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ABSTRACT A wide-coverage unmanned aerial vehicle (UAV) antenna system for air-to-ground com-
munications is proposed in this paper. The proposed antenna system has reconfigurable beam patterns
based on five sets of dual-polarization and high gain antennas. Each antenna set is configured by a
dual-polarization crossed inverted-V radiator and switched feed network to drive switched beamforming
operations. Depending on the switch modes of the proposed antenna, main beam direction and circular
polarization types can be independently selected. Further, each antenna set is faced toward the ground level at
different angles from the center of UAV to provide wide beam coverage. To verify the antenna performance,
each antenna set is designed at the center frequency of 5.7 GHz and total five sets are integrated with a
switched feed network and a microcontroller. To implement the wide angle switched beamforming with 2-D
angle-shifted main beams, a 3-D printed conformal fixture is used to connect both the antenna module and
a drone body. The maximum measured bandwidth was more than 22% and the measured peak gain with the
de-embedded switch feed network loss was about 10.2 dBic.

INDEX TERMS Dual polarization, pattern reconfigurable antenna, switched beamforming, UAV antenna,

UAV communications.

I. INTRODUCTION

The practical use of unmanned aerial vehicles (UAV) has been
successfully demonstrated in various areas such as security
surveillance, public safety, structural health and safety moni-
toring, automated inventory and agriculture applications [1],
[2], [3], [4]. Also, the 3-dimensional (3-D) mobility of UAV
has been prompting more intensive research for UAV-based
wireless communications, aerial base station and IoT network
as well [5], [6], [7], [8]. Especially, drone technology is being
used widely more than ever due to its operation capability in
dangerous environments, rapid relocation based on demand
and improved communication coverage. Since the agility and
flexibility of drone can improve line-of-sight (LoS) connec-
tions with ground users or devices, the air-to-ground commu-
nications must be thoroughly investigated. Although many
different building blocks towards a successful adoption of
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the air-to-ground communication-based applications such as
multi-tier networks, communication channel analysis, and
energy efficient transceiver can be considered, the challenges
in the efficient antenna must be primarily concerned. As the
high path loss from the air-to-ground should be overcome
with the limited use of high power or high gain amplifier
due to power consumption, high directivity antenna must be
used for effective radiation. Fig. 1 (a) shows the exemplary
UAV-to-ground communications, where a single drone is
connected with multiple devices and users. The uniqueness
of drone communications is their peak antenna LoS, which
can be optimized by a tilted elevation angle due to physical
locations of the communication devices. Further, to maximize
the coverage of single drone to multiple devices or users, the
drone antennas should cover wide range in azimuth angles as
well. That is, high directivity 2-D wide-angle beamforming
antenna with a tilted main beam controllability is required
for the efficient drone-based air-to-ground communications.
Moreover, high electromagnetic (EM) interferences due to
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FIGURE 1. Overview of the (a) UAV-to-ground communications and
(b) interference suppression by polarization diversity.

-

the increased number of simultaneously connected devices
to a single drone must be sufficiently suppressed to avoid
significant performance degradation. One of the easiest, but
effective solution is the polarization diversity as shown in
Fig. 1 (b). Some previously reported UAV antennas are
based on conformal monopoles [9], [10] and a folded patch
with metallic box [11] structures which only provide a sin-
gle polarization, and thus are exposed to high EM interfer-
ences. Then, to support multiple linear polarizations (LP) for
UAV or vehicular communications, SIW cavity and crossed-
monopole based antennas have been proposed [12], [13].
Also, a combination of loop dipoles, circular monopole and
inverted L-shaped patch antennas has been reported for 5G
and V2X communications [14]. Although there are four types
of polarizations such as horizontal polarization (HP), vertical
polarization (VP), right-hand circular polarization (RHCP),
and left-hand circular polarization (LHCP), the use of LP
might be less efficient because the rapid 3-D mobility of
drone complicates the LP orientation between transmitter
and receiver. Also, an antenna feed network becomes more
complicated if all four types of polarizations are to be used.
Instead, a dual circular polarization (CP) can be considered
as the efficient solution for both interference suppression and
circuit complexity. Some dual-CP antennas for UAV applica-
tions or vehicular communications have been also suggested
by an air-gapped patch [15], a fern-fractal-shaped microstrip
[16] and a concave circular patch [17] structures. However,
these antennas form broad beamwidth radiation patterns with
relatively low antenna gain. Thus, they might not be suitable
for the UAV applications requiring high directivity reconfig-
urable beam patterns. Although some reconfigurable pattern
antennas with Yagi-Uda dipoles [18], half bow-tie [19], mag-
netic dipole [20] and planar super J- pole [21] structures have
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FIGURE 2. Configuration of the proposed antenna: (a) 2-D angle-shifted
conformal integration, (b) a single dual-port crossed inverted-V antenna
with feed network, and (c) switch network combined with five sets of
dual-port antennas.

been also investigated for UAV applications, they provide LP
patterns only or relatively low directivity. Therefore, to satisfy
all dual-CP, high directivity and reconfigurable pattern per-
formances, a switched-angle antenna module including both
feed and control networks is proposed for UAV applications
in this paper.

Il. DESIGN AND ANAYSIS OF THE PROPOSED
RECONFIGURABLE ANTENNA SYSTEM

A. SINGLE HIGH DIRECTIVITY ANTENNA DESIGN

Fig. 2 (a) shows the proposed switched-angle antenna array
that can be integrated with a drone body. Since high direc-
tivity antennas generally have narrower beamwidth, multiple
antennas are used to cover sufficient communication ranges
for the ground devices. Total five antennas are used, and
the physical center of each antenna is shifted at 45° in
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FIGURE 3. Gain-enhanced dual-port crossed inverted-V antenna with
(a) top and bottom projection views, (b) simulated reflection coefficients
according to R and (c) parameter optimization for both R and S; .

2-D elevation angles for wide air-to-ground communication
coverage. Each antenna radiation element is based on the
crossed inverted-V configuration [22] with an integrated feed
network configured by a single branch line coupler and four
transmission lines as shown in Fig. 2 (b). By selecting the
inputs of the branch line coupler, RHCP or LHCP can be
generated. Thus, each antenna is designed as a dual-port
antenna and connected with switch network as shown in
Fig. 2 (c). The switch network is configured by a single-pole-
five-throw (SP5T) switch and five single-pole-double-throw
(SP2T) switches. The SP5T selects one of the five antennas
with the main beam at a desired elevation angle while the
SP2T selects a desired CP.

To increase the directivity of the previously reported
crossed inverted-V antenna, additional ground walls sur-
rounding each antenna are proposed in this paper. Since the
fundamental analysis of the inverted-V radiator has been
already discussed in [22], only the gain enhancement per-
formance is analyzed in this section. Fig. 3 (a) shows the
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FIGURE 4. Proposed dual-CP antenna with simulated (a) radiation
patterns at 5.7 GHz, (b) S-parameters, and (c) total gain and axial ratio
within the operation band (5.5 GHz to 5.9 GHz).

proposed gain-enhanced crossed inverted-V antenna with an
integrated feed network. To provide a conductive ground
wall surrounding the radiator, total eight double-sided printed
circuit board (PCB) pieces are used. Also, to drive both RHCP
and LHCP, differential feed networks for each inverted-V pair
are designed by four-layer PCB and connected with a branch-
line coupler. Here, to minimize the area occupation, on-chip
LTCC branch-line coupler with manufacturer-provided
S-parameters is used for simulation. Then, the port 1 and
port 2 represent the two inputs of the LTCC branch line cou-
pler, and the terminals to be connected with SP2T switches.
To determine the optimized parameters of the conductive
wall, the reflection coefficients of the proposed antenna is
first simulated by varying the radius, R, of the wall. The
simulated result according to the changes in R while keeping
the height of the wall, Sy, same as the height of the crossed
inverted-V radiator is shown in Fig. 3 (b). Then, to further
optimize both gain and isolation between two ports, para-
metric analysis for both R and Sy, at the center frequency
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FIGURE 5. Proposed antenna module with (a) 3-D views, simulated isolation among each antenna set with the tilted angle (¢) of (b) 0, (c) 15, (d) 30,

(e) 45, and (f) simulated reflection coefficients at the tilted angle of 45.

TABLE 1. Parameters of the proposed high gain dual-CP antenna.

Parameters Value Parameters Value
G 84 mm % 45°
w, 5 mm St 20 mm
L. 30 mm Sw 24 mm
h 13 mm R 30 mm

of 5.7 GHz is conducted as shown in Fig. 3 (c). Based on
multiple simulations, the optimized values are chosen. The
determined antenna parameters are summarized as shown in
Table 1.

With the selected parameters, the radiation patterns of
the proposed antenna at 5.7 GHz is simulated as shown
in Fig. 4 (a). The simulated peak LHCP and RHCP gains
are 10.4 dBic and 9.3 dBic, respectively, resulting in more
than 4 dB gain improvement comparing to the previ-
ously reported inverted-V antenna [22]. The half power
beamwidths (HPBW) of LHCP and RHCP are about 50° and
46°, respectively. Also, the simulated reflection coefficients
and isolation between two ports within the operation band are
shown in Fig. 4 (b). Further, both simulated CP total gains and
axial ratio (AR) are shown in Fig. 4 (c). The simulated gain
variations in LHCP and RHCP within the operation band are
less than 1.1 dB and 0.5 dB, respectively. Lastly, the simulated
3-dB AR is satisfied from 5.5 GHz to 5.9 GHz as well.

B. SWITCHED-ANGLE UAV ANTENNA ARRAY DESIGN

To form a switched-angle antenna array, total five sets of the
gain-enhanced crossed-inverted-V are modeled as shown in
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Fig. 5 (a). The center antenna of the proposed switched-angle
configuration is designated for covering the area directly
downward of the drone-body. The rest four antennas are
tilted at an identical angle to provide main beams cover-
ing the areas with the elevation angles around the drone-
body. Later, the five antennas will be integrated together by
a 3-D printed antenna support and attached on the bottom
of the drone-body. Fig. 5 (b)-(e) shows the simulated cou-
pling effect across selected antenna elements from each set
according to various tilted angles of the side antennas. As the
tilted angle increases, the overall isolation also increases
due to the increased antenna spacing. Considering both the
antenna coverage and isolation characteristics, the tilted angle
of 45° is chosen. Then, the reflection coefficients among the
selected antenna ports from the five sets are simulated as
shown in Fig. 5 (f). Since the simulated results satisfy the
S-parameters within the target band, the radiation patterns of
the switched-angle antenna array are simulated at 5.7 GHz
as shown in Fig. 6 (a) and (b). The xz and yz planes can
be referred to the 2-D elevation angles with respect to the
drone-body. Fig. 6 (a) shows the simulated LHCP patterns
in both xz and yz planes with each antenna’s main beam
switched at 45° as desired. The maximum LHCP gain is
10.4 dBic while the gain at the overlapped patterns between
two antennas is 7.3dBic. Similarly, Fig. 6 (b) shows the
simulated RHCP patterns in both xz and yz planes with
each antenna’s main beam switched at 45° as desired. The
maximum RHCP gain is 10.1 dBic while the gain at the over-
lapped patterns between two antennas is 6.3 dBic. Further, the
total gain and AR of LHCP and RHCP over frequencies are
simulated as shown in Fig. 6 (c) and (d). The gain variations
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FIGURE 6. Simulated results of the proposed antenna module with
(a) LHCP and (b) RHCP radiation patterns in both xz and yz planes at
5.7 GHz, and (c) LHCP and (d) RHCP total gains and AR over frequencies.

of LHCP and RHCP from 5.5 GHz to 5.9 GHz are less than
0.9 dB and 0.5 dB, respectively. Although the 3-dB AR of
the proposed switched-angle antenna gets slightly degraded
possibly due to the back radiation and coupling across
the antenna feed network exposed on the bottom of each
antenna set, the AR performance still falls into an acceptable
range.
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FIGURE 7. Proposed antenna module with (a) implementation,

(b) measured reflection coefficients and (c) measured port-to-port
isolation.

Ill. FABRICATION AND MEASUREMENT

A. RECONFIGURABLE UAV ANTENNA ARRAY

Fig. 7 (a) shows the implementation of the proposed
switched-angle antenna array based on the crossed inverted-V
with gain enhancement. Each antenna was fabricated with
Taconic TLX-9 substrates having dielectric constant of
2.5 and loss tangent of 0.0019. The feed network was inte-
grated by a four-layered PCB where the layer 2 and 4 (bottom)
were used for each antenna pair. Here, the ground plane was
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FIGURE 8. Control module integrated switch network: (a) overall block
diagram with CW-pilot signal generator, (b) fabrication and (c) switch
network measured results.

84 x 84 mm?, corresponding to 1.61o x 1.6 Ag at 5.7 GHz.
Also, the five antenna sets were combined together by using
the 3-D printed fixture. Then, reflection coefficients and port-
to-port isolation of the fabricated module were measured as
shown in Fig. 7 (b) and (c), respectively. The measured 10-dB
impedance bandwidth satisfied the target operation band
from 5.5 GHz to 5.9 GHz. Further, the minimum isolation
among the selected port from each antenna was always better
than 40 dB within the operation band. Next, the complete
antenna module including the switch network, control block
and signal generator for field test purpose is designed as
shown in Fig. 8 (a). Here, the voltage-controlled oscillator
(VCO) is used to generate a pilot RF test signal at 5.7 GHz
from a flying drone under test to a reference antenna on the
ground. The output power of the VCO used in this paper
was about 12.3 dBm at 5.7 GHz. The fabricated control,
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Drone bottom view

)

FIGURE 9. Proposed antenna module with (a) drone integration and
(b) radiation pattern measurement at anechoic chamber.

switch and VCO boards were stacked inside the switched
angle array as shown in Fig. 8 (b). The total volume was
265 mm x 265 mm x 100 mm. The RF ports of the switch
board and antennas were connected by RF cables. Moreover,
the measured reflection coefficient and path losses of the
switch board are shown in Fig. 8 (c). The path loss variation
among each port was less than 1.1 dB while the path loss
variation from 5.5 GHz to 5.9 GHz was less than 1.6 dB.
Using the microcontroller unit (MCU) wirelessly connected
with a mobile application through Bluetooth, the switch oper-
ations for selecting antennas and polarization types can be
controlled from the ground.

To verify the radiation patterns of the complete antenna
module including the drone body, the proposed antenna was
integrated underneath the drone body as shown in Fig. 9 (a)
and the measurement was conducted inside an anechoic
chamber as shown in Fig. 9 (b). The measured radiation
patterns for RHCP and LHCP in both elevation angles are
shown in Fig. 10. The xz-plane was covered by the antennas 1,
3 and 5 while the yz-plane was covered by the antennas 1,
2 and 4, proving a full 2-D switched angle array performance.
It is noted that the simulated results were obtained without the
switch network whereas the fabricated antenna module was
measured with and without the switch network. The measured
maximum LHCP gain of the complete module including
the switch network loss in the xz-plane was 6.6 dBic with
the switched main beams at —50°, 0° and 55° as shown in
Fig. 10 (a). The intermediate gains at the overlapped angles
between the antennas 1 and 3, and the antennas 1 and 5 were
2.4 dBic and 2.5 dBic, respectively. The measured maximum
LHCP gain of the complete module including the switch
network loss in the yz-plane was 6.6 dBic with the switched
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FIGURE 10. Measured radiation patterns for (a) LHCP in xz-plane,

(b) LHCP in yz-plane, (c) RHCP in xz-plane and (d) RHCP in yz-plane at
5.7 GHz.

main beams at —45°, 0° and 40° as shown in Fig. 10 (b).
The intermediate gains at the overlapped angles between the
antennas 1 and 2, and the antennas 1 and 4 were 2.4 dBic
and 2.6 dBic, respectively. The measured maximum RHCP
gain of the complete module including the switch network
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loss in the xz-plane was 5.0 dBic with the switched main
beams at —45°, 0° and 45° as shown in Fig. 10 (c). The
intermediate gains at the overlapped angles between the
antennas 1 and 3, and the antennas 1 and 5 were 1.1 dBic
and 2.2 dBic, respectively. Also, the measured maximum
RHCP gain of the complete module including the switch
network loss in the yz-plane was 4.8 dBic with the switched
main beams at —35°, 0° and 40° as shown in Fig. 10 (d).
The intermediate gains at the overlapped angles between the
antennas 1 and 2, and the antennas 1 and 4 were 2.0 dBic and
2.1 dBic, respectively. Overall, the measured and simulated
gains were differed approximately by the loss of the switch
network as expected. The measured peak LHCP and RHCP
gains with the de-embedded switch losses were 10.2 dBic and
9.1 dBic, respectivley. Further, the switched beam directions
show reasonable agreement between the measured and sim-
ulated results. Next, Fig. 11 (a) shows the measured LHCP
gain and AR with the de-embedded switch network loss over
frequencies, where the gain variation from 5.5 to 5.9 GHz was
less than 2.0 dB. Also, Fig. 11 (b) shows the measured RHCP
gain and AR with the de-embedded switch network loss over
frequencies, where the gain variation from 5.5 to 5.9 GHz was
less than 2.1 dB. For both CP, the measured ARs were slightly
degraded from the simulated results due to the effect of drone
body. However, this deviation in AR can be acceptable by
considering the practical measurement including the whole
drone body.
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FIGURE 13. The measured air-to-ground transmission by the (a) antenna 1, (b) antenna 2, (c) antenna 3, (d) antenna 4, (e) antenna 5 with respect to Rx
antenna positions, and the (f) summary of the measured azimuth channel profile.

B. ANTENNA SYSTEM DESIGN AND AIR-TO-GROUND
COMMUNICATION MEASUREMENT

The complete antenna module integrated under the drone
body was finally tested in the field as shown in
Fig. 12 (a) and (b). The proposed antenna on the drone was
used as a Tx sending LHCP or RHCP continuous (CW)
signal from the air to LHCP or RHCP receiver antenna on
the ground. The single gain-enhanced crossed inverted-V
antenna with a portable spectrum analyzer was used as a Rx
for both co-polarization (Tx and Rx with the same CP) and
cross-polarization (Tx and Rx with the different CPs) mea-
surement. Also, the height of the flying drone denoted by H
was 5.2 m whereas the radii of Rx antenna positions R1 and
R2 were 5.3 m and 7.3 m, respectively. The corresponding
angles of Al and A2 were 44.5° and 35.4° respectively.
Finally, Fig. 12 (c) shows the outdoor measurement overview
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where each Rx antenna position is denoted by numbers. Then,
the measured co-polarization and cross-polarization of the
air-to-ground transmission characteristics are presented in
Fig. 13. First, Fig. 13 (a) shows the maximum received power
at position 0 by the antenna 1 for both LHCP and RHCP as
expected. Next, Fig. 13 (b) showed the maximum recevied
power at position 1 by the antenna 2 as expected, but another
peak was observed at position 8 instead of 9. This was due
to the fabrication error that the main beam of the antenna 2
was slightly shifted in comparison to the simulated result
as observed in Fig. 10 (d). According to Fig. 13 (c)-(e), the
maximum received powers were observed for both LHCP and
RHCP by the antennas with the desired main beam directions.
Lastly, the azimuth profile according to the received power
was drawn based on the switched antenna measurement as
shown in Fig. 13 (f). High directivity all around the drone
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with high cross-polarization discrimination (XPD) level was
verified.

IV. CONCLUSION

In this paper, the switched-angle antenna array with high
gain reconfigurable patterns and dual CP was proposed. The
proposed antenna module was configured by five sets of
the gain-enhanced crossed inverted V antennas, a switched
feed network and MCU. The antenna radiation characteristics
with the de-embedded switch feed network loss showed the
measured maximum LHCP and RHCP gains of 10.2 dBic
and 9.1 dBic, respectively at 5.7 GHz. Further, the switched
main beams maintained high directivity for all 2-D elevation
angles as well as the azimuth plane around the droned body.
Moreover, the proposed antenna was fully integrated with
the real drone and verified by the field test. The proposed
antenna integrated drone was tested as Tx in the air while the
single proposed antenna was served as Rx on the ground. The
measurement for the air-to-ground transmission by the flying
drone showed the excellent coverage based on the proposed
switched-angle antenna operations.
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