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This study investigates the use of a slotted patch MIMO antenna to enhance isolation and gain. Two radiators connected by a
network of frequency-selective surfaces (FSS) make up the MIMO antenna design. These antenna components are constructed on
an FR-4 substrate and are surrounded by FSS units optimised for X-band frequencies. The suggested MIMO antenna is 65 mm in
width, 45 mm in length, and 1.6 mm in height. The main objective of using FSS is to enhance both isolation and gain. The FSS
unit cells operate at frequencies ranging from 7 to 9 GHz and have exceptional stability throughout polarisation incidence angles.
The FSS-loaded antenna has a bandwidth of 8.0 to 8.55 GHz, a peak gain of 6.5 dB, and a MIMO isolation of greater than -20 dB.
Furthermore, the research evaluates the MIMO antenna's performance in terms of diversity gain (DG), efficiency, and envelope

correlation coefficient (ECC), demonstrating better results when compared to current state-of-the-art approaches.
Keywords - FSS; Gain Enhancement; ECC; Diversity Gain; MIMO Antenna.

1. INTRODUCTION

The Microstrip patch antennas (MPAs) have received a lot

of interest recently for high-frequency data transfer in a
variety of applications. They are popular because of their
lightweight design, low cost, and ease of manufacture. Their
huge size, however, limits their use in MIMO antenna
systems. Although classic MPAs may be used in 5G
networks, their small size generally results in limited
bandwidth [1]. With the advent of 5G networks, cutting-
edge technologies such as virtual reality, smart homes,
telemedicine, and the Internet of Vehicles (IoV) will have
seamless connections. MIMO antennas are critical for
transmitting and receiving numerous data streams inside the
same radio network in today's communication landscape [2].

MIMO antennas are an important component in modern
wireless communication networks because they minimise
interference and boost connection quality and channel
capacity without requiring more bandwidth. MIMO antenna
design is a significant problem because electromagnetic
wave interactions between nearby components can impact
antenna parameters such as bandwidth, gain improvement,
and radiation pattern [3]. The MIMO antenna system is an
attractive field of study that might be used to improve the
range and dependability of Wi-Fi LAN, Bluetooth, PDAs,

DCS, WLAN, and UMTs. It is also critical for the adoption
of next-generation wireless technology. Surface wave and
near-field effects produce coupling between antenna
components, which has an immediate impact on the array's
presentation. As a result, mutual coupling cannot be ignored
in many MIMO antenna applications [4, 5]. It is difficult to
overcome the mutual coupling problem between antenna
components using baseband methods and signal processing.
A minimum spacing between neighbouring patches is
essential to limit mutual coupling [6]. To address this issue,
several strategies for minimising mutual coupling have been
investigated, including the stub loading technique [7]. DGS
[8, 9], EBG [9, 10], neutralization lines [11], resonator
structures [12], slots [13], and metamaterial [14] are all
examples of defective ground structures. Antennas with
substrates [15], superstrates [16, 17], reflecting surfaces [16,
17, 18, 19, 20], and metamaterials [21] have all been
described as ways to improve the gain of microstrip
antennas. FSSs are currently mostly two-dimensional arrays
of dielectric patches or aperture arrays within a metallic
screen that provide the necessary filtering [22]. Another FSS
made entirely of dielectrics is suitable for wideband near-
field correction, beam scanning, and other high-bandwidth
applications [23, 24]. FSS has been studied for nearly 50
years. The FSS may be utilised to increase patch antenna
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gain and directivity. FSS are periodic arrays made up of
conductive patches or aperture components that reflect or
transmit electromagnetic waves depending on their
frequency. They function as spatial filters that enable
electromagnetic waves to flow through or reflect back. They
are often utilised as antenna reflectors [25], Radom [26],
electromagnetic  absorbers [27], radar cross-section
reduction components [28], and artificial magnetic
conductors [29]. Because they can stop or let through a
certain frequency range. One ongoing problem is decreasing
stray bands while increasing antenna gain. Several methods
for enhancing gain in MIMO antennas have been
investigated. A modern MTM-based superstructure is
investigated in [30] for MIMO system gain and isolation
enhancements. The antenna in [31] is made up of two
semicircular, annular, and rectangular microstrip that are
meant to boost gain with the use of a parasitic element and
DGS. By combining three pairs of MTM arrays, [32] creates
a symmetrical dual-beam end-fire bowtie antenna with a
gain increase for 5G MIMO applications. [33] Introduces a
single-layer SIW corrugated technique that is later used as
the core component of two high gain, low mutual coupling
Ka-band MIMO antennas. The antenna structure in [34] is
massive and difficult to produce, with two sets of four-
element antenna arrays on top and a unique MTM design on
the ground plane that enhances gain, bandwidth, and mutual
coupling. The slot is placed between the microstrip patch
antenna components, minimising mutual coupling and
enhancing gain [35]. A ring and a circular parasitic antenna
with an air gap were added to a typical circular patch MIMO
antenna in [36] to improve its bandwidth and gain. An array
antenna decoupling surface and an H-shape DGS were
employed to increase the MC in densely packed dual-band
MIMO antennas [37]. In [38], a tri-port small antenna with
gain augmentation is presented and installed on a hybrid
metasurface (MS).

This paper describes a rectangular slotted patch MIMO
antenna with high isolation and a 14.5 mm edge-to-edge
distance. The antenna operates in the frequency range of
8.15 to 855 GHz, providing a well-known frequency
standard for X-band applications. MIMO antennas are made
up of two rectangular slotted patches that emit signals, as
well as an FSS component. The FSS components are
arranged in a periodic pattern around the two patches to
increase antenna gain and reduce interference between them.
The antenna is designed, simulated, and optimised using
computer simulation technology (CST). The performance of
the antenna is examined using both modelling and
measurement, and the results are compared to determine its
efficacy.

2. ANALYSIS AND DESIGN

2.1 FSS Design

Figures 1 (a) and (b) show the intended structure of the
provided FSS unit cell. The frequency range of the FSS is
7.0 to 9.0 GHz. In the MIMO antenna design, the FSS is
incorporated into the same substrate as the patch. The FR4
substrate has a height of 1.6 mm and a dielectric constant of
4.4. CST Microwave Studio is used to do the simulations.
The FSS unit cells are tightly spaced to produce a
transmission coefficient (S12) of less than -10 dB over the
full frequency range. LS =2, WP= 0.5, WS = 0.5, rp = 3.5,
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Figure 1 (a) Structure of initial and (b) proposed FSS unit cell and
(c) its simulated S-parameter|S21| (d) phase response and (e) S-
parameter |S11| and S-parameter |S21| and (f) simulated surface

current distribution.

and p = 8.1 are the millimeter dimensions of the proposed
unit cell. The transmission coefficient (S21) and reflection
phase of the FSS unit cell are shown in Figures 1c and 1d.
These data show the proposed FSS operating as a band-stop
filter in the frequency range 7-9 GHz, with a transmission
coefficient (S21) magnitude of 10 dB. The FSS reflection
phase drops linearly with frequency and approaches zero at
8.4 GHz. The suggested FSS presents a linear reflection
phase throughout a frequency range of 7 to 9 GHz. Figure
1(c) depicts the suggested FSS's two-stage evolution and
transmission coefficient.

Design 1 fundamentally resonates at 8.4 GHz. Design 2 is
constructed by adding a stub to the circular resonator, as
illustrated in Figure 1(e). The proposed FSS unit cell
resonates mostly around 8.8 GHz. Furthermore, a
rectangular stub is put into the circular ring to shift the
intended frequency towards lower resonance. At 8.4 GHz, to
better understand the structure's reaction. The surface
current distribution of the investigated antenna is displayed
in Figure 1(f). The observation demonstrates that the
metallic patch operates at the same frequency as the
surrounding air, resulting in a concentrated surface current.
This increased current density creates significant surface
reflections, lowering transmission efficiency at that
frequency.
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Figure 2 Design steps of proposed antenna (a) step-1 (b)
step-2 (c) proposed antenna and (d) Schematic view of the
proposed MIMO antenna
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Figure 2 (a) |S11| and |S21| of MIMO antenna without FSS. [MW
=40; gap =14.5. (unit = mm)], (b) Simulated |S11| of different
shapes of a single antenna. [L = 12; W =12; a =0.36; b =0.36; c
=1.10; d = 1.10. (Unit = mm).

2.2 Antenna design

As shown in Figures 2 (a)—(c), this section develops a basic
rectangular slotted patch antenna for X-band applications.
As shown in Figure 2(a), the traditional microstrip patch
antenna is formed of a rectangular patch and FR-4 as a
dielectric substrate with a relative permittivity of 4.4 and tan
= 0.025; the thickness is 1.6 mm; and the outside

Dimension is W L = 12.12 mm2. During the second phase
of antenna design, a square slot is etched out from the edges,
as shown in Figure 2 (b). Figure 2 (d) depicts the simulation

results, which clearly show that the resonance frequency has
moved to a higher frequency. The suggested design
currently has a resonance frequency of 8.4 GHz.

3. PROPOSED MIMO ANTENNA ANALYSIS

3.1 Design of MIMO antenna

Figure 3 (a) shows the suggested slotted patch MIMO
antenna system design. These antenna components evolved
from the fundamental rectangular patch antenna. The
suggested MIMO antenna's exact dimensions are derived
using the well-established transmission line theory. The
effective resonant length (Ls) and width (Ws) corresponding
To a particular resonant Frequency (fr) may be calculated
using this theory [41].
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The total dimensions of a MIMO antenna are 20401.6 mm3,
which is less than the size of conventional antennas. On a
1.6 mm thick FR-4 substrate, two radiating patches with
slots are constructed. The width and length of the radiators
are 7.5 and 7.5 mm, respectively. The substrate is said to be
supported by a common ground plane. Initially, basic
rectangular patch antenna components operating at 8.4 GHz
with mutual coupling (S21) of 16 dB were created. The
magnitudes of |S11| and |S21| for the MIMO antenna
without Frequency Selective Surface (FSS) are shown in
Figure 2 (f). Slots are added to the rectangular patch MIMO
antenna to increase its S11 performance. A low mutual
coupling is noticed by keeping a spacing of "gap" between
the two patches.

3.2 MIMO antenna using FSS

Figures 3 (a) demonstrate the MIMO antenna design with
rectangular slotted patches and FSS integration. The
antenna elements are two-port slotted patches printed on a
rectangular substrate measuring 6545 mmz2. The antenna is
supplied from two different ports through two 50 SMA
connections. The top surface of the substrate is printed with
rectangular slotted patches and FSS components. To
optimise the antenna's performance, the FSS components
are placed at regular intervals around the patches, with a
separation distance specified by "c." Impedance matching
(S11)

Over the intended resonant frequency band is achieved,
indicating satisfactory performance. Furthermore, the
impedance matching is successfully retained after loading
FSS units around the antenna. Figure 3 (b) and (c) depict the
current distribution at 8.4 GHz in the presence and absence
of FSS elements. When one antenna (the right side) is
activated and the other antenna is terminated with 50
impedances, the patches obtain significant mutual coupling
because the current is intimately coupled to other radiators
without FSS components, as illustrated in Figure 3(b). The
placement of the FSS components, as illustrated in Figure 3
(c), results in a significant drop in current density between
the two radiating patches, resulting in increased
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performance. As a result, these evaluations aid in
determining the best location of FSS components for
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Figure 3 (a) Schematic view of MIMO antenna using FSSS;
and (b) Simulated surface current distribution without FSS
and (c) with FSS.
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Figure 5 (a) Simulated Gain with and without FSS; and (b)
Simulated Efficiency with and without FSS.
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Figure 6 (a) Simulated E-plane and (b) Simulated H-plane.

Improved patch isolation. The introduction of FSS
components between the two patches inhibits current flow to
the other side, effectively minimizing coupling between the
patches. Furthermore, the isolation, measured by S21, is less
than -20 dB after loading the FSS during the two rectangular
patches. Figures 4 (a)—(b) show the S11 and S21 of the FSS-
based antenna before and after the FSS is included. The
proposed MIMO antenna's simulated S11 show good
agreement. The simulated gains for the two antennas are
also shown in Figure 5 (a). At a frequency of 8.4 GHz, the
MIMO antenna has a gain increase of up to 2.5 dB. Figure
5(a) shows the antenna gain with FSS components and
without them. Without FSS, the antenna has a gain of 4 dB.
With FSS, the gain goes up to 6.25 dB because the
aperture's efficiency is increased. When FSS units are put on
top of a MIMO antenna, surface current is redistributed, and
energy flow from the transmitting element to the antenna
surface is enhanced. Because of this, a MIMO antenna with
loaded FSS units has a higher aperture efficiency than one
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without FSS units. The FSS units around the patch antenna
on the right side get more power. When an FSS is used in a
MIMO antenna, the gain goes up by a lot.

Based on the results of the study, the increase in gain is
caused by the coherent superposition of the energy that the
FSS unit cells and patches give off. Figure 5 (b) displays the
antenna's radiation efficiency, which is around 77% after
accounting for the FSS. Figures 6 (a) (b) depict actual and
simulated radiation patterns for the MIMO antenna,
respectively, to aid in further analysis. The MIMO antenna
with the loaded FSS has a more focused radiation pattern
than the MIMO antenna without the loaded FSS, according
to the results obtained.

Based on the results of the study, the increase in gain is
caused by the coherent superposition of the energy that the
FSS unit cells and patches give off. Figure 5 (b) displays the
antenna's radiation efficiency, which is around 77% after
accounting for the FSS. Figures 6 (a) and (b) depict actual
and simulated radiation patterns for the MIMO antenna,
respectively, to aid in further analysis. The MIMO antenna
with the loaded FSS has a more focused radiation pattern
than the MIMO antenna without the loaded FSS, according
to the results obtained.

4. DIVERSITY PERFORMANCE OF PROPOSED
ANTENNA

Standard system parameters such as the envelope correlation
coefficient (ECC) and diversity gain (DG) are used to assess
the performance of the MIMO antenna. The antenna's
different performances are estimated using the CST
Microwave Studio. The next section goes into detail and
provides information on these factors.

4.1 Envelope correlation coefficient

The Envelope Correlation Coefficient (ECC) is an important
measurement for analysing the performance of MIMO
systems. As illustrated in Figure 7 (a), the ECC is utilised to
assess the diversity performance of the proposed antenna.
The ECC represents the correlation between the received
signals from the antenna. It may be estimated using the 3D
far-field emission patterns or scattering characteristics of the
antenna. It is crucial to note that predicting ECC values for
lossy antennas exclusively based on S-parameters is
inefficient and frequently leads to an underestimation of the
real needs. Equation (3) calculates ECC for a two-port
MIMO system while accounting for S-parameters and
radiation efficiency [39].
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Figure 3 (a) Simulated envelope correlation coefficient and
(b) diversity gain.
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The ECC, which shows the correlation of the provided
antenna, is seen in Figure 7 (a). To achieve optimal MIMO
performance, the ECC should be smaller than 0.5 [40].
Figure 7 (a) shows a small correlation between two
antennas, with a simulated ECC value continuously less than
0.001 over the full working frequency range. As the ECC
value is less than 0.5, this discovery implies that the MIMO
antenna has significant pattern variety.

4.2 Diversity Gain

The Diversity Gain (DG) is used in wireless networks to
determine the efficiency and dependability of MIMO
antennas. It is often accomplished by receiving several
broadcast streams over separate channel pathways. As a
result, the MIMO antenna should have a high DG, ideally
more than 10 dB, within the specified frequency range, as
illustrated in Figure 7 (b). Equation (4) may be used to
determine the DG, with the ECC value as one of the factors

[42].
DG =100 % /1 — (ECC)?
Table 1 compares the proposed MIMO antenna's

performance to that of previously published studies in the
literature, with emphasis on the antenna's size, isolation, and
high gain. The suggested MIMO antenna has a high gain, a
small size, and enough isolation between its radiators. The
comparison covers a wide range of topics, including total
antenna volume, isolation, mutual coupling reduction, and
gain improvement strategies. Table 1 shows that the antenna
[16] achieves high gain but has a narrow bandwidth, a two-
layer design, and is much bigger in size than the suggested
antennas [17, 18], which are likewise larger in size.
Compared to the supplied antenna, the antenna [15] is
smaller in size but has a two-layer structure and a lesser
gain. The suggested design stands out because it uses a
single substrate, as opposed to existing antenna designs that
use numerous substrates, as shown in Table 1. While
alternate approaches may improve antenna gain, they
frequently increase complexity, have a bigger footprint, and
may have an influence on other characteristics like radiation
pattern and efficiency. As a result of its complexity, the
antenna's overall cost may increase. The antenna and
reflector in this study are constructed on the same substrate,
reducing space requirements, and enhancing radiation
performance.

5. CONCLUSION

The aim of this study is to present a single-band slotted
patch MIMO antenna that improves isolation and gain. The
MIMO antenna has a straightforward design with small
dimensions of 65 x 45 mm2 and a 14.5 mm gap between the
two patches. A unique technique employing an angularly
stable band stop FSS is used to boost gain and eliminate
mutual coupling. Patch antennas benefit from the use of
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Table 1. Comparison of the given work with previously published works.

Ref  Frequency (GHz) Ant. Type Bandwidth (%) Gain(dB) Layer Method.

[16] 5.8 Microstrip 6.93 5.37 2 Metamaterial substrate
[17] 3.7-11.1 Microstrip 100 4.0-9.4 2 FSS substrate

[18] 10 - 31 19 2 Metamaterial superstrate
[19] 6-11 Microstrip - 13.1 2 PRS and AMC

[20] 3-12.6 Microstrip 111.1 5-12.6 2 FSS substrate

[21] 2.45-5.8 Microstrip - 4.69-6.45 2 FSS substrate

[23] 5.8 Microstrip 6.93 5.37 2 Metamaterial substrate
[32] 5.7 Microstrip 7.0 3.73 2 DNG metamaterial superstrate
[33] 2.4-5.8 Microstrip - 6.4 1 Parasitic element

[34] 23.4-29.5 Microstrip - 7 2 Metasurface

[35] 28 Microstrip 10 1 Array of metamaterial
[36] 53 Microstrip 5 9.5 1 DGS

[37] 34.5-455 Microstrip 15.5 2 MPLPM

[39] 3.7-4.1 Microstrip - 8.51 2 H-shape DGS

[40] 2.332.572.91-4.53 Bow-tie - 6.68-7.5 2 Metasurface DMS

Prop. 8.4 Microstrip 6.45 6.5 1 Antenna and FSS are designed on a

same substrate

Metasurface, which are recognized for their remarkable
electromagnetic characteristics. The suggested FSS is made
up of a circular periodic structure with a rectangular stub in
the center. It is highly stable across polarizations and
incidence angles. The FSS operates on frequencies between
7 and 9 GHz. The FSS components are carefully placed
around the two antennas on a regular basis to improve
impedance matching, eliminate mutual coupling, and
increase gain. The antenna's impedance bandwidth ranges
from 8.0 to 8.55 GHz, and its isolation within the resonant
band is 21 dB. At 8.4 GHz, the antenna has a maximum gain
of 6.5 dB and a radiation efficiency of 77%. The ECC
demonstrates extraordinary diversity performance with a
value of 0.001, while the Diversity Gain (DG) reaches an
astounding 10 dB. Instead of using separate substrates for
the antenna and FSS, which consume quite a bit of space,
the proposed method incorporates the antenna and FSS on a
single substrate. This advancement enhances both
performance and compactness, resulting in a more effective
solution.
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