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ABSTRACT A tapered cavity-backed flush-mountable dual mono-cone antenna is proposed. The proposed
antenna consists of four main sections: a lower mono-cone, an upper mono-cone, novel feeding structures,
and an exponentially tapered cavity. To obtain high-frequency band operation, the upper mono-cone excited
by the feeding structures is located inside the lower mono-cone. The circular cavity used in the proposed
antenna has a tapered wall for mitigating the deterioration of radiation performance. The proposed antenna
has overall dimensions of 200 mm× 200mm× 30mm. The measured reflection coefficients (S-parameters)
are below −10 dB from 1.43 GHz to 39.05 GHz (1:27.3). The measured radiation pattern has a quasi-
omnidirectional characteristic in the operating frequency band.

INDEX TERMS 3D printed components, UWB antenna, flush-mountable antenna, cavity-backed
antenna, UAV.

I. INTRODUCTION
In recent years, unmanned aerial vehicles (UAVs) have been
studied for a wide range of applications [1]–[3]. The most
common uses for UAVs are surveillance and military appli-
cations. The ELINT system collects a wide spectrum of elec-
trical signals (from the VHF band to the Ka band) and locates
targets [4]–[6]. To perform such applications successfully,
an antenna with an omnidirectional radiation pattern in the
horizontal plane and a wide frequency bandwidth is required.
In addition, the antenna mounted on the UAV must have
a low profile and be lightweight to meet the aerodynamic
requirements and satisfy the payload capacity limit. To attain
an omnidirectional radiation pattern in the horizontal plane,
a blade type antenna has been developed for UAV appli-
cations [7]–[9]. In [7], a broadband, slotted blade dipole
antenna was proposed. The antenna uses a combination of
two vertical tails and two perpendicular slots. It is small and
lightweight, and has omnidirectional characteristics in a wide
frequency band. In [8], the researchers proposed a tri-band,
horizontally-polarized omnidirectional antenna combining a
folded tapered patch and a vertical slot together inside the
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rectangular cavity. A blade type VHF-UHF band antenna
for aircraft usage was designed using nth-order polynomial
curvature for both the radiation and extended ground to obtain
a wide frequency band [9]. However, such antennas can cause
drag problems at high speeds and are fragile. To overcome
these issues, many studies on low-profile conformal anten-
nas have been conducted [10]–[12]. In [10], the researchers
used a planar monopole with shorted pin antenna. It was
conformal to the UAV surface to obtain the desired omni-
directional radiation characteristics by inducing a current on
the shorted pin. In [11], four horns using SIW technology
were integrated on the substrate locating on UAV surface
for generating a quasi-omnidirectional radiation pattern in
the horizontal plane. In [12], arc-shaped patches and a disk-
loaded feeding pin were utilized to obtain omnidirectional
radiation with a reduced antenna height. Although these con-
formal antennas have omnidirectional radiation patterns and
are low-profile to alleviate wind influence at high speeds,
they have a narrow operating frequency band. To improve the
bandwidth performance in low-profile environments, meth-
ods for embedding a mono-cone antenna inside a cavity were
developed in [13]–[15]. A wideband flush-mountable mono-
cone antenna embedded inside a conventional cavity wall
was proposed in [13]. In [14], to produce omni-directional
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TABLE 1. Parameter values for the profile of the tapered cavity bottom.

radiation and a wide operating frequency band, a rectangular
cavity with an inclined wall was used. However, the band-
width of this type of antenna is not wide enough, due to the
effect of resonance occurring in the circular cavity. Therefore,
for this study, we located a mono-cone inside an exponen-
tially tapered cavity to reduce the reflection from the cavity
wall (which occurred in our previous work [15]).

3D printing technology is an attractive research topics due
to its advantages of low cost, lightweight production items,
and ease of fabrication. Due to its numerous advantages,
many microwave components have been fabricated using 3D
printing technology [15]–[18]. Generally, to fabricate a 3D
printed antenna, a conductive material needs to be painted on
a non-conductive structure made by a 3D printer.

In this paper, we propose a 3D-printed tapered cavity-
backed flush-mountable ultra-wideband antenna for UAV
applications. The proposed antenna has a novel dual mono-
cone structure. The upper mono-cone is embedded inside the
top surface of the lower mono-cone to obtain a wide operating
frequency band, and a novel shorting structure is utilized for
feeding the upper mono-cone. To minimize the weight, the
exponentially tapered cavity and the lower mono-cone were
fabricated by 3D printing technology. The proposed antenna
has an omnidirectional radiation pattern over the ultra-wide
frequency band. To verify the performance of the proposed
antenna, numerical simulations as well asmeasurements were
performed.

II. ANTENNA DESIGN
A. ANTENNA GEOMETRY
The configuration of an exponentially tapered cavity-backed
dual mono-cone antenna is illustrated in Fig. 1. The antenna
consists of two mono-cones and shorting structures inside
the metal cavity, which has an exponentially tapered wall.
The large mono-cone is designed to operate in the lower
frequency band, and the small mono-cone embedded into the
top surface of the large mono-cone is optimized to operate in
the higher frequency band. The large mono-cone is excited
by a SMA connector attached to the bottom of the exponen-
tially tapered cavity. A novel coaxial probe with the shape
of a helix with a 90-degree turn is used to feed the small
mono-cone. The probe penetrates the exponentially tapered
cavity and the large mono-cone. The outer conductor of the
probe is connected to the ground of the exponentially tapered
cavity and the side surface of the large mono-cone. The
inner conductor of the probe is directly attached to the small

FIGURE 1. Geometry of the proposed antenna: (a) perspective view and
(b) top and side views.

mono-cone. A shorting wire having the same shape as the
coaxial probe is located on the opposite side of the large
mono-cone. The exponentially tapered cavities have dual
exponential profiles for enhancing the operation bandwidth
[19]–[20]. The parameters for the design of the tapered cavity
are denoted in Equation (1), and their corresponding values
are provided in Table 1. These values are optimized to provide
the best antenna performance. The dimensions of the expo-
nentially tapered cavity-backed dual mono-cone antenna are
200 mm × 200 mm × 30 mm with a circular ground with a
diameter of 400 mm, which is useful when considering the
aerial fuselage laid outside the antenna.

z = A(eB(x−C) − 1)+ D (1)
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FIGURE 2. The evolution process of the proposed antenna: (a) ANT1,
(b) ANT2, and (c) ANT3.

FIGURE 3. Simulated results of ANT1, ANT2, and ANT3: (a) s-parameter
and (b) impedance.

B. ANTENNA ELEMENT DESIGN AND ANALYSIS
Fig. 2 illustrates the evolution process of the proposed
antenna. The performance of the antenna at each step was
simulated by Ansoft HFSS [21]. As shown in Fig. 2 (a),
ANT1 is a simple stacked dual mono-cone antenna with a
small mono-cone on the top surface of the large mono-cone.

FIGURE 4. Simulated electrical field distribution (xy-plane) of ANT3:
(a) inside the large circular cavity and (b) inside the small circular cavity.

The gap between the ground and the large mono-cone is
1 mm and the gap between the small mono-cone and the
large mono-cone is 0.25 mm. The heights of the large mono-
cone and the small mono-cone are 29 mm and 6.75 mm,
respectively. Bothmono-cones have a 90-degree flange angle.
It is well known that a mono-cone with a 90-degree flange
angle provides a wide bandwidth [22]. Figs. 3 (a and b) show
that ANT1 has a wide−10 dB bandwidth for the large mono-
cone (S11: 1.66 GHz to over 20 GHz) and for the small mono-
cone (S22: 8 GHz to over 50 GHz). Although ANT1 has an
ultra-wide bandwidth, the antenna height is not suitable for
UAV application due to the stacked structure. To ensure the
antenna is flush mountable in the flat ground, the top surface
of the large mono-cone is excavated. The large circular cavity
formed by the excavation has a radius of 100 mm and a depth
of 30 mm. The small circular cavity formed inside the large
mono-cone has a radius of 22.5 mm and a depth of 7 mm. The
large mono-cone and small mono-cone are located inside the
cavity. Fig. 2 (b) shows this antenna, referred to as ANT2.
Even though ANT2 has a flush-mountable shape, the reflec-
tion coefficient characteristic of ANT2 (shown in Fig. 3) is
deteriorated, due to the oscillating phenomenon inside the
cavity. The magnitude of the antenna impedance increases
over time due to the circular cavity. The electromagnetic wave
generated by the mono-cone propagates toward the wall of
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FIGURE 5. Various prototypes of the feeding network: (a) geometry, (b) simulated s-parameter, and (c) simulated impedance.

the circular cavity and a substantial portion of the wave is
reflected due to impedance mismatch. In Fig.4 considering
the peak impedance values of ANT2, the E-field distributions
with respect to the frequencies show that the field strength
increases along the radial direction inside the cavities as
the frequency increases. To prevent such phenomena in the
circular cavities, the walls of the cavities are tapered with
an exponential profile. Fig. 2 (c) illustrates an antenna with
exponentially tapered cavities (ANT3). Because the taper-
ing profile mitigates the impedance mismatch at the cavity
wall, an electromagnetic wave generated inside the expo-
nentially tapered cavities propagates with little reflection at
the outer region of the cavity, resulting in a low reflection
coefficient of the antenna [8]. Fig. 3 shows that ANT3 has

s-parameter and input impedance characteristics similar to
those of ANT1 under a flush-mountable environment.

C. ANTENNA FEEDING NETWORK DESIGN AND ANALYSIS
In the design process for ANT3, an ideal feed providing direct
excitation to the small mono-cone is assumed. However, it
is difficult to realize the ideal feed in a stacked structure.
Although a more realistic feeding configuration, such as
multi-coaxial feed, can be implemented to excite the stacked
structure [23], [24], such a feeding technique has inherent
difficulty in reducing the influence of the induced current on
the feed cable, which can deteriorate the reflection coefficient
of the antenna. Therefore, a novel helical feeding network
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FIGURE 6. Simulated s-parameters of antenna element with ideal feed
and helical probe feed.

for the dual mono-cone antenna was designed for achieving
a similar performance as that obtained when using the ideal
feed. Fig. 5 (a) shows the geometries associated with an
ideal feed, a straight probe feed, and a helical probe feed.
In the straight probe feed, the feeding probe used to excite the
small mono-cone is located off-center to handle the parallel
resonance due to the feeding network, and the shorting wire
is placed on the opposite side as the feeding probe to balance
the radiation pattern of the antenna [25]–[27]. To understand
the impact of the feeding line on the antenna performance,
antenna elements with various lengths of feeding probe are
analyzed. Fig. 5 (b) and (c) show the simulated s-parameter
and impedance of antenna elements for ideal feed, helical
probe feed, and straight probe feed with various length of
feeding probe. When the feeding probe has a length of 5 mm,
the parallel resonance occurs at approximately 5.5 GHz, and
the S11 characteristic is deteriorated. The parallel resonance
due to the feeding probe is shifted toward low frequencies
as the length of the feeding probe increases. Although the
straight feeding line with 30 mm length reduces the influence
on the antenna performance, the S11 of the antenna element
is still affected by the feeding network. To lessen the impact
of parallel resonance on antenna operation, a helical feeding
network is designed. The feeding network has a helical shape
with a 90-degree turn to provide additional length to the
feeding probe. Fig. 6 compares the simulated s-parameters
of an antenna with an ideal feed and an antenna with a helical
probe feed. The simulated results show that the antenna with
a helical probe feed performs similarly to the antenna with
an ideal feed throughout the entire operating frequency. The
simulated−10 dB S11 bandwidth of the antenna element with
the helical probe feed is 11.32 GHz (1.68 GHz-13 GHz) in the
lower band and that of S22 is 28.7 GHz (9.3 GHz-38 GHz) in
the higher band. The antenna element with the helical feed-
ing network exhibits a good isolation characteristic between
Port1 and Port2, taking a value below−15 dB throughout the
entire operating frequency band.

D. FABRICATION USING 3D PRINTER
The entire structure was printed by a 3D printer with 0.1 mm
resolution. To consider the effect of fuselage of the UAV,
a circular ground is attached. Since the printing capacity of
a 3D printer is limited, the S-parameters of the exponentially
tapered cavity-backed dual mono-cone antenna with various
extended circular ground sizes are simulated to determine the
minimum ground size necessary to emulate the actual ground
of a UAV. Fig. 7 shows that the simulated S11 and S22 of the
antenna are not significantly changed when Rg is greater than
200 mm. Therefore, we printed the antenna with an extended
circular ground with a radius of 200 mm.

FIGURE 7. Simulated s-parameters of the antenna with extended circular
ground.

FIGURE 8. Photographs of the printed parts of the antenna: (a) the
tapered cavity and (b) the printed mono-cone with feeding structures.

Fig. 8 (a) shows the printed exponentially tapered cavity.
The lowermono-conewas split into 2 pieces to enable embed-
ding of the helical probe. They were assembled as shown
in Fig. 8 (b). The assembled structure was coated with three
layers of conductive paint containing silver particles to pro-
duce a conducting surface [15], [16].

III. SIMULATED AND MEASURED RESULTS
Photographs of the exponentially tapered cavity-backed
dual mono-cone antenna are shown in Figs. 9(a and b).
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FIGURE 9. Fabrication of the antenna: (a) top view of the fabricated
antenna, (b) bottom view of the fabricated antenna, and (c) testing
environment for measuring antenna performance.

FIGURE 10. Measured and simulated return loss characteristics of the
fabricated antenna.

The simulated and measured s-parameter results are com-
pared in Fig. 10. The measured S11 is below −10 dB from
1.43 to 23.27 GHz for the lower frequency band and S22 is
below −10 dB from 8.37 to 39.05 GHz for the upper fre-
quency band. The simulated and measured far-field radiation
patterns of the antenna in the xy- and xz-planes for various
frequencies are shown in Fig. 11. Nearly uniform patterns

FIGURE 11. Simulated and measured radiation patterns of the proposed
antenna in xz- and xy-planes at 2, 5, 7, 10, 20, 30, and 40 GHz: (a) when
port1 is excited and (b) when port2 is excited.

are observed in the horizontal plane (the xy-plane), while
directional patterns appear in the vertical plane (the xz-plane).
The variations of gain in the horizontal plane are less than
3.7 dB for the lower band and less than 2.17 dB for the
upper band. The relatively large gain variation for the lower
band is due to the vertically induced current on the helical
probe and shorting line [25]. Fig. 12 shows the simulated
and measured peak gains of the proposed antenna in the xz-
plane. Themeasured peak gain of the proposed antenna varies
from 5.78 dBi to 10.71 dBi for the lower band and from
7.89 dBi to 9.07 dBi for the upper band. Note that there are
similar discrepancies in the far-field gain due to the high resis-
tance of the conductive spray and surface roughness [18].
The discrepancies are due to the roughness of conductively
coated surface and the discontinuity caused by the seg-
mented structure. To overcome these issues, a more precise
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TABLE 2. Comparison between proposed and previous related works.

FIGURE 12. Simulated and measured peak gains of the proposed
antenna.

manufacturing process (including fine 3D-printing and high
quality conductive spray painting) is necessary. The compari-
son among proposed and previous related works is presented
in Table 2 to highlight the merits of the proposed antenna.
Indeed, the majority of the studies except [7] and [15]
have relatively narrow bandwidth. In [7], wideband opera-
tion frequency and omni-directional radiation patterns were
obtained. However, the design has a blade type antenna which
is not suitable for UAV applications. Since the operating

frequency band of the flush-mountable antenna suggested
in [15] is not wide enough for fully covering the K-band
signals, we are to extend the operating bandwidth in the
proposed design.Moreover, the proposed design has the same
dimension as that of [15] despite of having an additional small
mono-cone antenna.

IV. CONCLUSION
In this paper, a new flush-mountable broadband dual mono-
cone antenna for UAV applications was proposed. The
proposed antenna consists of four main sections: a small
mono-cone, a large mono-cone, an exponentially tapered
cavity, and a helical feeding structure. The frequency band-
width of the mono-cones was enhanced using the expo-
nentially tapered cavity, and the upper frequency band
was obtained through the small mono-cone. The helical
probe feed (which has little impact on the performance of
antenna element) was used to excite the small mono-cone.
The proposed antenna was manufactured using 3-D print-
ing technology due to its ability to provide low-cost fab-
rication and produce lightweight items. The exponentially
tapered cavity backed dual mono-cone antenna achieves good
quasi-omnidirectionality in broad frequency bands, the lower
mono-cone over 1.43-23.27 GHz and the upper mono-cone
over 8.37–39.05 GHz, verifying the validity of our approach.
Thus, the proposed antenna is a good candidate for aerial
applications and can be utilized directly for UAVs.
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