Int. J. Electron. Commun. (AEU) 178 (2024) 155302

Contents lists available at ScienceDirect

International Journal s
of Electropics and
Communications

Int. J. Electron. Commun. (AEU)

journal homepage: www.elsevier.com/locate/aeue

Regular paper A

Check for

Performance enhancement of Vivaldi-shaped planar UWB antenna using a | e
single-layer FSS reflector

Saad Hassan Kiani -, Umair Rafique °, Hiiseyin Serif SAVCI ¢, Hatem Rmili ",
Naser Ojaroudi Parchin“, Abeer D. Algarni ¢, Hela Elmannai ®

a Electrical and Computer Engineering Department, Faculty of Engineering, King Abdulaziz University, Jeddah, Kingdom of Saudi Arabia

b Center for Wireless Communications, Faculty of Information Technology and Electrical Engineering, University of Oulu, 90570 Oulu, Finland

¢ Electrical and Electronics Engineering Department, Faculty of Engineering and Natural Sciences, Istanbul Medipol University, 34810 Istanbul, Turkey
4 School of Computing, Engineering and the Built Environment, Edinburgh Napier University, EH10 5DT Edinburgh, UK

¢ Department of Information Technology, College of Computer and Information Sciences, Princess Nourah bint Abdulrahman University, P.O. Box
84428, Riyadh 11671, Kingdom of Saudi Arabia

ARTICLE INFO ABSTRACT

Keywords:

Planar antenna
Vivaldi-shaped patch
FSS

Radiation performance

This work proposes the design of a frequency-selective surface (FSS)-based planar monopole antenna for ultra-
wideband (UWB) communication applications. The UWB response is observed by integrating a Vivaldi-shaped
slot and by introducing a stepped-like pattern on the bottom edges of the radiating patch, while the back side
is composed of a partial ground plane. This configuration results in a broad impedance bandwidth spanning
from 3.11 to 20 GHz. For radiation performance enhancement of the proposed antenna, a single-layer UWB FSS
reflector is placed beneath the antenna element at an optimized distance. The proposed FSS reflector employs
a 3 x 3 array of fractal structure with a unit cell size of 12.25 x 12.25 mm?. The designed FSS reflector
exhibits a linear phase response over a frequency range of 3.28 to 14 GHz, with a stop-band transmission
coefficient less than -10 dB. The incorporation of the FSS reflector results in an increased gain, elevating it
from 1 to 4 dBi at low-band frequencies, while at mid-band frequencies, the gain is increased from 1 to 6 dBi.
The structural configuration of the proposed antenna yields directional far-field patterns, making it well-suited
for UWB radar applications.

1. Introduction circuit board (PCB). This requirement can be fulfilled by adopting
a planar antenna configurations such as planar monopoles [5], slot
In wireless communication systems, the role of ultra-wideband antennas [6], etc. The problems associated with these kinds of antennas
(UWB) antennas is paramount, as they facilitate the efficient transmis-
sion and reception of radio signals across a broad frequency spectrum.
One of the key advantages of UWB antennas is that they deliver data
at exceptionally high speeds over short distances while maintaining
minimal power consumption [1], making them ideal for applications

such as indoor positioning, asset tracking, and rapid wireless connec-

are low gain and radiation efficiency. In addition, planar UWB antennas
suffer due to high back radiation, which limits their use in applications
where directive radiation properties are required. To mitigate these
effects, one of the techniques is to utilize frequency-selective surface
(FSS) reflectors behind the radiating element. FSS operates on the

tivity [2]. Moreover, UWB antennas offer superior accuracy in location
tracking, enhanced signal penetration through obstacles like walls and
floors, and reduced susceptibility to interference from neighboring
wireless devices. Consequently, the integration of UWB antennas into
wireless communication systems not only improves performance but
also ensures greater reliability, positioning them as a preferred choice
over conventional antennas for a wide range of applications [3,4].
For UWB communication systems, it is required that the antenna
element be small in size so that it can fit directly on the printed

* Corresponding authors.

principle of selectively filtering electromagnetic (EM) waves based on
their frequency, leveraging the arrangement of periodic elements on
a substrate [7,8]. In the context of UWB antennas, FSS serves as a
crucial component for achieving enhanced performance. The details
about some of the previously presented FSS-integrated UWB antenna
designs are provided in the next paragraph.

In [9], an enhanced gain trapezoidal-shaped planar antenna was
designed for UWB applications. The gain of the antenna was enhanced
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Fig. 1. Proposed UWB antenna (a) front-side (b) back-side. The dimensions of the antenna (in mm) are as: S, =20, S, =27, G, =12, F, =25, A, =155, F,=13,a=1, b=2,

c=2,d=3,e=2, =8, r=1247, z=3.

(a) Tteration-0

(b) Tteration-1

(¢) Tteration-2 (Proposed)

Fig. 2. Design evolution of the proposed UWB antenna. Dark orange top metal face, light orange bottom metal face (ground), and light blue dielectric substrate. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

by placing a 6 x 6 dual-layer array of modified loop structure (MLS)-
based FSS. The utilization of the MLS FSS structure offered a peak gain
of 9 dBi and an impedance bandwidth of 8 GHz (3-12 GHz). In [10],
an umbrella-shaped co-planar waveguide (CPW)-fed monopole antenna
was presented with a 4 x 4 array of dual-layer FSS structure. The top
side of the FSS structure consists of a slotted square ring resonator
(SRR), while the bottom side consists of a combination of square-loop
and Jerusalem cross. With the help of a dual-layer FSS reflector, the
authors achieved a gain enhancement of about 2-4 dB in the operating
bandwidth. In [11], a dual-band planar antenna operating at 2.4 and
5.8 GHz frequency bands was presented. The gain at both frequency
bands was enhanced by using a simple double-square-loop FSS element.
For 2.4 GHz, the antenna exhibits directional radiation characteristics,

but for the 5.8 GHz frequency band, distorted radiation characteristics
are observed. The authors in [12] designed an array of modified square-
loop FSS unit cells and placed them above the radiating element for
radiation performance enhancement. The placement of FSS above the
antenna offered a peak gain of 9 dBi in the UWB frequency band.
In [13], a strawberry-shaped single-layer FSS-integrated UWB antenna
was presented. A modified rectangular-loop FSS was used to achieve
a peak gain of 9.68 dBi. In [14], a CPW-fed UWB antenna operating
from 3.6 to 11.8 GHz was designed and integrated with an 8 x 8 array
of square-loop and a ring-based FSS for gain enhancement. Through the
presented configuration, a minimum 4 dB gain increase was achieved
across the entire frequency range.
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Fig. 3. Simulated |.S|,| of all the design stages shown in Fig. 2.

In [15], a 6 x 6 array of single-layer FSS structure was designed to
increase the gain of a planar UWB antenna. A peak gain of 8.3 dBi was
achieved with an 8 GHz impedance bandwidth in the UWB range. They
also designed a fractal FSS structure in [16] for the gain enhancement
of UWB planar antennas. The fractal FSS array operates well in the
UWB frequency band, and its integration with the antenna offers a
peak gain of 7.5 dBi. In [17], the authors presented a novel design
of a planar antenna for UWB applications. For the performance en-
hancement of the antenna, a single-layer FSS structure was designed
using a combination of square-loop and ring. The incorporation of the
FSS layer behind the antenna increased the gain up to 10.5 dBi in the
operating bandwidth, ranging from 5 to 17 GHz. In [18], the authors
designed a monopole antenna that works across two frequency bands,
i.e., 2.18-2.83 GHz and 4.42-5.58 GHz. The radiation performance
of the dual-band monopole was enhanced with the use of a modified
Jerusalem-shaped FSS reflector. The incorporation of the FSS yields
notable enhancements in gain and radiation efficiency. In [19], the
authors presented a novel FSS-based planar antenna design for UWB
applications and achieved a peak gain of 9.5 dBi.

The UWB antenna designs discussed above offer acceptable radia-
tion performance, but their multilayer configuration and large size may
restrict their use in wireless communication devices. In addition, most
of the above-presented designs are not able to provide directional radi-
ation characteristics, which is the main focus of this work. Therefore,
in this paper, a single-layer FSS reflector-based planar UWB antenna is
designed to achieve high gain and directional radiation characteristics.
The UWB response is obtained by designing a Vivaldi-shaped radiating
element with a partial ground plane. For the enhancement of the
radiation performance of the designed UWB antenna, a 3 x 3 array of
single-layer fractal UWB FSS unit cells is designed and placed beneath
the radiating element at an optimized distance. It is noted that the
proposed UWB antenna system operates well from 3.11 to 20 GHz,
offering an impedance bandwidth of 16.89 GHz. Furthermore, the
integration of the FSS reflector led to an increase in gain of 4-6 dB. In
the next section, a complete antenna design procedure and its results
are presented.

2. Antenna design & configuration
2.1. Vivaldi-shaped planar antenna

Fig. 1 illustrates the schematic of the proposed planar antenna
along with the optimized design parameters. To design the antenna,
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Fig. 4. Simulated |S,,| and realized gain of the UWB antenna.

a 1.6 mm thick, low-cost FR-4 substrate with a relative permittivity
(¢,) of 4.4 is used. The radiating element consists of a Vivaldi-shaped
structure backed by a partial ground plane. To achieve a UWB re-
sponse, a Vivaldi-shaped slot is introduced in a radiating element, and
a stepped-like pattern is designed on the bottom edges of the radiating
patch.

To understand the optimization process of the proposed UWB an-
tenna, a design evolution is presented and shown in Fig. 2. The design
evolution of the proposed UWB antenna starts with the configuration
of a conventional rectangular radiator backed by a partial ground plane
named as iteration-0, as shown in Fig. 2(a). The reflection coefficient
(]S}, ) response of the iteration-O design is shown in Fig. 3, and it is
observed that it offers a dual-band response in the band of interest. To
achieve UWB response, a stepped pattern is introduced at the bottom
edges of the rectangular patch (iteration-1), as shown in Fig. 2(b). The
addition of a stepped pattern generates multiple resonances, which led
to an impedance bandwidth of 16.89 GHz ranging from 3.11 to 20 GHz,
as shown in Fig. 3. To further improve the impedance matching, a
Vivaldi-shaped slot is etched from the radiating element (see Fig. 2c,
iteration-2), and a modification is made in the microstrip feeding line.
This modification tends to achieve improved impedance matching in
the operating bandwidth, especially from 3.11 to 14 GHz, as depicted
in Fig. 3.

The simulated |S,,| response of the proposed planar antenna is
shown in Fig. 4. It is noted that the designed antenna is able to
resonate from 3.11 to 20 GHz (according to —10 dB bandwidth criteria),
providing a fractional bandwidth (FBW) of 146.17%. Fig. 4 also depicts
the simulated realized gain response of the designed antenna. The
minimum gain value is observed to be 1 dBi at 3.11 GHz, while the
maximum gain value is 4.55 dBi at 20 GHz.

The simulated normalized far-field radiation characteristics of the
UWB antenna for both H- and E-planes are shown in Fig. 5. The
patterns are plotted for five different frequency bands, i.e., 4 GHz,
8 GHz, 12 GHz, 16 GHz, and 20 GHz, which covers the entire operating
range of the designed antenna. For H-plane, the antenna exhibits omni-
directional patterns at 4 and 8 GHz (see Figs. 5a and b). For frequencies
greater than 8 GHz, the pattern becomes quasi-omnidirectional, as
shown in Figs. 5(c)-5(e). This is due to the fact that the radiating
area of the structure changes with frequency over UWB, which disturbs
the radiation performance of the antenna. Another factor that plays a
major role in deteriorating radiation patterns is the excitation of higher-
order modes at higher frequencies. For the E-plane, a monopole-like
(typical eight-shape) radiation pattern is observed for frequencies up
to 16 GHz, as shown in Figs. 5(a)-5(d). For 20 GHz, a distorted pattern
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Fig. 5. Simulated normalized far-field radiation patterns of the UWB antenna.
is observed in the E-plane (see Fig. 5e). From the E-plane patterns, radiation performance of the antenna and to make it more directive, a
it is also observed that the maximum radiation is directed towards single-layer FSS reflector is placed behind the designed antenna, whose
the back side, which led to the reduced antenna gain. To enhance the explanation is given in the coming sub-sections.
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Fig. 6. Design evolution of the single-layer FSS reflector.
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Fig. 7. Simulated |S,,| of all the FSS design stages shown in Fig. 6.

2.2. FSS reflector design

The design of the proposed UWB FSS reflector is presented in this
sub-section. The evolution process of the proposed FSS reflector is
shown in Fig. 6 and the obtained transmission coefficient (|.S,,|) for all
the design stages is shown in Fig. 7. The design evolution is composed
of three stages, namely stage-1, stage-2, and stage-3 (proposed). At first,
a simple conventional circular slot is designed, as shown in Fig. 6(a)
and it is observed that it is resonating around 4 GHz with a bandwidth
ranging from 2.3 to 5.3 GHz (see Fig. 7). In design-2, a square patch
and a circular slot are inserted (see Fig. 6b) and it was observed that
the bandwidth was increased to 2.93-8.8 GHz with a central frequency
of 5.82 GHz. At the proposed stage (stage-3), another square patch and
circular slot are inserted, as shown in Fig. 6(c), and it is noted that
the FSS reflector is operating well from 3.28 to 14 GHz, covering the
desired UWB frequency band.

2.3. FSS-integrated UWB antenna

After designing the FSS reflector, the UWB antenna design, dis-
cussed in sub-section 2.1, is integrated with the FSS reflector to achieve
improved radiation performance. Fig. 8 shows the design and configu-
ration of an FSS-based planar UWB antenna. An array of FSS consists
of 3 x 3 unit cells placed under the designed UWB antenna so that
it can reflect the back radiation and enhance the overall radiation

performance of the antenna [20]. As the FSS reflector is wideband in
nature, the distance between the antenna and FSS layer is optimized
during the simulation process to achieve maximum gain. The optimized
value for the parameter H is noted to be 25 mm, which is equal to A,/4
@ 3 GHz.

The simulated |}, | and realized gain of the proposed UWB antenna
without and with FSS are depicted in Fig. 9. It can be observed from the
result of Fig. 9(a) that with the integration of FSS, the proposed UWB
antenna has retained its wideband characteristics. On the other hand,
when the FSS is integrated with the antenna, a significant increase
is observed in the realized gain over the operating bandwidth. The
maximum gain enhancement is observed at 8 GHz, where the gain
increased from 1.1 to 5 dBi, as shown in Fig. 9(b).

To further evaluate the performance of an FSS-integrated UWB
antenna, a parametric study is conducted by changing the distance (H)
between the planar antenna and FSS reflector. The value of H is varied
from 23 to 28 mm, and the performance is evaluated in terms of |||
and realized gain, as shown in Fig. 10. It is observed from the results
that the distance has a minor influence on the antenna performance
(see Figs. 10a and 10b). The effect of FSS array configurations on
the antenna’s performance is shown in Fig. 11. It is observed that the
gain increases as the array size increases, especially from 7 to 14 GHz
(see Fig. 11a), but it provides an impedance mismatch from 3.36 to
4.5 GHz, as depicted in Fig. 11(b). Further optimizing the distance
between the radiating element and the FSS reflector can reduce this
mismatch at the expense of an increase in antenna system size, which
is not advantageous for small devices.

3. Fabrication and measurement results

The prototype of the fabricated antenna and FSS array before and
after assembly is shown in Figs. 12(a) and 12(b). To establish a sep-
aration between the antenna and FSS, a 25-mm-thick Styrofoam is
carefully employed, as depicted in Fig. 12(b). The choice of Styrofoam
is attributed to its minimal impact on the antenna’s performance.

The simulated and measured |S;;| of the FSS-integrated UWB an-
tenna are depicted in Fig. 13(a). The |S|,| were determined using a
Vector Network Analyzer (VNA). The simulated and measured values
offer wideband characteristics from 3.11-20 GHz. A small disagreement
is observed between the results, which could arise due to connector
and cable losses and fabrication tolerances. Similarly, the gain of the
proposed antenna showed a peak simulated value of ~ 6 dBi around
9 GHz, while the measured gain shows a constant behavior from 4
to 13 GHz with a value of 5 dBi, as shown in Fig. 13(b). The strong
agreement between both results shows the performance stability of the
proposed antenna.

Figs. 14 and 15 show the normalized simulated and measured
far-field radiation characteristics of the FSS-integrated UWB antenna
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Fig. 12. Fabricated prototype of FSS-integrated UWB antenna (a) before assembly (b) after assembly.
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Table 1

Comparison of proposed FSS-integrated UWB antenna with state-of-the art literature.
Ref. Year Sys. Size Freq. Range Peak gain Gain variation FSS layers

(mm?) (GHz) (dBi) (dB)

[9] 2017 96 x 96 x 30 3-12 8.9 3.4 Dual
[10] 2018 44 x 44 x 25.5 3-13.5 8.5 3 Dual
[11] 2019 81 x 81 x 35.3 2.37-2.56/5.15-6.22 7.54/6.8 - Single
[12] 2019 124 x 124 x 8 3-10 9 4 Single
[13] 2020 60 x 60 x 10 3.05-11.9 9.68 1.8 Single
[14] 2022 40 x 40 x 30 2.55-13 8.6 4.6 Single
[15] 2022 60 x 60 x 25 3-12 8.3 2.5 Single
[16] 2023 60 x 60 x 10 3.3-10.8 7.5 2.2 Single
[17] 2023 50 x 50 x 9 3-18 10.5 2.5 Single
[18] 2023 80 x 80 x 10 2.18-2.83/4.42-5.58 7.87 - Single
[19] 2023 50 x 50 x 12 3.3-99 9.5 5 Single
Prop. 2024 36.75 x36.75x 25 3.11-20 5 2.5 Single

Sys. = System, Freq. = Frequency

for both E- and H-planes. Far-field measurements for the proposed
design were conducted within a shielded anechoic chamber. In the
experimental setup, the proposed antenna is placed on the receiver
end and the horn antenna at the transmitter end, ensuring an ideal
evaluation of the antenna’s performance under controlled conditions.
The patterns are plotted for five resonant frequencies, i.e., 4 GHz,
8 GHz, 12 GHz, 16 GHz, and 20 GHz. For the E-plane, directional
radiation characteristics are observed at 4 and 8 GHz, as shown in
Figs. 14(a) and 14(b). For 12, 16, and 20 GHz, distorted patterns are
observed with an increase in gain (see Figs. 14c-14e). In the case of the
H-plane, patterns are directive up to 16 GHz, as shown in Figs. 15(a)-
15(d). In this case, the pattern at 20 GHz is quasi-omnidirectional (see
Fig. 15e).

To highlight the performance of the proposed FSS-based UWB an-
tenna, a comparative analysis was conducted against notable state-of-
the-art counterparts (see Table 1). The performance is assessed based
on the measurement results. Although the proposed design offers less
gain, it exhibits a wide impedance bandwidth with stable gain com-
pared to the designs listed in Table 1. In addition, the proposed antenna
system is compact compared to the other designs.

4. Conclusions

This paper presents the design of a FSS reflector-backed Vivaldi-
shaped planar monopole antenna for UWB characteristics. The designed
UWB antenna exhibits an impedance bandwidth of 16.89 GHz in the
frequency range of 3.11-20 GHz. To achieve directional radiation
characteristics and high gain, an array of single-layer UWB FSS is
designed and placed behind the proposed UWB antenna. It is observed
that the FSS-based UWB antenna offers a peak measured gain of 5 dBi
in the operating bandwidth. In addition, the simulated and measured
results of the designed antenna are in good agreement. The presented
configuration and results suggest that the designed FSS-integrated UWB
antenna is suitable for applications requiring directional radiation prop-
erties, like ground penetrating radar (GPR) and near-field microwave
imaging.
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