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Abstract. In this paper, a novel technique using frequency
selective surface (FSS) superstrate is proposed to increase
the antenna gain. In addition to that, a combination of
reactive impedance surfaces (RIS) is included to enhance
the bandwidth. So, a conventional pentagon shape patch
antenna is designed at 5.3 GHz. The frequency selective
surface is designed as a 6 % 6 array of unit cell structures
to operate around 5.3 GHz. Each unit cell consists of three
metal conductive layers with substrates in between them.
Reactive Impedance Surface is considered as an array size
of 6 x 6 square patches embedded between two substrates.
F'SS is designed on Rogers 4003C and FR4 is used for RIS.
The pentagon shape patch antenna is designed on RIS.
A cavity created by the contribution of these layers acts like
a Fabry Perot resonator which improves the gain and
bandwidth simultaneously. The proposed antenna has
an impedance bandwidth of 17.72% (4.93-5.89 GHz), this
is about a 10 percent improvement over the impedance
bandwidth of a conventional pentagon shape antenna and
the axial ratio bandwidth is 2.4% (5.01-5.14 GHz). The
designed antenna gain is around 12 dBi; this is about
a 9dBi improvement over the gain of a conventional penta-
gon shape antenna.

Keywords

Pentagon patch antenna, circular polarization fre-
quency selective surface superstrate, reactive imped-
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1. Introduction

Nowadays, many applications such as high definition
media devices are developed at SGHz Wi-Fi and Wi-Max
frequency band. These applications require high gain,
wideband and directional antennas. The gain of the antenna
should be high which consumes less power and can be
transmitted to long distances. Impedance bandwidth should
be more to transmit entire frequency bands maintaining
good radiation patterns in broadside direction. The micro-
strip patch antennas are resonant antennas with narrow
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bandwidth which radiates along broadside direction with
a directional radiation pattern. The circular polarization
(CP) is preferred over linear polarization (LP) because the
signal transmission is possible irrespective of the orienta-
tion of the transmitting and receiving antenna. The LP
waves change the polarization in the atmosphere due to
Faradays rotation, whereas CP waves maintain the same
polarization in the atmosphere.

Several techniques for the gain enhancement are al-
ready reported in the published literature: antenna arrays
principle, antenna hybridization, and surface-mounted horn
antenna. One of the best techniques is antenna array [1-4],
where several antennas are used to increase the gain. How-
ever, cost and complexity in the feeding network are major
problems in the antenna array. Fabry-Perot Resonator
(FPR) antennas are one of the recent techniques developed
to improve antenna performance with less cost and com-
plexity. In the FPR, a cavity is created between the ground
plane and the superstrate. There are different types of su-
perstrates used such as partially reflecting surface, fre-
quency selective surface, metamaterials, etc. Robert Orr et
al. published a Fabry Perot resonator antenna which con-
sists of HIS surface and a partially reflecting surface to get
high gain. The square patch is rotated by 45 degrees to get
circular polarization [5]. Kamil Pitra et al. proposed the
bottom wall of the Fabry Perot antenna with a mushroom-
like EBG surface and the top wall of the Fabry Perot an-
tenna with a partially reflecting surface to improve the gain
of the antenna. The CP FPR is created by tilting the patch
by 45 degrees and the cross slot is chosen in the ground
plane [6]. The magnetoelectric dipole antenna is designed
to get wideband circular polarization which is introduced
by Wenquan Cao et al. This antenna is used as a feeding
element along with different types of FSS structures and
also compared. The use of circular shape in FSS superstrate
is well illustrated to get high CP gain [7]. The cross slot
coupled DRA element as feeding element and FSS as su-
perstrate is proposed by M. Akbari et al. to design a high
gain Fabry Perot antenna. The cross slot is chosen to get
circular polarization [8]. Hussein Attia et al. proposed
a partially reflecting surface with two layers of frequency
selective surface superstrate, which consists of a gridded
square patch and a square slot loaded patch on the bottom
faces of the top and bottom substrates respectively. The slot
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antenna with the above-mentioned superstate improves the
gain of the antenna [9]. Yuejun Zheng et al. proposed
a Chess Board Arranged Metamaterial Superstrate made up
of two kinds of frequency selective surface at 10.8 GHz to
achieve improvement in gain [10]. Muftah Asaadi pub-
lished a frequency selective superstrate layer placed above
the high dense dielectric patch with relative permittivity 82
to achieve high gain [11]. M. A. Meriche et al. suggested
a single layer metallic superstrate as an FSS along with the
excitation antenna to improve the gain of the antenna [12].
Fabry Perot cavity is implemented to improve the gain of
the antenna, where the analysis is done by changing the
dimensions of FSS unit cell and an array of unit cells in
FSS [13], [14]. The above-mentioned techniques can im-
prove the gain of the antenna without any increase in im-
pedance bandwidth.

Several techniques for bandwidth improvement are
reported in literature like stacked patches and parasitic
elements. These parasitic elements are used on the entire
surface to get better impedance bandwidth. Impedance
matching networks are used with L-shaped probes and
aperture coupling to get circularly polarized antenna
[15-16]. A wideband antenna is obtained by using the air
gap between the patches and circular polarization is
achieved using truncated corners [17]. These structures are
using large antenna heights which increase the volume of
the antenna. Consequently, high impedance electromag-
netic surfaces [18] and artificial ground structures are used
[19] to solve these problems. Artificial ground structures
with a truncated corner square patch are proposed by
Teruhisa Nakamura et al. to get circular polarization and to
improve the impedance bandwidth [20]. These techniques
are focusing only to improve impedance bandwidth without
any increase in gain. The authors have published a combi-
nation of the conventional antenna along with reactive
impedance surface and frequency selective surface to im-
prove the gain and bandwidth simultaneously [21]. The
superstrate is designed with square patches, but the use of
square patches in the superstrate reduces the CP gain due to
its non-symmetry property along ¢ direction [7]. In this
paper, the circle-shaped patches are used in the superstrate
as it shows symmetry property along ¢ direction and modi-
fied fishnet structure is used to get improvement in the CP
gain over a wide frequency range.

This paper presents a high gain and wideband an-
tenna, which is composed of a pentagon patch antenna,
Frequency Selective Surface (FSS), and Reactive Imped-
ance Surface (RIS). The combination of a conventional
antenna with FSS and RIS acts like a Fabry Perot cavity
resonator which improves the gain and bandwidth simulta-
neously as compared with the conventional antenna. The
antenna design is simulated using High-Frequency Struc-
ture Simulator and measurement results are done in
an anechoic chamber. It is demonstrated that measured
results are almost similar to simulated results.

This paper is organized as follows. In Sec. 2, the con-
ventional antenna design is discussed. In Sec. 3, the
antenna with RIS configuration is explained. In Sec. 4, the
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Fig. 1. The conventional pentagon shape patch antenna:

(a) Top view. b) Side view.

unit-cell design and characteristics are explained. In Sec. 5,
the antenna with FSS and RIS configuration and its results
are demonstrated. In Sec. 6, antenna fabrication and meas-
urement results are compared with simulated results.

2. Pentagon Shape Patch Antenna

Pentagon shape patch antenna provides better perfor-
mance than other conventional structures like square, cir-
cle, and rectangular structures. Other conventional struc-
tures need multiple feeding to get circular polarization
whereas pentagon shape patch antenna generates circular
polarization with single feeding only. The equilateral pen-
tagon antenna could not generate circular polarization.
A small portion of the right side edge is removed from the
equilateral pentagon shape antenna as shown in Fig. 1 [22].
The feed position of the antenna is optimized to generate
two orthogonal fields perpendicular to each other i.e. cir-
cular polarization. The pentagon shape patch is printed
above the FR4 substrate and the metal layer in the bottom
acts as a ground. The probe feeding is given by the SMA
connector. The inner connector of SMA is connected to the
pentagon patch and the outer part of SMA is connected to
the ground.

This antenna design is based on the finite element
method in High-Frequency Structure Simulator software.
The simulation results show that impedance bandwidth is
7.8% (5.11-5.52 GHz), gain is 3.4-3.5 dBi, and axial ratio
is 1.9% (5.27-5.37 GHz) as shown in Fig. 5a, b and c,
respectively. The substrate is considered large enough to
accommodate the modification done for gain and band-
width.

3. Pentagon Shape Patch Antenna on
RIS Structure

A reactive impedance surface is a surface that intro-
duces additional reactance to improve the matching. In the
proposed pentagon antenna RIS surface is added in be-
tween the patch and ground plane to improve the imped-
ance bandwidth of the antenna [20]. An array of patches
will be introduced between the patch and ground plane and
for the proposed design, square patches are selected. The
size of the patch and the number of patches are the param-



98 G. SRINIVAS, D. VAKULA, HIGH GAIN AND WIDE BAND ANTENNA BASED ON FSS AND RIS CONFIGURATION

eters that control the matching. After optimizing the patch
size and array size, the array is made by a 6 x 6 array of
square patches printed on the top side of the FR4 substrate.
The parametric study is done on the dimension of the
square patch (L1), its periodicity (L1 + p), substrate height
(H1) below the RIS surface, and substrate height (H2)
above the RIS surface. The side of square patches (L1), the
distance between the patches (p), the height H1, and the
height H2 are optimized for wide bandwidth to 4.5 mm,
5.5mm, 1.6 mm, and 0.8 mm, respectively. After optimi-
zation of the RIS structure, an impedance bandwidth of
12.2% (5.05 GHz-5.71 GHz) is achieved as shown in
Fig. 5a, and also there is an increase in the 3dB axial ratio
bandwidth. An axial ratio bandwidth of 2.7% (5.21 GHz to
5.35 GHz) is achieved as shown in Fig. 5c. The RIS tech-
nique has improved the bandwidth, but there is no consid-
erable improvement in the antenna gain as shown in
Fig. 5b.

4. Frequency Selective Surface (FSS)
Superstrate

FSS is a surface in which the transmission and reflec-
tion characteristics vary with frequency. The transmission
is varied by using an array of unit cells. The surface con-
tains a periodic array of unit cells printed on one side or
two sides of the substrate. To modify the wave propaga-
tion, the FSS is placed along the direction of wave propa-
gation. The superstrate acts like a lens above the antenna
and it will improve the gain of the antenna when construc-
tive interference is created between the antenna and super-
strate.

4.1 Highly Reflective Unit Cell Design

The design details of highly reflective unit cells are
studied in this section. The circle-shaped patches are pre-
ferred in FSS superstrate due to their symmetry nature
along the ¢ direction and improve the CP gain over the
wide frequency range [7]. The highly reflective unit cell
consists of circle-shaped patches on the top layer and bot-
tom layer. In addition to that, a modified fishnet structure is
used as a middle layer. The three layers are separated by
the substrate in between them as shown in Fig. 2a. The top
and bottom layers act like the capacitive layer and the mid-
dle layer acts as an inductive layer to form a superstrate.

Capacitive Layers

0—

101 —

Inductive’Layer

Fig. 2a. Three-dimensional view of highly reflective FSS unit
cell.

Fig. 2b. Boundary conditions of a highly reflective FSS unit
cell.

The highly reflective frequency selective surface is
designed as a 6 x 6 array of periodic unit cells printed on
Rogers’s 4003C substrate, which is used as a superstrate of
the antenna. When the FSS superstrate is placed at an ap-
proximately half-wavelength height from the antenna, it
creates an air-filled cavity between the superstrate and
ground plane. The electromagnetic rays are focussed along
the transmit direction and form concentrated rays in the
broadside direction, thus, the gain of an antenna is
improved, when a highly reflective superstrate is placed at
an optimum height from the antenna. It is well known that
directivity can be enhanced as the magnitude of the reflec-
tion coefficient increases to unity (0 dB).

The unit cell is designed in HFSS software and
boundary conditions are applied as shown in Fig. 2b. The
parametric study is done by changing a and b values, where
a is the radius of the top side conductor and b is the curva-
ture radius of the bottom conductor. These dimensions of the
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Fig. 3a. Magnitude of reflection coefficient for highly

reflective FSS unitcell.

b=56mm
g -
k=l
§ e
£ 150 N i
[
k5 )
5 ——a=4.4 L
i —e—a=4.5
O 1004 —i—a=4.6
s —y—a=4.7
= —4—a=438
% a=4.9
[—p—a=4.98
®  goliqunmin ; .
5 6 7 8
Frequency(GHz)

Fig. 3b. Phase of reflection coefficient for highly reflective
FSS unit cell.
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unit cell control the characteristics of FSS. The magnitude
and phase of the reflection coefficient are shifted to the
lower frequencies with an increase in the radius a as shown
in Fig. 3. The magnitude of the reflection coefficient in-
creases towards O dB i.e. unity in the selected frequency
range(5.1 GHz-5.7 GHz) and the phase of the reflection
coefficient is near 180° over the selected frequency range
(5.1 GHz-5.7 GHz) as dictated by the requirements of
a highly reflective superstrate to improve gain. These con-
ditions are achieved when ¢ =4.98 mm and b =5 mm. The
optimized dimensions of antenna and unit cell dimensions
are given in Tab. 1.

5. Antenna with RIS - FSS
Configuration

The proposed antenna is composed of the pentagon
shape patch antenna along with highly reflective FSS and
RIS structures. RIS structure is attached beneath the penta-
gon shape patch antenna and highly reflective FSS is posi-
tioned above the antenna as shown in Fig. 4a and Fig. 4b.
The cavity created by the contribution of these layers acts
like a Fabry Perot cavity resonator. Here, the directly
transmitted rays from the antenna and reflected rays from
the superstrate trapped in the cavity. The coherent addition
of trapped rays radiates along broadside direction. Hence,
the gain of the antenna improved remarkably.

The proposed antenna with RIS and FSS is simu-
lated in HFSS software. The simulated results are shown in
Fig. 5.
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Fig. 4a. Geometry of composite structure of pentagon antenna
with RIS and FSS (Front View).
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Fig. 4b. Three-dimensional view of a composite structure of
pentagon antenna with RIS and FSS.

Parameter Value(mm)
L 60
Hl 1.6
H2 0.8
Hs 0.813
Hs 0.813
M 8.4
N 7.5
dl 1.7
Ll 4.5
p 5.5
a 4.98
b 5
h 32

Tab. 1. Parameter values.
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Fig. 5a. Simulated S11 of antenna, antenna with RIS, and
antenna with RIS and FSS at # =32 mm.
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Fig. 5b. Simulated gain of antenna, antenna with RIS, and
antenna with RIS and FSS at 7 =32 mm.
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Fig. Sc. Simulated axial ratio of antenna, antenna with RIS,
and antenna with RIS and FSS at 2 =32 mm.

The impedance bandwidth is 17.72% as shown in
Fig. 5a and the improvement is around 10%. The antenna
gain is around 12 dBi in the frequency range of 5.1 GHz to
5.7 GHz as shown in Fig. 5b and the improvement in the
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gain is around 9 dBi. The axial ratio is 2.5% as shown in
Fig. 5c. The proposed antenna results are compared with
basic conventional antenna results and its results are men-
tioned in Tab. 2.

It is observed that the conventional antenna with RIS
structure has considerable improvement in the impedance
bandwidth as shown in Fig. Sa. But there are no considera-
ble improvements in the antenna gain as shown in Fig. 5b.
The conventional antenna with RIS structure and FSS su-
perstrate has improvement in both gain and impedance
bandwidth simultaneously as shown in Fig. 5a and Fig. 5b.
Besides, the antenna has a 3dB axial ratio bandwidth of
2.4% as shown in Fig. 5c.

It is observed that the proposed antenna surface
current density vector on the patch is rotating clockwise
direction as the phase increases i.e the antenna is left hand
circularly polarized (LHCP) as the direction of propagation
(Z) is topside antenna as shown in Fig. 6. The surface
current density vector is towards 135 degrees for the phase
0 degree as shown in Fig. 6a, it is towards 45 degrees for
the phase 90 degrees as shown in Fig. 6b, it is towards —45
degrees for the phase 180 degrees as shown in Fig. 6c, it is
towards —135 degrees for the phase 270 degrees as shown
in Fig. 6d.

The LHCP gain is high over the entire bandwidth as
shown in Fig.7. The right hand circularly polarized
(RHCP) gain is —15 dB at 5.1 GHz frequency where the
antenna is maintaining circular polarization and the RHCP
gain is increasing in other frequencies as shown in Fig. 7.

S. Impedance Gain . .
No. Antenna Bandwidth (dBi) Axial Ratio
Pentagon
7.8% 1.90%
1| ShapePatch g1y s 55 Grgy | 3437 | (5.27-5.37 GHy)
Antenna
Pentagon
. 12.24% 2.7%
2 Shaﬁis‘” ith 1 s50s571GHz) | % | (521-5.35GHy)
Pentagon with
. 17.72% 2.4%
3 | RIS and highly 12.48
reflective FSS (4.93-5.89 GHz) (5.01-5.14 GHz)

Tab. 2. Comparison of antenna, antenna with RIS, and antenna
with RIS and FSS at # =32 mm.
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Fig. 6. Antenna with RIS and FSS surface current density
vector on pentagon patch at 5.1GHz.

o 0
Lo =
=3 - LHCP gain
® -5 ~@—RHCP gain
U}
-10 4 4
154 4
4.6 4:8 5f0 5:2 5:4 5:6 5:8 6:0
Frequency(GHz)

Fig.7. Simulated LHCP and RHCP gain plot for the antenna
with RIS and FSS.

The proposed antenna results are compared with pub-
lished literature as shown in Tab. 3. It is observed that the
proposed antenna planar size is very less (1 4,% 1 4,) and
the superstrate is placed approximately half-wavelength
height (4,/2) as mentioned in published literature.

Frequency range Planar Size Height of . . Impedance . . o
S. No. Ref (GHz) (mmXmm) Superstrate (mm) Gain(dBi) Bandwidth (%) Axial Ratio (%)

1 [5] 14.9-15.3 Tl T Ao = /2 21 dBi 2.5% 7%

2 [6] 9.85-10.1 2.758 A% 2.758 A, = A2 15 dBi 2.3% 0.6%

3 [7] 11.7-19.8 1.75 2 x1.75 A, = A2 11.5 dBi 54% 29%

4 [8] 29.1-31.6 2.5 2% 2.5, = A2 15.2 dBi 9.6% 2.67%

5 9] 55.4-66.6 444 ),% 3.6 A, Greater than 1,/2 15.6 dBi 18.4% -

6 [10] 9.42-11.35 2.20 1,%2.20 4, = A2 12 dBi 18.56% -

7 [11] 27.5-30 2.98 1,%2.98 4, = A2 15.5 dBi 8.6% -

8 [12] 13.1-15.2 32%3 2 = A2 13 dBi 15.5% -

9 [21] 4.88-5.49 120% 1 2o = A2 8.5 dBi 11.88% 2.88%
10 This work 4.93-5.89 1% 1 2, = A2 12.48 dBi 17.72% 2.4%

Tab. 3. Performance comparison of antenna with RIS and FSS, and published literature.
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6. Fabrication and Measured Results

The fabrication of the pentagon shape patch antenna
with the RIS surface is done on the FR4 substrate and the
fabrication of the superstrate is done on the Rogers RO
4003C substrate by using LPKF milling machine S100.
The superstrate is placed approximately half wavelength
above the antenna using Teflon rods as shown in Fig. 8.
Teflon rods are used which have no impact on radiation
characteristics. The female type rounded four-hole coaxial
RF SMA connector is inserted through FR4 substrates and
it is soldered to the pentagon shape patch and the outer part
is soldered to the ground layer. The reflection coefficient of
the antenna is measured using a network analyzer in the
frequency range of 4.5 GHz to 6.5 GHz as shown in
Fig. 9a. The gain of the antenna is measured by using the
gain transfer method in which the gain of a standard
antenna is known.

(b)

Fig. 8. Prototype of fabricated antenna with RIS and FSS:
(a) Composite structure and its setup. (b) Capacitive
layers, and inductive layers.
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Fig. 9a. Simulated and measured reflection coefficient of
antenna with RIS and FSS at # =32 mm.
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Fig. 9b. Simulated and measured gain of antenna with RIS and

FSS at 7 =32 mm.
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Fig. 9c. Simulated and measured axial ratio of antenna with
RIS and FSS at 4 = 32 mm.
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In the setup, the standard horn antenna is used as
a transmitting antenna, whose gain values are known. The
fabricated antenna is used as a receiving antenna and it is
rotated around its axis. The measured gain is similar to the
simulated gain as shown in Fig. 9b. The axial ratio meas-
urement is done and it is plotted in Fig. 9c. There is a slight
change in the results due to fabrication errors. The radiation
pattern of the fabricated antenna and simulated antenna are
compared at 5.1 GHz, 5.5 GHz, and 5.8 GHz as shown in
Fig. 10.

7. Conclusion

The conventional pentagon shape patch antenna is de-
signed. Highly reflective unit-cell characteristics are stud-
ied. The impedance bandwidth and gain of the antenna are
increased simultaneously by incorporating additional
structures like RIS structure as a ground plane to the con-
ventional pentagon shape antenna and highly reflective
FSS superstrate placed above the antenna. The composite
structure of a pentagonal antenna with RIS and FSS acts
like a Fabry Perot resonator. The proposed antenna
achieves an impedance bandwidth of 17.72%(4.93 GHz to
5.89 GHz) which is about a 10 percent improvement over
the conventional antenna and a gain of 12.48 dB is ob-
tained which is about a 9 dB improvement over the con-
ventional antenna. The proposed antenna is improved both
gain and bandwidth simultaneously at 5 GHz Wi-Fi fre-
quency in addition to that 3 dB axial ratio bandwidth of
2.4%(5.01 GHz-5.14 GHz) is obtained. This antenna is
fabricated and measurements are done in an anechoic
chamber. The similarity between measured results and
simulated results show that the antenna can be used for
WLAN, Wi-Fi, and Wi-Max application.
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