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Abstract – This paper presents a compact lightweight
beam-reconfigurable antenna system for unmanned
aerial vehicles (UAVs). The antenna system consists of
a central active monopole element surrounded by eight
parasitic elements, which can be controlled using PIN
diodes to switch the beam across four elevation angles
and eight azimuth beams. This beam-reconfigurable
antenna system has several advantages over traditional
UAV antennas, including light weight, efficiency, and
compactness. The antenna system operates at 5.09
GHz and achieves a measured peak gain of 4.55 dBi,
with a remarkably low weight of 9 g and a size of
1.00λ0×1.00λ0×0.22λ0.

Index Terms – Beam-reconfigurable, compact, electron-
ically steerable parasitic array radiator (ESPAR) antenna,
PIN didoes, UAV applications.

I. INTRODUCTION
Unmanned aerial vehicles (UAVs) are increasingly

being used in various military applications and mission
scenarios, as they offer several advantages over tradi-
tional aircraft, including flexibility, maneuverability, and
cost-effectiveness. In the context of the Fourth Industrial
Revolution, UAVs are expected to play an even more
critical role in diverse fields such as logistics, disaster
relief, and environmental monitoring. One of the key
challenges in designing UAVs is developing efficient and
compact communication systems. Reconfigurable anten-
nas offer a promising solution to this challenge, as they
can dynamically adjust their radiation patterns to adapt
to changing environmental conditions and communica-
tion requirements [1–8].

Electronically Steerable Parasitic Array Radiator
(ESPAR) is a well-known type of reconfigurable antenna
that has been widely studied for UAV applications.

ESPAR antennas consist of a central active radiating
element surrounded by passive radiating elements. The
passive elements play a crucial role in reflecting or re-
radiating the waves emitted by the central active element.
The re-radiation process is controlled by variable loads
or switches that are connected to each passive element.
By adjusting the loads applied to the passive elements,
it is possible to alter the phase of the re-radiated waves.
This allows for precise control over the radiation pattern
and direction of the entire antenna array [9–19].

In this paper, we propose a modified ESPAR antenna
design for UAV applications. The modified design
enables precise control over both azimuth and elevation
angles, facilitating enhanced beam steering capabilities
at a center frequency of 5.09 GHz.

II. BACKGROUND THEORY
This section provides the theoretical foundation to

comprehend the fundamental principles behind the func-
tioning of the proposed antenna. To begin with, there are
three mechanisms responsible for the mutual coupling in
a multi-element ESPAR antenna, as depicted in Fig. 1 (a)
[20]. These mechanisms include (1) direct spatial cou-
pling between elements, (2) indirect coupling that can
occur through scattering from nearby objects, such as
support towers, and (3) a feed network that provides a
pathway for coupling. Furthermore, there are elements in
the multi-element antenna that do not generate their own
current. Instead, they have significant currents induced
by radiation from neighboring elements. These elements
are referred to as parasitic elements, which have a sig-
nificant impact on the performance of an antenna system
that includes them. Let’s consider ESPAR antenna con-
sisting of one active element and (N-1) passive elements
(a total of N elements). This ESPAR antenna can be rep-
resented as an N-port network, as shown in Fig. 1 (b).
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(a) (b)

Fig. 1. (a) Mechanisms for coupling between elements of
a multi-element antenna and (b) a side view of the multi-
port network representing the mutual coupling between
active and parasitic elements.

The voltages and currents at the feeding point of each
element can be defined using the following equation:

V1 = Z11I1 +Z12I2 + · · ·+Z1NIN ,

V2 = Z21I1 +Z22I2 + · · ·+Z2NIN ,

... =
... (1)

VN = ZN1I1 +ZN2I2 + · · ·+ZNNIN ,

where Vk, Ik, and Zkk represent the voltage, current, and
self-impedance of the kth element, and Zki represents the
mutual impedance between the kth and ith elements. The
variables k and i = 1, 2, . . . N. In ESPAR antenna, the
parasitic elements are typically terminated with reactive
loads, short circuits (SC), or open circuits (OC). There-
fore, in a general form, we can consider them loaded with
complex impedances denoted as ZL. Thus, the voltage of
parasitic ports is expressed as:

V k = −IkZL,k, (2)
where ZL,k represents the impedance load of the kth ele-
ment. By substituting (2) into (1), the matrix form can be
obtained as in (3):
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(3)
The Method of Moments (MoM) and the Finite

Element Method (FEM) are the most commonly used
numerical methods for computing the mutual impedance
matrix in (3) then the elements’ currents can be deter-
mined as given in (4):
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(4)
The mutual impedance matrix governs the magni-

tude, phase, and distribution of the elements’ currents

for the ESPAR antenna. The total field pattern of an N-
element ESPAR antenna is the superposition of all ele-
ments’ radiation patterns and can be obtained by (5). In
this ESPAR antenna, the parasitic elements are arranged
in a circular pattern around the active element [21]:

a(θ ,φ)=E1 (θ ,φ)+
N

∑
k=2

IkEk (θ ,φ)e j(β ·d ·̂R)sinθ cos( ϕ−ϕk)),

(5)
where the angular position of the kth element is denoted
by ϕk =

2π(k−1)
N−1 represents the position vector of the kth

element is the unit vector toward the observation point.
E1 (θ ,φ) is the radiation patteren of the active element
Ek (θ ,φ) is the field pattern of the single kth element. β

is the phase constant. d is the distance between the active
element and each passive element. Ik is the complex cur-
rent excitation coefficient of the kth element. This current
coefficient includes both magnitude and phase informa-
tion, enabling precise control of the antenna’s radiation
pattern. The phase of these current coefficients deter-
mines the direction of maximum power radiation, while
the magnitude influences the directivity, gain, and cov-
erage characteristics of the antenna. In this paper, four
different modes (Mode A, Mode B, Mode C, and Mode
D) have been developed to generate multiple beams in
the azimuth and elevation directions. Each mode can be
constructed by activating one or more of the PIN diodes
connected to the passive elements. The activation of the
PIN diode connected to the kth passive element impacts
its complex load impedance. Therefore, its complex cur-
rent excitation coefficient Ik varies, resulting in different
beam directions as described in (5).

III. ANTENNA CONFIGURATION
The proposed antenna consists of a central active

element, which is a monopole, surrounded by passive
elements, as illustrated in Figs. 2 (a-c). The active ele-
ment at the center is fed by an RF signal, while the neigh-
boring passive elements can either be connected or dis-
connected to the ground using the PIN diodes. The PIN
diodes (SMP1331-079LF), which have a forward bias
voltage of 0.8 V and reverse current of 10 µA have been
selected for implementation with the passive elements
due to their high-power handling, switching, and low
insertion loss characteristics [22, 23]. Figure 2 (e) shows
the equivalent circuit of the PIN diode. The resistance
in the ON state (1.7 Ω) can cause RF losses. In ESPAR
antennas, beam steering can be achieved by configuring
the passive elements using the PIN diodes. The passive
elements consist of bow-tie-shaped HPEs and monopole-
shaped VPEs forming an antenna structure. Each of these
elements is controlled by PIN diodes. Crucial parameters
for impedance matching include the distance between
the active element and VPEs, as well as the height of
the VPEs. Increasing the distance improves the reflection
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(e)

Fig. 2. Proposed antenna configuration: (a) a top view,
(b) a perspective view, (c) a side view, (d) a HPE cutting
plane view with a diode junction diagram, and (e) on/off
equivalent model of the PIN diode.

coefficient, while increasing the height raises the opera-
tional frequency and narrows the bandwidth. When the
PIN diodes are activated, the HPEs’ arms connect, result-
ing in resonance at 5.09 GHz. These effectively act as
reflectors. Similarly, when the PIN diodes of the VPEs
are activated, they act as directors.

Figures 3 and 4 show that the number of activated
passive elements controlled by PIN diodes determines
the mode, and the simulated 3D gain patterns for Modes
A, B, C, and D.

The primary difference among modes lies in the
elevation angle. In Mode A, the antenna uses a single

Fig. 3. Schematic diagram according to the operation of
parasitic elements.

(a) (b) (c) (d)

Fig. 4. Simulated 3-D realized gain patterns of different
modes: (a) Mode A, (b) Mode B, (c) Mode C, and (d)
Mode D.

HPE for beam steering and achieves azimuth angles of
0◦, 90◦, 180◦, and 270◦. The key feature of Mode A is
that HPEs act as reflectors. In this mode, the antenna
steers the beam in four different azimuth directions while
maintaining an elevation angle of 45◦. This means that
the antenna’s beam is tilted 45◦ upward from the hori-
zontal plane. Mode B offers specific beam steering capa-
bilities, using only two HPEs for achieving azimuth
angles of 45◦, 135◦,225◦, and 315◦. Similar to Mode
A, Mode B maintains a consistent 40◦ elevation. Mode
C employs one HPE and two VPEs for beam steering,
achieving azimuth angles of 0◦, 90◦, 180◦, and 270◦.
The presence of two VPEs helps to provide more pre-
cise beam direction while maintaining a relatively higher
elevation angle of 55◦. Mode D, the final operating
mode, uses two HPEs and one VPE for beam steering
at azimuth angles of 45◦, 135◦, 225◦, and 315◦. Sim-
ilar to Mode B, this mode allows for diagonal beam
steering, providing directional flexibility. This is particu-
larly valuable when the target or communication point is
not aligned with the primary azimuth points. One of the
challenges in antenna design, especially when incorpo-
rating active components like PIN diodes, is managing
potential interference between DC and RF signals. Such
interference can degrade antenna performance, resulting
in inconsistent radiation patterns and reduced efficiency.
Figure 2 (d) shows how to address this challenge by
integrating a chip inductor into the antenna design. This
inductor, known as an RF choke, is connected in parallel
to the HPE arm. Its purpose is to facilitate the smooth
flow of the DC signal required to control the PIN diode
while isolating it from the RF signal. This separation
ensures that the DC signal does not interfere with the RF
signal, enabling consistent and optimal antenna perfor-
mance. The antenna’s design philosophy prioritizes both
performance and structural simplicity. A simple design
expedites manufacturing, reduces potential points of fail-
ure, and often leads to cost savings. To align with this
philosophy, the placement of the RF choke inductor has
been carefully selected. Instead of introducing an exter-
nal component or a complex network, the inductor was
positioned directly on the substrate. This was achieved
by drilling a via at the junction of the HPE arm and
the PIN diode. This strategic placement minimizes the
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length of the signal path, thereby reducing signal losses
and ensuring efficient operation. Additionally, this place-
ment contributed to a compact design.

IV. RESULTS AND DISCUSSION
For the experimental verification, the substrate of

the proposed antenna is used in the TACONIC RF-35
which has a dielectric constant (εr) of 3.5, and loss
tangent (tan δ ) of 0.0018. The substrate has a thickness
of 0.76 mm, and the thickness of the copper layer is
0.018 mm. Figure 5 shows the fabricated proposed
antenna. The optimal parameters of the proposed
antenna are shown in Table 1. These design parameters
define the structure of the proposed antenna, which
has a significant impact on its radiation pattern and
frequency response. For instance, d1 and d2 represent
the distances between elements in the proposed antenna,
while H1 and H2 denote the height of the elements. D,
L, and W determine the size and shape of the antenna,
and the selection of these parameters is crucial in
achieving the desired antenna performance. In Figs. 6
(a-b), simulation results are presented based on design
parameters related to the most critical aspect of the
proposed antenna, namely VPE. As the distance (d2)
between the central active element and VPE increases,
the reflection coefficient improves. Additionally, when
the height of VPE (H1) is increased, the operating
frequency shifts to higher frequency bands, resulting
in a narrower bandwidth. The comparison of simulated

(a) (b) (c)

Fig. 5. Fabricated proposed antenna: (a) a perspective
view, (b) a top view, and (c) a bottom view.

(a) (b)

Fig. 6. Simulated impedance characteristics of the pro-
posed antenna with regard to the design parameters: (a)
impedance characteristics in regard to the distance (d2)
between active element and VPE and (b) impedance
characteristics in regard to the height (H1) of VPE.

Table 1: Geometric design parameters of the proposed
antenna (unit = mm)

d1 d2 W L
6 13 2.8 12.28

gap H1 H2 D
6 10.5 13.3 58.93

(a) (b)

Fig. 7. The characteristics of the proposed antenna at
operating mode.

and measured results for various operating modes of
the proposed antenna underscores its versatility and
flexibility. Figure 7 (a) illustrates the measured 10-dB
bandwidth of the proposed antenna, which spans from
4.61 GHz to 5.86 GHz. The operating frequency range of
the proposed antenna makes it suitable for a wide range
of applications. The measurements of the S-parameters
were carried out using a vector network analyzer by
Rohde & Schwarz (RS-ZND 40). The simulated and
measured gains are shown in Fig. 7 (b), a peak gain of
approximately 4.55 dBi can be obtained when Mode D
is selected. The discrepancy between the simulated and
measured results is attributed to the use of PIN diodes.
PIN diodes exhibit non-ideal behavior in real-world
applications, including parasitic inductance, resistance,
and capacitance, which are often simplified or neglected
in simulations. Consequently, PIN diodes can introduce
additional impedance variations and losses that are diffi-
cult to accurately model in simulations. Modes C and D
exhibit higher discrepancies between the simulated and
measured results because they utilize more PIN diodes
compared to the other proposed modes.

Figures 8 (a-d) illustrates the comparison between
simulation and measurement values for the azimuth
angles for each mode. In each operational mode, the
configuration was systematically classified based on dis-
tinct azimuth angles. These radiation patterns in Modes
A to D demonstrate the antenna’s ability to steer the
beam in specific directions, offering precise directional-
ity required in various application scenarios.

Modes A and C exhibit azimuth angles of 0◦, 90◦,
180◦, and 270◦, while Modes B and D show angles of
45◦, 135◦, 225◦, and 315◦. As previously mentioned,
equivalent resistors in the PIN diodes cause RF losses.
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Table 2: Comparison of the proposed antenna parameters with other antenna designs
Antenna

Parameters
[14] [15] [16] [17] [18] Prop.

fc(GHz) 2.055 2.45 2.484 2.44 5.09 5.09
BW (%) 2.6 16 N/A N/A 8.6 12.7

Peak gain (dBi) 4.58 N/A 5.3 8.1 4.9 4.55
Num. of Az.

Beams
2 15 12 6 8 8

Num. of Ele.
Beams

2 3 1 3 1 4

Num. of Act.
Elem.

4 1 1 1 1 1

Num. of Para.
Elem.

4 8 12 12 8 8

Elect.Size (λ0
3)

L (λ0) 1.21 1.63 1.26 1.06 1.00 1.00
W (λ0) 1.17 1.63 1.26 1.06 1.00 1.00
H (λ0) 0.05 0.26 0.25 0.36 0.25 0.22

(a) (b)

(c) (d)

Fig. 8. Radiation pattern with regard to the operating
modes at 2D cutting plane: (a) Mode A at θ = 45◦, (b)
Mode B at θ = 40◦, (c) Mode C at θ = 55◦, and (d) Mode
D at θ = 50◦.

Since the proposed antenna utilizes up to three PIN
diodes in a single mode, the actual measured gain of the
antenna exhibits some discrepancies from the simulated
gain. Figs. 9 (a-d) illustrate a comparison of elevation
angles for all beam patterns from Mode A to Mode D.
With a single reflector (HPE), Mode A has an elevation
angle of 45◦. Mode C with added VPEs achieves a max-

(a) (b)

(c) (d)

Fig. 9. Radiation pattern by operating mode at 2D cutting
plane: (a) Mode A, (b) Mode B, (c) Mode C, and (d)
Mode D.

imum elevation angle of 55◦. Mode B, with two reflec-
tors, maintains a 40◦ elevation angle, while Mode D, fea-
turing an additional VPE, reaches an elevation angle of
50◦. The proposed antenna has the highest number of
elevation-beams compared to the other antenna designs.
Furthermore, the performance of the proposed antenna,
in terms of compact size, wide bandwidth, high gain,
simple structure, and a high number of azimuth-beams,
is comparable to that of the previous antenna designs,
as indicated in Table 2. Compared to the other antenna
designs in Table 2, the proposed antenna has the smallest
size. When compared to [17] and [18], which also utilize
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a single active element, the proposed antenna uses fewer
parasitic elements while achieving control over two addi-
tional azimuth angles and one additional elevation angle
compared to [17]. Despite having the same number of
parasitic elements as [18], the proposed antenna can con-
trol four elevation angles, unlike [18], which cannot con-
trol elevation angles.

V. CONCLUSION
A 5.09 GHz beam-reconfigurable antenna for U2X

communications is presented in this paper. The proposed
antenna consists of VPEs and HPEs parasitic elements,
each using PIN diodes, and it switches the beam direc-
tion to eight azimuth and four elevation angles. This indi-
cates that fewer parasitic elements are used compared to
the number of reconfigurable modes, while still using a
small number of active elements. The RF choke of this
antenna is inserted through via in the substrate, making it
more compact and reducing signal loss, thus increasing
efficiency. The antenna was fabricated and tested in an
anechoic chamber, and the results show that the antenna
achieves a peak gain of 4.55 dBi and a low weight of 9
g. The proposed antenna design has the potential to sig-
nificantly improve the communication, radar, and search
and rescue capabilities of UAVs. It is also lightweight
and compact, making it ideal for UAV applications.
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