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Abstract

This paper proposes a wide band and multiband frequency reconfigurable antenna that can
operate in the UWB, GSM, GPS, 4G LTE, WLAN, and WiMAX bands. The antenna is
made up of a trapezoidal-shaped monopole radiator, which was inspired by a rectangular
monopole antenna. The ground plane is modified by embedding T and L-shaped slots to
notch the desired operating frequency. The proposed antenna can switch to six different fre-
quencies using RF PIN diodes, making it suitable for modern wireless applications. A multi-
layer frequency selective surface (FSS) reflector is presented to improve the gain of the
proposed reconfigurable antenna. The low-profile design achieved a significant increase in
gain while retaining the UWB antenna’s excellent impedance bandwidth. Because of the
use of the FSS reflector, the antenna’s average peak gain has increased from 6 to 10.4 dBi.
The proposed antenna has a wide switching capability, which validates its unique feasibility
for high-speed multiple Internet of Things applications via a common embedded platform
under various applications.

Introduction

Many wireless communication systems for various working frequencies and communication
protocols have been developed and deployed globally in recent years, and the demand for
mobile devices operating under various wireless services has increased exponentially. All of
these applications operate at a specific frequency, and each would necessitate the use of a sep-
arate antenna. A separate antenna for each application will consume a lot of space on the RF
boards, making handheld devices bulky. As a result, modern wireless communication systems
are evolving toward multifunctionality [1, 2]. Nowadays, multifunctional antennas are in high
demand because conventional antennas fail to meet such a multifunctionality requirement,
necessitating advanced designs to meet such functionality demands. The reconfigurable
antenna is well-known for its ability to change the polarization, frequency, and pattern of wire-
less communication systems based on current or future demand [3, 4]. The frequency recon-
figurable antennas can operate under a variety of standards. According to user end
requirements, their ability to handle the same operation as multiple antennas without increas-
ing overall size makes them an excellent choice for handheld devices, and as a result, much
effort has been invested in new designs of reconfigurable antennas.

Using two varactor diodes, [5] designed a dual-band frequency reconfigurable patch
antenna to cover WLAN bands at 2 GHz and a second band ranging from 5.3 to 5.8 GHz.
For WLAN and WiMax applications, a new miniaturized switchable band microstrip patch
antenna array with eight PIN-diodes was presented [6]. A triband slot antenna designed to
cover the bands of 2.4, 5, and 3.5 GHz for WLAN and WiMAX applications using two PIN
diodes was reported in [7], with a gain of less than 5 dBi for all operating frequencies.
Reference [8] describes a quad-band frequency tunable antenna for 5G sub-6 GHz applications
that uses three PIN diodes. Although the gain is only 2.3 dBi, this antenna covers 3.31–6.03
GHz in sensing mode and three bands in communication mode, namely 3.31–4.32,
3.78–4.98, and 4.98–5.96 GHz. Reference [9] proposed a simple and compact penta-band
frequency-reconfigurable antenna. The patch antenna presented here employs a single PIN
diode connected between two rectangular strips to achieve the five frequency bands of 2.4,
3.3, 5.3, 5.9, and 4 GHz. The antenna, however, is only suitable for WLAN and 5G applica-
tions, and the gain varies from 2.6 to 5 dBi depending on the operating band. A reconfigurable
hexa-band, low-profile monopole antenna designed to cover Wi-Fi, WiMAX, WLAN, and
C-Band communications was reported in [10], with the antenna working efficiently above
90% of the time and an adequate gain of less than 2 dBi. Using three PIN diodes, [11] pre-
sented a novel multi-band frequency reconfigurable antenna with a defected ground structure
that operated in 12 dissimilar resonant frequency bands centered at 1.36, 1.8, 3.0, 3.9, 5.0, 6.2,
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Fig. 1. Configuration of the proposed antenna with top and bottom view. (a) Antenna front view. (b) Antenna back view. (c) Antenna front with slotted patch.
(d) Antenna back view with defected ground.

Table 1. Design parameters of the proposed antenna

Parameters Dimensions (mm) Parameters Dimensions (mm)

Substrate width (Ws) 47 Ground length (Lg) 25.5

Substrate length (Ls) 54 DGS width (Wdgs) 1

Patch width (Wp1, Wp2) 27, 15 DGS length (Ldgs) 5

Patch length (Lp) 26 Dielectric permittivity (ϵr) 4.3

Feed length (Lf) 26.5 Loss tangent(δ) 0.025

Feed width (Wf1, Wf2) 1.5, 2.5 Dielectric height (H ) 0.8

Ground width (Wg) 47 Patch slots (S1, S2) 1, 4

Fig. 2. Simulated return losses of antenna with respect
to patch and ground modification.

Fig. 3. Antenna gain versus frequency plot.

Rashmi A. Pandhare et al.650

https://doi.org/10.1017/S1759078722000630 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078722000630


6.4, 7.4, 7.9, 8.2, 8.4, 8.6 GHz. The proposed antenna, however, is
only suitable for Wi-Fi, WLAN, and WIMAX applications.

Although the antennas multiband frequency reconfigurable
operations have been achieved using various switching techniques
and novel concepts, the majority of the antennas cover only
Wi-Fi, WLAN, WiMAX, and 5G applications, and the remaining
obtained bands do not have very specific wireless communication
applications. Furthermore, the use of switching elements in the
design increases the reflection loss and complexity of the design,
reducing the antenna’s gain and bandwidth. However, advance-
ments in modern wireless communication necessitate high per-
formance antenna radiators in terms of bandwidth and gain, as
well as reconfigurable operation. As a result, new research on
ultra-wideband high-gain reconfigurable antennas has been con-
ducted. Despite the fact that no work had been done to improve
the antenna’s gain, [12] reported a compact reconfigurable UWB
antenna operating at WiMAX and WLAN bands with significant

gain reduction at notch band frequencies. Reference [13]
described a novel frequency reconfigurable antenna that operated
in two single bands, WiMAX and WLAN, and one dual band,
WiMAX/WLAN. The gain was reduced in both single and dual
bands in this work, resulting in a decrease in overall antenna per-
formance. Reference [14] described an ultra-wideband and multi-
band reconfigurable antenna. The antenna structure employs
six switches that allow the antenna to reconfigure across seven dif-
ferent frequency bands, the first of which allows the antenna to
operate in the band 3.14–10.6 GHz, and the remaining six config-
urations are found to cover the various narrow bands. However,
none of the operating bands have very specific applications for
wireless communication, and gain enhancement has also been
overlooked. Finally, [15] reported on a collaborative work on a
reconfigurable UWB antenna, in which an octagonal-shaped
patch antenna with switchable inverted L-shaped slotted ground
was designed using RF switching element PIN diodes. A circular

Fig. 4. (a) Slotted ground plane. (b) Reconfigurable at
ground plane with diodes (D1–D7).

Fig. 5. Reconfigurable biasing circuit with DC blocking capacitor at the ground plane.

Fig. 6. PIN diode equivalent circuit. (a) ON con-
dition. (b) OFF condition. (c) Biasing circuit.
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loop frequency selective surface (FSS) was used to improve the fall
in antenna gain. However, gain enhancement using FSS has only
been studied for the UWB range and not for all switching states.
Based on the literature review, it was discovered that combining
work on wideband reconfigurable antennas with gain enhance-
ment for all operating bands has yet to be reported.

In recent years, the demand for a single antenna that can sup-
port multiple standards such as GSM900, GSM1800, LTE, GPS,
4G LTE, WLAN, WiMAX, and UWB has skyrocketed. This
paper proposes a wideband and multi-band on-demand reconfig-
urable antenna for modern wireless applications in order to

provide an advanced on-demand service to the public. A wide-
band monopole antenna with a switchable slotted ground struc-
ture is proposed for use in a variety of wireless applications.
Using RF PIN diodes, the proposed antenna operates in six differ-
ent states, making it suitable for UWB, GSM, GPS, 4G LTE,
WLAN, and WiMAX applications. To achieve the desired fre-
quency band state, seven PIN diodes were placed in a slotted
ground structure. A multilayer FSS reflector is designed and
implemented to improve the gain of the proposed reconfigurable
antenna. The FSSs are installed beneath the antenna to act as a
reflector [16] and improve gain not only for the wideband

Table 2. All frequency bands and corresponding gain with respect to all six states of diodes

States D1 D2 D3 D4 D5 D6 D7
Resonating freq.

(GHz)
Bandwidth

(GHz)
Gain
(dBi) Applications

I OFF OFF OFF OFF OFF OFF OFF 0.9 0.94–1.02 −3.0 GSM

II ON OFF OFF OFF OFF OFF ON 1.5 1.4–1.6 1.9 GPS

III OFF OFF OFF ON OFF OFF OFF 2.3 2.1–2.4 2.6 4G LTE

IV OFF OFF OFF ON OFF ON OFF 3.3 3.1–3.4 3.1 WiMAX

V ON OFF OFF ON OFF ON ON 5.2 5.1–5.5 4.5 WLAN

VI ON ON ON ON ON ON ON 1.7–10 1.7–10 6 peak UWB

Fig. 7. Reflection coefficient (S11) plots of all operational
states (I–VI), (a) to (f).
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frequency range but also for all other operating modes. The pro-
posed antenna is designed and investigated in terms of the anten-
na’s various parameters, including impedance bandwidth
characteristics, radiation patterns, antenna gain, and radiation
efficiency evaluation, using the CST-EM software package.

Antenna design configuration

The configuration of the proposed trapezoidal-shaped monopole
antenna is shown in Fig. 1. The proposed antenna is fabricated on
an FR-4 substrate with a thickness of 1.6 mm, a relative permittiv-
ity (ϵr) of 4.3, and a loss tangent (tanδ) of 0.025. The width (Ws)

Table 3. Parameters of proposed FSS unit cell

Parameters Dimensions (mm) Parameters Dimensions (mm) Parameters Dimensions (mm)

Lx 18 b1 0.8 a1 4

Ly 18 b1 2 wx 90

Ly1 17.5 y1, y2 23 wy 90

Ly2 14 x1 22.5 s2 1

a 5 x2 14 wx1 115

b 2 s1 14 wy1 115

Fig. 9. (a) Unit cell FSS-1. (b) Transmission coefficient of
unit cell FSS-1.

Fig. 10. (a) Unit cell FSS-2. (b) Transmission coefficient
of unit cell FSS-2.

Fig. 8. (a) Unit cell FSS-1. (b) Unit cell FSS-2.
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Fig. 11. (a) Cascaded form of unit cell FSS-1 and FSS-2. (b) Transmission coefficient of cascaded FSS-1 and FSS-2.

Fig. 12. (a) Array of unit cell FSS-1. (b) Array of unit cell FSS-2.

Fig. 13. (a) Front view of antenna integrated with FSSs. (b) Side view of antenna with double-layer FSSs.

Fig. 14. Reflection phase of FSS in degree.
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and length (Ls) of the dielectric substrate material are 47 and
54mm, respectively. The dimensions of the radiating element patch
are Wp1 = 27 mm, Wp2 = 17 mm, and Lp = 26 mm. A tapered con-
nection is applied between the feed line and the main radiating
patch to improve the antenna performance and achieve 50 ohm
impedance matching. The microstrip feed line is a triangular
tapered shape with dimensions of Wf1 = 1.5 mm, Wf2 = 2.5 mm,
and Lf = 26.5 mm. An antenna patch without a slot with a partial
ground structure, as shown in Figs 1(a) and 1(b), covers a wide
band range from 1.7 to 7.7 GHz. An antenna with two symmet-
rical slots on a patch without any DGS, as shown in Figs 1(c)
and 1(b), covers the 1.7–8 GHz frequency band. Finally, the
antenna with symmetrical slots on the patch with DGS, as
shown in Figs 1(c) and 1(d), covers an ultra-wideband range
from 1.7 to 10 GHz with a percentage bandwidth of 141.8%. In
order to improve the wide impedance bandwidth, two symmet-
rical slots (S1 × S2) and a DGS slot (Wdgs × Ldgs) are etched out

from the patch and ground plane, respectively. The achieved
impedance bandwidth is 141.8% (1.7–10 GHz).

Table 1 depicts the optimized design parameters of the pro-
posed antenna and the comparison reflection coefficient plot
are shown in Fig. 2.

Figure 2 depicts the simulation result of an antenna in terms of
patch and ground modification. The proposed antenna has a
141.8% impedance bandwidth (1.7–10 GHz) with a return loss
of less than −10 dB and a peak gain of 6 dBi over the entire oper-
ating band, as shown in Fig. 3.

Reconfigurable antenna design

An antenna’s basic structure can be reconfigured to achieve other
frequency bands by using a slotted structure placed on the ground
plane, as shown in Fig. 4(a). A wideband antenna has been recon-
figured to the other six different frequency band states by locating

Fig. 15. Parametric analysis of height (h1) between antenna and FSS for S11.

Fig. 16. Parametric analysis of height (h1) between antenna and FSS for gain.

Fig. 17. Operation mechanism of multilayer FSS reflector with antenna.
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the DGS structure at the ground plane. Each slot functions as a fil-
ter, producing various resonating bands. The effective length of the
slot is optimized to obtain the desired resonating frequency bands.
As a result, the positions of seven switches, designated D1–D7,
have been optimized to obtain the desired frequency bands by vary-
ing the effective length of the slots, as shown in Fig. 4(b). To imple-
ment the electronic reconfigurable switching operation in the
simulation, an initially ideal PEC strip (0.2 × 0.4 mm2) was used
as a switching element, and each PEC strip was replaced by an
RF PIN diode in practical conditions. To carry out the tuning oper-
ation, a total of seven PIN diodes (PEC strip in ideal condition)
labeled D1–D7 were used, as shown in Fig. 4(b). The presence
and absence of the PEC strip represent the ON and OFF states
of the PIN diode, respectively. As shown in Fig. 5, the capacitor
has been connected with each PIN diode (D1–D7) as a lumped
element of 1 PF to block the DC and pass the RF signal.

The biasing circuits for each PIN diode are depicted in
Fig. 5. Figures 6(a)–(c) show the equivalent circuit of the
diode in ON, OFF, and biasing conditions, which includes a
PIN diode, a DC block capacitor with RF chokes, and a DC
battery.

In the RF (radio frequency) range, the PIN diode functions as
a variable resistor for switching purposes. In its OFF and ON
states the PIN diode provides an open and short circuit, respect-
ively. In the RLC equivalent circuit, the PIN diode’s ON and OFF
states represent its forward and reverse bias conditions. In the
forward bias, the PIN diode is made up of an inductor (Ls)
connected in series with a resistor (Rs), while in the reverse

bias, the inductor (Ls) is connected in series with the parallel con-
nection of a capacitor (CT) and a resistor (Rp) [17]. In the ON
state (forward bias), the equivalent circuit of the PIN diode
has a series resistance (Rs) of 5Ω and a low inductance (Ls) of
0.45 nH. The reverse parallel resistance (Rp) is 3 kΩ in parallel
with a total capacitance (CT) of 0.04 pF when the switch is turned
off (reverse bias). In the ON state, the forward bias voltage is 0.9 V
and the reverse bias voltage is 0 V.

For switching purposes, the MACOM PIN diode model
MA4SPS402 was used in the proposed antenna. According to
the model’s datasheet, it has a lower parasitic inductance of
0.45 nH and an excellent RC constant of 0.23 pS (https://www.
macom.com/products/product-detail/MA4SPS402). Table 2 dis-
plays the six frequency bands and their corresponding gains
and bandwidths in relation to the states of seven PIN diodes.

The proposed antenna can be reconfigured by electrically con-
trolling the ON and OFF states of the PIN diodes. The following
are the operating principles of all six operating states:

When all of the PIN diodes are turned OFF in state I (no PEC
strip during simulation), the length of the resonating structure
increases and the antenna resonates in the lower frequency
band. For GSM applications, the antenna resonates at 0.9 GHz.
However, due to the reduction in gain, an insignificant degrad-
ation in antenna performance is observed at this lower frequency.
In state II, when PIN diodes D1 and D7 are turned ON (presence
of PEC strip during simulation condition) and diodes D2–D6 are
turned OFF, the length of the resonating structure decreases as
compared to state I, and as a result, the antenna resonates at a

Fig. 18. (a–f) Comparison of reflection coefficient with and without FSS for all states (I–VI).
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trivial higher frequency band. For GPS applications, the antenna
resonates at 1.5 GHz. However, as the S-parameter shifts slightly
upward, the gain improves. In state III, the PIN diode D4 is
turned ON, while the other six diodes are turned OFF, which
eventually disconnects the vertical slot with respect to D4 and
has a significant impact on antenna performance. As a result,
the antenna resonates at a higher frequency band than in states
I and II. For 4G LTE applications, the antenna resonates at
2.3 GHz. In addition, as the S-parameter shifts slightly upward
in comparison to states I and II, gain improves. In state IV, the
PIN diodes D4 and D6 are turned ON, while the other five diodes
are turned OFF. This disconnects the vertical slot with respect to
D4 and D6, resulting in a significant reduction in the length of the
resonating structure. When compared to states I through III, this
antenna resonates in a higher frequency band. For WiMAX appli-
cations, the antenna resonates at 3.3 GHz. When the PIN diodes
D1, D4, D6, and D7 are turned ON and the diodes D2, D3, and
D5 are turned OFF in state V, only one horizontal slot up to
length D1 is subsequently affected. The single horizontal slot
will significantly shorten the length of the resonating structure
when compared to the other states, causing the antenna to reson-
ate at a higher frequency band than in states I–IV. For WLAN

applications, the antenna resonates at 5.2 GHz. When all of the
PIN diodes are turned on, only the trapezoidal-shaped monopole
antenna is excited, which has a wide impedance band and a peak
gain of 6 dBi as shown in state VI. Figures 7(a)–(f) depict the
reflection coefficient (S11) plot for all six different states (states
I–VI) of the proposed antenna.

FSS design configuration

An FSS array has been incorporated as a reflector behind the
antenna to improve antenna performance. The unit cell elements
of FSS-1 and FSS-2 are depicted in Figs 8(a) and 8(b), respectively.
Table 3 depicts all of the FSS-1 and FSS-2 design parameters. The
FSS-1 and FSS-2 unit cell elements are designed, simulated, and
analyzed using the FEM and the Floquet mode port (finite elem-
ent method).

FSS-1 is constructed on the RT 5880 dielectric material having
a relative permittivity (ϵr) of 2.2 and a loss tangent (tanδ) of
0.0009 with an overall size of 18 × 18 × 0.76 mm3. FSS-1 was
able to achieve a wide frequency band of 3.6–10.1 GHz.
Similarly, FSS-2 is printed on FR-4 dielectric material having a
dielectric constant (ϵr) of 4.3 and a loss tangent of 0.025 with

Fig. 19. 1D plots gain versus frequency with and without FSS for all states (I–VI), (a) to (f).
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Table 4. Comparison of S11 and gain of all frequency bands with and without FSS

States D1 D2 D3 D4 D5 D6 D7

Resonating
freq

without
FSS (GHz)

Resonating
freq with
FSS (GHz)

Gain
without
FSS
(dBi)

Gain with
single-layer
FSS (dBi)

Gain with
double-layer
FSS (dBi)

I OFF OFF OFF OFF OFF OFF OFF 0.9 0.9 −3.0 0.3 1.46

II ON OFF OFF OFF OFF OFF ON 1.5 1.57 1.9 4.8 6.1

III OFF OFF OFF ON OFF OFF OFF 2.3 2.3 2.6 6.9 7.5

IV OFF OFF OFF ON OFF ON OFF 3.3 3.3 3.1 6.9 7.2

V ON OFF OFF ON OFF ON ON 5.2 5.2 4.5 7.7 8.2

VI ON ON ON ON ON ON ON 1.7–10 1.8–9.2 6 9.8 10.4 peak

Fig. 20. Simulated total efficiency of antenna with and without DGS with parasitic elements.

Table 5. Comparative analysis of the proposed antenna with few published research works

Ref. Year
UWB
(GHz) Reconfigurability Number of bands

Gain enhancement
using FSS for UWB and

individual bands
Maximum peak

gain (dBi)

20 2015 3–12 No Only UWB Only for UWB band 9.2

21 2015 1.8–14.07 No Only UWB Over the UWB range 8

22 2020 3.16–15 No Only UWB Over the UWB range 10.9

23 2022 1.8–15.2 No Only UWB Over the UWB range 10.4

24 2021 2.2–12.07 No Only UWB Over the UWB range 11.5

25 2019 No Yes WLAN/Bluetooth/ISM/GPS/LTE No 4.4

26 2021 No Yes WiMAX, WLAN, 5G No 3.4, 4.1

27 2021 No Yes WiMAX, LTE, 5G sub-6 GHz band, Wi-Fi No 1.6, 1.9, 1.3, 2.2

28 2021 No Yes SM band, 5G-sub-6-GHz, S-band No 3.72

29 2017 3–13.6 Yes 2 single bands 5.5 and 3.5
1 dual band – 3.5/5.5 and UWB

Not done 6

30 2017 2.58–15.5 Yes 2 single bands 5.55 and 3.5
1 dual band – 3.5/5.5 and UWB

Not done 4.96

31 2019 3.1–12 Yes 2 single bands – 3.3–3.7 and 4.9–6.3
1 dual band – 3.3–3.7/5.1–6.5 and UWB

Not done 2–5

32 2020 3.17–11.61 Yes 2 single bands – 3.29–3.89 and 4.32–5.81 GHz Not done 3–4

33 2019 2.8–15.8 Yes 2 single bands – 5.05–5.91 and 8.76–9.80
2 dual bands – 2.21–2.52 and 5.07–5.89, 2.18–2.52 and 8.78–
9.71

Over the UWB range 8.57

Proposed
antenna

1.9–10 Yes Five single bands – GSM, GPS, 4G LTE, WLAN, WiMAX
UWB band: 1.8–9.2 GHz

For all single bands + UWB 10.4
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an overall dimension of 23 × 23 × 1.6 mm3. It is designed and
optimized in such a way that it achieves a wide frequency band
ranging from 1.8 to 8.3 GHz. Further with the aim to achieve a
wider bandwidth in UWB range, both the FSS layers (FSS-1
and FSS-2) are cascaded and optimized with a gap of 4.4 mm
and obtained the large frequency band range from 1.9 to
12.6 GHz. The unit cell structure and transmission characteristics
of the FSS-1, FSS-2, and the cascaded FSS layer are represented in
Figs 9–11, respectively.

Figures 12(a) and 12(b) show the 6 × 6 and 5 × 5 arrays of the
FSS-1 and FSS-2 layers, respectively, and further integrate them
with the proposed antenna as a reflector surface. For FSS-1, the
vertical and horizontal spacing between two consecutive FSS
unit cells g1 is 0.384λ (here λ is corresponding to the transmission
coefficient frequency 6.4 GHz). For FSS-2, the vertical and hori-
zontal spacing between two consecutive FSS unit cells d1 is
0.377λ (here λ is corresponding to the transmission coefficient
frequency 4.9 GHz).

Antenna with FSS superstrate

An array of unit cell FSS elements, FSS-1 and FSS-2, is incorpo-
rated at the rear of the proposed antenna to achieve the gain
increase. Figures 13(a) and 13(b) show the front and side views
of an antenna with a double-layer FSS array, respectively. To
achieve the gain enhancement, the FSS is placed behind the
antenna and optimized so that the transmitted wave from the
antenna and the reflected wave from the FSS are in phase. As a

result [18] represents the state in which the transmitted and
reflected waves should be in phase.

fFSS − 2bh1 = 2np, n = −1, 0, 1, 2. (1)

In equation (1), fFSS is the FSS reflection phase, β is the propa-
gation constant (β = 2π/λ), and h1 is the optimal height between
an antenna and FSS.

In Fig. 14, the zero degree reflection phase frequency is found
to be 6.4 GHz and the optimal height between the FSS and the
antenna is calculated to be h1 = 23.4 mm. However, to achieve
the desired bandwidth and reflection coefficient below −10 dB,
the height ‘h1’ needs to be optimized.

Figure 15 shows the comparison of the simulated reflection
coefficient with FSS for the calculated and optimized height at
h1 = 23.4, 27.4, 31.4, 33.4, 35.4, and 37.4 mm.

It can be observed that the impedance bandwidth is intact even
after the application of FSS. However, to achieve a reflection coeffi-
cient of less than −10 dB, the height h1 must be optimized and
found to be 35.4mm. Similarly, the comparison of the simulated
gain of the UWB antenna with FSS at calculated to optimized height
at h1 = 23.4, 27.4, 31.4, 33.4, 35.4, and 37.4mm has been observed.
Figure 16 shows the comparison. It has been observed that when an
antenna is placed at an optimized height of h1 = 35.4mm with an
FSS reflector, then the gain of the antenna is significantly increased
by around 3–6 dBi over the complete UWB range.

Fig. 21. Fabrication and measurement setup of proposed antenna assembled with FSS. (a) and (b) Antenna top and back view. (c) and (d) S11 measurement of
antenna alone and with FSS using VNA. (e) and (f) Radiation pattern measurement inside anechoic chamber.
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Finally the multilayer FSSs are positioned h1 = 35.4 mm below
the patch antenna. The upper layer functions as a band stop filter,
reflecting higher frequency bands while passing lower frequency
bands. The lower layer is in charge of reflecting the wave that
passes through the upper layer. The working principle of FSS
after integration with the antenna is depicted in Fig. 17.

The reflection phases of the upper layer and lower layer are
denoted by Ø1 and Ø2 respectively. The overall reflecting phase
of multilayer FSS is denoted by ØR. The wave transmitted from
the antenna is reflected back by FSS and would combine with
the direct wave radiated from the antenna in the opposite direc-
tion of FSS. Hence, it results in excellent enhancement of gain
after the combining of two components, which gives constructive
interference.

The electromagnetic performance is hampered by the FSS,
which is located behind the antenna. Figures 18(a)–(f) compare
the simulated reflection coefficient with and without FSS for
each of the six states. Even after the application of FSSs, the
impedance bandwidth remains intact, but a trivial increase in
gain is observed at height (h1) of 35.4 mm.

Figures 19(a)–(f) show the antenna gain versus frequency 1D
plots for all six states of different frequency bands with and with-
out FSS. It can be seen that the integration of FSS as a reflector

behind the antenna results in excellent gain enhancement across
all operating bands.

Table 4 shows the peak gain of the proposed antenna for all
single bands and wide bands with and without FSS. It demon-
strates gains for all antenna states (I–VI) after FSS application.
On the other hand, all of the antenna’s frequency bands, with
and without FSS, are very similar, and there is no difference.
The proposed antenna with FSS exhibits excellent gain enhance-
ment across all operating frequency bands, including wideband.

Figure 20 depicts the total efficiency of the proposed antenna
with and without DGS and parasitic elements. According to the
graph, the efficiency of the proposed UWB antenna alone,
when compared to DGS and parasitic elements, was reduced
with the integration of DGS and parasitic elements. However,
the reduction is only 2–8%, making the proposed antenna suitable
for a variety of wireless applications even after the addition of
DGS and parasitic elements.

Table 5 compares the proposed work to previously published
work in the open literature. References [19–23] show only UWB
antennas that use FSS for gain enhancement, whereas references
[24–27] show only reconfigurable operation of a low gain antenna
that does not even operate in the UWB range. Reconfigurability for
UWB antennas is represented by references [28–31]. However, no

Fig. 22. (a–f) Comparison of simulated and measured reflection coefficient with and without FSS for all six states (I–VI).
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work has been done to improve an antenna’s gain. Gain enhance-
ment has been demonstrated in reference [12] only for the UWB
range and not for other reconfigured frequency bands. As shown
in Table 4, reconfigurability is used in the proposed work to achieve
five single bands and one wide frequency band, and an FSS
reflector is used to increase the gain of all frequency bands.
According to a review of previous published work available in
the open literature, no such work has yet been reported in which
gain enhancement has been done not only for the wideband
antenna but also for all reconfigurable bands using an FSS structure
or any other gain enhancement technique.

Measurement test setup and results discussion

The proposed antenna and FSS structure have been built and
tested. The fabricated antenna and measurement test setup for a
fabricated prototype antenna assembled with FSS are shown in
Fig. 21. The Keysight Vector Network Analyzer (N9918A) is
used to test the reflection coefficient (S11), and the radiation pat-
terns are measured inside an anechoic chamber with an antenna
measurement system.

Reflection coefficient (S11) characteristics

Figure 22 depicts a comparison of the simulated and measured
reflection coefficients (S11) of the proposed antenna with and

without FSS for all six switching states (a–f). For all switching
configuration states, there is close agreement between the
simulated and measured results. The minor variations are due
to fabrication tolerances and assembly errors.

Radiation patterns

Figure 23 depicts the simulated radiation patterns in the E and
H-planes of the proposed wideband antenna with and without
FSS at 0.9, 1.5, 2.3, 3.3, and 5.2 GHz. Over the entire ultra-
wideband bandwidth, the antenna alone has almost stable
radiation patterns with omnidirectional characteristics in the
H (X–Z )-plane (w = 0°) and bidirectional in the E (Y–Z )-plane
(w = 90°). At higher frequencies, the FSS antenna exhibits
unwanted side lobes with the main lobe due to higher-order
mode excitation and suppresses the back lobes due to the FSS
reflector.

Peak gain

Figure 24 depicts a comparison of simulated and measured gain
for state-VI with and without FSS. It can be seen that when an
antenna is combined with FSS, its gain improves by about 3–6
dBi when compared to the antenna alone. There is a high degree
of agreement between the simulated and measured results.

Fig. 23. Comparison plot of simulated radiation patterns (E-plane and H-plane) of antenna with and without FSS at different frequencies 0.9, 1.5, 2.3, 3.3, and 5.2
GHz. (a) E-plane. (b) H-plane.
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Conclusion

This paper presents an ultra-wideband reconfigurable antenna
with a multilayer FSS reflector to improve the gain across all
operating bands. The proposed antenna covers all application
bands between 0.9 and 10 GHz. The proposed antenna can be
used for GSM, GPS, 4G LTE, WLAN, WiMAX, and UWB appli-
cations, providing the public with advanced on-demand service
for modern wireless applications. The proposed single UWB
antenna can replace five different narrowband antennas while
also meeting the requirements of a wideband antenna, resulting
in a reduction in the total number of antennas. This work

provides more antenna functionality at a lower cost and in a sig-
nificantly smaller size and space. The proposed antenna with
FSS prototype model was constructed, and a good agreement
of simulated results with experimental results was observed,
making the proposed antenna suitable for integration in port-
able electronic devices as well as useful for 5G and multiple wire-
less applications.
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Fig. 23. (continued)

Fig. 24. Comparison of simulated and measured gain with and without FSS.
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