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Abstract: A highly efficient antenna array for unmanned aerial vehicle (UAV) mounted radar
applications with a tilted-beam characteristic and a 360° beam coverage is proposed in this paper.
The proposed array antenna is configured by four planar super J-pole antennas with 2-dimensional
ground reflectors. Each super J-pole antenna element provides a high directivity where the peak gain
is tilted about 45° facing toward the ground from the bottom of a UAV body. Thus, the air-to-ground
communication difficulty due to the altitude difference between the UAV and ground targets can be
effectively solved. Further, the four super J-pole elements with a switched operation can cover the
whole 360° areas around the UAV while high antenna gain is maintained. To verify the performance,
the proposed structure was implemented at 5.9 GHz with an overall volume of 0.88 x 0.88 x 0.83 A,°.
The measured 10-dB impedance bandwidths for all four antenna elements were better than 27.2%
and the isolation among the four antenna ports was also always better than 13 dB. The measured
peak gain was better than 7.4 dBi and tilted at 45° in the elevation angle. Lastly, the measured half
power beam widths in elevation and azimuth planes were more than 60° and 87°, respectively.

Keywords: switched beamforming; array antenna; UAV-mounted sensor; super J-pole antenna

1. Introduction

Since the use of unmanned aerial vehicles (UAV) has become an effective technique for various
areas, such as aerial security surveillance, public safety, structural health and safety monitoring,
automated inventory, and agricultural applications [1-5], UAV-based technologies are being widely
studied due to the allowable flexibility and 3-dimensional mobility. Using drones for wireless
communication and aerial base stations are other exemplary topics of research [6-9]. Although there
has been a lot of previous research on the integration of wireless sensors, radars, or IoT devices with
UAV, including drones, most of the work has focused on the connectivity of UAV using the currently
existing antenna structures [10,11]. Since the uniqueness of UAV applications is emphasized by the
physical location of communication devices, the conventional antenna structures or previously reported
reconfigurable antenna structures [12-22] cannot be effectively used. As described in Figure 1a, the
peak antenna line of sight (LoS) should be at a tilted angle from the center of UAV, because the target
communication devices or objects are located on the ground, while the UAVs are in the air. This
altitude difference makes a planar type antenna like a microstrip patch antenna impractical due to
the limited half power beam width (HPBW) that cannot cover the objects distributed widely from
the center of UAV. Instead, a simple monopole antenna is typically used, but it suffers from low gain,
since high directivity is required for the air-to-ground communication or the ground target detection.
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Further, dipole antenna might be adopted to increase the directivity, but it still has a limited beam
coverage and an insufficient gain.
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Figure 1. Required optimal antenna performance for unmanned aerial vehicle (UAV)-mounted sensor
applications: (a) tilted beam for air-to-ground communication and (b) 360° beam coverage around
UAV for target detection.

Thus, a tilted beam with a sufficient gain in the elevation angle of UAV is required for the optimal
operation as shown in Figure 1a. Moreover, a wide beam coverage capability in azimuth angles around
the center of UAV is required for the optimal UAV antenna. To maximize the mobility of UAV and
efficiency of sensor communication or target detection, the antenna beam pattern must cover the whole
360° around the UAV with the sufficient antenna gain. Since a single antenna implementation can
rarely satisfy the whole beam coverage with enough antenna gain, multiple antenna integration for
beamforming or pattern reconfigurable characteristics is required. Figure 1b shows the example of the
360° beam coverage around the UAV using multiple beam sectors. Every target can be detected by a
switchable beam operation if each antenna element has enough HPBW in the azimuth plane. Therefore,
in this paper, a new antenna structure having the tilted-beam performance in the elevation angle and the
360° beam coverage in the azimuth angle is proposed for UAV-mounted radar or sensor applications.

2. Analysis of the Proposed Antenna

Figure 2a—d shows the conventional monopole, dipole, J-pole, and super J-pole antennas with
corresponding beam patterns, respectively. As previously mentioned, monopole and dipole antennas
have limited performances for UAV applications. A planar J-pole, as shown in Figure 2c, has a beam
characteristic slightly tilted in the elevation angle. Figure 2d shows a planar super J-pole where one
arm is longer than a conventional J-pole, providing slightly higher gain.

Although tilted beam can be made through the conventional J-pole and super J-pole, the antenna
gain should be further improved for the better air-to-ground communication of UAV applications.
Further, to cover the whole 360° around the UAV with a minimum number of antenna elements, HPBW
should be optimized as well. Then, the modified planar super J-pole type antenna structure, as shown
in Figure 2ef, is proposed in this paper for the first time. By adopting a ground reflector as shown in
Figure 2e, the angle of tilted beam and gain can be tuned. Further, by integrating one more ground
reflector to form a 2-dimensional reflector as shown in Figure 2f, a tilted beam with higher gain can be
optimally produced for UAV-mounted sensor applications. Figure 3a shows the complete proposed
antenna array configured by the four identical super J-pole antennas with 2-dimensional reflectors.
Figure 3b,c shows the top and bottom layer of the single super J-pole antenna element where the top
and bottom conducting layers are connected through vias to form an electrically thick conductor.
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Figure 2. Different types of potential antennas for UAV-mounted sensor: (a) monopole, (b) dipole,
(c) J-pole, (d) super J-pole, (e) super J-pole with a 1D reflector, and (f) super J-pole with a 2D reflector.
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Figure 3. Proposed antenna structure showing (a) the complete 1 X 4 array configuration, (b) a top
layer, and (c) a bottom layer of the single antenna element.

In order to compare the proposed antenna structure with the conventional J-pole antenna, a simple
planar J-pole, a planar J-pole with a 1D reflector, and a planar J-pole with a 2D reflector antennas are
designed at 5.9 GHz with a Taconic TLX-9 substrate having a relative permittivity of 2.5 and a thickness
of 1.1 mm. Then, the different structures are denoted as type 1, type 2, and type 3, respectively, as
shown in Figure 4a—c. Here, type 3 is the proposed single antenna element adopted for the final 1 x 4
array configuration.

Since types 2 and 3 have the ground reflector integrated with the super J-pole antenna element,
the capacitive coupling between the reflectors and the radiation elements affects the input impedance,
resulting in the impedance variation from the type 1. For example, type 3 has the ground reflectors in
both perpendicular and parallel direction. With respect to the antenna elements, the distance between
the reflectors and antenna elements must be tuned for an optimal impedance matching. Figure 5a,b
shows the changes in return loss characteristic of the type 3, according to the variation in the gap
between the reflectors and antenna element. Further, since the arm length of the super J-pole element
determines the center frequency, the return loss characteristics with respect to the arm length is also
simulated as shown in Figure 5c. Lastly, the simulated return loss characteristics for types 1, 2, and 3
are compared in Figure 5d.
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Figure 4. Different types of planar super J-pole antennas: (a) conventional, (b) 1D reflector, and (c) 2D
reflector configurations.
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Figure 5. Simulated return loss characteristics of the proposed antenna, according to the gap between
the super J-pole element and (a) parallel reflector, (b) perpendicular reflector, (c) arm length, and
(d) comparison of the simulated results for types 1, 2, and 3.

Based on the simulated return characteristics, the parameters for antenna dimension denoted in
Figure 3 can be optimized and the values are summarized in Table 1 as shown below.

Table 1. Dimension for the proposed single antenna element referring to the parameters in Figure 3.

Dimension (mm) Dimension (mm) Dimension (mm) Dimension (mm)
L1 11.5 L5 13.5 W1 1 W5 5.5
L2 5.5 L6 11.5 w2 2 W6 53
L3 6.3 L7 5.3 W3 7 W7 9.1

L4 37 - - W4 225 - -
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Once the impedance of the proposed antenna is matched at the desired operation frequency,
the radiation pattern should be investigated as well. As mentioned previously, the UAV-mounted
antenna array should have tilted-beam characteristics and 360° coverage around the center of UAV.
Figure 6 shows the simulated 3D radiation patterns of the 1 x 4 array configured by the proposed
super J-pole with a 2D reflector. As shown in Figure 6a, the peak gain is tilted about 45° in the
elevation angle. Although antenna 4 is not depicted in Figure 6a due to the limitation of the physically
available side-view, the simulated beam patterns for all antennas are almost identical. Further,
Figure 6b shows the 3D radiation patterns depending on switched antenna modes in the azimuth
angle. If all four antennas are turned on, a donut-shaped monopole-like beam around the center of the
proposed array antenna is formed. Further, if two neighboring antennas are turned on simultaneously,
a converged beam in between the two antennas is produced. Lastly, if an individual antenna is turned
on, corresponding sectors can be covered. It is noted that since each super J-pole element with a 2D
reflector has a wide enough beam to cover the whole 360° by individual operations, the simultaneous
excitation of multiple antenna elements is not necessary.

Array Center

I~y |

Array Center

ATI[ANT.

(b)

Figure 6. Simulated 3D radiation patterns of the proposed 1 X 4 array antenna in the (a) elevation angle
and (b) azimuth angle.

The simulated radiation patterns for the individual antennas at the elevation and azimuth angles
in polar plots are also shown in Figure 7a,b. The simulated peak gains for antennas 1, 2, 3, and 4 are
about 7.6, 7.9, 7.5, and 7.8 dBi, respectively, and the peak gain in the elevation angle is observed at
approximately 45° tilted from the center of the proposed array. Further, the minimum HPBWs in the
elevation and azimuth planes of the individual antenna elements are about 64° and 108°, respectively.
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Figure 7. Simulated radiation patterns (a,b): an individual antenna, (c,d): two-antenna, and (e,f):
four-antenna excitations in the elevation (left column) and azimuth (right column) planes.

Since the radiation patterns for different combinations of two-antenna excitation are symmetric,
the radiation patterns by antennas 1 and 4 only are simulated, as shown in Figure 7c,d. The peak gain
is about 8.6 dBi, and HPBWs in the elevation and azimuth planes are about 65° and 95°, respectively.
In addition, Figure 7e,f shows the simulated radiation patterns when all antennas are simultaneously
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excited, resulting in a monopole-like pattern with a peak gain of 5.9 dBi and HPBW of 43° in the
elevation plane. Further, the simulated radiation efficiency and total efficiency, including the mismatch
with a feed line, are shown in Figure 8. At the center frequency of 5.9 GHz, both the radiation and
total efficiencies show more than 91%. Lastly, to predict the UAV-body effect on the proposed antenna,
a simulation has been conducted with an increased ground size of 250 x 250 mm?. Then, the simulated
peak gain has been increased to 8.16 dBi since the UAV-body provides more reflection toward the
ground level. Although the HPBWs in the elevation and azimuth angles have been slightly decreased
to 58° and 87°, respectively, the overall performance has still shown a high gain and wide HPBWs.
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Figure 8. Simulated (a) radiation efficiency and (b) total efficiency.

3. Measured Results

To verify the proposed structure, the 1 X 4 array antenna having the center frequency of 5.9 GHz
was implemented with the same Taconic TLX-9 substrate (relative permittivity of 2.5 and thickness of
1.1 mm) used for simulation. The fabricated antenna has the volume of 45 x 45 X 43 mm?3 corresponding
to 0.88 x 0.88 x 0.83 A\,> where A, denotes a free space wavelength. The detailed geometric parameters
for the proposed antenna can be found in Table 1 and the fabricated antenna is shown in Figure 9.

Input ports: Ant.1 {\nt.A 45mm
“‘)“\“\ ; t. & A_nt.3 g
" 4 , 3 Bl

wwey
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Figure 9. Fabrication of the proposed array antenna in different views: (a) elevation and azimuth axes,
and (b) side-view.

The return loss and isolation across each antenna element were measured as shown in Figure 10.
The center frequency was about 5.9 GHz as expected, and the measured 10-dB impedance bandwidth
was better than 27.2%. Further, the measured isolation among each antenna port was always better
than 13 dB within the 10-dB impedance bandwidth.

Finally, the radiation patterns in both elevation and azimuth planes were measured at 5.9 GHz,
as shown in Figure 11. Compared with the simulated radiation patterns, the measured results show a
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good agreement in both elevation and azimuth planes. The measured peak gains for antenna elements
1, 2, 3, and 4 were about 7.4, 7.5, 7.8, and 7.6 dBi, respectively. Here, the peak gain in the elevation
angle was tilted about 45° from the center of the proposed array antenna. Further, the measured
HPBWs of the four antenna elements in the elevation and azimuth planes were better than 60° and 87°,
respectively. Although the measured HPBW in the azimuth plane was smaller than the simulated result,
the whole 360° coverage could still be satisfied with relatively high gain since the minimum antenna
gain of approximately 4 dBi was measured at the overlapped area in between the antenna elements.
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Figure 10. Measured (a) return loss and (b) isolation characteristics among each antenna port.
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4. Conclusions

Due to the unique operation properties of UAV, including drone applications, the radiation peak
of the UAV-mounted antenna must be tilted toward the ground from the bottom of UAV. Also, high
gain beam pattern covering the whole 360° around UAV must be satisfied. Thus, in this paper, a new
antenna array structure optimized for UAV-mounted sensor applications was proposed and verified at
5.9 GHz. The proposed antenna array was configured by four identical super J-pole antennas with
2-dimensional ground reflectors, and the fabricated volume was about 0.88 x 0.88 x 0.83 Ao>. Each
proposed antenna element showed a tilted beam characteristic in the elevation angle and a wide HPBW
around the azimuth angle. The measured 10-dB impedance bandwidth was about 27.2% at the center
frequency of 5.9 GHz with the minimum antenna element to element isolation of 13 dB. Further, the
measured minimum peak gain and HPBWs in the elevation and azimuth angles were 7.4 dBi, 60° and
87°, respectively.
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