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In this article, high-gain ultra-wideband (UWB) monopole antenna is presented. �e UWB monopole antenna is a semicircular-
shaped antenna with a semicircular slot at the top side.�e bottom plane consists of partial ground with triangular and rectangular
slotted structures to improve the impedance bandwidth of the proposed antenna. In order to enhance gain, a 6 × 6 metallic
re�ector (FSS) is placed below the antenna. �e performance of the o�ered design is validated experimentally. �e simulated
results show resemblance with the measured results.�e antenna resonates for the UWB ranging from 3 to 11GHz. Moreover, the
integration of FSS improves the average gain by 4 dB, where peak gain obtained is 8.3 dB across the UWB. In addition, the reported
unit cell having dimension of 0.11λ × 0.11λ gives wide bandwidth (7.2GHz) from 3.3GHz to 10.5GHz. �e performance of the
proposed antenna determines its suitability for the modern day wireless UWB and GPR applications.

1. Introduction

Currently, ultra-wideband (UWB) technology has appeared
as an auspicious candidate for both military and commercial
wireless communication applications [1, 2]. UWB tech-
nology has various applications such as multimedia for
home entertainment, sensor networks, and personal com-
puter industry. It is also useful for physical layer protocols
for high transmission IEEE 802.15.3 and low transmission
IEEE 802.15.4 standards [3]. �e allocated spectrum for
UWB communication by Federal Communication Com-
mission (FCC) ranges from 3.1 to 10.6 GHz. Due to
promising radiation characteristics such as large bandwidth,
higher data rate, and minimal power requirement, the UWB
antennas have been widely used in applications like preci-
sion locating, tracking applications, radar imaging, and

various other commercial applications [4–8]. �e antenna
reported in [4] has compact size, wide bandwidth, and high
gain and has applications in the area of human microwave
imaging. In [5], the proposed antenna is used for multiple
wireless applications covering wideband from 2.3 to 20GHz
especially for Wi-Fi and Ku band. Similarly, a compact
slotted UWB is designed for various medical imaging and
polarimetric radar applications [6]. Likewise, an UWB an-
tenna is demonstrated in [7] for speci¢c ground-penetrating
radar (GPR) detection applications. �e UWB antenna
proposed in [8] has band notch characteristics with
recon¢gurable single and dual band characteristics. �us,
contribution of UWB antennas towards these signi¢cant
applications motivated the researchers towards further in-
vestigation of the UWB antennas. To obtain UWB perfor-
mance, various design techniques such as slotted patch
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antennas with partial and slotted ground plane, stubs in the
ground, and monopole antennas with rectangular, U-sha-
ped, circular, elliptical, and even more complex structures
have been frequently reported in the literature [9–15]. In
[9, 10], circular and elliptical-shaped antennas are proposed
covering UWB spectrum. .e work in [11] reported a
rectangular-shaped UWB antenna with an inverted T-sha-
ped notch at the bottom to improve the bandwidth ranging
from 3.12 to 12.73GHz. Likewise, elliptical UWB antennas
are presented in [12, 13] with a slotted ground plane to
enhance the radiation characteristics of the antenna. In the
same way, the designs reported in [14, 15] incorporated slots
in the ground plane to improve the impedance bandwidth of
the UWB antenna. In addition to UWB characteristics,
small-sized antennas are essential for compact wireless
devices. .us, several works have been reported recently
with compact and low-profile antenna designs with UWB
properties [16–18]. However, due to low profile, it is difficult
for these antennas to attain high gain over the entire
bandwidth and consequently UWB antennas have poor
directivity.

On the other hand, some particular wireless commu-
nication applications such as location tracking, radar, and
positioning systems necessitate highly directive antennas
with high gain [19]. In order to enhance gain, various
techniques have been investigated and hence reported in the
literature such as defected ground structures (DGSs), di-
electric resonator antennas (DRAs), array antennas, elec-
tromagnetic band gap structures (EBGs), and parasitic
elements [20–23]. .e antenna design reported in [20] in-
troduced gate-like structures at the ground to achieve stable
radiation pattern and high gain. In another work [21], a
compact DRA is presented operating at UWB spectrum.
Moreover, another UWB antenna with differential micro-
strip feed and triangular as well as trapezoidal-shaped DGS
is proposed in [22]. Also, to improve gain, another double-
layered UWB antenna is reported in [23].

In addition to abovementioned techniques, frequency-
selective surfaces (FSSs) have recently drawn attention of
researchers for gain improvement. Several literary works
employed FSS for gain improvement [24–33]. .e work in
[24] proposed an UWB antenna with substrate dimensions
of 30 × 60mm2. For gain improvement, a two-layered FSS
surface is employed, and hence a 3–4 dB improvement in
gain is obtained. Similarly, the UWB antenna reported in
[25] used a double split ring metasurface as a reflector to
improve gain. An overall gain improvement of 5.5 dB is
attained for this design. Another leaf-shaped UWB antenna
is presented in [26] with overall dimensions of 40 × 30mm2.
.is structure involves dual FSS layers to increase gain. As a
result, an enhancement of 2–4.5 dBi in gain is achieved with
overall peak gain of 8.7 dB. Likewise, another work [27]
proposed two FSS reflector designs (FSS1 and FSS2) with
overall dimensions of 82.5 × 82.5mm2 an d 62.5 × 62.5mm2

, respectively, to increase the UWB antenna gain. An im-
provement of 2.5 and 2 dB in antenna gain is obtained for the
proposed structures, respectively. .e UWB antenna re-
ported in [28] with geometrical dimensions of 41 × 34mm2

employs a single-layered FSS for gain enhancement. .is

structure achieved an improvement of 2–3.5 dB in antenna
gain with maximum gain of 7.6 dB over the entire resonant
band. Moreover, another UWB antenna for microwave
imaging applications is proposed in [29], where single-
layered FSS is introduced to improve gain. Similarly, in [30],
an UWB monopole antenna is reported where a gain en-
hancement of 4.5 dBi is achieved by employing single-lay-
ered FSS. .e work in [31] presented another UWB
monopole antenna for microwave radiology imaging and
ground-penetrating radar applications, with FSS introduced
as a reflecting layer to improve gain. In [32], an UWB patch
antenna with tightly coupled FSS is proposed. In this work,
squirrel search algorithm (SSA) is used to optimize the
design parameters of the proposed design. Another work
[33] reported a compact U-shaped UWB antenna with
uniplanar FSS..e FSS improved the gain from 2.5 to 5.2 dBi
in the operating band. It is observed that most of the pre-
viously reported works as discussed above are UWB an-
tennas with double-layered FSS structures which increase
not only the overall antenna size but also the fabrication
complexity. .ese multilayered designs have limited prac-
tical applications due to their bulky structures. Moreover,
the designs with single-layered FSS have low gain en-
hancement or have larger geometrical dimensions.

In order to deal with the abovementioned challenges
associated with UWB antennas and to overcome limitations
of the earlier reported works, this paper presents a FSS-based
UWB antenna for wireless communication. .e proposed
design is a semicircular-shaped antenna with a semicircular-
shaped cut at the top edge. .e rectangular and triangular
slots at the ground plane achieve good impedance match in
the UWB range. For gain enhancement, single-layered FSS
reflector is employed. Tested and simulated results ascertain
that the presented antenna with frequency-selective surface
(FSS) attains a gain improvement of average 4 dB. .us, the
compactness, simple structure, high gain, and UWB spec-
trum validate the suitability of the reported radiating ele-
ment for the modern communication systems.

2. Geometry and Characterization of Antenna

2.1.Design Procedure of Antenna. Figure 1 depicts the layout
of the presented design. .e initial geometry consists of a
rectangular patch antenna extended into circular shape with
a semicircular-shaped slit at the upper edge in the center.
.e back side of the substrate consists of a partial ground
which is further optimized by etching a rectangular and two
triangular-shaped slits to attain the UWB characteristics.
.e proposed antenna for UWB applications is modeled
using the easily accessible FR4 substrate having thickness of
1.6mm, relative permittivity (ϵr) of 4.4, and loss tangent (tan
δ) of 0.02, where the overall substrate dimensions are
Ls×Ws. .e antenna is excited through microstrip feed to
deliver maximum power to the radiating patch. Modeling
and designing of the structure is performed using CST
Microwave Studio. Various parameters are optimized to
obtain the optimal radiation performance of the radiating
patch. Table 1 provides the design values of the final reported
design.
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2.2. Design Methodology. .e overall design process to
obtain the final optimized antenna consists of three stages, as
illustrated in Figures 2(a)–2(c). At the first stage, a rect-
angular-shaped patch antenna is obtained using the well-
established equation (34). .e bottom layer of substrate is
partial, as illustrated in Figure 2(a). .e rectangular antenna
resonates for the wide frequency band ranging from 4.2 to
11GHz, as depicted by the reflection coefficient results in
Figure 2(d). .is antenna attained peak gain value of 3.9 dB
for the resonant band, as illustrated in Figure 3. In the next
stage, a circular-shaped patch is integrated with the previ-
ously designed antenna such that the design evolves in to a
bulb-shaped antenna, as depicted in Figure 2(b). .e ef-
fective radius (Re) of the circular patch can be calculated
with the help of equation(3) [34].
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.e effective radius (Re) of the circular patch can be
calculated with the help of equation (1). .e calculated ef-
fective radius (Re) of proposed antenna is 8.5mm which is
approximately equal to the parametric value, i.e., 8mm.
Here H is the thickness of the substrate, ϵr is the relative
permittivity, and R is the physical radius of the antenna
which could be calculated in terms of resonate frequency
using the following relation [34]:
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, (4)

where F can be estimated using the following equation:

F �
8.79 × 109

fr
��ϵr

√ . (5)

.is antenna attained impedance bandwidth of
3–11GHz. .us, widening of the band is observed at this
stage. In addition to bandwidth enhancement, the peak
antenna gain attained is 4.1 dB. Later, the design is modified
by making a semicircular cut at the top center of the antenna
as well as one rectangular and two triangular slots from the
ground layer, as depicted in Figure 2(c). It is noted that the
antenna gain further enhances to 5 dB. Also, the impedance
matching improves as the reflection coefficient curve slightly
shifts towards lower values, as exhibited by reflection co-
efficient results in Figure 2(d).

3. Design of Frequency-Selective Surface (FSS)

3.1. Unit Cell Design. Literature review shows that FSS is an
eminent technique to improve the antenna gain. .e
structure design process of the FSS starts with unit cell. .e
primary factors affecting the performance of the FSS include
unit cell size, geometry, spacing between the unit cells, di-
electric thickness, and so on. Initially, a square-shaped
structure with circular slot is obtained as unit element
through optimization, as shown in Figure 4(a). .rough the
analysis of the response of this unit cell exhibited in
Figure 4(c), it is observed that the resonant frequency band
ranges from 3 to 5.5GHz. Afterwards, the unit cell is
modified by incorporating a vertical conducting strip in the
center of the circular slot such that the circular slot is divided
into two semicircular slots. .e response obtained by this
modified unit cell ranges between 2.8 and 6.4GHz. Later, in
order to obtain the wideband response, the geometry of the
unit cell is further modified by employing a horizontal
conducting strip, as depicted in Figure 4(a). .us, the final
unit cell design consists of a square-shaped structure with
two conducting strips placed in the center making a plus (+)
shape. It is noticed that the final unit cell obtains the
wideband frequency response ranging from 3.3 to 10.5GHz,
thus attaining good attenuation stop-band characteristics in
this frequency band. Figure 4(b) exhibits the port assign-
ment and boundary conditions to excite the unit cell,
whereas the parametric values of the optimized unit cell are
provided in Table 2.

Table 1: Optimized values of reported design (mm).

Parameter Value (millimetre)
Lf 11.05
Wf 3
Wp 12
Lp 8
R 8
Lg 10
Ls 30
Lc 2
Wc 2
Wg 30
Hc 0.035
a 3
Ws 30
Rc 5

Lf

Wp Lp

R

Rc

Ws

Ls

WgWf

Lg
Lc

Wc

a

Metal conductor
Substrate

Figure 1: Layout of the reported antenna.
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3.2. EC Model of Unit Cell. An equivalent circuit model for
proposed unit cell, as shown in Figure 5(a), is designed and
simulated in Advanced Design System (ADS) software,
which provides an equivalent impedance bandwidth of the
FSS unit cell. .e equivalent circuit consists of resistor-
inductor-capacitor (RLC) circuit, where inductors are
connected in parallel, while capacitors and resistors are
connected in series, as depicted in Figure 5(a). .e 0.2 ohm
resistors are representing the resistance of conducting
material, the inductors (L14, L15, L16, L17, L18, L19, L20,

and L21) are representing the conducting portion of unit
cell, and the capacitors (C6, C11, C13, and C15) are rep-
resenting the cuts/air gap among adjacent conductors
inside the unit cell. Moreover, capacitors (C9, C10, C14,
and C14) are representing the separation among the ad-
jacent unit cells. .e desired results similar to CST are
obtained by tuning the values of inductors and capacitors
[35]. .e required inductance and capacitance can be
calculated using equations (6) and (7) [36], as provided
below.
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Table 2: Design parameters of reported unit cell.

Parameter Value (millimetre)
L s 10
ws 10
L p 9.75
wp 9.75
l p 0.6
P 2 9.75
R 4.7
H s 1.6
Lp 2 9.4
Lp 1 9.4
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Figure 5: (a) EC associated with unit cell. (b) Transmission coefficient of unit cell.
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As the proposed unit cell is designed for UWB band-
width stop response, the transmission coefficient of unit cell
must be lower than −10 dB for the operating band ranging
from 3.1 to 10.6GHz to achieve UWB stop response. .e
transmission coefficient plots for the proposed unit cell
obtained by using CST and ADS show good agreement, as
presented in Figure 5(b).

3.3. Performance Analysis of FSS Loaded Antenna

3.3.1. Performance Analysis with Different Array
Configurations. .e geometrical structure of the optimized
reported antenna loaded with FSS is illustrated in Figure 6.
.e final proposed FSS comprises 36 elements arranged in
6×6 (rows×columns) order along with antenna placed above
it at height H..e substrate used for this FSS structure is FR4
with 1.6mm thickness. .e dimension of the FSS is 62.5×

62.5×1.6mm3. In order to get the optimal antenna perfor-
mance, an investigation is carried out on the effects of
varying the FSS size on the antenna radiation characteristics.
.e analysis is conducted for different array arrangements
with 4 × 4, 5 × 5, and 6 × 6 unit cell elements placed at same
distance of 20mm from the antenna, as depicted in
Figure 6(a). It is noticed that antenna shows good impedance
matching with 6 × 6 FSS array, as evident by the reflection
coefficient plots illustrated in Figure 6(b) that an improved
impedance matching is obtained. In addition, Figure 6(c)
depicts that antenna gain also improves with increasing
number of unit cells, where peak gain of 7.5 dBi is obtained
for 6 × 6 unit cell configuration.

.e size of antenna limits the size of FSS unit cells. Here
is investigated in-depth study of the influence of the pro-
posed FSS unit cell dimension on the given reported radi-
ating element. It is observed that by increasing the number
of unit cells, the impedance bandwidth and gain of proposed
antenna are improved [37].

3.3.2. Performance Analysis with Different Gap Values be-
tween Antenna and FSS. .e requirement of FSS for an-
tenna applications is to design such FSS surface which has
the same bandwidth as the proposed antenna, i.e., for UWB
antenna, the FSS and antenna should have the bandwidth
ranging from 3.1 to 10.6 GHz. .e reported antenna is in-
tegrated with ultra-wide stop-band FSS, as depicted in
Figure 6(a). To reduce the coupling between antenna and
FSS surface, the FSS must be placed at a distance λ/2 at the
transmitting and receiving antenna. When the antenna is
integrated at specific distance on the FSS, the FSS reflected
the backward radiation of the antenna. .is reflected wave is

directed to the opposite side of the FSS surface. .erefore,
two wave components will be added in the same phase and
given us constructive interference and improved radiation
gain. If ϕt and ϕr are the phases of the antenna’s transmitted
and reflected waves, then the complete propagation trip
between FSS is denoted by ϕs.

ϕt � ϕr + ϕs andϕ s � 2 × 2πf ×
g

c
, (8)

where c is the speed of light, g is gap between antenna and
metallic reflector, and ϕt should be 0 or integral of 2π [30]. In
this proposed work, the FSS is employed beneath the ra-
diating element so that the back radiation of the antenna
should be reflected. So, the FSS makes the back radiation of
antenna in phase and then the antenna gain enhances. In this
scenario, an important factor is the space among the ref-
erence antenna and the FSS surface, which ensures the
constructive interference of directly radiated and reflected
waves. In order to estimate the spacing between the FSS and
antenna, the following equation is used [27]:

ϕFss − 2βH � 2nπwhere n � . . . − 1, 0, 1 . . . , (9)

where π represents the phase of reflected wave from FSS
layer andH is the gap between the antenna and FSS, whereas
β is open space propagation wave consonant. .e spacing
between the antenna and the FSS layer must be an integer
multiple of the wavelength at the central frequency. How-
ever, due to the wideband nature of FSS, the gap between the
FSS layer and antenna is optimized such that the maximum
gain is achieved. .erefore, a parametric investigation is
performed for gap between the radiating element and the
optimized FSS layer with 6 × 6 element array. For the initial
distance of 14mm, peak gain of 8.5 dBi is obtained, as
depicted in Figure 7, whereas for the gap of 17mm and
20mm, the antenna gain reduces with maximum values at
7.5 and 7.2 dB. Hence, it is noticed that antenna gain is
maximum at spacing of 14mm between FSS and antenna.
.us, the final proposed design with optimal performance is
an UWB antenna with 6 × 6 FSS layer employed beneath
antenna at a space of 14mm.

4. Experimental Results

In order to validate the performance of the proposed an-
tenna, prototype is fabricated as shown in Figure 8 and
measured experimentally. .e VNA Network Analyzer
N5224A is used to measure the S-parameters of the antenna,
whereas the far-field characteristics are measured by an-
echoic chamber in the National University of Science and
Technology (NUST). .e measured results obtained are well
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matched with the simulated results; however, few discrep-
ancies were found due to imperfections in fabrication and
tolerance in the measurement setup.

4.1. Reflection Coefficient. Figure 9 exhibits the simulated
andmeasured reflection coefficient (S11) of the antenna with
and without FSS configurations. .e measured results of the
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Figure 6: (a) FSS array configurations. (b) Reflection coefficient for FSS arrays. (c) Simulated antenna gain for FSS arrays.
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proposed antenna without FSS demonstrate that the antenna
shows good impedance matching and resonates for the
frequency band ranging from 3 to 11GHz, thus covering the
UWB.Moreover, when antenna is measured with FSS placed
below it, a slight upward and a minor forward shift is ob-
served for the obtained band ranging from 3.3 to 11.5 GHz.
.is is due to fabrication loss and connector loss during
measurement. However, obtained band still covers the
UWB. It is also noted that measured and simulated results
have good coherence, and insignificant differences occur
mainly due to fabrication errors and tolerance in the
measurement equipment.

4.2. Far-Field Results. .e far-field measurements are ob-
tained in anechoic chamber. Figures 10(a)–10(c) demon-
strate the simulated and measured radiation patterns for E
andH planes at 3.1, 5.3, and 9GHz. 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. Simulated and
measured results show good agreement. Moreover, simu-
lated and measured gain of the proposed UWB antenna with
and without FSS is depicted in Figure 11. It is observed that
an enhancement of nearly 4 dB gain is obtained after the
employment of FSS below the antenna, where the peak
measured gain is 8 dB at 5.5GHz.

4.3. Efficiency. It is observed that if we increase frequency,
the radiation becomes more directive and gain of the ra-
diating element also increases. In addition to improvement
in gain, the efficiency of antenna also improves and a
maximum efficiency of 80% is attained at 9GHz. Moreover,
when FSS is employed below the antenna, the efficiency
improves and achieves a maximum efficiency of 87% at the

(a) (b) (c)

Figure 8: Fabricated prototypes for the following: (a) UWB antenna, (b) FSS reflector, and (c) UWB with FSS reflector.
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Figure 9: Tested and simulated reflection coefficient (S11) of antenna with and without FSS.
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same frequency. Measured results show close agreement
with simulated results, as depicted from the antenna effi-
ciency plots in Figure 12.

5. Comparison with Related Work

.is section provides the comparative analysis of the
proposed UWB antenna with some other related works
published recently. .is comparison is summarized in
Table 3, considering key design and performance metrics.
.e works reported in [29, 30] are UWB antennas where
single-layered FSSs are employed to enhance gain. .e
reported structures with overall dimensions of 84 × 84 ×

1.6mm3 and 33 × 33 × 1.6mm3attained peak gain of 8.7 dB
and 7.9 dB, respectively. On the other hand, UWB an-
tennas presented in [26, 34, 37–41] introduced double-
layered FSS for gain enhancement. A wideband and high-
gain microstrip antenna with H-shaped resonator

insertion is presented in this paper for self-powered
wireless Wi-Fi applications. .e impedance bandwidth of
the proposed antenna below −10 dB ranges from 3GHz up
to 7.43 GHz. After the inclusion of HSR (H-shaped res-
onator), the gain is improved between 9.52 dB and
16.71 dB [42]. A miniaturized UWB microstrip antenna
with slotted patch is design for UWB communication.
.en, H-shaped metamaterial resonators are inserted on
the top of substrate for bandwidth enhancement [43]. It is
evident from Table 3 that most of these proposed struc-
tures have larger dimensions as compared to the design
proposed in this work. Also, the peak gain obtained is
comparatively low for most of these reported antennas.
Moreover, these structures are bulky and have high
fabrication complexity due to dual FSS layers. Conversely,
the antenna design proposed in this work is a simple UWB
antenna with single layer of FSS which reduces the fab-
rication complexity of the design. Also, the peak gain

E-Plane (XZ, Phi=0),
H-plane (YZ, Phi=90)

-80
-60
-40
-20

0
200

30

60

90

120

150
180-150

-120

-90

-60

-30

Simulated
E-plane
Simulated
H-plane 

Measured
E-plane
Measured
H-plane

(a)

E-Plane (XZ, Phi=0),
H-plane (YZ, Phi=90)

-50
-40
-30
-20
-10

0
10
200

30

60

90

120

150
180

-150

-120

-90

-60

-30

Simulated
E-plane
Simulated
H-plane 

Measured
E-plane
Measured
H-plane

(b)

E-Plane (XZ, Phi=0),
H-plane (YZ, Phi=90)

-70
-60
-50
-40
-30
-20
-10

0
10 0

30

60

90

120

150
180

-150

-120

-90

-60

-30

Simulated
E-plane
Simulated
H-plane 

Measured
E-plane
Measured
H-plane

(c)

Figure 10: E-plane and H-plane of FSS-based UWB antenna at (a) 3.1GHz, (b) 5.3GHz, and (c) 9GHz.
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Figure 11: Tested and theoretical gain (dB) of antenna with and without FSS.
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obtained is higher as compared to most of the literary
works reported recently.

6. Conclusion

A novel circular-shaped antenna with a semicircular slot at the
top side with frequency-selective surface (FSS) layer is reported
in this work. .e FSS enhances the antenna gain across the
whole UWB bandwidth and improves directivity of the ra-
diating element. In addition, the reported unit cell having
dimension of 0.11 λ × 0.11 λ is designed for UWB application,
achieving the stop-band response over the entire UWB
spectrum. Whereverλ presents the wavelength based on the
lowest operational frequency, i.e. 3.3GHz, and it attains stop
band of 7.2GHz across 3.3–10.5 GHz. .is article shows that
FSS enhances the gain ofUWBantenna from2.3 dB to 8.3 dB at
5.3GHz and improves average gain of 4 dB in the whole band.
.e compact and low-profile FSS-based antenna is useful for
UWB and ground-penetrating radar (GPR) application. Fur-
thermore, we can notch some existing bands in the UWB
spectrum, i.e., WiMAX, WLAN, and ITU bands, to avoid
interference, then we canmake the notches reconfigurable, and
design UWB antenna for WBAN application and meta-
material-based UWB antenna for energy harvesting purpose.
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