thick conductor. A complete configuration of the suggested
antenna array, using four identical super J-pole antennas with
2-dimensional reflectors, is shown in Fig. 7(a). The suggested
antenna structure is compared to a standard J-pole antenna
by creating three types of planar J-pole antennas at 5.9 GHz
(Fig. 8) on a Taconic TLX-9 substrate with a relative per-
mittivity of 2.5 and a thickness of 1.1 mm. The four antenna
elements have HPBWs better than 60° and 87° measured in
the azimuth plane illustrated in Fig 9. The minimum antenna
gain of around 4 dBi was measured at the overlapped area in
between the antenna elements, so even though the measured
HPBW in the azimuth plane was smaller than the simulated
result, the entire 360° coverage could still be provided with
relatively high gain.

An UWB conformal antenna [28] with a revolutionary
design that was presented for use in Unmanned Aerial Vehicle
(UAV) applications. A 502 SMA connector is used to link
the Y-round shaped patch element to a matching feed line,
which supplies current to the complete conformal antenna
illustrated in Fig. 10(a). Wider bandwidth is provided by the
Y-rounded shape and the circular parasitic element. In order
to fit on the wings of the quadcopter drone, this design
proposes a low-profile antenna shown in Fig. 10 (b). Fig. 11
compares the measured and simulated S{; parameter with
the antenna detached and attached to the UAV construction.
The measured antenna was confirmed to perform flawlessly
in the (2.9-15.9) GHz frequency range. For the frequency
range of (3.1-6.0) GHz, the XZ-plane (¢ =0°) displays
the 2-D patterns in terms of the elevation angle for the
main radiation cuts in Fig. 12. Variations in the patterns
are tolerable. However, this proves the antenna’s superior
performance.
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FIGURE 9. Measured 2-D radiation pattern at 5.9 GHz for azimuth plane [25].

Because the limited area for the antenna in the UAV is
cylindrical in shape, this research [29] proposes two antenna
designs for an UAV. The antennas are designed to work
inside the 2.45 GHz Wi-Fi spectrum. The intended antennas
consist of a circular array of four elements, each of which is a
perfect cylinder. The fundamental radiating elements of both
arrays are either a rectangular microstrip patch antenna or a
PIFA antenna and illustrated in Fig. 13 (a, b). Both antenna
arrays are shown to have good matching at the working
frequency, and their simulated radiation patterns display a
remarkably omnidirectional nature. The simulated return loss
(S11) and 2-D,3-D radiation pattern shows in Fig. 13 (c, d)
respectively.

VOLUME 11, 2023

In order to improve drone communications, a pla-
nar antenna with a quasi-isotropic emission pattern is
proposed [30]. The proposed antenna utilizes top loaded
monopole antennas in conjunction with slotted loop anten-
nas. To begin, a top-loaded 4-element monopole antenna is
created to radiate in a monopole-like pattern. Fig. 14 depicts
the proposed quasi-isotropic antenna’s fabricated prototype.
There are three elements making up the top-loaded monopole
antenna. Both the top and bottom layers have a dielectric
constant and loss tangent of 0.05, and they are both pro-
duced on a glass-reinforced epoxy laminate (FR4) substrate.
Both the upper and lower layers are 0.6 mm thick (h1) and
1.6 mm thick (h2). The top ground plane, the top circular
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(b)

FIGURE 10. Fabricated conformal UWB antenna’s (a) top & bottom view,
(b) proposed antenna on UAV [28].

patch, and the feeding network together make up this layer.
An Anritsu vector network analyzer is used to calculate the
reflection coefficient of the proposed antenna. Good agree-
ment between simulated and measured reflection coefficients
is seen in Fig. 14 (c). The antenna’s 3D radiation pattern,
as measured, is displayed in Fig. 14 (d). No nulls were
found in the measured 3-D radiation pattern, indicating that
the antenna can cover full spatial coverage and is therefore
classified as a quasi-isotropic antenna. The maximum gain of
the antenna is 2.74 dBi, and the minimum gain is —10.22 dBi,
for a total 3D volume gain deviation of 12.9 dBi.

In this study [31], introduced an unique 2.4 GHz vir-
tual array for use in wireless connectivity in FANETs. The
proposed architecture considers a random three-dimensional
topology among eight nodes in a FANET. The most notable
changes are that each node is now a rectangular patch
antenna attached to a physically plausible aero plane frame.
The optimal placement of nodes mitigates interference from
aero plane parts. The FR4 substrate antenna is small and
lightweight enough to be integrated into the drone’s body.
A simple rectangular patch antenna (Fig. 15a) with inset feed-
ing method provides 2.4 GHz operating frequency. The patch
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antenna was installed on a simulated drone during the testing
phase and illustrated in Fig. 15(b). The S characteristics of
the drone-mounted patch antennas are shown in Fig. 15(c).

This paper, [32] proposed a small antenna for aircraft
identification based on the demodulation of ADS-B com-
munications; the antenna consists of an array of four PIFA
antennas mounted above an RP (reflector plane) illustrated
in Fig. 16 (a, b). This antenna comprises of an array of
Planar Inverted-F Antennas, a quadrature feed network (FN)
and a reflector plane and it is intended to be installed on
the top of a drone in order to detect and avoid collisions
with airliners. Patch and quasi-omnidirectional antennas are
typically used in conjunction with one another for the purpose
of detecting ADS-B signals. For the same purpose, a small
T-Slot patch antenna is introduced and reasoned that a quasi-
omnidirectional, circularly polarized antenna would be best
for locating the distant aircraft. Good matching is evidenced
by a value of less than —15 dB at 1.09 GHz, as plotted for the
reflection coefficient as a function of frequency in Fig. 16(e).
From this Figure depicted that, the orientated across the OZ-
axis, which is perpendicular to the antenna plane, the antenna
array with quadrature feed can reach its maximum gain of
+4.85 dBi. The finalized feeding network design is depicted
in Fig. 16(c). It is made up of several transmission lines joined
together at a T-junction, each with its own unique character-
istic impedance and length. An impedance transformer and
a phase shifter of 90° respectively. Microstrip meander lines
were also utilized for compactness in order to adhere to the
designated for specific application i.e. 1.09 GHz. To achieve
the desired phase shift between each antenna port, the length
of the 502 line was modified to )‘/4 as shown in Fig. 16 (c).
The maximum gain of +4 dBi was achieved at 1.09 GHz with
an elevation angle of 60° or in angular terms with 6 = 30° as
shown in Fig. 16 (f).
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FIGURE 12. 2-D radiation pattern of XZ-Plane at (a) 3.1 GHz, (b) 4.1 GHz,
(c) 5.1 GHz and (d) 6 GHz [28].

This paper presents a conical-beam high-gain planar
antenna for use in millimeter-wave drones [33]. The
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FIGURE 13. Array element geometry (a) top and bottom perspectives,

(b) Exhaustive array of rectangular patches, (c) simulated S;; and

(d) XY-Plane with 3-D gain of the simulated radiation pattern for the PIFA
array [29].

antenna design calls for a vertical monopole with circu-
lar side reflectors. The in-phase reflections from the planar
annular-distributed side reflectors, which are accomplished
by a series of via walls utilizing the printed-circuit-board
(PCB) construction, result in the high-gain conical beam.
The proposed construction, which is made up of two pieces
of a via-based monopole antenna and a number of annular-
distributed vias, is shown in an exploded view in Fig. 17(a).
The monopole based on the vias behaves like a standard
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at 2.1 GHz [30].

quarter-wavelength monopole to produce radiation in all
directions, while the annularly distributed vias are meant to
act as side reflectors to focus the radiation on the desired
beam direction beam pointing angle (BPA). Above a wide
electrically conductive plane, the entire structure is probed
for its electrical properties. An initial layer through a hole
with a diameter of 0.6 mm (d1) is used to realize a source
monopole in the proposed architecture. When using the PCB
fabrication process, a little copper disc with a diameter of (d2)
is placed on the top surface of the board to ensure the via hole
is large enough. A copper ground plane, shaped like a circle,
is used on the underside of this layer to build a monopole,
but it must be kept at a safe distance from the monopole’s
through hole. For this reason, the proposed design features
a non-copper area in the center of the ground plane with a
diameter (d3) larger than the diameter of the monopole (d1).
The via-based monopole is somewhat shorter than the length
of the original monopole because of the two copper layers
on both sides of the first substrate. The ground plane size
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(b) has a significant impact, while the other three dimensions
(d1, d2 and d3) have little or no influence. Good agreement
is seen between the simulated and observed data, with a
simulated —10 dB impedance BW of (26.50-29.96) GHz
and a measured one of (26.63-29.91) GHz, illustrated in
Fig. 17(b). When comparing the simulated and measured
values, the fractional BW is 12.26 and 11.6%, respectively.
Tolerances introduced by the assembly procedures account
for the observable, albeit little difference. Two-dimensional
radiation patterns at 27, 27.5, 28, and 28.5 GHz on the planes
of ¢ = 0° and ¢ = 30° are shown for the suggested antenna
in Fig. 18. At 6 = 22°, the maximal gain is 8.51 dBi, while
at & = 0°, there is no radiation at all. Conical pattern at
(27-28.5) GHz exhibits stable performance with little fluc-
tuation of 1.42 dB in the peak gain and keeping the beam
pointing angle at & = 22° throughout the tested frequency
range. Accordingly, the proposed design emits radiation with
an effective CB shape, notable for its high peak gain and low
loss.
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FIGURE 15. (a) Proposed rectangular shape antenna’s top and back side
view, (b) antenna placed on drone & (c) Sq; of this antenna [31].

In this study [34] suggested a compact Annular Ring (AR)
microstrip antenna for UAVs. A standard annular ring antenna
was built up to take advantage of an opportunity, and as a
result, a working frequency of 2.4 GHz and a bandwidth
of 160 MHz. The antenna is constructed using a metal cavity
that is made up of two distinct substrates, as can be seen in
Fig. 19(a). A circular conducting patch printed on an Isola
IS680-280 substrate measures 0.8 mm in diameter, while a
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standard FR-4 substrate serves as the lower layer. Using a
single header pin, the top layer of the FR-4 substrate is con-
nected to the circular patch antenna, while the bottom layer
is connected to the cavity and serves as the reference ground
plane. A microstrip line, with a characteristic impedance of
50€2, is drawn in the top layer of the FR-4 substrate using the
industry-standard 35um copper thickness, and supplies feed-
ing for the circular patch. Higher order modes were generated
by connecting the circular patch with the FR-4 substrate using
two additional headers, which increased the system’s overall
bandwidth. The AR antenna reflection coefficient is depicted
in Fig. 19(b). The antenna has a total bandwidth of 160 MHz,
covering a frequency range of (2.38-2.54) GHz (at a —10 dB
reference level for parameter S11). Fig. 19 (c) displays the
results of a comparison between the co-polar and cross-polar
components in the E- and H-planes.

In this work [15], suggested a strategy for developing
a compact antenna system well suited for integration with
multi-rotor drones. A flat radial power divider, as opposed to
a Wilkinson power divider, is used to feed antennas attached
to the propellers, as each of the several rotors is part of
a branch connecting to the center of the drone. The quad-
copter’s wireless connection to the ground is design using
at 2.4 GHz 4-way radial power divider and four antennas
tuned to that frequency. The porotype illustrated in Fig. 20 (a)
and simulated return loss (S11) in Fig. 20 (b). All the curves
in the PCB radial power-divider overlap, and the return loss
is good at 2.4 GHz, thus it satisfies the criteria on equal-
power division. The antenna array generates a far-field pat-
tern that permits isotropic radiation in all directions shown
in Fig. 20 (c). Moreover, the gain is 4 dBi, so the drone
can communicate with the ground and other drones from a
distance.

B. DUAL BAND ANTENNAS
The first proposed antenna design consists of a dual-band
combo antenna made up of two optimized single-antenna
designs, a rectangular patch antenna and a truncated patch
antenna attached back-to-back, one facing the other [35].
Both single antennas are connected with the front and the rear
side of the double-sided antenna, with the ground in the center
of the configuration. This creates a double-sided antenna. The
dimensions of the substrate and the ground of the antenna are
the same, hence the rectangular patch’s dimensions must be
optimized for frequency and miniaturization. Two ports, one
for the front side and the other for the back of the antenna,
are included in the design. Both separate ports were used,
and the front side antenna ran at 1.575 GHz while the back
side antenna operated at 2.45 GHz. The dual band combo
antenna’s physical dimensions illustrated in Fig. 21. The Sy
for 1.575 GHz & 2.45 GHz truncated patch antenna is shown
in Fig. 22 (a, b).

It is given a circular microstrip patch antenna operating
on two frequencies (2.4 GHz and 5.2 GHz) for use in air-
craft [36]. The envisioned antenna is fabricated on a Rogers
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FIGURE 16. (a) Physical geometry of the antenna with single PIFA, (b) PIFA antenna array bottom and in isometric perspective,
(c, d) fabrication of quadrature feed network, array antenna, (e) simulated S;; and (f) 2-D radiation pattern at 1.09 GHz [32].

5880 substrate (¢, = 2.2 and tand = 0.0009), as displayed
in Fig. 23. Each band’s BW augmentation of the proposed
antenna is carried out independently and displayed in Fig. 24.
The driven patch is surrounded by parasitic patches or dummy
patches that are used in the proximity parasite patch tech-
nique. Both the radiating edges and the non-radiating edges
of the driven patch relate to the parasitic patches to it.

58378

Fig. 25 (a, b) displays the measured far-field radiation pat-
terns for the 2.4 and 5.2 GHz bands at the corresponding
resonance frequencies. Gain measurements show a peak of
9.55 dBi at 2.4 GHz and 8.5 dBi at 5.2 GHz. The suggested
antenna operates in the 2.4 GHz band with a dominant mode
resonance (TMj;) and a broadside radiation pattern, and in
the 5.2 GHz band with a higher-order mode resonance (TMy )
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FIGURE 17. Specifics about the proposed antenna’s shape: (a) side, top
perspectives and (b) fabricated antenna & combination of measured,
simulated S;; [33].

and a quasi-omnidirectional radiation pattern. With its high
gain and respectable azimuth coverage, the suggested antenna
has the potential to be an invaluable tool for unmanned aerial
vehicles. This antenna’s broader bandwidths at both the bands
and its thin, flexible substrate make it superior to traditional
monopole antennas in terms of data rate handling and prac-
ticality for HD video transmission over greater distances.
Furthermore, this antenna might be mounted on a wing or
fuselage of the UAV without compromising the vehicle’s
aerodynamics, which could improve its stability. By making
small adjustments to the dummy patch radius, it is possible to
set off several resonances. Minor shifts in the dummy patch
radius might trigger several resonances. The gaps between
the patches, which regulate how the antenna’s impedance is
matched, can be used to tune the coupling between them.
At the feeding point, a SMA jack is linked to a plated via with
a diameter of 1.2 mm. Conductive epoxy is used to connect

VOLUME 11, 2023

Gain (dBi)
L—3

200 9t

= = = Simulation

————— Simulation Measurement

(d)

FIGURE 18. Combination of simulated & measured 2-D radiation pattern
at (a) 27 GHz, (b) 27.5 GHz, (c) 28 GHz and (d) 28.5 GHz [33].

the ground base of the SMA jack to the antenna ground and
the center pin of the SMA jack is soldered onto the top driven
patch.

A dual band Vivaldi antenna was developed with the inten-
tion of functioning at frequencies of 2.4 GHz and 5.8 GHz,
both of which are typical frequencies utilized by the radio
controllers of drones [37]. The suggested Vivaldi antenna
(Fig. 26) is based on a small rectangular region that tapers
off into exponential curves at both ends and is activated
by a feeding line on the back of the board. Standard drone
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FIGURE 19. The annual ring antenna design, with (a, b) an exposed
interior showing the isola 1S680-280 substrate in violet and the FR-4
substrate in green, and an AR microstrip antenna embedded in a metallic
plate representing an aero plane and protected by a polyethylene (PE)
cover & simulated S;; of the AR antenna and (c) radiation pattern at

2.4 GHz [34].

frequencies are 2.4 GHz and 5.8 GHz (Fig. 27a), and the
spacing between the ends of the exponential curves is half
the length of the 2.4 GHz wave for operation at these frequen-
cies (62.46 mm). The frequency margin below —10 dB (Sy1)
demonstrated by this antenna was likewise quite impressive.
This Vivaldi antenna shown in Fig. 27 (b, ¢) is a directional
antenna because it exhibits particularly high gains in its pri-
mary direction. The highest gain of 7.45 dBi (at 5.8 GHz) was
achieved by the simulated antenna in this research.

An Unmanned Aerial Vehicle (UAV) and ground station
using a dual-band, high-gain communication link where the
two bands can be utilized separately for data and command-
and-control. High gain is achieved in both frequency ranges
by using a proposed cylindrically conformal rectangular
patch antenna operating in the higher order TM»; and TMq3
modes [38]. The rectangular patch antenna with the slot
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FIGURE 20. The prototype of (a) RPA antenna, (b) S11 and (c) Directional
antenna radiation pattern for a quadrotor [15].

loading is shaped into a cylinder with a 25 mm radius. On a
Rogers 5880 substrate with a thickness of 0.508 mm and a
loss tangent of 0.0009, a rectangular patch is created with
the following dimensions: the length & width of patch, slot,
L=20 mm, W=20 mm, Ls=13 mm, Ws=3.5 mm and feed
p=8mm. For this aim, a method known as standard lithogra-
phy is utilized. After that, the patch antenna is shaped to fit
inside a cylinder made of Teflon, with a diameter of 25 mm
and a height of 7 mm. Fig. 28 (a) illustrates the completed
antenna design and construction and Fig. 28 (b) depicts the

VOLUME 11, 2023



M. M. H. Mahfuz, C.-W. Park: Review of Patch Antennas used in Drone Applications

IEEE Access
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FIGURE 21. Dual band combo antenna’s (a) top & (b) bottom view [35].

antenna’s return loss performance. Both the first frequency
and the second frequency have been simulated using band-
widths of 192 MHz and 376 MHz respectively. Both the first
frequency and the second frequency have been measured to
have bandwidths of 213 MHz and 330 MHz.

A 4 x 8 phased array antenna is shown here, along with
its design process [39]. First, an electromagnetic energy-
coupling unit element in a multilayer architecture with
orthogonal slots in the ground plane is created and the
physical dimension shown in Fig. 29 (a). The bandwidth is
increased to 600 MHz (Fig. 29b) by stacking a patch with
truncated edges on the top of a thick substrate layer. Then,
al x 4 and 4 x 8 slot connected stacked patch array is
designed using this multilayered stacked patch unit element.
In order to achieve the desired circular polarization at the
antenna feed, a novel feedline structure has been developed
for the bottom side. The feedline structure uses a difference
in length equal to a quarter wavelength (Ag/4) to provide
the required phase difference. After the models have been
verified numerically, they are physically verified by fab-
ricating 1 x 4 and 4 x 8 stacked patch antenna arrays.
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(b)

FIGURE 22. Sy, of dual band combo antenna’s (a) at 1.575 GHz &
(b) 2.45 GHz [35].

After the models have been verified numerically, they are
physically verified by fabricating 1 x 4 and 4 x 8 stacked
patch antenna arrays. Overall, the measured and predicted
findings demonstrated high agreement, making the suggested
constructed array capable of supplying 600 MHz a great
option for radar communication, small commercial drones,
and synthetic aperture radar. In addition, it is demonstrated
that the proposed construction has adequate scanning charac-
teristics up to T45°.In order to improve the proposed PAA’s
scanning performance at 45° and —45° in the XZ-plane, phase
shifters are used to apply the correct phases at the input of
the power divider. Fig. 29 (c, d) shows that at the frequency
scan losses increase by more than 5 dB from bore sight,
even though they remain within this range at *45°. Scanning
performance was excellent throughout a range of 90° from
2.4 to 3.0 GHz with the proposed 4 x 8 SAA.

UAVs are increasingly being contemplated for use in situa-
tions that require real-time command and control in addition
to high bandwidth and low latency communications for the
transfer of video and sensor data. This work [40] investigates
the design of an antenna and codebook for use in UAV
communication at frequencies of 28 GHz and 140 GHz, using
antenna simulations and flight patterns that are as realistic as
possible. In the scenario involving 28 GHz it has been con-
sidered a single circularly polarized patch antenna element
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FIGURE 23. Fabricated of circular patch antenna’s (a) front & (b) back
side view [36].
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FIGURE 24. The comparison of simulated and measured S;; of circular

patch antenna [36].

mounted on a low-loss Preperm255 substrate. In order to
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FIGURE 25. Measure 3-D radiation pattern at (a) 2.4 GHz and

(b) 5.2 GHz [36].
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FIGURE 26. Antenna dimensions from both the front (on the left) & the

side (right) [37].

achieve optimal performance at 28 GHz, the feeding point of
the patch antenna is shifted away from the center by 1.05 mm,

and the antenna itself features a patch antenna element with
two opposite corners truncated to enable circular polarization
(CP). At 140 GHz, a similar antenna architecture is explored.
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The antenna is planned out on a three-layer Megtron7 sub-

strate and it has been illustrated in Fig. 30 (a) and Fig. 30 (b)

shows Si; of the designed antenna elements. Evaluate the
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FIGURE 27. The suggested vivaldi antenna’s (a) Sy, 2-D radiation pattern
at (b) 2.4 GHz & (c) 5.8 GHz [37].

150
Phi / Degree vs. dBi

variations in 2-D radiation patterns shown in Fig. 31 (dash
black line - antenna in the free space and solid red line -
antenna on the drone).

The authors present a unique reconfigurable microstrip
magnetic dipole antenna [1] for use in aerial drones, with
switchable conical beams. The proposed antenna has three
individual cavities that are partitioned by two sets of shorting
posts. Multiple p-i-n diodes, wired to the shorting posts,
function as RF switches to reorganize the resonant cavities.
The antenna has the capability of working in three distinct
resonance modes. Fig. 32(a) depicts the outline of the planned
antenna. The antenna has a thickness of 1 mm, a relative
dielectric constant of 4.4 and a separation of 4.8 mm between
two FR4 substrates. A cavity is formed between two metal
patches on opposite sides of two substrates which are con-
nected by shorting sidewalls. There are six 1 mm diameter
shortening posts labelled al, a2, a3, b1, b2, and b3. These ter-
minals are coupled to two DC biasing lines, one with voltage
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FIGURE 28. Cylindrically conformal rectangular patch antenna’s
(a) fabrication picture & (b) return loss [38].

DCH#1 and the other with voltage DC#2. Prototype construc-
tion is depicted in Fig. 32(b). When the antenna is in its initial
operational mode, its resonance frequency is 2.46 GHz. Two
resonant frequencies 2.12 GHz and 2.42 GHz are seen for
State I1, and they are obtained via the TM},; and TM}, modes.
Three resonant frequencies, at 1.90 GHz, 2.24 GHz, and
2.44 GHz, are found in State III. The WLAN 2.4 GHz appli-
cation spectrum falls inside the overlap in bandwidth between
the three states, which is between 2.39 GHz and 2.49 GHz,
illustrated in Fig. 32(c). As can be seen in Fig. 33 (a), the
down-tilted conical beam has an elevation angle of 66° and
generates a 360° radiation pattern in the azimuth plane for
6 =114°. In Fig. 33 (a, b) the already-inclined conical beams
are further angled away from the XY Plane (6 =90°). It’s
clear that there’s a big difference between the up- and down-
tilted beams. It’s clear that there’s a distinction between the
vertically and horizontally slanted beams. With an elevation
angle of 54°, the down-tilted conical beam produces a 360°
pattern in the azimuth plane at a depth of & =126°. All of
the antenna’s operational modes include a cross-polarization
level lower than —13 dB, and the antenna itself is horizontally
polarized.
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FIGURE 30. (a) Physical prototype of CP antenna & (b) simulated S;; of
CP antenna [40].

FIGURE 29. (a) This diagram shows the components of a 4 x 8 phased

array with a slot linked patch antenna and (b) measure & simulated S;;, (b)
antenna array’s radiation pattern in the XZ-Plane (azimuth) at 2.4, 2.7, and
3.0 GHz when scanning (c) 45°, (d) -45° of bore sight [39]. FIGURE 31. 2-D radiation patterns on a commercial drone reported to

be 28 GHz, (a) ¢ =0° and (b) 6 =135° [40].

A method is proposed for leveraging inkjet printing tech- These UAVs or unmanned aerial vehicles are created with the
nology to include antennas into disposable paper drones [41]. use of origami-based folding structures. The effectiveness of
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FIGURE 32. (a, b) Photography of the magnetic dipole antenna &
(c) reflection coefficient measurements made with the proposed antenna
in its various operational modes [1].

the two suggested vertical monopole antennas is compared
and contrasted under two distinct scenarios. As shown in
Fig. 34(a) the most suitable type of monopole for this purpose
is one that has its polarization aligned vertically. In this
illustration, the wings have been rendered see-through so that
the antenna may be seen. Either a 502 transmission line or
a specialized matching network can be used to connect the
antenna to the other radio frequency (RF) components found
in the wings. The frequency ranges of (2.4-2.5) GHz and
(5.15-5.9) GHz are the ones that are being targeted. The
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FIGURE 33. 2-D radiation pattern at 2.44 GHz, (a) azimuth plane for
0 = 126°. (b) XZ-Plane and (c) YZ-Plane [1].

initial concept for an antenna that was able to meet these
requirements (shown in Fig. 34a) is based on a modified semi-
circle that has been given a rectangular shape and a resonant
element has been placed to the very top. Since the higher
band requires a wide bandwidth, which is matched by the
semicircle (L1), the lower band is provided by the inclusion of
a T-shaped element with a matching gap (L3), which does not
greatly increase the antenna’s physical dimensions. Fig. 34(c)
displays both the simulated and measured values of the Sy
parameter and Fig. 34(b) illustrated the testing environment
of proposed antenna. There was a small shift to the right in
the measured resonant frequencies. Thus, the summary of
this section has been illustrated in Table 1. This summary
table shows the antennas design techniques with substrate and
operating frequencies.
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TABLE 1. An overview of different antennas used for drone communication.

Ref . Size (WxL) Frequency Gain
Antenna design (mm?) Substrate h (mm) &, (GHz) (dBi)
i Mag:f:;g;p‘ﬂe 102x33.8 FR4 1 4.4 2.39-2.49 4.3
RPA patch antenna
[15] with partial ground 26%26 FR4 1 43 2.4 ---
[23) | Ciroularly polarized D=7 cm RO4360G2 1.524 6.15 24
array
[24) | CPW antenna with 196x15 FR4 0.8 44 | 902-928 MHz | 4.5+0.1
flexible cable
Conformal patch with RT Duroid
[25] DGS ground antenna 79.3x72.1 5330 0.787 2.2 5.05-5.45 10
[26) | 44 ¢clement patch Rogers TM4 45 5.8
phased array
[27] 1x4 array antenna 0.884y x0.884y | Taconic TLX-9 1.1 2.5 5.9 7.4
Conformal partial Rogers 5880
[28] ground UWB antenna 29x39 L7 1.27 1.97 2.9-15.9 -—-
[29] Circular array D=90, H=50 --- -- 2 2.45 ---
[30] | Planar quasi-isotropic 85%90 FR4 1.6 - 2-2.4 -
[31] Rectangular patch 44.06%38 FR4 1.6 43 2.4 4
Planer array antenna
[32] with inverted-F 150%200 FR4 0.8 4.4 1.09 3.7
antennas
Conical-beam planer Rogers 5880, 2.2,
[33] antenna 48x48 5370 1.57,3.18 2133 26.50-29.96 8.51
(34) | Annularringpatch |0y 06,55 5 FR4 1 24
antenna
(35 | Dual band combo 1.575,2.45 | 5.08, 6.35
antenna
[36] | Dual mode dual band | radius=76mm Rogers 5880 1.57 2.2 24,52 -
(37) | Dvalband Vivaldi 62.46x87.06 1.6 24,58 4.9,7.45
antenna
Cylindrical
[38] rectangular patch 82.424¢ X 304, Rogers 5880 0.508 2.2 10.323,12.46 | 7.46,9.83
antenna
[39] 48 phased array 55%215 Rogers 5880 1.574 22 243 19.5
antenna
Preperm255, 2.55,
[40] CP patch antenna - Megtrom? 0.5 34 28, 140 ---
[41) | Flexible two vertical 35.4x30.8 Photo paper 0.18 24,52,58
monopole antenna
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FIGURE 34. (a) Antenna measurements and possible places on an
origami drone with a large iron ground plane covering the wings,
(b) measurement environment and (c) combination of measured &
simulated S;; [41].

Ill. CONCLUSION

Unmanned Aerial Vehicles or UAVs, are also referred to as
autonomous drones and they are being used for a variety of
purposes including disaster management, search and rescue
operations, surveillance, and remote monitoring. In these
kinds of situations, the wireless connection that allows the
data to be sent from the drone to the ground station or to
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another drone is absolutely necessary. Since antennas are the
most crucial component of the drone’s wireless connection,
they need to be built in such a way that they don’t get in the
way of the drone’s movement in the air. In other words, the
antenna needs to be small, light, flexible and able to cover
a large area. It has been shown that certain types of patch
antennas can work for wireless drone communications. For
drone communications a vertically polarized omnidirectional
antenna is typically the best option. In addition, the entire
ground plane mitigates the body effect, making the design
attractive as a universal plug-and-play option that is unaf-
fected by the dielectric or metallic composition of the UAV’s
chassis.
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