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fabricated in this letter. To provide an analytical design, the
LC equivalent circuit of the main resonator has been pre-
cisely calculated. Moreover, Adjusting upper passband is the
most noticeable positive point. Considering these features,
the proposed filter can be employed in wireless LAN
applications.
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Abstract

A 3D-printed tapered cavity-backed flush-mountable
wideband antenna for UAV applications is proposed. The
antenna consists of a mono-cone and an exponentially
tapered cavity, which are fabricated using 3D printing
technology. Performance degradation caused by the
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resonance of a conventional cavity is reduced by tapering
the cavity. The antenna has the overall dimensions of
224 mm X 224 mm X 34 mm. The measured 10-dB
return loss bandwidth of the antenna is 24.4 GHz ranging
from 1.3 GHz to 25.7 GHz (180%). The measured radia-
tion pattern has an omnidirectional characteristic over the
operating frequency band.

KEYWORDS
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1 | INTRODUCTION

Recently, there has been increasing interest in unmanned aer-
ial vehicle (UAV) technology for a variety of applications,
such as monitoring, direction finding, and collecting intelli-
gence.' In order to successfully realize such applications, an
antenna with an omnidirectional radiation pattern in the hori-
zontal plane and a wide frequency bandwidth is required. In
particular, the antenna mounted on a UAV has to have a low
profile and be lightweight to meet the aerodynamic require-
ments and the limits of payload capacity, respectively. To
attain these requirements, several low-profile antennas for
UAV were proposed.” Although these antennas have an
omnidirectional radiation pattern, have a low profile, and are
light weight, their bandwidth is not wide enough for UAV
applications. To improve the bandwidth performance, a
wideband mono-cone antenna embedded inside the cavity
was proposed.® However, the bandwidth of the antenna was
not wide enough due to the effect of the cavity.
Three-dimensional printing technology is a recent
research topic of interest because of its advantages in creat-
ing low-cost and lightweight parts, as well as its ease of fab-
rication. Due to its numerous advantages, many microwave
components are being fabricated using 3D printing.””
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FIGURE 2 Simulated return loss characteristics of each step of the
antenna. [Color figure can be viewed at wileyonlinelibrary.com]

Generally, to fabricate a 3D-printed antenna, a conductive
material needs to be painted onto the non-conductive struc-
ture made by a 3D printer.

In this article, a 3D-printed flush-mountable antenna for
UAVs is proposed. All components of the proposed antenna
were fabricated using 3D printing technology, and the
antenna has a flush-mountable structure in order to meet the
requirements for UAV, such as low weight and low air drag.
The proposed antenna has an omnidirectional radiation pat-
tern and broad bandwidth. To verify the performance of the
proposed antenna, numerical simulations and measurements
were performed.

2 | ANTENNA DESIGN

2.1 | Antenna geometry

Figure 1 shows the geometry of the proposed antenna. It has
the overall dimensions of 224 mm X 224 mm X 34 mm and
consists of a mono-cone and an exponentially tapered cavity.
The coaxially fed mono-cone is adopted to achieve wide
bandwidth and omnidirectional radiation characteristics. The
diameter of the top of the mono-cone is 60 mm, and that of
the bottom is 1.5 mm. The exponentially tapered cavity has

unit : mm

FIGURE 1 Geometry of the proposed antenna. [Color figure can be viewed at wileyonlinelibrary.com]
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20— around TABLE 1 Parameter values of the profile of the bottom of the
— %ngg 5?&:3’ {Bnr-gft:“g 5% tapered cavity
— —— Tapered cavity (profile 3)
g 15— Conventional tircular cavity
= Profile no. A B
o 1 1.15E—03 30
E 100+
b 2 1.36E—05 70
o
W@
g N 3 1.85E—08 130
G T T T T T T T . .
2 4 6 8 10 12 14 the dimensions of 224 mm X 224 mm X 31 mm, and the
Frequency [GHz] profile of the bottom of the tapered cavity is determined by
(A) Equation 1, where the center of the bottom of the cavity is
100— it ground. located at (0,0,0). The mono-cone is placed at the center of
Tapered cavity (profile 1 . .
1=— Tapered cavity Eﬁ;gg}g §§ the cavity and the distance between the bottom of the mono-
50— Comentimalcirtular cavity cone and the surface of the cavity is 0.5 mm.

Reactance [ohm]

2 4 6 8 10 12 14
Frequency [GHz|
(B)

FIGURE 3 Simulated (A) resistance and (B) reactance for the vari-
ous profiles of the cavity. [Color figure can be viewed at wileyonlineli-

brary.com]

z=A(®—1) 1)

2.2 | Design and analysis

The design procedure of the antenna consists of 3 steps,
and the Ansoft HFSS is used to design and analyze the
performance of the antenna.'® In step 1, a mono-cone,
which has an elevation angle of 45° from the flat circu-
lar ground, is designed to achieve a broad bandwidth
and monopole-like radiation pattern. The diameter of the
flat ground and the height of the mono-cone are set to
230 mm and 30 mm, respectively, in order to establish

FIGURE 4 Simulated transient electrical field distribution (xz-plane) of the mono-cone inside the conventional circular cavity: (A) = 0.3 ns, (B)

t=0.5ns, and (C) t = 0.7 ns. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 Simulated transient electrical field distribution (xz-plane) of the mono-cone inside the exponentially tapered cavity: (A) = 0.3 ns, (B)

t=0.5ns, and (C) t = 0.6 ns. [Color figure can be viewed at wileyonlinelibrary.com]

the lower limit of the operating frequency at 1 GHz."'
In step 2, to make the antenna conformal, the mono-
cone is placed at the center of a conventional circular
cavity, which has a diameter of 224 mm and a depth of
31 mm. In step 3, the profile of the bottom of the cavity
is tapered using Equation 1.

(A) (B)

(D)
FIGURE 6 Photograph of the printed parts of the antenna: (A) 3D printer,

Figure 2 shows the simulated return loss characteristics
and illustrations of the antenna shape for each step. The
designed mono-cone over the flat ground has a broad 10-dB
return loss bandwidth from 1.05 GHz to over 15 GHz. How-
ever, the return loss characteristic deteriorates when the
mono-cone is positioned inside the cavity. Figure 3 shows

(E)

(B) the tapered cavity, (C) the printed mono-cone, (D) dismantled parts,

and (E) assembled parts. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 7 Fabrication of the antenna: (A) 3D-printed tapered struc-
ture, (B) 3D-printed conventional cavity, (C) top view of the fabricated

antenna, and (D) side view of the fabricated antenna. [Color figure can be
viewed at wileyonlinelibrary.com]

the comparison between the simulated input resistance and
reactance characteristics when the mono-cone is placed over
the flat ground and inside the conventional circular cavity.
Additionally, for the various profiling factor (B) values
shown in Table 1, the simulated input resistance and react-
ance of the mono-cone inside the exponentially tapered cav-
ity are also shown in Figure 3. The mono-cone inside the
conventional circular cavity exhibits higher reactance than
that on the flat ground, causing mismatch. As the value of
the profiling factor (B) decreases, the mono-cone inside the
exponentially tapered cavity has a reactance oscillating with
a small ripple, and the resistance approaches 50 Q so that the
antenna operates like the mono-cone on the flat ground.

In order to investigate the functional principle of the
exponentially tapered cavity, we compare the transient char-
acteristics of the electrical field propagating in the exponen-
tially tapered cavity and the conventional circular cavity
using CST Microwave Studio.'* Figures 4 and 5 show the
simulated transient electrical field distributions inside a con-
ventional circular cavity and the exponentially tapered cavity
after a Gaussian pulse is excited. When the mono-cone is
placed inside the conventional circular cavity, the electrical
field is reflected at the outer region of the cavity. In contrast,
the electrical field of the mono-cone inside the exponentially
tapered cavity propagates with little reflection at the outer
region of the cavity, which causes the antenna to have a high
return loss value.

2.3 | Fabrication using a 3D printer

The entire structure was printed using a MakerBot 3D
printer whose resolution is 0.1 mm."? Figure 4A shows the

WILEYL2”

3D printer. Due to the limited capacity of the printer, the
entire structure was split into 5 pieces. Each piece was
printed separately as shown in Figures 4B,C, and they were
assembled as shown in Figures 4D,E. Then, the assembled
structure was coated with 3 layers of conductive paint,
which contains silver particles to produce conducting prop-
erties.'* Figure 6 shows the fabricated antennas.

3 | SIMULATED AND MEASURED
RESULTS

Figure 7 shows the photographs of the fabricated
antenna. The cavity was fabricated by attaching copper
sheets at the outer shell of the 3D-printed conventional
cavity. Then, the 3D-printed tapered structure coated with 3
layers of conductive paint was inserted into the conventional
cavity. The supporting structure is used to make the mono-
cone perpendicularly erect on the tapered structure. The SMA
connector was attached to the mono-cone and the bottom of
the cavity using a conductive epoxy material instead of
soldering.

Figure 8 shows the simulated and measured return loss
characteristics of the antenna. The simulated and measured
10-dB return loss bandwidths of the antenna are 22.17 GHz
ranging from 1.03 to 23.2 GHz (183%) and 24.4 GHz rang-
ing from 1.3 to 25.7 GHz (180%), respectively, showing that
the results are in good agreement. The simulated and meas-
ured far-field radiation patterns of the antenna in the xy- and
xz-planes for different frequencies are shown in Figure 9.
The measured far-field radiation patterns of the proposed
antenna show good agreement with the simulated ones,
exhibiting omnidirectional patterns at all frequencies.

Figure 10 shows the simulated and measured peak gains
of the proposed antenna. The proposed antenna has some
performance degradation in the far-field gain due to the high
resistance of the conductive spray and the surface

=]

=

>
! >
=

‘d
=

Return loss [dB]
=
e
<>
—

== Simulation
=== Measurement
canreient

5 10 15 2|0 25 30
Frequency [GHz]

FIGURE 8 Measured and simulated return loss characteristics of the
fabricated antenna. [Color figure can be viewed at wileyonlinelibrary.
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FIGURE 9 Simulated and measured radiation patterns of the proposed antenna in the xz- and xy-planes at 3, 6,9, 12, 15, 18, 21, and 24 GHz. [Color
figure can be viewed at wileyonlinelibrary.com]
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FIGURE 10 Simulated and measured peak gains of the proposed
antenna. [Color figure can be viewed at wileyonlinelibrary.com]

roughness.”'>'® The measured peak gain of the proposed
antenna varies from —0.68 dBi to 5.5 dBi.

4 | CONCLUSION

In this article, a 3D-printed tapered cavity-backed flush-
mountable wideband antenna for UAV was proposed. The
proposed antenna consists of 3D-printed structures coated
with conductive paint. To demonstrate the feasibility of apply-
ing 3D printing technology to antenna manufacturing, the
return loss and radiation characteristics are simulated and
measured. The obtained results show that the antenna has a
wide 10-dB return loss bandwidth and monopole-like radia-
tion pattern, verifying the validity of the approach used in this
article. Thus, the proposed antenna could be a good candidate
for aerial applications and can be utilized directly for UAV.
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