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ABSTRACT Unmanned Aerial Vehicles (UAV’s), also known as autonomous drones, are being utilized
for a variety of applications such as disaster management, search and rescue, surveillance, and remote
monitoring. The wireless link to transfer the data from the drone to the ground station or another drone
is critical for such applications. Antenna, being the most important part of that wireless link, must be
designed such that it seamlessly integrates with the drone without affecting its flight. This means the
antenna must be thin, lightweight, conformal, and provide wide coverage. On the other hand, antenna’s
performance must not be deteriorated due to UAV mounting, so antennas with ground planes are preferred.
Further, to cater for high data rate applications, a large bandwidth is required, which is difficult to achieve
on thin substrates. In this paper, a dual band design is presented that addresses all the key requirements
for a drone antenna. Specifically, the bandwidth is enhanced without increasing the substrate thickness.
The proposed dual-mode antenna demonstrates one of the largest bandwidths (4% at 2.4 GHz and 7% at
5.2 GHz) on a thin substrate (0.0128 X() and presents one of the highest gain (~10dBi) in comparison to
the published UAV antennas. It is shown that the antenna’s performance does not deteriorate for moderate
bending conditions. Finally, a 3-element triangular multiple input multiple output (MIMO) configuration
is designed and seamlessly integrated with the UAV body to demonstrate its efficacy.

INDEX TERMS Antenna, bandwidth improvement, circular microstrip patch, dual-mode, parasitic patches,

UAVs.

I. INTRODUCTION

N THE last decade, UAVs have received consider-

able attention from industries to provide services for
a number of applications such as drones photography, map-
ping, surveillance, search and rescue, wild-life monitoring,
precision agriculture, shipping, and delivery, etc. In a recent
market survey, it is predicted that UAV’s market will continue
to grow at a compound rate of 15.37% and is expected to
be $47.76 billion by 2025 [1]. Few of the above-mentioned
applications such as surveillance, search, and rescue require
real-time HD video transmission from air-borne drones to
the ground stations. The transmission of HD video for
longer distances can be achieved by employing antennas
with larger bandwidths and higher gains. Further, the UAV
antennas must be light-weight, thin and conformal so that
they can be integrated with the UAV body in a seamless
fashion.

The commonly used antennas for UAVs are blade
antennas (mostly A/4 monopole radiator), printed dipoles
or monopoles, cavity-backed annular slot antennas, and
microstrip patch [2]-[13]. The blade antenna requires
an aerodynamic enclosure that adds more payload and
can affect overall antenna gain [2]. Due to protruding
nature of conventional wire monopoles, printed/conformal
monopoles can provide a better alternative due to less
weight and seamless/conformal integration with the sub-
ject [4], [6], [8], [14], [15]. Printed/conformal monopoles
can provide a decent impedance bandwidths and can be
also be designed for multiband operations however their
characteristics, i.e., resonant frequency sometimes changes
while mounted on a drones body. Therefore, the consti-
tutive properties of drone’s body material are required in
advance for designing an efficient antenna. However, confor-
mal monopole designs with full ground plane [4], [6] suffer
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FIGURE 1. Radiation coverage for various scenarios for the proposed antenna and
the conventional antennas.

in terms of the realized bandwidths and higher thickness (typ-
ically 10-18 mm) that requires significant recess of drone’s
body material to have seamless integration. Removing more
material from drone’s body, e.g., wings or fuselage to fit such
an antenna can make that part mechanically vulnerable and
may require additional fiberglass lamination. Being a low
profile among the all, an annular slot antenna seems more
suitable for the seamless integration. However, thin annular
slot antenna and printed/conformal monopoles have relatively
low gains around 1.0-2.5 dBi [5], [6], [9]. Apart from low in
gain, they have some coverage issues as mentioned in Fig. 1
due to the null in the broadside. For example, the coverage
issues can be in the situations where drone is flying either
directly on top (case 1) or far away from the ground station
at a low altitude (case 2). In few papers, the antenna arrays
have been embedded in the drone’s body, e.g., wings [7],
and its trunk [10] which requires prior considerations in the
manufacturing processes.

From the above discussion, it is evident that a general-
ized ready to use solution would be very useful in case
the drone body material gets changed [19] or a cumber-
some installation procedure is required. A thin, conformal
antenna with a full ground plane (to reduce the body effect)
would be very useful where the antenna can be attached
to the drone’s body on demand. In this work, a circular
microstrip antenna is proposed where two modes are excited
by carefully positioning of the feed point and the bandwidth
is enhanced through parasitic patches on a thin substrate
(0.0128 Xxp). Dual mode results in two radiation patterns,
as shown in Fig. 1, which is favorable for situations where
a single radiation pattern such as for a monopole would result
in coverage issues. The design and some initial results of
the proposed antenna have been shown in [20]. This paper
provides details of antenna design evolution as well as sen-
sitivity analysis for key design parameters and a detailed
discussion on surface currents and antenna radiation modes.
Further, this paper shows the design of a 3-element MIMO
configuration to ensure high data rates that can sustain
a high-quality HD video transmission. Various key MIMO
parameters such as envelop correlation coefficient (ECC),
active reflection coefficient (ARC), directive gain (DG) and
total active reflection (TARC) are studied. Additionally,
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FIGURE 2. Antenna model description: reference circular patch.

antenna characterization on various real-world scenarios,
such as bending at different radii and mounting on UAV
body has been performed in both numerical simulations as
well as measurements. The radiation patterns for various
bending radii is also included here to demonstrate antenna’s
insensitivity under moderate bending conditions.

A comparison of UAV antennas is given in Table 1 to
show the viability of the proposed antenna. Here, we can
see that the proposed antenna exhibits one of the largest
bandwidths for both the bands despite being on one of the
thinnest substrate. Further, it demonstrates one of the highest
gain and diverse radiation patterns that will lead to large
communication range and wide radiation coverage. Finally,
the antenna being thin and conformal, can be seamlessly
integrated with the UAV body without any deterioration in
performance due to bending or UAV body effect.

Il. DUAL-MODE ANTENNA DESIGN

A. REFERENCE ANTENNA DESIGN

As a first step, a conventional circular microstrip antenna is
designed to act as a reference antenna, as shown in Fig. 2.
The substrate radius of the reference antenna is kept as
R while R, represents circular driven patch radius. This
antenna is designed on a thin-flexible Roger 5880 substrate
with dielectric permittivity of 2.2 and loss tangent of 0.0009.
The antenna has a full ground plane, as shown in the side
view in Fig. 2(b). It is well known that with the substrate
height fy,;, << A, the circular patch supports TM* modes,
where z represents a directions normal to the patch. The
resonant frequencies for TMf}mo modes, i.e., (f;)mno can be
expressed as

1 lenn
r)mno 2 \/_ ‘8<R£e;4ft ( )

The permeability and permittivity of the substrate material
are represented as u, €, whereas x,,, is a constant defining
the antenna modes (xj, = 1.8412, xj, = 3.0542, x}, =
3.818 and xj, = 4.2012). An optimum feed point Sy is
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TABLE 1. State-of-the-art comparison for UAV antennas with ground planes.

. . . Antenna Seamless
Antenna height (&) Bandwidths Max. Gain Dual- . | Pattern
#Ref Antenna type (physical height in mm) MHz (dBi) Aperture | q | Integrati | o ey
(mm?) on
[4] |Higher-order mode circular patch 0.042 2 (18 mm) NA 5.0 1.96 4; No No No
[6] |HMCPA 0.023 X (10 mm) 16 (2.2 %) 1.86 1.90 A2 No No No
[10] |Rectangular patch array 0.049 X (6 mm) 120 (4.8 %) 1.3 0.93 4} No No No
[9] |Annular slot antenna 0.271 X (3.05 mm) 70 (2.6 %) 2.67 0.55 4 No No No
[12] |Folded strip antenna 0.05 2 (30 mm) 11 (2.2 %) 4.8 - No No No
[16] |Cloverleaf antenna 0.232 X (28.4 mm) 100 (4.0%) 6.38 1.28 4 No No No
. . 164 (6.6% @2.4 GHz) | 6.8 (2.4 GHz) )
[17] |E-shaped microstrip patch 0.0384 & (4.8 mm) 246 (4.8%@5.8 GHz) 2.1 (5.2 GHz) 0.64 4, Yes No No
. ] 90 (3.7% @2.4 GHz) | 4.1 (2.4 GHz) .
[18] |Shorted microstrip antenna 0.0336 A (4.0 mm) 277 (53% @5.2 GHz) | 1.4 (5.2 GHz) 0.08 4, Yes No No
47 (2.9% @1.575GHz) | 7.07 (1.57 GHz) )
[13] |Arc shaped slot patch antenna 0.06 Ao (11.57 mm) 125(5.1% @2.45 GHz) | 7.47 (2.45 GHz) 0.64 4; Yes No No
This |Dual mode circular patch antenna 97 (3.9% @2.4 GHz) | 9.55(2.4 GHz) )
work |with parasitic patches 0-0128 % (1.57mm) | 35’6 99,@ 5.2 GHz) | 8.50 (52 GHz) | 10% Yes Yes Yes
TABLE 2. Design parameters for reference antenna (in mm). m=1, n=1
dB(A/m)
ref ref
qub Rout Sf Rc tsub 335
30.86 23 7.41 1.2 1.57 28
24
1 Ll ' 1 20
7/ 16
12
0 1 8
4
0
—~ -5+ 4 -6.5
m
% 2.4 GHz z==P x 5.2 GHz
b
-10 . FIGURE 4. Simulated surface current distribution at 2.4 GHz and 5.2 GHz bands.
-15 1 symmetrical for the x-axis and higher magnitude of currents
p are observed along the edges of positive and negative y-axis.
210 245 "a55 4.90 525 On the other hand, the current are flowing from center to
Frequency (GHz) the outer periphery at the 5.2 GHz band. Interestingly, the

FIGURE 3. Simulated reflection coefficient of the reference circular microstrip patch
antenna.

chosen such that the antenna resonates at two modes, i.e.,

TMi; and TMp; simultaneously. Two modes, i.e., TM; and

TMjy; are selected to get the appropriate frequency ratio for

covering the both ISM bands, i.e., 2.4 GHz and 5.2 GHz as
(fr ) TMo

X0

1

=== ) =2.081.
(fi’)TM“ (Xl/l)

Antenna dimensions listed in Table 2 are used as the model
parameters and simulations are conducted in the commercial
3D electromagnetic simulator. The antenna is fed by a wave
port representing a coaxial feed. Fig. 3 shows the simulated
reflection coefficient of the reference antenna. It is found
here that the simulated —10 dB bandwidths (BW) at 2.4 GHz
and 5.2 GHz bands are 38 MHz and 155 MHz respectively.
Fig. 4 shows the simulated current density distribution of
the two resonant modes, i.e., 2.4 GHz (TM;;) and 5.2 GHz
(TMp;) bands. For TM|; mode, the current distribution is

2
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magnitude of current is uniform along the periphery of the
patch at the 5.2 GHz band while at 2.4 GHz current showing
a wavelength variation along the periphery.

B. DESIGN EVOLUTION: BANDWIDTH ENHANCEMENT

The BW enhancement of reference antenna is considered
here through multiple ways such as parasitic patches, slots
or by combining both the techniques. Three antenna config-
urations, labeled as Ant #1, Ant #2, and Ant #3, as shown
in Fig. 5, are investigated. To accommodate the parasitic
patches, the substrate radius is increased for all three con-
figurations and termed here as Ry,;,. The first configuration
shown, i.e., Ant #1, is mainly using two identical parasitic
patches placed along the x-axis. The radius of the para-
sitic patches is termed as R,; while the radius of the driven
patch is kept the same as that of the reference antenna,
ie., R;Zf, The edge-to-edge gap between the driven patch
and the parasitic patches is Sg1. The second configuration,
i.e., Ant #2 introduces an additional radial slot of angle Sy
in the driven patch. The third and final configuration uses
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FIGURE 5. Different antenna configurations for the bandwidth enhancement.
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FIGURE 6. Ant # 1: Reflection coefficient for varying gap Sg1 while keeping
Rpt =22.50 mm.

additional identical parasitic patches along the y-axis of the
radius with an edge-to-edge gap with the driven patch of S,».

For instance, the first antenna configuration also termed
here as Ant #1, parasitic patches for the enhancement of BW
at 2.4 GHz are introduced. As presented in [21], the para-
sitic patches can be positioned in the vicinity of the driven
patch and gets excited by the radiating edges as well as
from the non-radiating edges. To see the effect of parasitic
patches on the resonance of the driven reference patch, a rel-
atively smaller parasitic patch compared to the driven patch
is chosen. In Fig. 6, the reflection coefficient for different
gaps, i.e., Sy between the driven and parasitic patches is
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FIGURE 7. Ant # 1: Reflection coefficient for varying Rp1 while keeping
Sg1 =1.0 mm.

[S14] (dB)

-25
2.10

4.90 525 5.60
Frequency (GHz)

T
245

FIGURE 8. Ant # 2: Reflection coefficient for varying Sy while keeping
Sg1 =1.0 mm.

TABLE 3. Optimized antenna design parameters (in millimeters).

Ant2 _ pAnt3 of
RSMZ - Rsunb Rz::;t Rpl Rp2 Sgl Sg2
76 23.25 22.90 10.19 | 098 | 0.15

shown. It is observed that when the parasitic patches come
closer to the driven patch Sg1< 2 mm, a second resonance
appears within the 2.4 GHz band. This second resonance
is due to the proximity coupling between the driven and
the parasitic patches (due to the fringing fields). It is also
observed that the impedance BW of the antenna is enhanced
by the introduction of the parasitic patches, while there is
negligible effect on the other frequency band, i.e., 5.2 GHz
band. The radius of parasitic patches is usually chosen to
create an additional resonance as seen in Fig. 6 and gap
between them could provide sufficient coupling for exciting
parasitic patches.

In Fig. 7, the effect of varying parasitic patches radii with
a fixed edge-to-edge gap is shown. It can be seen here that
the resonance due to the introduction of parasitic patches can
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FIGURE 9. Ant # 3: Reflection coefficient of the proposed antenna with optimized
dimension as mentioned in Table 3.
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FIGURE 10. Surface current distribution over the proposed antenna for four
resonant frequencies.

be tuned towards or away from the driven patch resonance
by varying the radii of the parasitic patches. This parametric
variation can be optimized to enhance the antenna bandwidth
significantly. As mentioned earlier, Ant #1 configuration,
enhances the BW at the 2.4 GHz band without affecting
the matching performance at the second band (i.e., 5.2 GHz
band). For increasing the bandwidth at the 5.2 GHz band,
a radial slot of angle Sy is introduced along the periphery
of the driven patch. The slot of 1.5 mm width is made at
a spacing of 1.2 mm from the outer edge of the driven patch
as shown in Fig. 5. It can be seen that the slot introduces
an additional resonance at the 5.2 GHz band, however, it
disturbs the antenna matching performance at the 2.4 GHz
band when the radial angle is > 95°. This slot is resonating
on a higher order dipole mode and is not under the influ-
ence of adjacent mode, i.e., TMp;. One can still enhance the
antenna bandwidth at both bands as shown in Fig. 8 as long
as the additional slot does not affect the coupling between
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FIGURE 11. Ant # 3: Proposed antenna radiation and return loss characteristics
(a) 2.4 GHz band, and (b) 5.2 GHz band, while mounted conformally on a drone wing
(made up of PEC).

the driven and parasitic patches at 2.4 GHz. We have found
that for Ant #2, the maximum BW at 2.4 GHz is 93 MHz
(reference antenna has 38 MHz) while at 5.2 GHz, the BW is
235 MHz (reference antenna has 155 MHz). It is well known
that the principle of operation of such slots is to alter the
distribution of current to achieve the required performance
enhancement in the antenna. However, in the present sce-
nario, if the current distribution is changed significantly due
to the introduction of the slot, the performance for the other
band, i.e., 2.4 GHz is degraded. This is quite obvious as the
parasitic patches have been introduced with respect to the
current distribution at 2.4 GHz. To keep the first band (i.e.,
2.4 GHz) insensitive while enhancing bandwidth at the sec-
ond band (i.e., 5.2 GHz), we need to devise a mechanism by
which the current distribution of the driven patch does not
get affected significantly. We introduced another pair of the
parasitic patches with radius Ry, on along the y-axis at a rel-
atively low edge-to-edge gap Sy, in our final antenna design
(i.e., Ant # 3). The reason for keeping a relatively low edge-
to-edge gap Sg2 can be explained by the low-intensity surface
currents at the 5.2 GHz band as compared to the 2.4 GHz
band (Fig. 4). A smaller edge-to-edge gap provides sufficient
coupling to the added parasitic patches for the 5.2 GHz band.
Later, an optimization routine (particle swarm optimization)
of key parameters, i.e., R,ri{t Rp1, Rp2, Sg1 and Sg» is car-
ried out for the best impedance BW performance at both
the bands, and the optimized antenna parameters are listed
in Table 3. Fig. 9 shows the reflection coefficient for the
proposed antenna along with the parametric sensitivity for
the key design parameters. The proposed antenna exhibits
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FIGURE 13. Scattering parameters at 2.4 GHz band for proposed 3-element MIMO
configuration.

a fair amount of BW enhancement for both the bands and
achieved BW at 2.4 GHz band is 97 MHz while at 5.2 GHz
is 360 MHz.

Fig. 10 shows the surface current distribution on the
proposed antenna for all four resonance frequencies, i.e.,
2.42 GHz, 2.47 GHz, 5.03 GHz and 5.24 GHz. At 2.42 GHz,
driven patch is exited with TM;; and at 2.47 GHz, the
parasitic patches also gets excited with TMj;, As shown
Fig. 4, the driven patch gets excited with TMp; mode at
5.2 GHz band, the electromagnetic coupling due to fring-
ing fields exciting the parasitic patches at 5.03 GHz and
5.24 GHz respectively. By observing the current distribution
at 5.03 GHz, the driven and parasitic patches effectively
contributes towards the radiation. However, at 5.25 GHz,
significant current is flowing along the edges of parasitic
patches as compared to driven patch confirms radiation
elements.

To further clarify the utility of the proposed antenna for
plug-and-play installation on a drone, as well as for wider
coverage (Fig. 1: case-1 and case-2), another simulation is
performed while the antenna is conformally mounted on
a drone wing made of PEC and its radiation pattern for both
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FIGURE 15. MIMO parameters for configuration shown in Fig. 12.
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FIGURE 16. Total active reflection coefficient (TARC) of the proposed MIMO
configuration.

the bands is shown in Fig. 11. The antenna’s impedance BW
and radiation patterns are not affected much when integrated
with the drone surfaces.
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(I

FIGURE 17. Radiation pattern of individual antenna in MIMO configuration (a), (b), (c) at 2.42 GHz for driven patches (d), (), (f) at 2.47 GHz for parasitic patch (g), (h),

(i) 5.03 GHz for driven patches and (j), (k), (1) 5.24 GHz for parasitic patches.

lll. PROPOSED MIMO CONFIGURATION

A 3-element MIMO configuration, employing the proposed
antenna in a triangular orientation, is shown in Fig. 12.
The antenna elements are arranged on the vertices of an
equilateral triangle with a side dimension of d = 200 mm.
The antenna I and II are rotated by 6 = 30° clockwise
and counter-clockwise respectively with respect to III. This
MIMO configuration is simulated and reflection coefficients
of each antenna element and mutual coupling between them
are plotted in Figs. 13 and 14 for 2.4 GHz and 5.2 GHz bands
respectively. The reflection coefficient of each antenna ele-
ment shows a consistent —10 dB bandwidth and fairly good
isolations, i.e., > 20 dB between the antenna elements for
both the bands. As explained earlier, the first resonance
belongs to the driven patch whereas the second resonance is
due to the parasitic patches. It can be seen in Fig. 13, the
mutual coupling between antennas I and II is much lower
when compared to the coupling between antennas I and III
or antennas II and III, because of larger separation between
radiating elements of I and II. In a similar manner the higher
mutual coupling between the antennas I and II in Fig. 14
can be explained for the 5.2 GHz band. It is worth men-
tioning here that the isolation is > 35 dB for the range of
frequencies where the driven patch is dominant.

Various MIMO parameters such as ECC, DG and TARC
are calculated with the procedure given in [22] and plot-
ted for both the frequency bands in Figs. 15 and 16.
From Fig. 15, it is evident that the ECC is well below
0.005 which confirms legitimately good isolation between

VOLUME 2, 2021

Top View

Bottom View

FIGURE 18. Fabricated prototype antenna.

the antenna elements. As the correlation coefficient is well
below 0.005, the DG values are consistently around 10. It
is to be noted here that the ECC and DG are calculated
from S-parameters. The TARC response for different phases
shown in Fig. 16 indicates a decent MIMO configuration as it
covers almost the similar —10dB bandwidths as of individual
antenna without any significant deviation. Fig. 17 shows the
radiation patterns of the individual antenna in the MIMO
array. Fig. 17(a)-(c) and (g)-(i) are showing the radiation
characteristics at resonance frequencies (i.e., 2.42 GHz and
5.03 GHz) when the driven patch is dominant, whereas
Fig. 17(d)-(f) and (j)-(1) are showing the radiation patterns
at 2.47 GHz and 5.24 GHz when the parasitic patches also
get excited. The radiation patterns for the parasitic patches
add grating lobes in addition to the major radiation lobes
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FIGURE 19. Comparison of measured and simulated reflection coefficient for the
proposed antenna.
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FIGURE 20. (a) Antenna measurement on bending condition, and (b) seamless
integration of the antennas on UAV wings.

that help in radiation coverage for the lower altitude of the
elevation plane.

IV. RESULTS AND DISCUSSION

A. FABRICATION AND REFLECTION COEFFICIENT
CHARACTERIZATION

The proposed antenna is fabricated on semi-flexible substrate
(Rogers© 5880, &, = 2.2 and, tan§ = 0.0009) as shown in
Fig. 18. The laser prototyping machines LPKF Protomat U3
and Protomat H100 are used for etching the structure and
making a plated through vias for feeding. The SMA jack is
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FIGURE 21. Antenna reflection coefficient (a) 2.4 GHz band, and (b) 5.2 GHz band
for various bending angles and UAV mounted antenna.

then connected such that its center pin connects with the top
driven-patch and the ground base with the antenna’s ground
plane. The reflection coefficient of the fabricated antenna is
then measured in a laboratory environment employing the
vector network analyzer (PNA Keysight E8363C). The mea-
sured and simulated reflection coefficients are plotted as
shown in Fig. 19 for both 2.4 and 5.2 GHz bands. A fair
agreement between simulated and measured results can be
observed and a slight deviation at the 5.2 GHz band that
is due to the fabrication inaccuracy of the gap dimension,
ie., Sg.

B. ANTENNA BENDING PERFORMANCE

To see the antenna performance in different bending con-
ditions, the antenna is bent in 3 bending angles viz. 8§,
18 and 30 degrees as depicted in Fig. 20(a) to accom-
modate a typical curvature of UAV’s body. Our antennas
can be mounted on wings or fuselage of UAV. To show
actual seamless integration, our antennas are mounted on
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FIGURE 22. Measured antenna radiation pattern for both the frequency bands (a) at

driven patch resonance frequencies {¢ = 90°

for 2.42 & 5.03 GHz} and (b) at parasitic

patch resonance frequencies {¢ = 0° @ 2.47 GHz and ¢ = 90° @ 5.24 GHz}.

the wings and fuselage of a drone as shown in Fig. 20(b).
The considered bending scenarios are emulating the usability
of the proposed antenna for typical mounting conditions. The
reflection coefficients is measured for the considered bend-

ing scenarios as well as when

the antenna is mounted on

the UAV wing (shown in Fig. 21 along with the no bending
case). Based on the observed performance for the considered
bending angles, it can be established that the impedance BW
of the antenna does not change much as compared to the
flat antenna in air. This confirms that the antennas can be
mounted easily on drones with different body material with-
out optimizing the antenna. Also, since they are very thin

and mechanically flexible they

can be seamlessly integrate

with the UAV body and it is expected that this integration
will not affect the UAV aerodynamics.

C. 2D RADIATION PATTERN

The antenna’s radiation performance characterization for
both the bands is performed in an anechoic environment
as shown in Fig. 20(a). The 2D radiation patterns for the
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proposed antenna are plotted in Fig. 22(a) and 22(b) at
the respective resonance frequencies corresponding to the
driven and parasitic patches. For the resonance frequencies
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corresponding to parasitic patches, two grating lobes appears
in the radiation patterns for both the bands. Though, grating
lobes decreases the overall gain of the antenna, but they are
helpful in improving radiation coverage for the lower eleva-
tion angles. It can be seen from Fig. 22 that the proposed
antennas radiate in the broadside direction with a peak gain
of 9.55 dBi at 2.42 GHz and 6.82 dBi at 2.47 GHz. For
the higher band, antenna radiates in a quasi-omnidirectional
mode with a peak gain of 8.5 dBi at 5.03 GHz and 7.35 dBi
at 5.24 GHz. To see the antenna radiation pattern under
various bending condition as depicted in Fig. 20(a), the radi-
ation pattern measurement is performed for various bending
angles viz. 8°, 18° and 30° for all 4 resonance frequencies
and plotted in the Fig. 23(a)-(d). For all frequencies, the
co-polarized component shows pretty consistent performance
against bending’s and cross-polar component is well below
(between —20 dB to —30 dB) from the radiation spheres.

V. CONCLUSION

A circular microstrip antenna is designed, fabricated and
characterized that resonates at two modes simultaneously
with a single feed location. Various bandwidth enhancement
techniques viz. slot and parasitic elements are investigated
to increase the impedance bandwidth of the antenna. The
proposed antenna, which has the highest gain and the BW
amongst all published UAV antennas, is designed, such
that the individual band performance can be tuned inde-
pendently without affecting the other band significantly.
The performance comparison indicates a fair agreement
between the measured and simulated results. The anten-
nas performance has been assessed for various bending and
mounting situations to show its usability for a typical UAV
mounting conditions. A closely spaced 3-element MIMO
configuration has been analyzed and various key parame-
ters are calculated. Thin and flexible nature of the proposed
antenna makes it attractive for a seamless integration with
the UAVs surface. The proposed MIMO configuration can be
used to achieve higher data rates for HD video transmission
to larger distances as compared to the conventional antennas
such as monopoles and annular slot antennas with relatively
low gains. Furthermore, the full ground plane also reduces
the body effect that makes this design appealing for a gen-
eralized plug-and-play solution irrespective or insensitive to
UAV body materials, i.e., dielectric or metal.
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