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ABSTRACT: This paper proposes a stacked slotted microstrip antenna (MSA) using multiple metasurfaces which offers high gain and
stable radiation patterns for 5G applications. A metal-plated suspended MSA (SMSA) in air is designed to enhance gain and bandwidth
(BW). However, impedance becomes inductive, and the cross-polarization level (CPL) increases with the increase in probe feed length.
To decrease the inductive impedance and increase the capacitance, a slot in the SMSA is etched. A parasitic patch with metasurfaces on
a superstrate is placed above the slotted SMSA, and a rectangular ring around the slotted MSA is designed to increase the inductance.
To compensate it, substrate height is decreased. The decrease in probe feed length/substrate height decreases the CPL. Parasitic patch,
rectangular ring around slotted SMSA, and metasurfaces electromagnetically couple with SMSA and enhance the BW of the antenna.
The low-profile (0.979X\ x 1.03X\ x 0.064\, A — wavelength in free-space at 3.3 GHz) antenna offers the peak gain of 9.8 dBi and
antenna efficiency > 80%; SLL and CPL are < —22 dB; and the gain variation is < 0.5 dB over the 3.3-3.6 GHz frequency band for 5G
application. The substrate height of the proposed novel structure is 2.5 times less than SMSA, and it offers an improvement of 8.1 dB in

CPL as compared to SMSA.

1. INTRODUCTION

igh data rate with low latency and seamless connectivity of-

fered by 5G technology has affected every field. It has not
only boosted wireless communication but also provided com-
fort and upgradation to every field like education, medicine,
agriculture, entertainment, internet of things (I0T), home au-
tomation, automobile, robotics, textile, and interior decoration
industry through augmented and virtual reality. The young
generation is familiar with the advancement and advantages of
wireless systems and thus, extensively uses 5G wireless sys-
tems. However, radio frequency radiations are reported to be
biologically harmful and cause health hazards to human beings,
animals, and plants. Thus, wireless systems and especially an-
tennas need to be designed properly so as to avoid undesirable
radiation in unintended directions, which may interfere with
other devices.

Effective power in the desired direction increases with in-
crease in the gain of an antenna; therefore, high-gain antennas
are fed with low power. However, a high-gain antenna must
have low sidelobe level (SLL) and CPL to mitigate interfer-
ence and health hazards. MSA designed on a low permittivity
and thick dielectric substrate offers higher gain but has larger
dimensions [1]. Radiating/non-radiating edge-coupled planar
and stacked multi-resonator patches offer wide BW; however,
radiation patterns vary over wide BW [2—4]. A stack of cir-
cular patches over a metallic elliptical patch is designed. The
structure offers 12.1 dBi gain and 55.7% BW [2]. A two-
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cavity stacked antenna designed as a multi-resonators provides
12.5 dBi gain in [3]. A circularly polarized (CP) square slot an-
tenna is truncated at the corner and loaded with a rectangular
ring to achieve 39% 3-dB axial ratio bandwidth (ARBW) [4].
A stacked antenna using triangular patches is designed to pro-
vide 10.8 dBi gain with high SLL of —13.6 dB and low front-
to-back lobe ratio (FBR) of 15.8 dB [5]. A dual-band antenna
consisting of a stack of two patches with E-shape and U-shape
slots is designed [6]. However, these antenna structures have
high SLL or CPL. Suspended MSAs (SMSAs) are designed for
higher gain and BW, but in SMSAs, CPL increases with the in-
crease in probe feed length. Wide BW systems also suffer from
poor signal-to-noise ratio (SNR).

Metasurfaces (MSs) have attracted the attention of re-
searchers as these surfaces control the properties of electro-
magnetic fields viz., polarization, phase, and magnitude of
fields and therefore, can be designed to achieve desirable
performance of an antenna [7,8]. MS is an array of unit cells
whose dimensions and periodicity are less than one-tenth of
the operating wavelength. Further, nonuniform, defective,
and anisotropic MSs have been explored by researchers.
Antennas using an anisotropic elliptical MS in [9] and a
nonuniform MS [10] are designed to enhance the ARBW.
Reactive impedance surface (RIS) and frequency selective
surface (FSS) are employed to design a wide-band CP antenna
in [11]. A CP antenna using two arrangements of arrays of
truncated corner patches is designed to achieve 75% 3-dB
ARBW [12]. MS is modified to enhance gain and BW in [13].
Aperture efficiency is improved by designing a non-zero-index
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FIGURE 1. Geometry of proposed antenna (h = 1.8, ' = 2.4, GL = 89, GW = 94, L1 = 74, L2 = 46, L3 = 34.4, L4 = 10.4, W1 = 74,
W2 =465 W3=36,W4 =12, LAl = WA1=79,Lp=21,S=3,La="7,5a=2,d=1, LA2 = W A2 = 61. All dimensions are in
mm. (Figures are not to scale). (a) Side view. (b) Ground plane. (c) Slotted MSA in a ring. (d) Metamaterial-inspired parasitic patch. (e) slotted

AMC surface.

near-zero index (NZI) MS lens in [14]. Multiple uniform
MSs are designed [15] while a slotted artificial magnetic
conducting (AMC) surface and reactive impedance surface
(RIS) are employed [16] to enhance the BW of the MSA
array. A metamaterial loaded triple-band antenna has been
reported in [17]. The stacked configurations employing RIS,
AMC, metamaterial-inspired MSA, and a parasitic patch are
designed [18,19]. Antenna structures offer wide bandwidth
and improved radiation characteristics with low CPL and SLL.
However, these structures have low gain. A comprehensive
study on applications of MSs is discussed and analyzed
in [20,21]. An MS-loaded antenna is employed for imaging
and synthetic aperture radar applications in [22].

A truncated square patch surrounded by metasurface cells is
placed in a Fabry-Perot Cavity (FPC) having a phase gradient
partially reflecting metasurface (PRMS) to achieve 9.8% 3-dB
ARBW. Beam deflection is obtained by rotating PRMS [23].
A frequency- and polarization-reconfigurable planar slot an-
tenna is designed using a metasurface and a reflector. The an-
tenna offers a peak gain of 16.5 dBi and fractional bandwidth of
33.3% [24]. The ground plane, partially reflecting surface, and
MS are modified in high-gain FPC antennas [25,26]. A low-
profile MS-based stacked antenna is designed to feed an FPC
antenna. The antenna offers 16.5 dBi peak gain with < —20dB
CPL [27]. However, these antennas have large dimensions and
high profile.

In this article, a novel high-gain metal-plated antenna using
multiple metasurfaces is proposed. The structure consists of
a metal-plated slotted SMSA surrounded by a metallic ring,
a metamaterial-inspired parasitic patch (MI-PP), and a slotted
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AMC on a superstrate. The low-cost simple to design and fabri-
cate 0.979g x 1.03\g x 0.064\q structure offers a peak gain of
9.8 dBi, antenna efficiency > 80%, SLL and CPL < —22dB,
and the gain variation is < 0.5dB over the 3.3-3.6 GHz fre-
quency band for 5G application. The substrate height of the
proposed novel structure is 2.5 times less than SMSA, and it of-
fers an improvement of 8.1 dB in CPL as compared to SMSA.
The paper is organized as follows. Antenna geometry with de-
sign theory is discussed in Section 2 while Section 3 deals with
the simulation results and analysis. Fabrication and measure-
ment results are presented in Section 4 followed by a conclusion
in Section 5.

2. ANTENNA GEOMETRY AND DESIGN THEORY

Gain and BW of MSA can be increased by using a low dielec-
tric constant substrate and increasing the substrate height. Since
air has the lowest dielectric constant and negligible dielectric
loss, a metal-plated SMSA (MPSMSA) suspended in air offers
higher gain. However, due to radiation from the probe feed,
CPL increases with the increase in substrate height. Antenna
impedance also becomes inductive and causes impedance mis-
match when the substrate height is increased beyond a limit,
resulting in a decrease in impedance BW. Thus, there is a trade-
off among substrate height, BW, and CPL. Different techniques
have been reported to increase BW, but little work has been
carried out to improve CPL. A novel stacked slotted metal-
plated SMSA in aring is designed using metasurfaces (Fig. 1) to
achieve 8.1 dB improvement in CPL by decreasing the substrate
height 2.5 times as compared to SMSA. The antenna also of-
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fers comparable gain and broader bandwidth than metal-plated
SMSA.

A slot in a metal-plated SMSA increases the inductance due
to the increase in effective current density on the conducting
metal surface (Fig. 1(c)). Metasurfaces are designed on a su-
perstrate and placed above the slotted SMSA to increase the
inductive impedance of the antenna. Inductive impedance is
further increased by designing a MI-PP — a parasitic patch
surrounded by an array of square patches (side dimension and
spacing between the square patches < 0.1\) on one side and a
slotted AMC on the other side of a 1.6 mm FR4 (tan ¢ = 0.02,
e, = 4.4) superstrate (Fig. 1(d) and Fig. 1(e)). The slotted
SMSA is also surrounded by a rectangular ring to increase in-
ductance (Fig. 1(c)). The increase in inductance is compensated
by decreasing the substrate height ‘h’, which results in the de-
crease in CPL.

The side view of the proposed multilayer antenna, along with
the top view of the different layers — metal-plated ground
plane, slotted MSA in a ring, metamaterial-inspired parasitic
patch, and slotted AMC — is shown in Fig. 1. Different layers
of the stacked antenna are designed to resonate at nearby fre-
quencies to electromagnetically couple and enhance the BW of
the antenna. The square patches of MI-PP and slotted AMC are
equivalent to inductors, and the spacing between patches acts
as a capacitor. In MI-PP, the spacing between patches is varied
to tune and achieve the desired BW. Slotted MSA dimensions,
ring dimensions, and spacing between ring and slotted SMSA,
PP dimensions, and slot dimensions, as well as the height of
SMSA and spacing between SMSA and superstrate (h'), are
optimized to obtain the desired BW of 3.3-3.6 GHz and CPL
< —22dB.

Square ring around slotted SMSA is equivalent to L-C net-
work in which the conducting surface acts as an inductor L,
while the spacing between the ring and SMSA acts as a capac-
itor C;. Slotted SMSA acts as an L,-C; network. The probe
feed is a shortened transmission line and acts as an inductor
‘L, while the spacing between SMSA and ground plane acts as
a capacitor ‘C’. A conducting parasitic patch in slotted AMC
or MI-PP is equivalent to inductor L3, while the spacing be-
tween patches is capacitor C3. The conducting patches on dif-
ferent layers form inductance, and the spacing between layers
acts as a capacitor. The equivalent circuit of a stacked slotted
SMSA with a ring and metasurfaces is shown in Fig. 2 [16]. The
electromagnetic coupling between the ring and slotted SMSA,
and SMSA and MI-PP with slotted AMC forms mutual induc-
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FIGURE 2. Equivalent circuit of a stacked slotted SMSA in a ring with
meta-surfaces.
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tance and capacitance Ly;; and Cyy;, and Ly, and Cyyp, respec-
tively. Inductance is increased by placing a ring around slotted
SMSA, PP, and square patches around PP and AMC, and then
the SMSA height is decreased not only to increase capacitance
but to decrease CPL and obtain a low-profile structure. Dimen-
sions of SMSA and slot, ring, PP, slot in AMC, SMSA height,
and spacing between SMSA and superstrate layer are optimized
so that the antenna operates over 3.3-3.6 GHz.

3. SIMULATION RESULTS AND ANALYSIS

3.1. Suspended MSA (SMSA), Metal-Plated SMSA, and Metal-
Plated Slotted SMSA

Initially, a rectangular MSA of 19.8 mm x 24.3 mm is designed
on a 1.59 mm-thick FR4 substrate. The ground plane dimen-
sions are 50mm x 55mm. The antenna offers the peak gain
of 40dBi and S;; < —10dB over 3.4-3.51 GHz. The di-
mensions of the antenna are calculated using standard equa-
tions [1]. All structures are simulated using IE3D 15.0 ver-
sion software. To enhance the BW and gain of the antenna,
a suspended MSA (SMSA) on an FR4 substrate, as shown in
Fig. 3(a), is designed. A rectangular MSA of 30 mm x 35 mm
is designed on an FR4 substrate and suspended in air at 3.5 mm
from 80 mm x 85 mm ground plane. The SMSA offers the peak
gain of 8.1dBi, CPL < —13.3dB, and S1; < —10dB over
3.3-3.56 GHz.

A 0.5mm thick copper metal-plated suspended MSA
(MPSMSA) is designed and suspended from a metal-plated
ground plane at Smm (Fig. 3(b)). Since air is used as a
dielectric, the antenna offers high efficiency and polarization
purity due to the absence of surface waves; however, the
antenna needs to be mechanically realized using LASER metal
cutting technology. The antenna also has large dimensions
due to low dielectric constant. The 38.8 mm x 45 mm MSA
is placed at 5Smm from 93 mm x 98 mm ground plane. The
antenna offers the peak gain of 10.1dBi, CPL < —13.9dB,
and S;; < —10dB over 3.28-3.53GHz. A metal-plated
slotted SMSA (MPSSMSA) is designed (Fig. 3(c)) as a slot
at the center increases the effective surface current density
on the conducting metal surface and increases the induc-
tance; therefore, the air gap ‘h’ is decreased to increase the
capacitance and improve bandwidth (BW). 37.6 mm x 45 mm
slotted SMSA has a 10 mm x 12mm slot at the center and is
placed at 4.5mm from 93 mm x 98 mm ground plane. The
antenna offers the peak gain of 10.1dBi, CPL < —14.4dB,
and S;; < —10dB over 3.3-3.53 GHz. The side and top
views of these antenna structures are shown in Fig. 3. The
impedance variation and return loss are depicted in Fig. 4,
while gain and antenna efficiency are shown in Fig. 5. The
radiation patterns at 3.45 GHz are shown in Fig. 6. Scalar and
vector surface current distributions over the patch and ground
plane are shown in Fig. 7. In SMSA, there is considerable
surface current on the ground plane as compared to MPSMSA
and MPSSMSA. It results in more losses and less fringing
fields, and therefore less gain. In SMSA, especially near the
feed point, the magnitude of surface current in the orthogonal
direction is greater than MPSMSA and MPSSMSA, resulting
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FIGURE 3. Side and top views of (a) SMSA (h = 3.5), (b) MPSMSA (h = 5.0), (¢) MPSSMSA (h = 4.5). All dimensions are in mm only. F'
represents the feed point along the x-axis.
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FIGURE 5. Gain and antenna efficiency.
in a higher CPL than MPSMSA and MPSSMSA. The surface a uniform artificial magnetic conductor (AMC) layer is fabri-
current in the orthogonal direction is in the opposite direction cated on an FR4 substrate and placed above the MPSSMSA
in MPSSMSA, resulting in lower CPL than SMSA. (Fig. 8(a)). The dimension and periodicity of the array of square

patches of metamaterial surface, viz., AMCis < 0.1Xg. A9x9
array of 7 mm square patches with a periodicity of 9 mm forms

3.2. MPSSMSA with Uniform AMC, Slotted AMC, and Two Slot- the AMC layer. A slotted AMC (SAMC-1) is incorporated in

ted AMC Surfaces Fig. 8(b) by removing a 5 x 5 array of square patches from the
The metal-plated SMSA does not cover the desired BW from umfgrm AMC. In Fig. 8(.0)’ another slotted AMC (SAMC-2) is
3.3 to 3.6 GHz for 5G applications and also has high SLL and fabricated on the other side of the FR4 superstrate.

CPL. Therefore, to decrease SLL and CPL and to improve BW,
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FIGURE 6. Radiation pattern is at 3.45 GHz (E¢ at ¢ = 0° < —40dB, and therefore, it is not visible in the radiation plots).
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FIGURE 7. Scalar and vector surface current distributions.
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FIGURE 8. Side and top views of MPSSMSA with (a) uniform AMC (h = 4, b’ = 2), (b) slotted AMC (h = 4, k' = 2), (c) two slotted AMC

(h=4,h =2).

The AMC layer increases the inductive impedance; there-
fore, the structure is optimized, and the feed point is shifted
to the right to improve the impedance matching. S;; <
—10dB is obtained over 3.28-3.63 GHz. AMC enhances the
impedance BW as the AMC layer electromagnetically cou-
ples with MPSSMSA. At fixed substrate height, h = 4.5 mm,
impedance variation and return loss of MPSSMSA, MPSSMSA

73

with a uniform AMC layer (MPSSMSA-AMC) and optimized
structure of MPSSMSA with uniform AMC layer (MPSSMSA-
AMC-opt) are shown in Fig. 9.

Alternatively, to compensate the inductive impedance, the
substrate height ‘h’ is decreased to 4.0 mm to increase the
capacitance. CPL decreases with decrease in ‘h’. CPL <
—14.8dB is obtained, but it is still high. A slot in AMC de-
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creases the inductance due to conducting metal patches and
also introduces a capacitance. Slot dimensions in AMC affect
the impedance BW of the antenna. By varying the size of the
slot, we can vary the reactive impedance and therefore, BW
of the structure. The effect of slot size on impedance varia-
tion and S};, shown in Fig. 10, is analyzed. The resonant fre-
quency increases with an increase in slot size in AMC. The
AMC increases the inductive impedance of the structure, while
a slot in the AMC surface and a decrease in substrate height
increase the capacitive impedance. The MPSSMSA structures
with uniform AMC, single SAMC, and two SAMC are opti-
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mized. MPSSMSA with uniform AMC and two SAMCs of-
fers the same BW, but CPL < —15.2dB and —15.4dB are
obtained in MPSSMSA with single and two SAMC:s, respec-
tively. Impedance variation and return loss of MPSSMSA with
uniform AMC, single SAMC, and two SAMCs are shown in
Fig. 11. The slot size in AMC affects the impedance BW and
CPL. Therefore, an attempt is made to reduce the substrate
height by optimising a two-SAMC structure with different slot
sizes in two AMCs.

MPSSMSA with two slotted AMCs is designed for differ-
ent ‘h’. The slots of both AMCs, spacing between substrate
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FIGURE 12. Impedance variation and return loss of MPSSMSA with two slotted AMCs at different h.
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FIGURE 13. Radiation pattern at 3.45 GHz.

and superstrate, and MSA dimensions are optimized to ob-
tain S;; < —10dB over 3.3-3.6GHz. (i) At h = 4.0mm,
h' =2.0mm, 9 x 9 array AMC-1 has aslot of a 5 x 5 array of
square patches while 5 x 5 array of AMC-2 has a slotofa 3 x 3
array of square patches. (ii) At h = 3.5mm, b’ = 2.5mm,
9 x 9 array AMC-1 has a slot of a 3 x 3 array of square patches
while 7 x 7 array of AMC-2 has a slot due to removal of central
square patch. (iii) Ath = 3.0mmand A’ = 2.5mm, 9 x 9
array AMC-1 has a slot of a 3 x 3 array of square patches,
while 7 x 7 array of AMC-2 has a slot due to the removal
of the central square patch. The SSMSA dimensions are op-
timized in each case. Impedance variation and return loss of
optimized MPSSMSA with two slotted AMCs at different ‘A’
are shown in Fig. 12. The radiation patterns at 3.45 GHz are
shown in Fig. 13. S1; < —10dB is obtained over 3.3-3.6 GHz,
and CPL < —15.4dB, —15.9dB, and —16.4 dB are obtained
for h = 4.0mm, 3.5 mm, and 3.0 mm, respectively. The CPL
decreases with the decrease in substrate height. Front-to-back
lobe ratio (FBR) also improves with the decrease in substrate
height.

3.3. MPSSMSA in a Ring with a PP in Slotted AMC-1 and Slotted
AMC-2 Surfaces

To increase the inductive impedance of MPSSMSA with two
slotted AMC surfaces, a rectangular parasitic patch (PP) is fab-
ricated in a 3 x 3 slot of SAMC-1lon FR4 superstrate, and
7 mm square patches with the periodicity of 9 mm are fabri-
cated around it to form a metamaterial-inspired parasitic patch
(MI-PP) and placed above the MPSSMSA. It increases the in-
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ductive impedance of the antenna, which is compensated for
by decreasing the substrate height. A metallic rectangular ring
is also placed around the MPSSMSA to increase the inductive
impedance. To compensate for it, the substrate height ‘A’ is de-
creased to 1.8 mm, and the spacing between the superstrate and
SSMSA (1) is decreased to 2.4 mm. The resultant geometry is
the proposed antenna. The side view of the proposed antenna
with the top view of different layers is shown in Fig. 1.

The conducting metallic ring and the spacing between the
ring and SSMSA are equivalent to an inductor and capacitor,
respectively. The rectangular ring electromagnetically couples
with SSMSA and enhances the BW of the antenna. The effect
of the width of the rectangular ring ‘W = (L1 — L2)/2’ and
the spacing between the ring and SSMSA S = (L2 — L3)/2,
keeping all other parameters fixed, is analysed. The impedance
variation and S|, for different widths of rectangular ring and
spacing are shown in Fig. 14 and Fig. 15, respectively. As
the width of the rectangular ring ‘W increases, the inductive
impedance increases due to the increase in conducting area, and
the impedance variation plot shifts upward. The resonant fre-
quency also decreases with the increase in ‘WW’. As the spac-
ing S’ between the ring and SSMSA increases, the capacitive
impedance decreases, and the impedance variation plot shifts
upward. The resonant frequency decreases with the increase
in °S°. S1; < —10dB is obtained over 3.27-3.67 GHz for
W =28mmand S = 5.8 mm.

The impedance variation plot has a loop, which is due to elec-
tromagnetic coupling between the ring and SSMSA. The elec-
tromagnetic coupling depends on the spacing between SSMSA
and the ring, and also on the dimensions of SSMSA and the ring.
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FIGURE 16. (a) Impedance variation. (b) Return loss. (c) Radiation pattern at 3.45 GHz of proposed antenna.

The rectangular ring and PP increase the inductive impedance
of the antenna, which is compensated by decreasing the sub-
strate height. The PP and the metamaterial square patch array
around the PP also electromagnetically couple with the SSMSA
and the ring. In MI-PP, the spacing between the patches is var-
ied to tune and achieve the desired BW. As the spacing between
square patches and PP is decreased, it intercepts more radiating
near fields of SSMSA, and therefore, inductive impedance in-
creases. It affects the impedance matching and the BW of the
antenna. The dimensions of the ring, spacing between the ring
and SSMSA, and dimensions of SSMSA and PP are optimized.
The impedance variation and return loss of the proposed an-
tenna are shown in Fig. 16.
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The radiation pattern of the antenna at 3.45 GHz is shown
in Fig. 12(c). The antenna offers < —22dB SLL and CPL.
The gain and antenna efficiency are shown in Fig. 17. The an-
tenna offers the peak gain of 9.8 dBi, and the gain variation
is < 0.5dB over 3.3-3.6 GHz frequency band for 5G appli-
cation. The gain decreases sharply after 3.65 GHz, the second
resonant frequency. The 0.979)¢ x 1.03\g x 0.064 )\ structure
has > 80% antenna efficiency, which considers conduction,
dielectric, and reflection losses. The low-profile, compact, and
low-cost antenna is easy to fabricate and feed. The stable ra-
diation pattern, characterized by low SLL and CPL, makes it a
suitable candidate for 5G applications.
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FIGURE 17. Gain and antenna efficiency, and radiation efficiency of antenna.
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FIGURE 19. 3-dimensional views of the fabricated antenna.

4. FABRICATION AND MEASUREMENT RESULTS

The antenna structure is fabricated. A 0.5 mm-thick copper
metal plate ground plane, slotted MSA, and rectangular ring are
precisely cut using Auto CAD and LASER technology. The PP
with a nonuniform metasurface and slotted AMC are fabricated
using photo-lithography technique on an FR4 superstrate. The
metal-plated SSMSA in a ring, top view of MI-PP, and slotted
AMC layer are shown in Fig. 18, while 3-dimensional views of
the antenna are shown in Fig. 19.

S11 is measured using an Agilent N9916A network analyzer.
Simulated and measured S}, are shown in Fig. 20. The mea-
sured minimum Sy, is —21.6 dB, while the simulated minimum
S11 is —23.8dB at 3.4 GHz. The radiation patterns are mea-
sured using a standard horn antenna and an Agilent N 9916A
network and spectrum analyzer in an anechoic chamber. The
standard horn antenna is connected to the Agilent network an-
alyzer N 9916A, and the proposed antenna is connected to the
Agilent Spectrum analyzer. The distance between the two an-
tennas is kept more than 2D?/\ to ensure measurement in the
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FIGURE 20. Simulated and measured 5.

far-field region; D is the maximum dimension of the antenna,
and A is the wavelength corresponding to the operating fre-
quency. The transmitting (Tx) antenna and receiving (Rx) an-
tenna are aligned and face each other in the F-plane. Both an-
tennas are rotated by 90° to measure the radiation pattern in the
H-plane. The Tx antenna in the E-plane and Rx antenna in
the H-plane, or vice versa, provide cross-polar radiation. In all
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TABLE 1. Comparison of the proposed antenna with reported state-of-the-art antennas.

) L. Gain BW(GHz)/ SLL CPL FBR Size
Ref. Polar-ization )
(dBi) BW (%) (dB) (dB) (dB) (Ao X Ao X o)
[9] CP 59 8.6-11.2/37.2 —12 -8 12 0.62 x 0.62 x 0.064
[12] CP 5.5 2.0-4.4/75 —10 -13 16 0.45 x 0.45 x 0.007
[13] LP 12.1 3.52-6.44/58.6 —18 -10 13 1.66 x 1.66 x 0.05
[15] LP 12.5 5.14-6.56/24.3 —20 -15 20 1.55 x 1.55 x 0.11
[16] LP 12.3 5.0-6.4/24.6 —-19 —18 20 1.52 x 1.52 x 0.1
[18] LP 7.8 2.38-3.18/28 —17 —15 15 0.53 x 0.53 x 0.035
[19] LpP 8.3 3.3-3.6/8.7 —20 -20 20 0.94 x 0.99 x 0.046
This work LP 9.8 3.3-3.65/10.1 —22 —22 20 0.98 x 1.03 x 0.064
10
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FIGURE 21. Simulated and measured radiation patterns at 3.45 GHz.

four cases, the Tx antenna is kept fixed, while the Rx antenna
is rotated from 0° to 360°. Antenna gain is calculated using
the Friis transmission equation, considering cable, connector,
and adapter losses. The simulated and measured gain varia-
tions and radiation patterns at 3.45 GHz are shown in Figs. 21
and 22, respectively. The Simulated CPL is < —22 dB, while
the measured CPL is < —22.9 dB. The simulated antenna gain
varies from 9.3 to 9.8 dBi, while the measured antenna gain
varies from 9.14 to 9.94 dBi. The measured results closely fol-
low the simulated ones. The discrepancy in measured and sim-
ulated results may be attributed to fabrication errors, connector
loading, nonuniform dielectric constant of the superstrate, and
misalignment of different layers.

5. COMPARISON WITH STATE-OF-THE-ART ANTEN-
NAS

The proposed antenna is compared with low-profile
metamaterial-based state-of-the-art antennas in terms of
bandwidth, peak gain, SLL, CPL, and FBR in Table 1. Both
Linearly Polarized (LP) and CP antennas are considered.
The antennas in [9, 12, 18] have smaller dimensions than the
proposed antenna, but these antennas offer less gain and higher
SLL, CPL, and FBR. Antennas in [13—15] have larger gain but
also have larger dimensions and higher SLL, CPL, and FBR
than the proposed antenna. The structure in [19] is comparable
in size and offers SLL and CPL less than —20dB, but the
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FIGURE 22. Simulated and measured gains.

proposed antenna offers higher gain and better SLL, CPL, and
FBR.

6. CONCLUSION

A stacked metal-plated slotted MSA in a ring using multiple
metasurfaces is designed to offer high gain and stable radia-
tion patterns for 5G applications. The slot and nonuniform
spacing between patches of the metasurface help in optimiz-
ing the structure to operate over the desired band. The meta-
surface around PP and slotted AMC increases the inductive
impedance of the structure; therefore, MSA height from the
ground plane is reduced to enhance the capacitive impedance.
It results in the decrease in CPL due to radiation from the probe
feed. The low-cost, simple to design and fabricate structure of-
fers the peak gain of 9.8 dBi, antenna efficiency > 80%, SLL
and CPL < —22dB, and the gain variation < 0.5 dB over 3.3—
3.6 GHz frequency band.
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