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Abstract

This article presents a compact ultra-wideband (UWB) circular monopole antenna with a frequency-selective surface (FSS) for gain en-

hancement. The proposed antenna has a circular patch with circular cuts at the edges and is excited by a microstrip feed. The bottom

plane is truncated and further modified by two triangular cuts at the sides and one rectangular cut in the middle to improve the radiation

characteristics of the UWB antenna. The antenna is designed on an FR-4 substrate with a thickness of 1.6 mm, a relative permittivity of

4.3, and planner dimensions of 30 mm X 30 mm. To improve the proposed antenna’s gain, an FSS is designed that consists of periodic

unit cells of metal printed on the upper layer of an FR-4 substrate with dimensions of 0.11A X 0.11A at the lowest operating frequency of

3.3 GHz. The FSS shows a very low transmission coefficient and linearly reducing reflection phase with increasing frequency over a fre-

quency range of 3.3-10.8 GHz. The gain of the proposed antenna is increased from 3 dB to 8.1 dB at 9 GHz by placing the antenna on

the FSS. Moreover, the prototype of the proposed antenna is fabricated, and the experimental results are measured, which show close

agreements with simulated results. The FSS-based antenna has directional radiation patterns, making it a potential candidate for ground-

penetrating radar and UWB applications.
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I. INTRODUCTION

In recent years, ultra-wideband (UWB) technology has
appeared as an auspicious candidate for both military and
commercial wireless communication applications [1-3]. The
allocated spectrum for UWB communication by the Federal
Communication Commission (FCC) ranges from 3.1-10.6

GHz. Due to promising radiation characteristics, such as large
bandwidth, higher data rate, and minimal power requirement,
UWB antennas have been widely used in precision locating, track-
ing applications, radar imaging, and various other commercial
applications [4-8]. This significance inspired the researchers to
further investigate UWB antennas. To obtain UWB performance,

various design techniques, such as slotted patch antennas with a
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partial and slotted ground plane, stubs in the ground, and mono-
pole antennas with rectangular, U-shaped, circular, elliptical, and
even more complex structures, have been frequently reported in
the literature [9-15]. In [9], elliptical and circular-shaped UWB
antennas are presented, which are formed by the intersection of
two circular or elliptical shapes, covering the UWB spectrum
from 3.1-10.6 GHz. In [10], a rectangular-shaped UWB antenna
is reported. The rectangular patch consists of two rectangular
slits with a modified bottom surface of an inverted T-shaped
notch, which improves the bandwidth that ranges from 3.12—
12.73 GHz. In [11], a printed wideband elliptical antenna is
reported for UWB applications. The top layer consists of an
elliptical radiating patch, which is excited by a coplanar wave-
guide (CPW) feed, and the bottom surface consists of a trape-
zoid shape. The radiating patch achieved a wideband from 1.02
GHz to 24 GHz.In [12], a new method is introduced to reduce
the effects of the ground plane on the elliptical UWB antenna’s
performance. To minimize the eftects, a rectangular slot is made
in the ground plane to improve the radiation characteristics of
the reported antenna. In [13], a novel CPW-fed radiating patch
with a half-elliptical structure with two symmetrical stubs on
the ground surface is presented. The antenna achieved an im-
pedance bandwidth of 6.4 GHz, with an average gain of 4.5 dB.
In [14], a compact UWB monopole antenna for automotive
applications is reported. The reported structure has a complex
geometry and is designed with half-square and half-circular ring
shapes. The bottom plane is defected to enhance the impedance
bandwidth of the proposed antenna. In [15], a simple planar
UWSB antenna is presented. To attain UWB characteristics with
a compact size, the ground plane is modified with L-shaped
inverted open-ended slits. Moreover, the bandwidth is further
improved by cutting the radiating element. Furthermore, to en-
hance the impedance bandwidth of the radiating patch at center
frequencies, another inverted L-shaped cut is made on the bot-
tom surface. Various antennas are reported for UWB applica-
tions i.e. open slot antenna, wide slot antenna, novel printed
UWRB antenna and planar UWB antenna. Wide slot antenna
has narrow bandwidth while other antennas have low gain [10,
15-19] (Table 1).

In addition to UWB characteristics, small-sized antennas are
essential for compact wireless devices. Thus, several works have
been reported recently with compact and low-profile antenna
designs with UWB properties [20-22]. However, their low pro-
file makes it difficult for these antennas to attain a high gain
over the entire bandwidth. Consequently, UWB antennas have
poor directivity. On the other hand, some particular wireless
communication applications, such as location tracking, radar,
and positioning systems, necessitate highly directive antennas
with a high gain [23]. To enhance the gain, various techniques
have been investigated and reported in the literature, including

Table 1. Comparision of the proposed antenna with some other

similar work

Study Size (mm®) &, Pe?(l;é;)ain Fr(ecc;p;;;l)cy
Liu et al. [16] 24X24X1 46 396 2.95-12.1
Sung [17] 37 X 37 X 1.6 44 4 2.23-5.35
Ojaroudi et al. [10] 24 X20X1 46 4.7 3.7-10.1
Dastranj and 28 X 28 X 0.8 44 42 2.7-12.5

Bahmanzadeh [15]

Siddiqui et al [18] 50 X 22 X15 23 3 2.8-11
Sahoo et al. [19] 12 X116 X 1.6 44 2.6 2.8-13

defected ground structures (DGS), dielectric resonator antennas
(DRAs), array antennas, electromagnetic band gap structures
(EBGs), and parasitic elements [24-27]. In addition to the
above-mentioned techniques, frequency-selective surfaces (FSS)
have recently drawn the attention of researchers for gain im-
provement. Several literary works have employed FSS for gain
improvement [28-32]. The work in [28] proposed an UWB
antenna with substrate dimensions of 30 mm X 60 mm. For
gain enhancement, a two-layered FSS reflector was employed,
and hence, a 3-4 dB improvement in gain was obtained. Simi-
larly, the UWB antenna reported in [29] used a double split ring
metasurface as a reflector to improve gain. An overall gain im-
provement of 5.5 dB was attained for this design. Another leaf-
shaped UWB antenna was presented in [30], with overall di-
mensions of 40 mm X 30 mm. This structure involves dual FSS
layers to increase gain. As a result, an enhancement of 2-4.5 dB
in gain was achieved with an overall peak gain of 8.7 dB. Like-
wise, another work [31] proposed two FSS reflector designs
(FSS1 and FSS2), with overall dimensions of 82.5 mm X 82.5
mm and 62.5 mm X 62.5 mm, respectively, to improve the
UWRB antenna gain. An improvement of 2.5 and 2 dB in an-
tenna gain was obtained for the proposed structures, respectively.
The UWB antenna reported in [32], with geometrical dimen-
sions of 41 mm X 34 mm, employed a single-layered FSS for
gain enhancement. This structure achieved an improvement of
2-3.5 dB in antenna gain with a maximum gain of 7.6 dB over
the entire resonant band. Most of the previously reported works,
as discussed above, are UWB antennas with double layered FSS
structures, which increase not only the overall antenna size but
also the fabrication complexity. These multilayered designs have
limited practical applications due to their bulky structures.
Moreover, the gain enhancement is low for some of the designs.
To deal with the above-mentioned challenges associated with
UWB antennas and overcome the limitations of the earlier-
reported works, this article presents a high-gain antenna for
UWB communication. The proposed design is a circular-shaped
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antenna with three semicircular patches cut out at the edges of
the radiator. The rectangular and triangular slots on the ground
plane achieve good impedance match in the UWB range. For
gain enhancement, a single-layered FSS reflector is employed.
Simulated and measured results ascertain that the proposed an-
tenna with FSS attains a gain improvement of nearly 3 dB.
Thus, the compactness, simple structure, high gain, and UWB
characteristics validate the suitability of the proposed antenna
for modern communication systems.

II. ANTENNA DESIGN AND CHARACTERIZATION

1. Antenna Geometry

The proposed antenna consists of a circular radiating patch
on the upper side of a substrate of size Ly X W X h,, as shown
in Fig. 1. The circular patch has semi-circular cuts at the edges
to improve the radiation characteristics of the radiating element.
The antenna is fed by a simple micro-strip feed with the length
of feed (lf) and width of feed (w). The antenna is designed on a
low-cost FR4 substrate with a relative permittivity (g,) of 4.3
and tangent loss (tand) of 0.02. The bottom layer of the sub-
strate consists of a partial ground further optimized by etching a
rectangular and two triangular-shaped slits to attain the UWB
characteristics. The design Egs. (1), (2), and (3) used for calcu-
lating the width and length of the antenna and radius of the
circular radiating patch, respectively, are in [33].

_w [z
W= 2fr &’ (1)

Vo

L= TN — 2AL, )
F
a=
2h
[1+n£rF[ln(%)]+1.7726} 3

Partial ground planes with specially designed slots and circular
cuts in the radiating patch play a key role in obtaining UWB
behavior. Mostly, partial ground planes decrease the energy kept
in the substrates. The decrease of energy stored in the substrates
causes a reduction in the Q-factor. As the Q-factor decreases,

(b)
Fig. 1. Design geometry of proposed antenna: (a) top view (b) bottom
view.
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the bandwidth increases [34]. A thicker substrate is essential for
improving the radiating power, reducing the conductor loss, and
enhancing the impedance bandwidth of the antenna, which is
related to the thickness () of a substrate. Therefore, to enhance
the bandwidth of a radiating patch, the substrate’s thickness is
increased and is given by Eq. (4).

ho__03

Ao T 2myE,

)

2. Design Methodology
The overall design process to obtain the final optimized an-
tenna consists of three stages, as illustrated in Fig. 2(a)-2(c). In

Step 1
(a)
Step 2
(b)
]
Step 3
(©
0
5
= 10
g
1
S0
:§ 25
_E 30 —step 1
% 35 ——step 2
= j‘; = step 3
50

3 4 5 6 7 8 9 10 11 12 13 14 15
Frequency (GHz)

(d
Fig. 2. (a—) Stepwise antenna design progress (d) simulated reflection
coefficient for all design steps.
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the first stage, a circular-shaped patch antenna is obtained using
the well-established equations [33]. The ground layer at the
back side of the substrate is partial, as shown in Fig. 2(a). The
circular antenna resonates for the wide frequency band ranging
from 3-12 GHz, as depicted by the reflection coefficient results
in Fig. 2(d), with a slight mismatch at 8 and 9 GHz. This an-
tenna attains a peak gain value of 5 dB for the resonant band, as
illustrated in Fig. 3. In the next stage, a circular-shaped patch is
cut at the upper edge, such that the design evolves into a slotted
circular-shaped antenna, as shown in Fig. 2(b). Table 2 depicts
various design parameters and their dimensions in mm. The
effective radius (R,) of the circular patch antenna can be calcu-

6

5

-~

Gain (dB)
w

—step 1

N

—step 2

-

——step 3

0
3 4 5 6 7 8 9 10 11 12
Frequency (GHz)

Fig. 3. Simulated gain of antenna designs, Steps (1-3).

Table 2. Detailed physical dimensions of the proposed antenna and

FSS unit cell
Parameter Value (mm)
Antenna L, 30
W 30
R 9.3
L, 10
Ls 11.05
Wt 3
L. 3
W. 3
H. 0.035
H, 1.6
Unit cell L=W. 10
L,=w, 9.75
R 4.7
Ry 3
L 7
Wi 6
Ls 2
Wi 1.8
L. 1.3
We. 2

lated with Eq. (5) [33].

2H TR
R, =R {J1 +2 (Tt + 1.7726)}. 5)

Here, H is the thickness of the substrate, er is the dielectric
constant of the substrate, and R is the physical radius of the

circular patch, which could be calculated in terms of resonant
frequency using the following relation [33].

R = L
{J1+HZ};F(ID§+1.7726)}‘ (6)
where F can be estimated using the following equation.
8.79x10°
TofrVE (7)

This antenna attains an impedance bandwidth of 3-12 GHz,
with a little mismatch at 8 and 9 GHz. In addition to band-
width, the peak antenna gain attained is 5 dB. Later, the design
is modified by etching two more circular slots at the antenna’s
sides, as well as one rectangular and two triangular slots in the
ground layer, as shown in Fig. 2(c). It is noted that the antenna
gain further enhances to 5.3 dB. In addition, the impedance
matching improves as the reflection coefficient curve slightly
shifts toward lower values, as shown in Fig. 2(d).

The surface currents on the antenna surface and ground plane

at 10.6 GHz are depicted in Fig. 4(a). It is observed that the

[ A/m
10
9,09
8.18
7.27
£.36
5.45
4.55
3.64
2.73
1.82
0.909

a0

60

—
% S
&

—7 parameter (real)
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Impedance (ohm)

Frequency (GHz)
(b)

Fig. 4. (a) Surface current distribution (b) impedance parameter of
antenna at 10.6 GHz.
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maximum currents are distributed along the antenna feed line
and uniformly spread at the bottom edge of the radiating patch.
Fig. 4(b) shows that the real part of the impedance parameter is
almost equal to 50 ), and the imaginary part is 0 Q at 10.6
GHz.

3. Parametric Analysis of Small Round Cuts
The antenna consists of a circular patch with round cuts at

the edges, with a radius "a". The round cuts have an effect on
the reflection coefficient and gain of the proposed antenna. The
parameter "a" has an effect on the antenna performance if its
value is changed from 3 mm to 9 mm. Its reflection coefficient
and gain vary, which are shown in Figs. 5 and 6, respectively. It is
observed from the plots that a good impedance bandwidth can

be achieved with a maximum gain of 5.1 dB for a =3 mm.

Reflection coefficient (dB)

Frequency (GHz)

Fig. 5. Effect of "a" on the antenna reflection coefficient.

Step 2

(b)

()

Fig. 7. (a) Unit cell steps, (b) proposed unit cell, (c) unit cell excitation, and (d) S-parameters of the unit cell.
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I11. DESIGN OF FREQUENCY-SELECTIVE SURFACES (FSS)

1. Unit Cell Design

FSS are used as metallic reflectors made from periodic unit
cells. The unit cells are arranged either in one dimension or two
dimensions. The radiation characteristics of FSS depend on the
shape, size, and space between two adjacent unit cells. The
structure of the reported unit cell is depicted in Fig. 7(b). The
unit cell is designed on a low-cost FR4 substrate with a relative
permittivity (e,) of 4.3, tangent loss (tand) of 0.02, a thickness of
1.6 mm, and planner dimensions of 0.11A X 0.11A. The design
of the unit cell is carried out in CST Microwave Studio
(CSTMWS). The unit cell is designed through the steps shown
in Fig. 7(a). In Step 1, a complementary loop structure (CLS) is
formed, which gives a bandwidth of 3 GHz (i.e., from 3 GHz

Gain (dB)
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[

a=5 a=7 a=9

=]
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Fig. 6. Effect of "a" on antenna gain.
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to 6 GHz), as shown in Fig. 7(d). In Step 2, the unit cell is mod-
ified to a complementary double loop structure (CDLS), which
gives two resonances at 4 GHz and 11.5 GHz without attaining
a UWB bandwidth. In Step 3, the inner and outer circular loops
are connected horizontally, forming a CDLS connected hori-
zontally (CDLSCH) and attaining a wide bandwidth of 6.6
GHz (i.e., from 3.2 GHz to 9.8 GHz). Finally, the inner and
outer circular loops are connected horizontally and vertically,
forming a CDLS connected horizontally and vertically
(CDLSCHYV). This increases the bandwidth of the unit cell,
creating a stop band for the whole UWB bandwidth of 7.6

GHz, from 3.3 GHz to 10.8 GHz, as presented in Fig. 7(d). Fig.

7(b) is the design geometry of the unit cell, and Fig. 7(c) depicts
the port assignment and boundary conditions to excite the unit
cell. The parametric values of the optimized unit cell are provided

in Table 2.

2. EC Model of the Unit Cell

An equivalent circuit model of the reported unit cell is mod-
eled through the Advanced Designed System (ADS) simulator,
followed by the simulation in the frequency range from 3 GHz
to 12 GHz. The EC model is a simple and fast FSS unit cell
analysis method. The basic shape of the FSS unit cell is a square
loop, which is equivalent to the capacitor-inductor series circuit
[35]. The values of capacitors represent the spaces among the
adjacent conductors, while the values of inductors represent the

conductive loop in the unit cell. Fig. 8(a) shows the ECM of the

T ! C C C
c5 c c2 c3 c4

C=0.66 pF c1 C=066 pE_ C=066 pF=~ C=0.66 pF

TermG €=0.66 pF

TermG1
Num=1 L L L L - TermG
7=50 Ohm § L6 L S 12 S L3 S L4 TermG2
L=0.76 nH © 1 L=0.76 nH ) L=0.76 nH L=0.76 n Num=2
= R= L=0.76 nH  R= R= R= Z=50 Ohm
R=

Lk
ﬁqﬂ‘i S-PARAMETERS I

S_Param
SP1
Start=0.0 GHz

Stop=15.0 GHz
Step=
(a)
0 ==
10 g =27]
‘-*"\ "" -
— ~a. -
B 20 ~ L
s W A
& \\\ ,// - == 512 ECM
E =0 W ¥
s Y4 — — 511ECM
g i
» 30 VW === 511 (step 4)
50 L 512 [step d)
L]
50
3 i 5 3 7 8 g 10 1 12
Frequency (GHz)
(b)
Fig. 8. (a) EC model of the unit cell and (b) S-parameters of the

unit cell.

FSS unit cell designed in Step 4 of Fig. 7(a). The equivalent
inductance and capacitance of the circuit can be calculated ac-

cording to Egs. (8) and (9) [36].

Ly, =§ cos@ F(p,2s,1,0), )

Zy

B d
Y_OC =W, = 4 sec > F(p,g,4 0)ecss. ©)

By adjusting the values of capacitors and inductors, the reflec-
tion coefficient (S11) of the unit cell can be varied. Lastly, Fig.
8(b) shows simulated transmission coefficients of the reported
unit cell in ADS, which agrees with the results in Fig. 7(d) using
CSTMWS.

IV. FSS-LOADED ANTENNA

1. Performance Analysis

The geometrical configuration of the final proposed antenna
loaded with FSS is shown in Fig. 9. The final proposed FSS
consists of 36 elements arranged in a 6 X 6 array (rows X col-
umns) along with the antenna placed above it at height S. The
substrate used for this FSS structure is FR4 with 1.6 mm thick-
ness. The overall size of the FSS is 62.5 mm X 62.5 mm X 1.6
mm. To obtain the optimal antenna performance, an investiga-
tion is conducted on the effects of varying the F'SS array size on
the antenna performance. The analysis is conducted for different
array arrangements, with 4 X 4,5 X 5 and 6 X 6 unit cell ele-
ments, as shown in Fig. 9(a). It is observed that the antenna
shows good performance with a 6 X 6 FSS array, as evident by
the reflection coefficient plots illustrated in Fig. 9(b), demon-
strating an improved impedance match. In addition, Fig. 9(c)
depicts that the antenna gain also improves with an increasing
number of unit cells, where a peak gain of 8 dB is obtained for a
6 X 6 element array.

In this work, the FSS is placed underneath the antenna so
that the antenna’s radiation coming in the backward direction
gets reflected. If the reflected waves by FSS and the radiations
by the antennas are in phase, then the antenna gain enhances. In
this scenario, an important factor is the spacing between the
reference antenna and the FSS layer, which ensures the con-
structive interference of directly radiated and reflected waves. To
estimate the spacing between the FSS and the antenna, the follow-
ing equation is used [31].

Qrs - 2PS =2nmn, (10)

where,n=...—1,0,1 ...

Here, ¢rs represents the reflection phase of the FSS layer, § is
the gap between the antenna and the FSS, and £ is the open
space propagation wave constant. The spacing between the an-
tenna and the FSS layer must be an integer multiple of the
wavelength at the central frequency. However, due to the wide-
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Fig. 9. (a) Different FSS array configurations, and (b, ¢) reflection coefficient and simulated antenna gain for different FSS arrays at same

distance of 10 mm.

band nature of F'SS, the gap between the FSS layer and antenna
is optimized such that the maximum gain is achieved. Therefore,
a parametric investigation is conducted for the gap between the
antenna and the optimized FSS layer with a 6 X 6 element ar-
ray. For the initial distance of 7 mm, the reflection coefficient is
above —10 dB, and a little mismatch and peak gain of 9 dB is
obtained, as shown in Fig. 10. Whereas, for the gaps of 10 mm
and 15 mm, the antenna reflection coefficient is below —10 dB,
but gain reduces with maximum values of 8 dB and 7.5 dB at
9 GHz. Hence, it is noticed that antenna gain is maximum at a
spacing of 7 mm between the FSS and the antenna, with a
mismatch at lower frequencies. Thus, the final proposed design
with optimal performance is a UWB antenna with a 6 X 6 FSS
layer placed below the antenna at a distance of 10 mm.

V. MEASUREMENTS OF FSS-BASED UWB ANTENNA

To validate the performance of the proposed antenna, a pro-
totype is fabricated, as shown in Fig. 11, and measured experi-
mentally. To measure the prototype, polystyrene foam is placed
between the antenna and the FSS to hold the antenna in place
and provide adequate spacing between the antenna and the FSS.
Polystyrene foam is organic plastic dielectric, which supports
high frequencies of 106-107 Hz and is more resistant than other
insulators. Besides providing insulation, it has low water absorp-
tion and is resistant to cracking [37]. The VNA Network Ana-
lyzer N5224A is used to measure the S-parameters of the an-
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Fig. 10. (a) Simulated reflection coefficient with various spacings
and (b) simulated gain with various spacings.

tenna, whereas the far-field characteristics are measured in the
anechoic chamber at the National University of Science and

Technology (NUST). The measured results obtained are generally
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(0)

Fig. 11. Fabricated prototypes: (a) UWB antenna, (b) FSS reflector,
and (c) UWB antenna with FSS reflector.

well matched with the simulated results. However, a few dis-
crepancies were observed due to imperfections in fabrication
and tolerance in the measurement setup.

1. Reflection Coefficient and Gain

Fig. 12 shows the simulated and measured reflection coeffi-
cient (811) of the antenna with and without FSS configurations.
The measured results of the proposed antenna without FSS
demonstrate that the antenna shows good impedance matching
and resonates for the frequency band ranging from 3-12 GHz,
thus covering the UWB. Moreover, when the antenna is meas-
ured with the FSS placed below it, a slight upward and minor
forward shift is observed for the obtained band ranging from
3.3-12 GHz. However, the obtained band still covers the UWB.
Fig. 13 shows the simulated and measured gains for the antenna
alone and the antenna combined with FSS. There is a signifi-
cant improvement of at least 2.5 dB in gain when FSS is placed
underneath the antenna. The gain of the proposed antenna is
increased from 3 dB to 8.1 dB at 9 GHz by placing the antenna
on the FSS. It is also noted that the measured and simulated
results have good coherence and insignificant differences that
occur mainly due to fabrication errors and tolerance in the
measurement equipment and setup.

8

Return Loss (dB)
B

Antenna [Meas)

...... Antenna with FS5 (Meas)

3 4 5 6 7 B 9 10 11 12
Frequency [GHz)

Fig. 12. Simulated and measured reflection coefficient (S11) of the
UWB antenna alone and with FSS.
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1 = = = Antennawith FS5 (Meas)
0
3 4 5 [ 7 8 9 10 11 12

Frequency (GHz)

Fig. 13. Simulated and measured gain (dB) of the UWB antenna
alone and with FSS.

2. Surface Currents and Efficiency of FS§S-based Antenna

Fig. 14 shows the surface currents distribution on the metallic
conductor at different frequencies to investigate the reflection
phenomena of the reported metallic reflector with the radiating
patch. However, it is noticed that the surface currents are strong
at the feed and sides of the radiating patch. It is also observed
that a moderate amount of current is distributed on the FSS
surface and is simulated at 3.7 GHz and 8.5 GHz. In addition,
it is observed that if the frequency is increased, the radiation
becomes more directive, and the gain of the radiating element
also increases. Due to the increase in gain, the antenna’s efficiency
also improves, and its maximum efficiency is attained at 9 GHz,

which is 80%. When FSS are employed, the antenna efficiency

7

< 4
roposed FSS-based UWB
antenna at (a) 3.7 GHz and (b) 8.5 GHz.

I
4
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improves and reaches 87% at the same frequency. Finally, the
comparison of the simulated results with the measured ones
shows close agreement, as depicted in Fig. 15.

3. Far-Field Results

The far-field measurements are obtained in the anechoic
chamber. Fig. 16(a)-16(d) demonstrates the simulated and
measured radiation patterns for E- and H-planes at 3.7,5.7, 7,
and 8.5 GHz. It is observed that for all selected frequencies, the
antenna exhibits a bidirectional radiation pattern, whereas an
omnidirectional radiation pattern is obtained for the principal H-
plane. The simulated and measured results show good agreement.
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Fig. 15. Total efficiencies of the proposed antenna with and without
FSS.
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Fig. 16. The 2D plots of FSS-based UWB antenna at (a) 3.7 GHz,
(b) 5.7 GHz, (c) 7 GHz, and (d) 8.5 GHz.
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VI. LITERATURE REVIEW AND TABLE DISCUSSION

An aperture-type FSS with an arrangement of 12 X 12 unit
cells and its resonant features are studied in [38]. A resonant
cavity patch is designed by the ground plane substrate and the
metallic reflector superstrate. The reported FSS has reflective
characteristics to improve the performance of the cavity antenna.

The operational bandwidth and gain are increased by 0.66
GHz and 8.5 dB, respectively, at an optimized spacing of 17.6
mm between the FSS superstrate and the radiating element. A
compact single-layer and dual-layer FSS is designed, and its
passband resonant characteristics are studied in [39]. It is then
optimized for the spacing between the dual-layer FSS and
simulated with a 31 X 31 unit cells array. In [40], an elliptical
patch antenna is excited by slotted microstrip-feed resonates at
5.38 GHz. The antenna is then placed on the FSS with reflec-
tive behavior to enhance the proposed antenna’s performance.
After the employment of the FSS at a specific distance of 28.5
mm, the gain is improved up to 5.1 dB, with a 0.13 GHz band-
width. Nakmouche et al. [41] reported the improvement of gain
through the FSS employed at the back of the proposed antenna
using machine learning technology for 5G communications.
The work in [42] is devoted to FSS to enhance the gain of the
reported antenna and improve the overall radiation characteris-
tics of the monopole UWB antenna through different FSS
structures. A new technique called the squirrel search algorithm
(SSA) is introduced in [43] to measure the accurate length and
width of the FSS-based UWB antenna. The SSA enhances the
accuracy of the antenna’s performance parameters to reduce
bandwidth interference and attain uniform gain within the
whole band. In this technique, patch antenna geometry is selected
and simulated with FSS in numerous iterations. The UWB
antenna acts as an impulse radar in [44], which is one of the key
applications of UWB technology i.e., ground-penetrating radar
(GPR).

GPR communication consists of transmit and receive anten-
nas. The transmit antenna sends impulses to scan the object
buried in the soil, which are responded to by the receive antenna.
For reliable GPR communication, the UWB antenna has a
compact size, lightweight, high efficiency, broad impedance
bandwidth, flat variation gain, and minimal dispersion. Slot type,
TEM horn, log periodic, bow-tie, rugby ball, Vivaldi, and valen-
tine antennas are good candidates for GPR communication
[45]. An experimental setup for GPR application consists of a
cardboard filled with sandy soil and a thin aluminum foil at the
back end [46]. A compact circuitry of the printed antenna is
presented in [47, 48], inspired by metamaterial to enhance the
gain and bandwidth. The metamaterial is designed on a flexible
INP substrate from a Hilbert-shaped unit element, with a partial
bottom plane with repeated slits to improve the bandwidth of



DIN et al.: ANOVEL COMPACT ULTRA-WIDEBAND FREQUENCY-SELECTIVE SURFACE-BASED ANTENNA FOR GAIN ENHANCEMENT APPLICATIONS

the proposed antenna used for RF energy-harvesting applica-
tions. A metamaterial-based printed microstrip antenna excited
by an exponential tapered coplanar waveguide (ETCPW) is
reported in [49, 50]. In the small space between the FSS and
UWB antenna, there is a mismatch of phase between the incident
and reflected signals. The FSS consists of a dual layer on the
FR4 substrate, with a non-linear response over the UWB range
[51]. To improve the antenna’s gain, a dual-layer FSS is introduced
to obtain a UWB stop response. The FSS has small dimensions
compared to multilayer FSS [52]. Majidzadeh et al. [53] pre-
sented a reconfigurable FSS for UWB applications. The reported
unit cell consists of two layers. The upper and back layers are
printed on the FR4 substrate with dimensions 0.11A X< 0.11A
[53]. In [54, 55], a dual-layer FSS for UWB stop applications is
presented. Both layers are the patch type of FSS with slits for
miniaturization and are cascaded with space between them. The
proposed unit cell's dimensions of 0.2A X 0.2A give a transmis-
sion coefficient (S12) below -10 dB, which ranges from 4-7
GHz, with 56% bandwidth. A uniplanar FSS composed of pe-
riodic unit cells with size 0.14A X 0.14A improves the gain to
8.9 dB [56]. A multilayer FSS reflector is reported for gain
augmentation of the UWB antenna without affecting the im-
pedance bandwidth in [57]. An average increase in gain from
4 dB to 9.3 dB with a very large size is reported (Table 3).

VII. CONCLUSION
In this paper, a new UWB frequency selective surface microstrip-

fed circular monopole antenna was presented and validated

Table 3. Parametric comparison of the literature that used the FR4

substrate
Study Unitcellsize  Su<—10dB  S% TS5
(phase) planes
Ranga et al. 0.221 X 0.22A 4-12  Nonlinear Two
[51]
Kushwaha 0.158A X 0.158\% 3.4-12.9 Linear Two
etal. [52]
Majidzadeh 0.153A X 0.153%  4.6-16 - Two
etal. [53]
Chatterjee and  0.1461 X 0.146) 4-7  Nonlinear Two
Parui [54]
Chatterjee and  0.146A X 0.146) 4-7  Nonlinear Two
Parui [55]
Tahiretal. [S6] 0.14A X 0.14A  2.7-13.2 - Two
Ranga et al. 0.135A X 0.135A  2.7-13.2 Linear = Four
[57]
Proposed 0.11A X 0112 3.3-10.8 Linear  One

through measurements. The antenna covers a UWB bandwidth
ranging from 3.2 to 12 GHz and achieves a maximum gain of
5 dB at 9 GHz. To improve the proposed antenna’s gain, the
FSS is used, which improves the gain to 8 dB at the same fre-
quency. The final FSS comprises a 6 X 6 array of unit cells. The
dimensions of the unit cell are 0.11A X 0.11A at the lowest op-
erating frequency of 3.3 GHz. It attains a stop band of 7.5 GHz
from 3.3 to 10.8 GHz. The FSS-based antenna gives an ultra-
wide stop band response over the entire band with a single FSS
layer. The gain-enhancing ability of the FSS is experimentally
established. The overall gain is 3 dB within the UWB band, and
the maximum gain obtained is 8.1 dB at 9 GHz. Furthermore,
some existing bands can be notched in the UWB spectrum,
such as WiMAX, WLAN, and ITU bands, to avoid interfer-
ence. Subsequently, the notches can be reconfigured to design a
UWRB antenna for WBAN applications and metamaterial-based
UWRB antennas for energy-harvesting purposes.
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