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ABSTRACT This paper presents the design of a lightweight and compact patch antenna array with an
inclined proximity coupled feed. The antenna array is designed for operation on a small unmanned aircraft
system (sUAS) with an ultra-wideband (UWB) radar for remote sensing of soil moisture and snow. To achieve
UWB impedance matching, the design utilizes an inclined wide feed and inter-element coupling. A 3-D
printed base (polylactic acid) is used to support the feed structure. The antenna array operates over a 2.5 GHz
– 4.5 GHz frequency (57.2% bandwidth) range, and its weight is 112 grams. A prototype 2 × 4 element
array is fabricated and tested. The antenna array has an 88.2% average radiation efficiency and a 13.2 dBi
average realized gain over the desired frequency band with broadside and stable radiation pattern.

INDEX TERMS Patch antenna array, inter-element coupling, wideband, L-probe feed, radar.

I. INTRODUCTION

SMALL unmanned aircraft system (sUAS)-based radars
have been developed and used for Earth remote sensing

applications in recent years [1]–[2]. sUAS-based radars must
be lightweight and compact due to the payload weight and
size limitations. The antenna array, as a subsystem of the
radar, also needs to be compact and lightweight. A few
studies have reported the development of lightweight and
compact antenna arrays for a sUAS [3]–[7]. For instance,
Burr et al. developed a planar log-periodic dipole antenna
array (63 grams) and TEM horn with a 3-D printed base
(178 grams) for UAV radars [5]; Hilliard et al. presented a
lightweight wing antenna array (122 grams) for small UAV
radiometer applications [6]; and Lampersberger et al. [7] and
Midtbøen et al. [8] fabricated lightweight horn antennas with
3-D printing techniques for UAVs.
High-gain antennas with narrow beamwidths are required

to achieve fine angular resolution and high radar sensi-
tivity. Patch antennas are inherently the first choice for
these applications due to their low-profile and lightweight.

The small impedance bandwidth of a patch antenna,
however, limits its application, especially for use with
ultra-wideband radars [9]. Several studies employ methods
such as the U-slot patch and proximity coupled feed to
achieve bandwidth enhancement of patch antennas. Pozar
and Kaufman reported wideband microstrip patch anten-
nas with a proximity coupled feed that achieved a 13%
impedance bandwidth [10]. Mak et al. designed a patch
antenna combining the U-slot and proximity coupled feed,
which achieved a 20% impedance bandwidth and 7.5 dBi
average gain [11]. Lau et al. used a wideband U-slot patch
with a π -shaped aperture coupled feed and achieved a 27%
impedance bandwidth and 13 dBi average gain [12]. Lo et al.
reported a four-element patch antenna array for a communi-
cation system with an L-probe feed with a 22.2% impedance
bandwidth [13]. Wong and Luk developed a folded patch
with an L-probe feed to achieve both a wide band (20%
bandwidth) and a wide beamwidth (103

◦
) [14]. Qi et al.

used a tilted L-probe feed for bandwidth enhancement and
achieved a 37.1% bandwidth and 7.93 dBi average gain [15].
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FIGURE 1. Geometry of the proposed antenna array.

Wang et al. designed and reported a single-layer U-slot
patch antenna array with an 18.1% bandwidth and 11.5 dBi
gain [16]. Awasthi et al. developed a wideband U-slot patch
antenna array at 243.75 MHz over a bandwidth of 62.5%
with a modified U-shaped feed for airborne wideband radar
applications [17]. However, this structure is very heavy and
not suitable for lightweight applications because it was
developed for a long-range aircraft. Although several tech-
niques have been proposed for the bandwidth enhancement
of patch antennas, a bandwidth greater than 50% is difficult
to achieve with a compact lightweight structure. Herscovici
proposed a novel patch antenna design with an inclined
probe feed [18]; this antenna has a very wide impedance
bandwidth, but its radiation bandwidth is limited to 40%.
This paper presents the design and development of a

wideband lightweight patch antenna array for sUAS-based
radar applications. Ultra-wideband performance is achieved
by using an electrically thick air substrate, inclined 3-D
printed feed, and inter-element coupling. The proposed
antenna array exhibits an active reflection coefficient below
−10 dB over a 2.5-4.5 GHz frequency range. The antenna
array has a 13.2 dBi average realized gain over the
frequency of operation. The total size of the array is
240 mm × 160 mm × 22 mm. The antenna array with
SMA connectors weighs only 112 grams. Section II dis-
cusses antenna design, Section III provides measurements
results including fabrication issues, and Section IV discusses
integration of the arrays into the UWB radar.

II. ANTENNA ARRAY DESIGN
Fig. 1 shows the geometry of the antenna array with printed
patches on a dielectric substrate with no ground plane. The
dielectric substrate is mounted over an aluminum plate that
serves as the ground, so in the proposed array design patches
are suspended on a thick air layer. Microstrip patch anten-
nas with thick substrate and low dielectric constant exhibit
broadband performance [19]. A thick air layer in the antenna
array serves as thick substrate in this design. Fig. 2 shows
the dimensions of the proposed antenna array, where the size
of the reflector is Lg mm × Wg mm. Patches with dimensions
of Lp mm × Wp mm are printed on a 240 mm × 160 mm
(Ls × Ws) Rogers RO4350 substrate with a thickness of
30 mil and relative dielectric constant of 3.66. The spacing
between the elements is 40 mm in the x- and y-directions.
Fig. 2(b) shows the assembly of the feed structure, reflec-
tor, and patch substrate. The reflector and patch substrate

are placed over the feed structure using nylon spacers. This
arrangement eases the fabrication process and makes the
structure mechanically stable for sUAS applications. The
antenna array is simulated using CST Microwave Studio.

A. MODIFIED FEED DESIGN
Fig. 2(c) shows a detailed view of the modified feed struc-
ture. The feed is a modified L-probe proximity coupled feed.
A wide copper strip is used instead of a thin rod [13]–[14]
and is inclined at an angle of 45◦. The base of feed is 3-D
printed and copper tape is used for the electrical connections.
Fig. 2(c) illustrates how the feed structure is connected to
the inner pin of the SMA connector. The upper flat section
of the feed is proximity-coupled to the patch through the
dielectric substrate. The overall height of the feed is 10 mm.

Fig. 3(a) shows the evolution of the feed structure. The
initial design (Feed 1) is a conventional narrow strip width
L-probe feed. This design is further modified in Feed 2 as a
wide strip width L-probe feed to improve the active reflection
coefficient in a finite array environment. The final structure is
a wide-strip inclined feed. Fig. 3(b) shows the active reflec-
tion coefficient [20] for the three feed structures. Due to the
symmetry of the array, only the results for four elements are
shown. The center elements (3 and 4) are better matched to
50 ohms than the outer elements (1 and 2) because of the high
inter-element coupling. The wide-strip inclined feed provided
a significant improvement in the active reflection coefficient.
Fig. 4(a) shows the active reflection coefficient of ele-

ments 1 and 3 for various feed widths (wf ) obtained while
holding the remaining parameters constant. In these results,
feed width variation significantly affects the active reflec-
tion coefficient. For a wider feed width, the impedance
match improves over a wide frequency range. The use of
a wider strip provides higher capacitive coupling between
the patch and the feed. This capacitive coupling compen-
sates for the probe inductance of the electrically thick patch
antenna. However, for a large feed width, the active reflec-
tion coefficient of the outer elements starts to degrade. This
phenomenon imposes an upper limit on the value of the feed
width. The active reflection coefficients of elements 1 and
3 for different values of the length of the flat section of feed
(lf ) are shown in Fig. 4(b). A −10 dB active reflection coef-
ficient bandwidth and in-band matching are both affected by
the variation in lf .

Fig. 5(a) shows the active reflection coefficient variation
with respect to the feed angle. For a vertical feed (an angle
of 90◦), the match is poor, but it improves by decreasing the
feed angle. For a 45◦ feed angle, the antenna array exhibits
an active reflection coefficient below −10 dB for elements
1 and 3 over 2.5-4.5 GHz.

B. INTER-ELEMENT COUPLING
Inter-element coupling has a significant effect on the
performance of the proposed antenna array. Fig. 5(b) shows a
comparison of the single-element reflection coefficient and
the active reflection coefficient of the antenna array. The
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FIGURE 2. Various dimensions of the proposed antenna array (a) top view, (b) side view and (c) detailed feed structure.
Lg = 240, Wg = 160, Lp = 24.3, WP = 22, Ls = 160, Ws = 80, L1 = 3.5, W1 = 10.4, h = 10, Lf = 6, Wf = 10, dx = 40, and dy = 40. All dimensions are in mm.

FIGURE 3. Modified feed evolution (a) evolution of the feed structure and (b) active
reflection coefficient comparison for different feeds.

single-element reflection coefficient is obtained by exciting
element 1 alone and terminating the rest of the elements with
matched loads. The active reflection coefficient is obtained
by exciting all array elements simultaneously. Therefore, the
active reflection coefficient accounts for the inter-element
coupling in the antenna array. The simulation results show
that the input impedance match is improved significantly
in the case of the active reflection coefficient. Additionally,
for the center element (element 3), the input impedance
match is better than that of the outer element (element
1) due to the higher inter-element coupling. The array has
only eight elements with each element experiencing a dif-
ferent coupling environment. Fig. 6 shows the magnitude
of the S-parameters of elements 1 and 3. Corresponding S-
parameters are obtained by exciting one element (element
1 or element 3) and terminating other elements in a matched

FIGURE 4. Active reflection coefficient variation for (a) feed width Wf and (b) feed
length Lf .

load. In the case of the excitation of element 1, both ele-
ments 2 and 3 provide high mutual coupling, while in the
case of the excitation of element 3, high mutual coupling is
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FIGURE 5. (a) Active reflection coefficient variation for different feed angles
and (b) comparison of the reflection coefficient (single element excited) and the active
reflection coefficient (all elements excited simultaneously) of the antenna array.

provided by elements 1, 4 and 5, indicating that the center
elements are experiencing higher inter-element coupling as
compared to the edge elements. Therefore, different param-
eters of the antenna array can be optimized with a full finite
array simulation.
This approach is different than the traditional antenna

array design, wherein the single element is optimized in
a free space environment and used as an array element for
the full design. The above approach assumes that the mutual
coupling among elements of the array is very small and does
not affect the input impedance match of a single element in
the array environment. For a small finite array, coupling
between elements varies and depends on the geometry of
the structure. Therefore, a similar active reflection coeffi-
cient response is difficult to achieve for all array elements.
The design goal for a small finite array with high inter-
element coupling is to obtain a −10 dB active reflection
coefficient for all elements over the frequency of operation.
Fig. 7 shows the effect of inter-element spacing on

the antenna array performance. Fig. 7(a) shows the active
reflection coefficient for different values of separation, dx,
between elements in the x-direction, and Fig. 7(b) shows
the active reflection coefficient for different values of sep-
aration, dy, in the y-direction. The inter-element coupling
decreases with increasing separation between elements. The

FIGURE 6. Reflection coefficient and coupling with close elements for (a) element 1
and (b) element 3.

spacing has a much stronger effect on the center elements
than on the outer elements and influences only the mid-
frequency band impedance match for the outer elements.
The lower limit of the element spacing is identified for
the optimum mid-frequency band impedance match for the
edge elements. Standard patch antenna design equations
are used to determine the patch antenna dimensions and
optimized further through EM simulations to enhance the
impedance bandwidth and maximize the realized gain of the
antenna array.

III. FABRICATION AND MEASURED RESULTS
The antenna array is fabricated and tested it to verify the sim-
ulation results. Fig. 8(a) shows the fabricated prototype of the
antenna array. Using a vector network analyzer, the reflec-
tion coefficient of each element and the mutual coupling
between two elements of the antenna array are measured by
terminating the remaining elements with 50-ohm loads.
The complete S-parameter matrix of 8 × 8 elements is

measured to compute the active reflection coefficient. The
active reflection coefficients of the antenna array are computed
from the measured S-parameter matrix using equation (1),

{SActive} = [S]{Vi} (1)

where SActive is the active reflection coefficient, [S] is the
measured S-parameter matrix, and {Vi} is a vector of ones for
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FIGURE 7. Active reflection coefficient variation for element spacing (a) in the
x-direction dx and (b) in the y-direction dy .

uniform excitations. The magnitude of computed and simu-
lated active S11 of the antenna array are plotted in Fig. 7(b).
Only the results for elements 1 and 3 are shown here due
to symmetry in the antenna structure. The computed and
measured results match within 5 dB. The mismatch in the
results is mainly due to errors in the phase measurement
of the S-parameters. Phase errors from each S-parameter
measurement are summed in the computation of the active
reflection coefficient. In some cases, the net error is can-
celled out due to the vector sum, and the results showed a
very good match with the simulated results. In other cases,
the cumulative error increased due to the vector sum.
The radiation patterns of the antenna array are measured

using a 1 : 8 power divider. The measured and simulated
radiation patterns of the proposed antenna array at different
frequencies are shown in Fig. 9. The radiation pattern of the
array is very stable in both the phi = 0◦ and phi = 90◦
planes. The measured and simulated results have some mis-
match in the side lobe levels, which is mainly due to error in
the measurement setup and power divider phase imbalance.
Fig. 10 shows the total efficiency and realized gain as a
function of the frequency. The efficiency is more than 85%
above the frequency band of operation. The realized gain
is 9.4 dBi at 2.5 GHz, and the maximum gain is 15 dBi

FIGURE 8. (a) Fabricated antenna array: top view and side view, (b) measured and
simulated active S11.

FIGURE 9. Measured and simulated radiation patterns of the antenna array:
(a) 2.5 GHz, (b) 3.5 GHz and (c) 4.5 GHz.

at 4.25 GHz. The measured efficiency is calculated from
the measured 3D radiation pattern of the antenna array [21]
by taking the ratio of the integrated radiated power with
the input power to the antenna array. The results showed

VOLUME 2, 2021 1083



AWASTHI et al.: UWB PATCH ANTENNA ARRAY WITH INCLINED PROXIMITY COUPLED FEED

FIGURE 10. Realized gain and total efficiency of the antenna array.

TABLE 1. Comparison of proposed array with published research.

very good match between the measured and simulated real-
ized gain and efficiency. Table 1 shows a comparison of
the performance of the proposed array with other published
research. The realized gain of the antenna array increases
with frequency, and the power received by a radar is directly
proportional to the product of antenna gain and square of
the wavelength [22]. If gain is kept constant, the received
power will decrease with frequency. This is not a desirable
radar attribute. For radar backscatter measurements from the
distributed target, increasing antenna gain with frequency is
more suitable than providing a constant antenna gain over
the frequency range of operation.

IV. RADAR SYSTEM INTEGRATION AND FIELD TEST
Field data collected during test flights at the University
of Alabama Arboretum provide a means to verify the
performance of the antenna array with a radar system. An
FM-CW radar operating over the frequency range of 2.5-
6.5 GHz with these antenna arrays is integrated with an
Xfold Dragon X6 multirotor sUAS drone A detailed descrip-
tion of the radar is available in Simpson et al. [24]. Table 2
provides a summary of the radar parameters. In the cur-
rent radar system design, the antenna sub-system consists of
two antenna arrays, two 1 : 8 power dividers, and 16 coaxial

TABLE 2. Radar parameter summary.

FIGURE 11. Field Test (a) Assembly of the radar system and antenna array, with the
sUAS and (b) echogram generated from the processed field data.

cables. The total weight of the antenna sub-system including
the power divider and cables is 740 grams.
Fig. 11(a) shows a photograph of the sUAS with the inte-

grated radar and antenna during one of the flight tests. The
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radar is suspended beneath the sUAS, as shown in the image.
The transmit (Tx) and receive (Rx) antenna arrays are con-
nected to the radar transmitter and receiver with short cables,
respectively. The Tx and Rx antenna arrays are mounted
1.5 m apart to obtain the high isolation (>50 dB) required
between the transmitter and receiver of the FM-CW radar.
The arrays are mounted on the sUAS to illuminate the sur-
face at a 20◦ incidence angle. The sUAS was flown at 100 m
altitude above the starting elevation, and a constant altitude
was maintained relative to mean sea level for the duration
of the flight. The terrain elevation varies by less than 10 m
over the measurement site. From this altitude the Tx and Rx
antenna array footprints overlap. Hence, the radar system
operates as a monostatic FM-CW radar with separate Tx
and Rx antennas. The corner reflector shown in Fig. 11(a) is
used to calibrate the radar data for backscatter measurements
during field tests. The radar system also includes a GPS-INS
receiver for determining the sUAS trajectory for synthetic
aperture radar (SAR) processing and geolocation of the radar
data. A remote-controlled relay enables the pilot to power
the transmitter once the sUAS reaches its nominal flight
altitude of 100 m to prevent close-range reflections from
damaging the transmitter and receiver. The grid of the flight
lines is defined first to cover a variety of terrains and veg-
etation profiles. Some of the flights also cover small water
bodies (ponds). Measurements are carried out to collect the
backscattered signal from the entire grid.
The backscattered signal from the trees and surface col-

lected by receive antenna-array is amplified, digitized, and
saved to on-board storage for further processing on the
ground. A MATLAB-based SAR [24] algorithm is developed
for the further processing of the collected field data.
Fig. 11(b) shows sample results obtained over a flight line.
These data are processed with an unfocussed SAR algo-
rithm to generate a quick-look image. The unfocussed SAR
algorithm consisted of coherently integrating data over an
unfocussed aperture of length (L = 1.2

√
Rλ, where R is the

range of the radar target) and incoherently averaging 4 sam-
ples to reduce speckle in the along-track direction. The flight
line shown in Fig. 11(b) includes areas with 2-15 m tall trees,
short grass, and bare soil. Backscatter from the tree canopy
and the surface below the trees are mapped by the radar.
Future work includes more advanced processing to gener-
ate fully focused SAR images of calibrated backscatter data.
The backscatter data with in-situ soil moisture measurements
and vegetation characteristics can be used to estimate soil
moisture and vegetation biomass over the measurement area.

V. CONCLUSION
The research team developed an ultra-wideband lightweight
patch antenna array with a modified proximity feed and inter-
element coupling to enhance the impedance bandwidth of the
antenna array. The antenna array operates over the frequency
band of 2.5 GHz – 4.5 GHz with a peak gain of 15 dBi,
and the radiation pattern is very stable over the desired band
of operation. Overall, the measured results agree very well

with the simulated results. The antenna array performance
is also verified with radar and sUAS.
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