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ABSTRACT This paper details a new approach for enhancing the radiation characteristics of a coplanar
Vivaldi antenna (CVA) array. First, the inter-element mutual coupling is reduced by introducing slots in the
conventional CVA array. Then, a low-profile dielectric patch antenna (DPA) is situated between the CVA
flares when it acts as a traveling wave radiator at the higher frequency band. The DPA is excited by the loop
current at the radiation part of the CVA, and a set of TE modes with omnidirectional radiation patterns are
excited. This combination enhances the directivity in the broadside direction of the CVA and suppresses the
grating lobes by as much as 10 dB. The 4 × 1 linear array covers the frequency range of 2.77-13.6 GHz,
with 132% fractional bandwidth. Then, four of the proposed linear arrays are connected to constitute an
8× 2 planar array to achieve a gain of 15.2-24.6 dBi. The proposed arrays are fabricated, tested, andmounted
on a small unmanned aerial system (sUAS) for radar measurements. The real-life field radar results with the
proposed arrays are presented including an echogram of the scanned area.

INDEX TERMS High gain antennas, radar applications, radiation pattern enhancement.

I. INTRODUCTION
Ultra-wideband (UWB) antennas with high gain are crucial
components of modern communication systems, microwave
imaging, high-speed wireless communications, and remote
sensing radars. Modern radar systems such as UWB fre-
quency modulated continuous wave (FMCW) radars require
a broad bandwidth for fine range resolution to obtain high-
quality radar images [1]. In addition, FMCW radars are
being used for different remote sensing applications and
target detection [2], [3]. Recently, radars integrated on sUAS
have been widely used for various applications, including
measuring soil moisture and ice thickness due to their
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cost-effectiveness and installation flexibility [4], [5]. The
major requirements in designing antennas for a low-power
and high-sensitivity sUAS radar are to enable ultra-wide
bandwidth and high gain while maintaining a lightweight
and an aerodynamic structure. For accurate backscatter
measurements, the radiation pattern must also be symmetric
with low side lobes over the operating frequency range.
Several types of antennas have been studied to fulfill these
requirements. The Vivaldi antenna can have as wide as
22:1 impedance bandwidth [6], [7]. However, the main
challenge in designing a Vivaldi antenna is maintaining stable
radiation patterns at the higher end of the operating frequency
band, where the antenna works as a traveling wave radiator.
Langley et al. [8] introduced the balanced antipodal Vivaldi
antenna (BAVA) with two slots on opposite sides of the
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substrate to improve the radiation performance of the CVA.
Subsequently, a few other methods were reported to improve
the antipodal Vivaldi antenna (AVA) radiation performance,
for instance, by adding small resonator cells [9]–[12] or
a parasitic elliptical patch [13] in the flared aperture to
improve the gain. Nevertheless, these require increasing
the size of the substrate significantly to situate these extra
resonators. Zhu et al. [14] presented a linear AVA array
with a metasurface located at the aperture without extending
the substrate size. The gain showed an average of 2 dBi
improvement, though it came at the expense of a high sidelobe
level (SLL) for 16.5% of the impedance bandwidth. In a
similar approach, Liu et al. [15] placed a triangular patch on
the two sides of the AVA array’s aperture substrate. The gain
improved at the higher end of the bandwidth, but it had an
asymmetric SLL. In addition, creating slots in the geometry
of aVivaldi antennawas reported to improve bandwidth, gain,
and radiation pattern. Fei et al. [16], Oliveira et al. [17],
Liu et al. [18], and Abbak et al. [19] showed that corrugated
edges and multiple slots could improve antenna bandwidth
and gain. However, the effect at the array level was not
reported. Nurhayati et al. [20] showed that corrugated slots
at the end of the Vivaldi antenna’s edges could improve
the mutual coupling between the array elements. However,
their array’s radiation patterns showed a high sidelobe level
after the center of the operating band. Also, Zhu et al. [21]
proposed a method to reduce the mutual coupling for the
AVA array by adding multiple notches in the ground plane.
However, this resulted in grating lobes distortion.

Alternatively, a dielectric lens can improve the radiation
pattern of a Vivaldi antenna by extending the end portion of
the substrate into different shapes, e.g., circular, triangular,
or trapezoidal [22]–[24]. The drawback is that the antenna’s
footprint needs to be increased accordingly, as the directivity
depends on the size of the dielectric lens. Furthermore, the
lens material is the same as the antenna substrate, which
usually has a low dielectric constant to widen the bandwidth.
A few studies reported using a higher permittivity dielectric
lens in the radiation aperture to concentrate the energy more
towards the center. Bourqui et al. [25], Juan et al. [26], and
Amiri et al. [27] proposed a modified BAVA by creating
an aperture in the antenna substrate and inserting a higher
permittivity dielectric material in the created gap to improve
the directivity. A multi-layer dielectric lens was also inserted
in front of the antenna aperture [28]. However, creating an
aperture in the substrate and filling it with another dielectric
material adds more complexity to the fabrication process and
causes phase velocity variation for the electromagnetic waves
traveling towards the end of the aperture.

Another reported approach [29], [30] surrounded the
Vivaldi antenna with either a low dielectric constant material
or a 3D phase lens to improve the gain and radiation
performance. Also, a 3D massive dielectric lens was added
at the aperture end of the Vivaldi antenna [31]. These 3D
surroundingmaterials improved the gain and radiation pattern
with SLL suppression. Unfortunately, its bulky size and

heavyweight limit this approach’s benefits in a large array
environment.

On the other hand, the dielectric resonator antenna (DRA)
is a 3D antenna with one more degree of freedom compared
to microstrip patch antennas. This feature provides the ability
to excite the desired mode and radiation pattern that cannot be
generated with a 2D patch antenna. Also, the DRA radiation
efficiency is higher than that of 2D antennas. However,
the DRA profile is unsuitable if low-profile antennas are
required. Thus, the dielectric patch antenna (DPA) is a
compromise between the DRA and the microstrip patch
antenna. The DPA is a low-profile DRA with a ratio of the
maximum edge length to the height of 10 or more. Recently,
Lai et al. [32] and Wang et al. [33] designed a narrow
band DPAs and showed that these radiators could achieve
more than 5 dBi gain with high efficiency even with a high
dielectric material with a permittivity of 90. On the other
hand, Tang et al. [34], proposed another PDA design with an
extended bandwidth of 20%.

This paper presents a combined antenna array design of
a CVA with a low-profile DPA for directivity improvement.
The paper is organized as follows. Section II describes the
ultra-wideband CVA linear array with a 4 × 1 arrangement.
The slots’ effects on the mutual coupling and the E-plane
grating lobes suppression at higher frequencies are presented.
Section III discusses the DPA shape effect on focusing the
radiation toward the desired direction, and the analysis of
the modes for the DPA is shown. Section IV presents four
linear arrays used to form a planar 8 × 2 array for radar
measurements. The planar array simulated and measured
results are presented. Section V reports a real-field radar test
using the proposed antenna on a sUAS. Finally, a conclusion
is given in Section VI.

II. CVA LINEAR ARRAY DESIGN
Fig. 1(a) shows the conventional 4 × 1 CVA array designed
on a Rogers RO3003 substrate with relative permittivity and
thickness of 3 and 0.762 mm, respectively.

Both tapered edges of the antenna are on the top side of
the substrate, while the power divider is on the back side.
The input impedance of the single antenna is approximately
100 �, and the multi-stage power divider makes a smooth
transition to the 50 � port. The Vivaldi tapered equation is
given by (1):

y = Sve−xt + C1 (1)

where, S is the half throat width of the antenna and is equal
to 0.35 mm, t is the exponential tarped factor and equal to 84,
C1 = 19.1 mm, (0 mm ≤ x ≤ 33.9 mm) and v = ±1.

The CVA dimensions W and L are 186 and 93 mm, while
the dimensions of the DPA are d , Wd , rd , W1, and L1 which
correspond to 21, 20, 7.8, 3, and 15 mm, respectively. At the
lower end of the CVA, an elliptical gap is created with major
and minor axes of 7 and 3 mm, respectively.

Mutual coupling degrades the overall gain of the array
due to the out-of-phase current distribution of the unwanted
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FIGURE 1. Development of the CVA array. (a) Conventional CVA (Ant I)
(b) CVA with slots (Ant II) (c) CVA with CDPA (Ant III) (d) CVA with HCDPA
(Ant IV) (e) umbrella-shaped DPA (Ant V) (f) Side view (Ant V).

waves traveling between adjacent elements. The mutual
coupling can be reduced by increasing the distances between
elements, but this causes higher grating lobes, especially in
UWB antennas, where the distance between the elements
exceeds 2 λg. In general, the spacing between the elements
(We) is given by (2).

We <
λg

1+ |cosϕ|
(2)

where, ϕ is the angle of the main beam. The grating lobes
increase when the spacing between the elements exceeds one
guided wavelength for the broadside radiation. On the other
hand, a larger spacing leads to a narrower main beam in the
radiation patterns, which is beneficial in radar applications.
Notably, in the CVA E-plane, traveling waves between
elements on the same substrate significantly affect the array’s
performance. This effect can be reduced by creating a narrow
gap (Wg = 1 mm) between the elements, as illustrated
in Fig. 1(b). Subsequently, two slots are created with an
exponential taper to each flare of the single antenna. Each slot
has different optimized variables to improve the matching.
The separation between the centers of slots is 20.1 mm.
The corner edges in the design are smoothed to minimize
unwanted wave diffraction that affects the return loss. The
slots equations are given by (3).

Slot1,2 = C2ue−kt (3)

where for slot1, C2 = 0.8 mm, t = 116.4, (19.5 mm ≤ k ≤
40 mm) and (−0.55 ≤ u ≤ 1.25), while C2 = 0.95 mm and
t = 125 for slot2.

The radiation patterns of the CVA array are improved by
placing a cylindrical DPA (CDPA) at the end of the flared
aperture of each element, as shown in Fig. 1(c). The CDPA
material is TMM10 with relative permittivity of 9.2, diameter
(d) of 22 mm, and thickness (h) of 1.27 mm. The DPA is
coupled through the electric field distribution of the radiation
aperture in the Vivaldi antenna. In Fig. 1(d), the CDPA is
cut slightly above the center to form a half-CDPA (HCDPA).
Finally, in Fig. 1(e), an extension to the HCDPA is added
to form an umbrella-shaped DPA. This geometry shows
significant capabilities in directing the surface current and
improving the array radiation patterns.

FIGURE 2. CVA development stages performance (a) reflection coefficient
(b) peak realized gain.

The reflection coefficient for the final design covers the
frequency band of 2.77-13.6 GHz, with 132% fractional
bandwidth, as illustrated in Fig. 2(a). This bandwidth is
sufficient for most UWB radar applications including snow
thickness and soil moisture measurements [35], [36]. The
gain value is shown in Fig. 2(b) and clearly improves once
the slots are created between the adjacent elements. This
result is expected as slots reduce the mutual coupling. The
shape of slots is important as the stronger currents around
them contribute in improving the gain. Notably, slot shapes
and their locations in this design were optimized carefully
to improve the gain over the entire frequency band as in
some cases, slots may degrade the gain at specific frequencies
[37], [38]. Both CDPA (Ant III) and HCDPA (Ant IV) show
a slight improvement in the gain value, but the HCDPA
improves the matching at the center of the operating band.
The umbrella-shaped DPA shows improvement with an
average of 1 to 2 dBi after f = 7 GHz, where the gain of
the final design varies from 10.8-17.8 dBi.
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The DPA shape is important as the electric field coupling
between the CVA and the DPA depends on the position
and the occupied area of the DPA with respect to the
maximum current intensity. The E-plane radiation patterns
of the developed array show that the final design with
the umbrella-shaped DPA improves the radiation patterns
by suppressing the side lobes and grating lobes at higher
frequencies between 5-8 dB, as shown in Fig. 3. As the
gain value is improved, the half-power beamwidth (HPBW)
becomes narrower by approximately 1 to 2 degrees at the
higher frequency band. The DPA in the final design (Ant V)
produces a very good symmetry in the side lobes as well as
grating lobes around the main beam.

FIGURE 3. Co-polarized E-plane radiation patterns of the 4 × 1 CVA array.

In this design, the distance between the elements at the
end of the frequency band exceeds 3.5 λg. Despite this large

spacing, grating lobes and first sidelobes are 11 dB below
the main lobe except at f = 13.25 GHz, where grating
lobes are only about 9 dB below the main lobe. The slots
in Ant (II) improve the grating lobes up to f = 10 GHz,
where the inter-element spacing is about 2.5 λg. However,
at higher frequencies with spacing between elements being
much greater than a wavelength, the DPAs provide more
suppression of grating lobes. The cross-polarization level and
front-to-back (F/B) ratio are larger than 25 and 15 dB over the
frequency range of interest, respectively. The full radiation
patterns for the proposed design are presented in Section IV.

The low-profile DPA contributes to the CVA array’s overall
radiation after the cut-off frequency of the first mode, which
is approximately 7 GHz. At this frequency, the CVA grating
lobes increase until the end of the operating band. The higher
permittivity material of the DPA causes the radiation pattern
to be more focused towards the CVA end-fire direction with
compact size. However, the fractional bandwidth will be
narrower [39]. Based on that, the selected material for the
DPA is TMM 10 with relative permittivity of 9.2. The DPA
ceramic material has other advantages such as its availability,
low dielectric loss at higher frequencies, and simplicity in
fabrication.

FIGURE 4. E-plane SLL for Ant (V) with different dielectric materials for
the DPA.

FIGURE 5. E-plane SLL for Ant (V) with different DPA height (h) in mm.

Figs. 4 and 5 present two parametric studies of the
DPA material and height effects on the CVA radiation
performance. Herein the figures, the SLL is defined as the
difference between the main lobe’s peak and the grating
lobes’ peak whether it is the first adjacent lobes or the
farther grating lobes in the angular region of ±60◦ around
the broadside direction. In Fig. 4, the SLL is compared for
different DPA dielectric materials in Ant (V) and without the
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DPA in Ant (II). As shown, without the DPA, the SLL reaches
−2.7 dB at the higher end of the band. However, it can be
suppressed to less than −12 dB with the higher permittivity
material.

One of the advantages of using the DPA relative to the
previously reported dielectric lens in the literature is that it
avoids cutting the substrate and inserting another dielectric
in the gap. This leads to a simplified fabrication process
and reduction in the internal reflections of electromagnetic
waves between two different boundaries. Basically, the phase
velocity of the wave through the CVA substrate is constant.
Another advantage of using this design is that it offers
more flexibility in changing the DPA height to suppress the
unwanted grating lobes further, as shown in Fig. 5. In most
dielectric lens cases, the lens thickness is limited by substrate
thickness.

However, there are two trade-offs for the DPA height that
should be taken into consideration. First, even though the
higher DPA will suppress the grating lobe (as illustrated in
Fig. 5), the cross-polarization level will increase accordingly.
This is due to the excitation of unwanted higher-order
modes that alter the phase between the CVA fins. Secondly,
the higher DPA height increases the weight of the overall
array, which is one of the critical parameters for the sUAS
applications. Based on the aforementioned factors, the DPA
height is chosen between 1 and 1.5 mm.

III. DPA EXCITATION AND MODES ANALYSIS
This section discusses the theoretical concept and excitation
mechanism of the DPA by examining the current distribution
in the CVA array. The reasons for selecting the proposed DPA
shape in Section (II) are also explained.

A. CDPA OMNIDIRECTIONAL RADIATION PATTERN
The CVA operates as a resonant antenna at the lower
frequency band and radiates as a traveling wave radiator at
higher frequencies. The electric current model at a given
wavelength for an arbitrary Vivaldi antenna with a profile of
s(x) was reported by Chiappe et al. (4) [40]:

I (s (x)) = I0e
γ s(x)
× [cos (k (s (x)− s (X)))

+ j sin (k (s (x)− s (X)))] (4)

where, γ is the attenuation coefficient, which is equivalent
to –t/p and p is the attenuation number for the antenna
impedance. At higher frequencies, the current along the
flared edge suffers from the phase reversal that degrades the
radiation performance [13]. Fig. 6 illustrates the conceptual
reversal current for the CVA with the corresponding current
loop at the radiation aperture. The electric current along the
CVA tapered flare can be represented by several electrically
small segments along the edges. Each of these segments has
horizontal (Ih) and vertical (Iv) current components [41]. The
horizontal current is directed in two different directions on
each fin at the higher frequencies due to the phase reversal.
However, this is beneficial in creating the necessary condition
to excite the TE modes in the cylindrical DPA (CDPA).

FIGURE 6. Conventional CVA current reversal at the higher frequencies
(a) theoretical (b) simulation at f = 7 GHz.

In the previous studies, many attempts were reported
to excite the TEx

01δ and its higher-order modes such as
the TEx

011+δ mode in the cylindrical DRA (CDRA), where
the ratio between the diameter (d) and thickness (h) is
less than 10. Normally, it is difficult to achieve a uniform
current loop over a wide bandwidth because of its small
radiation resistance. Accordingly, the impedance matching
of the CDRA for the omnidirectional modes is limited to a
narrow band. Also, it requires a complex feeding structure
underneath the DRA to excite these modes [42]– [45].

Similar to the DRA, the low-profile DPA can radiate with
the TE mode once the appropriate excitation is applied with
less variation on the profile axis. The current loop in the CVA
aperture, however, offers a uniform current loop distribution
at higher-order modes with wide bandwidth which excites the
CDPA TE modes with an omnidirectional radiation pattern.
These modes have a horizontal-polarized omnidirectional
radiation pattern that improves the E-plane radiation without
degrading the H-plane radiation of the CVA, as the null of the
CDPA radiation is at the CVA H-plane direction. The CDPA
in (Ant III) is considered first for the mode analysis. This
is to simplify analyzing the electric field distribution for the
different modes using the basic shape.

FIGURE 7. Electric field distribution of the CDPA (a) f = 7.5 GHz.
(b) f = 9 GHz (c) 11 GHz (d) 13.25 GHz.
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The electric field vector for the CDPA is shown at different
frequencies in Fig. 7. At 7.5 and 9 GHz, the omnidirectional
TEx

01δ mode is propagating as expected. The proposed
design excites the TEx

01δ mode for the frequency range of
7.5-10.5 GHz, with more than 30% of impedance bandwidth.
Also, the higher-order TEx

011+δ mode can be excited if a
cylindrical DRA is situated with a d/h ratio less than 10 [44].
Another advantage of this method is that the resonance mode
in the CDPA is purely from the DPA itself as there is no
embedded feeding network underneath the DPA. Normally,
the feeding network will have another resonance frequency
within the DPA operating band, which leads to a higher cross-
polarization level. After 10.5 GHz, the other omnidirectional
mode is the TEx

121 mode [46].

B. CDPA SHAPE ADJUSTMEN
By examining the electric field distribution in the CDPA,
one expects that the radiation pattern can be focused in
different directions on the yz-plane. It is clear that the
+z axis is the desired direction to support the CVA end-
fire pattern. Radiation in other directions degrades the
performance as it generates an opposite wave traveling
towards the throat of the CVA. This opposing wave performs
like a multi-reflection in the overall antenna geometry and
degrades the antenna match. Therefore, the shape of the
CDPA was adjusted by maintaining the upper half of the
dielectric loading as shown in Section II. The electric field
distribution for the proposed DPA in Ant (V) is plotted in
Fig. 8. Using the final DPA geometry, the maximum electric
field focuses the electromagnetic waves to improve the CVA
array directivity in the end-fire direction. The modes of the
proposed DPA have a similar electric field distribution as the
CDPA in Fig. 7.

FIGURE 8. Electric field distribution of the proposed DPA (a) f = 9 GHz
(b) f = 13.25 GHz.

IV. CVA PLANAR ARRAY DESIGN AND MEASUREMENTS
To increase the penetration of the radar signal through a
lossy dielectric target (e.g., soil or ice), a high-gain antenna
with a narrow HPBW in the along-track direction is needed
to limit the Doppler bandwidth of a fast-moving platform
[47]. Thus, four linear arrays are used to form a 16-element
planar array with an 8 × 2 arrangement, as shown in
Fig. 9, to obtain narrow beamwidth and to increase the radar
power-aperture product. The total dimension of the array is

377 × 40 × 93 mm3. The linear CVA arrays are separated
by a small gap of 5 mm in the y-direction. This small gap
suppresses the traveling waves between the adjacent linear
CVA arrays and provides 20 dB or better isolation between
the two arrays along the y-direction.

FIGURE 9. Proposed (8 × 2) planar CVA array with the low-profile DPA.

The lightweight is an essential requirement for the
antennas for sUAS radar applications. The sUAS power
consumption and maximum flight time strongly depend
on the total payload. Previously, Vivaldi arrays using an
aluminum sheet were reported to have wider bandwidth
compared to the PCB CVA arrays [48]–[50]. Even though
wide bandwidths were achieved, the weight of thick metal
sheets limits the range of operation of the sUAS.

Herein, the linear CVA array has a total weight of 50 g
including the SMA connector and the DPAs. The single
DPA has a minimal effect on the overall array weight as
it only weighs approximately 3 g. The overall weight of
the entire planar array is 200 g, which is desirable for
sUAS applications. The CVA arrays are mounted on a thin
aluminum sheet of 0.8 mm thickness. Rectangular slots of
5 mm width were created in the aluminum sheet to reduce
the aerodynamic air resistance relative to a solid sheet while
improving the F/B ratio.

FIGURE 10. Reflection coefficients of the linear and planar CVA arrays.

The reflection coefficients of the CVA linear and planar
arrays are shown in Fig. 10. The total bandwidth of the
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FIGURE 11. Peak realized gain of the 8 × 2 planar CVA array.

planar array is similar to the linear CVA array, and the multi
resonances in the planar array are due to the presence of an
external power divider and cables. The planar array gain is
measured in the anechoic chamber after compensating for the
insertion loss of the power divider and cables and it varies
between 15.2 and 24.6 dBi, as shown in Fig. 11. Overall,
there is a good agreement between measured and simulated
results. The simulated and measured radiation efficiency
of the proposed array is more than 90% over the entire
band.

Fig. 12 shows the radiation patterns with a low SLL
and grating lobes at higher frequencies, such as 12.5 GHz.
The element spacing in the proposed CVA array is much
greater than 0.5 λ at the higher frequency, which is the
Nyquist sampling requirement to avoid the unwanted grating
lobes [48]. This resulted in improving the overall gain value
as the gain is directly proportional to the antenna aperture
area. At the same time, the associated grating lobes are
suppressed below 10 dB using the DPAs to perform radar
measurements.

The traditional approaches to suppress the grating lobes by
tapering the edge element of the array or using non-uniform
spacing degrade the overall gain. However, in the proposed
design, the gain is improved while the grating lobes are
suppressed. Furthermore, the cross-polarization level is
−25 dB at both planes through the entire band. The HPBW
is varied from 13◦ to 2◦ and 60◦ to 14◦ for the E and
H-plane, respectively. The F/B ratio is approximately
15-20 dB throughout the band.

In radar applications, it is preferable to maintain the F/B
ratio as low as possible as in some cases the transmitter and
receiver components are mounted on the back side of the
antenna. The thin aluminum grid sheet at the back of the
planar array improves the F/B ratio between 2-4 dB, as shown
in Fig. 13. This improvement is similar to that obtained in [51]
by creating multiple defected ground structure in the AVA
ground plane. However, the only difference in this design is
that the F/B improvement is consistent throughout the entire
band while it was achieved at the higher frequencies in the
mentioned reference.

Table 1 compares the proposed array with previous studies
on this topic. It is clear that this design perfectly fulfills the
sUAS radar requirements detailed in Section I.

FIGURE 12. Radiation patterns for the proposed planar CVA array at
different frequencies.

V. CVA TEST WITH sUAS RADAR
The CVA planar arrays are installed with an FMCW radar
on an X6 multirotor drone manufactured by XFold, as shown
in Fig. 14. The distance between the transmitter and receiver
arrays is 130 cm to achieve isolation of 60 dB or better
through the operating band. The isolation between the
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FIGURE 13. The Simulated front-to-back ratio for the planar CVA array.

TABLE 1. Comparison of the proposed array and literature.

FIGURE 14. Proposed CVA array with low-profile DPA mounted on the
sUAS for radar measurements.

transmitter and receiver arrays is extremely important in
FMCW radars to prevent receiver saturation from the directly
coupled transmitter signal. The E-plane of the proposed
antenna is in the along-track direction, and the H-plane is
in the cross-track direction. The antenna pointed 20◦ off
the nadir for the experiment and was tested with different
radar bands, e.g., at 2.8-3.55, 3.25-5.15, 2.8-5.8 GHz, and
4-7.785 GHz. The field tests for the CVA antenna with
the radar system were performed at the Arboretum near
The University of Alabama. The flight time on the drone
varied between 20-30 minutes for different flights. The radar

measurements are performed up to 100 m above the ground
surface. From this height, the footprints of both antenna
arrays overlapped. The average wind speed during the flight
was 4-7 m/s. More details on the radar system are mentioned
in [52]. The antenna showed exceptional performance with
the different radar bands and weather conditions. The array is
also used as a part of another UWB radar operating over the
frequency range of 2.8-10.8 GHz on a manned aircraft with
an average flight speed of 60 knots.

FIGURE 15. Echogram in dB-scale from the sUAS radar field
measurements with the proposed CVA array.

Fig. 15 illustrates the echogram from FMCW radar
operating over the frequency range from 3.25 to 5.15 GHz.
The high gain antenna array allows operating the radar
with a low transmit power of 10 dBm to avoid interference
with systems operating at the same frequency range. The
backscattered signal from the trees and ground surface
collected by the receiver array is amplified, digitized, and
stored for further processing. The collected data are processed
with a fully focused SAR algorithm to improve the signal-to-
noise ratiowith a range resolution of 1m [53], [54]. After that,
four range profiles were incoherently integrated to improve
the image quality. The image also clearly shows backscatters
from the trees and ground surface. These data can be used to
separate the backscatter from the ground and trees to estimate
soil moisture as a function of distance along the flight path for
bare and vegetation-covered ground. Algorithms to estimate
soil moisture from the UWB radar are being developed.

VI. CONCLUSION
An ultra-wideband hybrid antenna design is presented in this
paper. The new design exploits the DPA properties to enhance
the radiation pattern characteristics of the coplanar Vivaldi
antenna array. A low-profile and high permittivity DPA is
placed on the top side of the Vivaldi antenna between the
two radiating slots. The design shows that the CVA sidelobes
and grating lobes can be reduced significantly by choosing
the suitable DPA shape and exciting the appropriate DPA
modes. Even though the spacing between the antennas is
much greater than the guided wavelength, radiation patterns
show a good directivity in the end-fire direction and can
be used effectively for radar measurements. The proposed

VOLUME 10, 2022 54417



F. Abushakra et al.: UWB CVA Array With DPA for Grating Lobes Suppression

design shows more enhancement in the radiation pattern at
the higher frequency end of the band relative to the designs
that used different types of slots and notches. Also, it is much
easier in fabrication with more flexibility in selecting the
design parameters. The CVA array is fabricated, tested, and
mounted on a sUAS to support ultra-wideband FMCW radars
for remote sensing of snow, soil moisture, and other targets.
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