
Received 5 February 2024, accepted 27 February 2024, date of publication 25 March 2024, date of current version 11 April 2024.

Digital Object Identifier 10.1109/ACCESS.2024.3380013

A New Technique of FSS-Based Novel
Chair-Shaped Compact MIMO
Antenna to Enhance the
Gain for Sub-6GHz 5G
Applications
M. Y. ZEAIN1, MAISARAH ABU1, AYMAN A. ALTHUWAYB 2, (Member, IEEE),
HUSSEIN ALSARIERA1, AHMED JAMAL ABDULLAH AL-GBURI 1, (Senior Member, IEEE),
ALI ABDULATEEF ABDULBARI 3, AND ZAHRILADHA ZAKARIA 1, (Senior Member, IEEE)
1Faculty of Electronic and Computer Technology and Engineering (FTKEK), Center for Telecommunication Research and Innovation (CeTRI), Universiti
Teknikal Malaysia Melaka (UTeM), Durian Tunggal, Malacca 76100, Malaysia
2Electrical Engineering Department, Engineering College, Jouf University, Sakaka 72388, Saudi Arabia
3Department of Communication Engineering, University of Technology, Iraq, Baghdad 10066, Iraq

Corresponding author: Zahriladha Zakaria (zahriladha@utem.edu.my)

This work was supported in part by the Faculty of Electronics and Computer Technology and Engineering (FTKEK), Universiti
Teknikal Malaysia Melaka (UTeM), under Grant JURNAL/2022/FTKEK/Q00086; in part by Rogers Corporation. The authors
extend their appreciation to the Deputyship for Research & Innovation, Ministry of Education in Saudi Arabia for funding
this research work through the project number 223202.

ABSTRACT This paper introduces a new compact Chair-shapedMIMO antenna with two radiating elements
and a single layer of frequency-selective surface (FSS) for 5G Sub-6GHz communication systems. They use
two techniques, Parasitic element, and (FSS), for isolation and gain enhancement, respectively. The 1 × 2
MIMO antenna using a coplanar waveguide (CPW) fed. Moreover, an FSS array structure consisting of (a
68-unit) Square-shaped structure with Circular Slot (SCS) shaped cells is employed using a new technique
(Surround Technique) to enhance the gain and isolation between the elements of the MIMO antenna. The
proposed MIMO antenna system is printed on a Rogers 4350B substrate with a thickness of 0.508 mm.
The antenna’s performance is evaluated using S-parameters, radiation properties, andMIMO characteristics.
The MIMO antenna system works in the Sub 6-GHz 5G band, which ranges from 3 to 6 GHz. Adding the
FSS layer enhances the MIMO’s antenna gain to a peak measured gain of 7.96 dBi and it also improves the
MIMO antenna’s isolation. The performance metrics of the proposed MIMO antenna were also investigated,
including measures values of ECC = 0.004, DG = 9.99 dB, CCL = 0.2 bit/s/Hz, MEG = -3.13 dBi, and
TARC = > 0dB exhibits advantageous antenna characteristics. The observed radiation characteristics of the
suggested MIMO antenna system indicate its suitability for the upcoming 5G communication systems.

INDEX TERMS Multiple-input–multiple-output (MIMO) antenna, 5G, frequency selective surface (FSS),
gain enhancement, isolation, mutual coupling.

I. INTRODUCTION
MIMO is a wireless technology that improves the per-
formance of wireless communication systems by utilizing
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multiple antennas on both the transmitter and receiver sides.
MIMO can increase the data rate, reliability, and capacity
of wireless communication systems without requiring more
power or spectrum. MIMO is used in many different types of
wireless communication systems, and it is an essential part of
5G and future wireless communication systems [1], [2].
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For the MIMO antenna to perform optimally, the signals
received by each antenna should have a low correlation.
This requires the antenna ports to have a low mutual
coupling. However, in small devices with closely spaced
antennas, achieving such low mutual coupling is typically
challenging [3]. The mutual coupling between antennas
induced by the surface on the ground plane leads to an
increase in the correlation between the received signals,
which reduces the diversity gain and channel capacity of the
system [4].

Achieving high isolation between MIMO antenna ele-
ments is a major challenging factor in designing MIMO
antennas [5], [6], [7]. Many different techniques have been
developed to reduce mutual coupling to date [8], such as
neutralization line [9], [12], Decoupling network [13], [14],
and Parasitic or slot element [8]. Printed parasitic or slot
element antennas are a type of antenna that uses two different
modes of operation to create a wide range of frequencies
that can be transmitted. they reduce the mutual coupling,
by coupling the two types of waves together, either on the
radiating patch of the antenna or on the ground plane. This
is done by creating an additional coupling path that opposes
the signal from the other coupling path. This technique
reduces the overall level of mutual coupling or minimizing
interference between the antennas. Parasitic or slot element
antennas are not connected to the main antenna in any
way, and they can be made in a variety of different shapes,
including resonators, floating stubs, and shorted stubs [13].
In addition, parasitic or slot antennas are easy to design,
small in size, and can be easily manufactured using either
printed circuit board (PCB) technology or waveguides [8].
Electromagnetic Band Gap (EBG) is another method used
in [15], while Split Ring Resonators (SRRs) are used in [16],
Complimentary Split Ring Resonators (CSRRs) in [17], and
Defected Ground Structure (DGS) in [18].
FSS techniques can enhance the isolation between anten-

nas, but they are not typically compatible with low-profile
structures and can affect the radiation pattern of the antennas.
However, FSS techniques can be used between Dielectric
Resonator Antennas (DRAs) positioned in the H - plane
by using SRRs cells array employed in the E - plane.
By modelling the SRRs formation, it is possible to achieve
bandstop functionality within the frequency band of the
antenna [18], [19], [20]. Moreover, one of the challenges
facing researchers in 5G wireless communication is devel-
oping compact MIMO antennas that offer both high gain
and isolation for Sub6-GHz 5G and NR spectrums. These
spectrums are extensively utilized and valued for their wide
adoption and ability to provide seamless coverage [7], [12],
[21], [22]. Compact MIMO antennas with high gain and
isolation can improve the performance and coverage of wire-
less communication systems, while also reducing the cost of
deploying antennas. As a result, researchers are focusing on
developing such antennas for wireless terminals and access
points [23], [24], [25].

A four-port MIMO antenna with an X-shaped isolating
block is described in [26]. The antenna has four feeding
monopoles arranged symmetrically and orthogonally in the
cavity opening and measures (129.5× 129.5× 28.2 mm3);
in size. The X-shaped isolating block is placed in the
cavity’s centre to improve port isolation. The X-shaped
technique achieved 16 dB of isolation while maintaining
high gain. A 6-port antenna with a diameter of 83 mm
is also presented in [27]. The 10-port MIMO antenna
proposed in [28] has a total size of π×228.852×37.27 mm3.
However, the systems in [26], [27], and [28] are large, and
the tendency to increase the number of ports has led to
complex designs. In [29], proposed a new antenna design that
uses four parasitic resonators to reduce the size to become
(42.5 mm × 42.5 mm × 18 mm), lower the Q-factor, and
improve the impedance matching. However, the proposed
antenna has an isolation of 14 dB with frequency band of
(3.38 GHz - 5.1 GHz). In [30] parasitic decoupling technique
was used to enhance the isolation of 4 elements MIMO
antenna Array printed on a 200 × 200 mm substrate of
RO4350 Rogers. The isolation improved with 15 dB and
26 dB (from −13 dB to −28 dB and −8dB to −34 dB),
respectively. Nevertheless, this paper emphasized the limited
frequency range of operation (2.33 GHz – 2.43 GHz) for the
MIMO antenna. The MIMO antenna was found to have a
bulky size, which may pose practical challenges in certain
applications. In [31], the use of parasitic elements to improve
MIMO antenna performance is investigated in this paper.
The addition of multiple square parasitic elements near each
rectangular patch element affects the electromagnetic field
distribution and reduces the mutual coupling. As a result, the
bandwidth and the gain are enhanced. In bothH and E planes
(80 mm × 50 mm) and (60 mm × 60 mm) respectively, the
two MIMO antennas are coupled. With a relatively 3.8 dBi
of low gain and bandwidth of 0.8 GHz (5.0 GHz - 5.8 GHz),
the isolation achieved in both planes is more than 20 dB.
Additionally, some of the designs in [23], [29], [30],
and [31] have a narrow bandwidth or are not within the
band of the 5G New Radio (NR) spectrums (n77/n78/n79)
and Sub6-GHz 5G. Their resonance frequencies are
as follows (5.2 GHz - 5.65 GHz), (3.38 GHz - 5.1 GHz),
(2.38 GHz - 2.42 GHz) and (5.0 GHz - 5.8 GHz).

Metamaterials are a type of artificial material that
can be designed to have specific electromagnetic (EM)
properties [7], [32], [33]. These properties can be used
to improve the performance of MIMO antennas in
terms of gain and isolation between MIMO antenna
elements [34], [35]. Multiple resonances are provided by a
dual Folded Monopole antenna (FMA) system measuring
(70 mm × 50 mm). To address the issue of mutual
coupling between 2 × 2 MIMO antenna elements, a square
patch of FSS used as decoupling structure. The FMA
system operates at the following frequencies (2.4 GHz -
2.48 GHz), (2.91 GHz - 3.49 GHz), (3.27 GHz - 3.97 GHz),
(3.4 GHz - 3.8 GHz), (5.15 GHz - 5.85 GHz). However, the
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complex FMA system provides a low efficiency, and it does
not cover all sub-6GHz 5G bands [35].

The authors designed a low-profile MIMO antenna with
two elements on a single substrate. To enhance the isolation
between the two elements, they used Metasurfaces (MS) or
parasitic elements positioned around the antenna radiators.
While these antennas demonstrate a favorable characteristics
such as low profile and high isolation, they exhibited
limitations in terms of gain and bandwidth [23], [32].

To reduce the mutual coupling between the two elements
MIMO antenna, a dual-band-stop FSS and metal wall are
used. The frequency range of the proposed MIMO antenna
is (4 GHz - 5.3 GHz) with a height of 21 mm. The 40 ×

40 mm MIMO antenna has a low gain of 4 dBi and low
efficiency [36]. Huang [37] uses an FSS to decouple two
antennas, which means to prevent them from interfering with
each other. The FSS is placed between the antennas and
is designed to let one frequency band pass through while
blocking the other. This ensures that the radiation patterns
of the antennas are not affected and that they can operate
independently. In addition, Sufian et al. [7] uses an MS
layer to minimize the size and profile of an antenna patch
while maintaining high gain and isolation. An MS layer is
positioned directly on the antenna patch with no air gap
between them. However, the systems in [7] and [37] are large
and have poor operational bandwidth, which limits their use
in real-world 5GNR spectrum or Sub-6GHz 5G applications.

The use of a phase gradient FSS in a low-profile Fabry-
Perot cavity configuration is proposed as a new method for
decoupling MIMO antennas. The efficacy of this method
is showcased through the design of a 2 elements MIMO
antenna system operating at (5.25 GHz) [38]. The authors
of [25]; propose a four-port MIMO antenna that uses
two phase-gradient an (FSSs) as a superstrate. The FSSs
are placed on both sides of the substrate. Additionally,
two cylindrical Dielectric Resonator Antennas (cDRAs) are
placed at the top and bottom of the substrate to achieve
high isolation between the antenna ports. However, these
2 × 2 in [38] and 4 ×4 in [25] MIMO antennas operate at
(5.15–5.35 GHz) with a large size and narrow bandwidth,
which restricts their suitability for wider applications in 5G
bands. The authors of [39] suggested a multiband MIMO
antenna with an MS reflector to improve the gain and
isolation. They presented two MIMO antenna elements with
an MS measuring 83.2 × 83.2 × 13.2 mm3. However, the
gain improvement using the MS in [39] is only 0.8 dBi,
and it exhibits a narrow bandwidth. Furthermore, the large
dimension of the antenna is not compatible with the working
spectrum and MIMO elements, limiting its practical applica-
bility. Reference [40] proposes a stacked antenna array design
using FSS separation that can operate in three sub-6 GHz
5G bands: (0.69 GHz - 0.96 GHz), (1.8 GHz - 2.7 GHz), and
(3.3 GHz - 3.8 GHz). The array is relatively large, with
dimensions of 200 × 200 × 0.638 mm. It achieves multi-
band operation by stacking antennas for different frequency

bands on top of each other which are the Middle Band
and High Band together above the Low Band. However,
this approach requires multiple feeding cables, is complex
to design, and does not cover all sub-6 GHz 5G bands.
Another approach to designing multi-band MIMO antennas
is to use metamaterial unit cells that are placed between
two MIMO elements to achieve high isolation between
antenna ports [24], [25], [41]. However, this approach also
has limitations to be used between the number of MIMO
elements and gain enhancement. Additionally, the antennas
in [24] and [25], operate in narrow bandwidths, which is not
covering the Sub-6GHz 5G bands.

This work proposes a new, compact two-element Chair-
shaped MIMO antenna design for sub-6 GHz 5G com-
munication that addresses the limitations of the existing
antenna designs discussed above. The new compact MIMO
antenna design uses a parasitic element and a single layer
of FSS for isolation and gain enhancements, respectively.
For the gain enhancement of the suggested MIMO antenna,
the single-element antenna is modified into a 2-elements
MIMO antenna structure. The 2-elements MIMO antenna is
fed by a coplanar waveguide (CPW). To further reduce the
coupling effects between the MIMO elements, a parasitic
element is added between them. To enhance the gain of
the suggested MIMO antenna, Square-shaped structures with
Circular Slot (SCS) shaped cells are placed behind them.
An FSS of periodically patterned 10 × 8 (Full cells FSS
array), enhanced the gain but affected the bandwidth of
the suggested MIMO antenna. in addition, the Surrounding
Technique (ST) is a new technique used on the FSS array to
maintain wideband coverage and the compact dimensions of
the suggestedMIMO antenna. The number of unit cells of the
FSS array becomes 68 unit cells by using the new technique
(ST).

The developed MIMO antenna system exhibits notable
features such as high gain, wideband coverage, slightly
enhanced isolation (−11.55 dB) − (−12 dB) and compact
dimensions. The miniaturized design includes a short end–
to–end gap of 0.075λo( in electrical dimension), which is
5 mm between the adjacent antenna radiators at the centre
frequency of (4.5 GHz). The final size of the proposed
compact MIMO antenna without an FSS array is 19×43×
0.508 mm (0.285λo × 0.645λo × 0.007λo). Moreover, the
final size of the proposed MIMO antenna system, including
the FSS array, is 117.50 mm × 94.90 mm × 30 mm where
it’s equal to (1.762λo × 1.423λo × 0.45λo) ( in electrical
dimension). The FSS significantly enhances the gain of
the MIMO antenna, with 7.97 dBi of the peak gain value
after using the FSS array. In addition, the enhancement in
isolation is attained after introducing the parasitic element
and FSS array for the MIMO antenna respectively. The
suggested MIMO antenna system covers the Sub-6GHz 5G
frequency band (3 GHz - 6 GHz), supporting an Unmanned
Aerial Vehicle (UAV) at (5.7 GHz - 5.8 GHz), Cardiac pace
marker at (5.8 GHz),Wearable antenna at (4.4 GHz - 5 GHz),
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FIGURE 1. Stepwise design progression (a) Single antenna, (b) 2 × 2 elements MIMO with decoupling technique, (c) 2 × 2 MIMO antenna with
parasitic element technique, (d) MIMO antenna system (with FSS).

AeroMACS (5.09 GHz – 5.15 GHz), Aeronautical radio
location application at (5.43 GHz), 5G NR spectrums
(n77/n78/n79) and 5G applications.

II. ANTENNA DESIGN AND GEOMETRY
The configuration of the suggested antenna is a 2 elements
MIMO antenna using Rogers 4350B substrate with the
size of 19 mm × 43 mm. The thickness of the Rogers
4350B substrate is h = 0.508 mm, whereas the εr =

3.66 is used in the proposed antenna design. Furthermore,
a periodically arranged FSS array is integrated 10× 8 Square-
shaped structure with Circular Slot (SCS) shaped unit cells
(68 elements with surrounding technique) positioned behind
the suggested MIMO antenna at a distance of hFSS = 30 mm
to optimize the performance of the MIMO antenna. The
electromagnetic (EM) simulator CST Microwave Studio is
used to simulate and model the design. Figure. 1, shows an
overview of the stepwise design process, which is discussed
in detail in the following sections, alongwith the optimization
techniques used and results obtained.

A. ANTENNA DESIGN
As shown in Figure 2 (a), The MIMO antenna system
modelling begins with a single antenna element. The first
step involves obtaining an L-shaped radiation monopole
patch antenna with inset feed using well-established math-
ematical equations. [53]. The reflection coefficient results
in Figure. 2 (b) show that the L-shaped radiator monopole
patch antenna resonates across a wide frequency band from

3.1 GHz to 4.6 GHz. The subsequent step involves incorpo-
rating a horizontal slot at the top of the patch antenna, which
enhances the impedance matching [53]. This modification
results in a bandwidth of 0.2 GHz, with a resonant band from
2.9 GHz to 4.6 GHz as shown in Figure. 2 (b). The last step
is adding a slot in the bottom right corner of the antenna’s
L-shaped radiator side. The final form of the antenna’s
radiator became chair-shaped, which improved impedance
matching and bandwidth from 3.0-6.0 GHz with 3 GHz
impedance bandwidth as indicated in Figure. 2 (b). While
the antenna underwent three optimization steps resulting in
a shift in its frequency bands due to changes in its electrical
length, there was an overall improvement in the impedance
bandwidth.

Table 1. shows the dimensions of the ultimate single
antenna. A 2 elements MIMO antenna fed by a Coplanar
Waveguide (CPW) was designed by modifying the single
antenna to enhance its radiation characteristics as shown
in Figure. 1. The characteristics equations (1)-(7) used to
determine the transmission lines width and length to ensure
a 50� impedance match for the main feed line and a 75�
impedance match for the second feed line [53], [55].

Zo =
wf 1
h

=

(
8eA

e2A − 2

)
(1)

where,

A =
Zo
60

√
εr + 1

2
+

εr − 1
εr + 1

(
0.23 +

0.11
εr

)
(2)
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FIGURE 2. (a) The Single element design evolution, (b) The S-parameter
curves.

lf 1 + lf 2 ≈
λo

4
(3)

λo =
c
fo

(4)

1L
h

= 0.412

(
εreff + 0.3

) (wr
h + 0.264

)(
εreff − 0.258

) (wr
h + 0.8

) (5)

εreff =
εr + 1

2
+

εr − 1
2

((
1 + 12

h
wr

)−
1
2
)

(6)

wr =
vc
2fo

√
2

εr + 1
(7)

TABLE 1. The optimized mimo antenna system elements design
parameters (mm).

A transmission line’s characteristic impedance is denoted by
Zo, wavelength donated by λo, c is the speed of light in free
space and fo is the resonant frequency. The thickness of the
substrate is h, 1L in (5) is the length of the radiator patch
where else the effective permittivity is denoted by εreff in (6).
The width of the radiator patch is denoted by wr , and the
dielectric constant is denoted by εr in (7), [56]. Equations (1)
and (2) were used to determine the feed line width (wf1
and wf2) and equations (3) and (4) were used to determine
the feed line length (lf1 and lf2) of the design with 50 � and
75 � characteristic impedance (Zo). The chosen impedance
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FIGURE 3. MIMO antenna process of reduction of the size, the mutual coupling and enhance the bandwidth, (a) Reflection coefficient (S11, S22), study
the spacing between the MIMO antenna elements (20mm,10mm and 5mm), (b) Transmission coefficient (S12, S21), (c) Reflection coefficient (S11, S22)
and Transmission coefficient (S12, S21) using Parasitic Element, (d) The proposed MIMO antenna.

of the second feed line is 75�with length lf2 and widthwf2 to
enhance the impedance matching at the frequency (3.5 GHz).

Where else equations (5)-(7) are used to determine the
length and the width of the radiator patch respectively. The
width of the gap Wm between the two components of
the MIMO was studied at different dimensions to achieve
a compact design and high performance of MIMO. The
distance between the MIMO antenna elements studied in
different spaces, which are 20mm, 10mm, and 5mm, is equal
to 0.3λ, 0.15λ, and 0.075λ, respectively, at 4.5 GHz. The
design is advanced to achieve MIMO capability using
a decoupling network approach to MIMO. The mutual
coupling has been examined using a decoupling network
method, as illustrated in Figure. 3.
The decoupling network approach produces good results

for wide bandwidth (3-6 GHz) and low mutual coupling at
20mm or 0.3λ at 4.5GHz as the centre frequency. However,
the decoupling network technique achieved good results at
the expense of the size of MIMO, which becomes 58mm
(Ws), as shown in Figure. 3 (a and b). additionally, to reduce
the size, a triangular slot with lengths of B1 for antenna one

andB2 for antenna two, with awidth of 2.5mm for each of the
triangular slots, is integrated into the ground plane of CPW.
Figure. 3 (c) and (d) depict these triangular slots formwf1 and
wf2 in the MIMO antenna. The design improvement from a
single antenna to MIMO enhances the bandwidth, covering
the frequency spectrum of 3-6 GHz.

Finally, the parasitic element technique is used to reduce
the size and mutual coupling of the proposed MIMO
antenna. This type of decoupling approach may be used
to minimize the coupling between MIMO antenna ele-
ments by implementing a parasitic element between the
antennas in a MIMO system and cancelling some of
the coupled fields, hence reducing overall coupling on
the chosen antenna. These components (parasitic elements
or parasitic patches) are not in any way linked to the
antennas.

The parasitic element might be anything, such as a
resonator or shorted stubs. Parasitic elements can be used as
well to enhance the bandwidth, isolation range, and coupling
amount and reduce the size of the MIMO antenna [8], [19],
[29].
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FIGURE 4. Equivalent circuit of the proposed MIMO antenna.

In the proposed MIMO antenna, the parasitic patch (PP)
stub with a slot is used to reduce the mutual coupling between
the antenna elements. The stub does this by redirecting some
of the electromagnetic energy away from the other antenna
element. The slot also helps to reduce the mutual coupling
by reflecting some of the radiation from the other antenna
element, which enhances the isolation. The substrate size of
the final Chair-shaped MIMO antenna of two elements is
(19×43×0.508mm), as illustrated in Figure. 3 (d).Moreover,
the Parasitic elements placed on the front side of the substrate
between the MIMO antenna elements have reduced the
overall size of the Chair-Shaped MIMO antenna by 25.9 %
(from 58mm, 0.87λo to 43mm, 0.645λo) which reduced the
space between the two elements by 75% (from 20mm, 0.3λo
to 5mm 0.075λo) as shown in Figure. 3 (a)-(c). Hence, The
Chair-shaped MIMO antenna has a wider bandwidth than the
other MIMO antennas listed in Table 3.
Furthermore, Figure 3(c) shows the simulated reflection

coefficients of theMIMO antennas (S11, S22). The reflection
coefficients are almost similar, and they resonate in the band
from 3 to 6 GHz. This means that the MIMO antenna has
a wide bandwidth, which is sufficient for wide bandwidth
5G and sub-6GHz 5G applications. Figure. 3 (c) plots
the transmission coefficients for different MIMO antennas,
demonstrating significant isolation between the antennas.
The minimum transmission coefficient between the antennas
is below -10dBwithin the range of frequency band (3-6GHz).

B. EQUIVALENT CIRCUIT OF THE PROPOSED MIMO
ANTENNA
To visualize the MIMO antenna configuration more clearly,
the equivalent circuit of the proposed MIMO antenna
is depicted in Figure. 4 [57]. The patch radiators can
be modelled through a lumped-element equivalent circuit
comprising inductance (Lk ), capacitance (Ck ) and resistance
(Rk ). These elements, together, represent the antennas total
input impedance (Za) across its wideband operating range.
The equivalent circuit of the Parasitic Element or Parasitic

Patch (PP) isolator is depicted by inductance Ls, and the
capacitance (Cs) which mainly models the effect of the
parasitic element and depends on the length (Lt1+Lt2)
and the width (Wt) of the Parasitic element as shown in
Figure 3 (d). The losses related to the ohmic, and dielectric
properties of the parasitic element’s isolator are denoted
by the parameters (Rs). The resonance frequency (Fr ) of
the decoupling structure is dependent on the magnitude of
the inductance (Ls), and the capacitance (Cs), is shown by
Equation (8). it is worthmentioning that the coupling between
the patch and the parasitic element isolator is a combination
of inductive (Lc) and Capacitive (Cc) coupling. This coupling
is influenced by the gap (g1+ g2) between the parasitic
element isolator and the radiator patch, as illustrated in
Figure. 4 [57], [58], [59].

fr =
1

2π
√
LsCs

(8)

C. DESIGN OF FREQUENCY-SELECTIVE SURFACE (FSS)
Frequency-selective surfaces (FSSs) are planar structures that
are made up of repeating unit cells. (The unit cells can be
configured in either one or two dimensions.

The resonance frequency of the FSS is determined by
the dimensions, structure, and spacing of the unit cells.
Depending on the resonant frequency, angles of frequency,
polarization, and dielectric substrate, FSSs can reflect,
send, or receive energy from the electromagnetic spectrum.
In general, there are two types of FSSs: slot and patch. Slot
FSSs function as high-pass filters, while patch FSSs function
as low-pass filters [43].

The suggested unit-cell structure of FSS is a square with a
circular slot in the centre. Roger 4350B is used as a substrate
that is 10 mm × 10 mm in size, 0.508 mm thick, and has a
dielectric-constant (εr) of 3.66 and a loss tangent (tanδ) of
0.0017. Figures. 5 (a), (b), and (c) depict the unit cell design.
The unit cell was investigated using CST software to design
an FSS with a wide bandwidth and a linear reflection phase.
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FIGURE 5. (a) and (b); study of unit cell design at different radius (r),
(c) The proposed unit cell, (d) Unit cell excitation, (e) S-parameter.

The initial and first design of the proposed new FSS unit
cell is based on a conventional squared structure with a
circle-shaped slot in the centre. The radius of the circular
slot is 3.5 mm. They optimized the design using analytical
modelling and simulations to achieve a stopband at 7.21GHz
and a bandwidth of 8.77GHz, meaning that it can reflect
electromagnetic waves with frequencies between 3.54 GHz
and 12.31 GHz. In the second phase, it modified the circular
slot to 4.0 mm to create a complementary loop structure
(CLS). The CLS unit cell had a stopband at 8.77GHz and a
transmission coefficient of−56 dB. However, the response of
the CLS unit cell remained insufficient at lower frequencies
and attained the intended wide bandwidth stopband. CLS
can reflect electromagnetic waves with frequencies between
3.24 GHz and 9.54 GHz.

Finally, to create an optimal circular loop structure
(OCLS), increase the radius of the circular slot loop. The
OCLS circular slot has a radius of 4.5 mm. The optimized
circular slot unit cell (OCLS) achieved a stopband of
4.32 GHz across the entire wideband from (2.92 GHz to
7.24 GHz). The overall size of the CSS, CLS, and OCLS
unit cells is the same. The only difference is the radius of
the circular slot as shown in Figure. 5 (e). The suggested FSS

design, shown in Figure 5 (c), achieves a linearly decreasing
reflection phase from 2.92GHz to 7.24GHz. The boundary
and symmetry conditions used to simulate the FSS are shown
in Figure. 5(d). An FSS’s reflection phase is critical for
improving the performance of antenna uses. The phase of
the FSS must decrease linearly to provide the desired phase
reflection to the antenna [36]. Figure. 5(e) shows the FSS’s
predicted reflection phase as predicted by the simulation.

D. EQUIVALENT CIRCUIT OF THE FSS UNIT CELL (EC)
The design and investigation of the FSS unit cell are shown in
Figure. 6(a). An equivalent circuit model of a loop-FSS cell
element is used to design the FSS. Figure. 6(b) depicts the
equivalent circuit model of a circular loop FSS cell element.
The model consists of an inductance (L) and a capacitance
(C). The capacitance is due to the circular sectors of the loop,
which act as capacitors when transmitting magnetic (TM)
mode impact waves impinges on the reflector.

FIGURE 6. (a) The unit cell, (b) predicted the reflection phase and the
transmission coefficient (S21), and (c) The Equivalent Circuit (EC).

In contrast to the circular sections, the horizontal or
vertical square sections of the loop antenna element act as
an inductance (L). Figure 6 illustrates the arrangement of a
basic printed loop FSS, featuring both square and circular
loops. The dimensions of the FSS cell element, including
(p) is the period, (w) is the width, (d) is the side length,
and (g) is the inter-element gap, are approximately estimated
to be 9 mm, 9.8 mm, 9 mm, and 1.5 mm, respectively.
The inductance and capacitance (L and C) in the equivalent
printed square or circular loop circuit are connected between
the free space impedance (Z0). The values of the inductor (L)
and capacitor (C) in an equivalent circuit can be calculated
from the reactance (XL) and susceptance (BC) of the circuit.
The equations for XL and BC [9], [10], [11], [12], [13], [14],
[15], [16], [17], [18] are based on references [42] and [43],
respectively.

XL
Z0

=
d
p
F (p,w, λ, θ) (9)

=
d
λ
cosθ

[
In
{
cosec

(
πw
2p

)}
+ G(p,w, λ, θ )

]
(10)

Bc
Y0

= 4
d
p
F (p, g, λ, θ) εeff (11)

= 4
d
λ
secθ

[
In
{
cosec

(
πg
2p

)}
+ G(p, g, λ, θ )

]
εeff .

(12)

49496 VOLUME 12, 2024



M. Y. Zeain et al.: New Technique of FSS-Based Novel Chair-Shaped Compact MIMO Antenna

The angle of incidence of the signal is denoted by θ and the
wavelength of the signal is denoted by λ. G (p, w,λ, θ ) is the
correction term determined by the following equation:

0.5
1 − β2

[(
1 −

β2

4

)
(A+ + A−) + 4β2A+A−

]
(
1 −

β2

4

)
+ β2

(
1 +

β2

2 −
β4

48

)
(A+ + A−) + 2β6A+A−

(13)

where A+ and β are

A± =
1√[

1 ±
2psinθ

λ
−

(
p cos θ

λ

)2] − 1 (14)

And

β = sin
(

πw
2p

)
(15)

The impedance (Z1) of the horizontal or vertical sections
of the FSS cell element is used to calculate the (L and
C) for transverse electric (TE) mode wave incidence. The
impedance (Z2) of the circular sections utilized for (TM)
mode impact waves. The presence of a circular loop ((πd))
compared to a square loop (4d) results in a π /4 factor that
affects the environment. Additionally, the non-continuous
nature of the conductor reduces reactance by d/p. (πd /2) is
the length of the half-circular loop which introduces a factor
of π /2 compared to (d) which is the straight-line of the square
loop. εeff represents the effective permittivity of the substrate.
Equations (16) and (17) provide adapted expressions for
circular loop (XL) and (BC), which are then used to calculate
the lumped inductance (L) and capacitance (C).

XL
Z0

=
π

4
d
p
F (p,w, λ, θ) (16)

Bc
Z0

=
π

2
4
d
p
F (p, ga, λ, θ) εeff (17)

In (18), the average gap between the circular elements is
denoted by (ga).

ga=ρ−
πd
4

(18)

E. METALIC FSS ARRAY REFLECTOR
The proposed MIMO antennas exhibit degraded perfor-
mance due to coupling between the two antennas. For the
enhancement of the bandwidth, the gain, and the isolation
of the antennas, an FSS can be used. An FSS is a periodic
arrangement of small structures that can control the reflection
and transmission of electromagnetic waves.

The proposed unit cell is designed to operate at 3-6 GHz.
It’s printed using Rogers 4350B substrate that is 0.508 mm
thick. The unit cell is simulated using CST in the time
domain. As shown in Figure. 5 (c), the final optimized unit
cell configuration is a square patch with a circular loop
geometrical pattern in the centre. The boundary conditions
and the port assignments employed for stimulating the unit
cell are shown in Figure. 5 (d). The unit cell’s reflection

coefficient curve in Figure. 5 (e) demonstrates that it is
resonant at 4.7 GHz (2.92 - 7.24 GHz). Additionally, the
plot of the transmission coefficient shows that the FSS unit
cell demonstrates minimal loss (nearly zero) at the resonant
frequency. This means that nearly all of the electromagnetic
waves within the desired frequency band are transmitted
through the unit cell as depicted in Figure. 5 (e).
To design an FSS surface that meets the requirements

of antenna applications, the FSS surface should be able to
cover the bandwidth as the suggested MIMO antenna. In the
case of a wideband antenna operating from 3.0 to 6 GHz,
both the antenna and the FSS should have this frequency
range. The MIMO antenna in this study is integrated with
a wide stopband FSS, as shown in Figure 1 (d). The FSS
surface needs to be placed a half-wavelength λ/2 away from
the antenna to minimize the coupling between the two (the
antenna and the FSS surface).When the FSS surface is placed
at λ/2 from the antenna, the reflected wave will combine with
the incident wave in phase, which means that the two waves
will add together to create a stronger signal. This results in
improved radiation gain, which is the ability of the antenna
to direct its energy in a specific direction.

The total propagation distance between the FSS and the
antenna is represented by φs, which includes the phases of
the antenna’s transmitted denoted by φt and reflected waves
denoted by φr . This means that the phase of the reflected
wave will depend on the distance between the FSS surface
and the antenna.

∅t = ∅r + ∅s (19)

∅s = 2 × 2π f ×
g
c

(20)

The speed of light (c), the gap between the antenna and the
metallic reflector (g), and the phase of the transmitted wave
(φt). The phase of the transmitted wave can be either 0 or an
integral multiple of 2π [45].

The proposed FSS is placed behind the radiating element
to reflect the return radiation from the antenna. This
arrangement allows the FSS to adjust the phase of the
return radiation, thereby enhancing the antenna gain. The
distance between the reference antenna and the FSS surface
is calculated using the equation below [45].

∅FSS − 2βhFSS = 2nπ

when n = . . . − 2, −1.0.1.2, . . . (21)

The phase of the reflected wave from the FSS layer is denoted
by π . The gap between the antenna and the FSS layer is
denoted by hFSS. The open space propagation wave constant
is denoted by β. The open space propagation wave between
the reflected wave from the FSS layer and the antenna is
represented by (λ/2).

Taking the centre frequency 4.5 GHz and φfss = 0, for
example, hFSS is calculated as 33.33 mm and hFSS = 30 mm
is chosen here. The spacing between the FSS layer and the
MIMO antenna is adjusted to maximize the MIMO antenna’s
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FIGURE 7. (a) 68 elements of FSS array with surrounding technique
(b) Side view of 2×2 MIMO antenna with FSS.

gain across the entire frequency band because the FSS is
wideband.

The proposed work specifies hFSS = 30 mm as the distance
between the FSS layer and the MIMO antenna. Additionally,
an FSS array is created by arranging 10 × 8 unit cells
periodically in a space of S. The FSS array layer dimensions
are WFSS× LFSS. To improve the antenna performance,
the FSS array is positioned behind the MIMO antenna
at a distance of hFSS , as shown in Figure. 7 (a) and (b)
respectively. As demonstrated in Figure. 8, the addition of
FSS (Full Cells of FSS array) improves the performance of
the MIMO antenna only somewhat. The bandwidth of the
proposed MIMO antenna affects the reflection coefficient,
which shifts to a lower frequency range of (2.85 GHz
- 5.95 GHz) with a maximum gain from 3.63 dBi to
7.33 dBi. This scenario requires a novel technique to enhance
the MIMO gain while maintaining the other performance
characteristics of the MIMO antenna.

A novel approach was employed to enhance the MIMO
antenna gain without impacting the performance of other
MIMO antenna characteristics and without increasing the
size of the FSS array. The FSS arrays surrounding the

FIGURE 8. The reflection coefficient and the transmission coefficient of
the MIMO antenna system with FSS array (full cells) and the FSS array
(surrounding technique).

technique improve the MIMO antenna gain from 3.63 to
7.97 dBi. which is increased by 4.34 dBi while maintaining
bandwidth from (3-6 GHz). The surrounding technique
eliminates certain parts (some cells) of the FSS array
behind the suggested MIMO antenna to enhance the MIMO
antenna’s performance in terms of gain without impacting
other antenna characteristics. After applying the surrounding
technique, the FSS array of 10 × 8 unit cells becomes 64 unit
cells. Additionally, the bandwidth of the MIMO antenna was
also improved by using the Surrounding technique. Figure. 8
shows the reflection and the transmission coefficients of the
suggested MIMO antenna system using full cells and the
surrounding technique. Moreover, the surrounding technique
enhances the suggested MIMO antenna system’s gain,
bandwidth, and isolation without increasing the FSS array’s
size. The distance between the MIMO antenna and the FSS
array using the surrounding technique was investigated at
different distances, 20 mm, 25 mm, and 30 mm, as illustrated
in Figure. 9. The plot of the reflection and transmission coef-
ficients is depicted in Figure. 10 illustrates the enhancement
in impedance bandwidth achieved by employing FSSwith the
MIMO antennas.

The impedance bandwidth is improved to encompass
the frequency range of (3-6 GHz). Moreover, the curves
of the transmission coefficient in Figure 10 indicate the
minimum isolation between the two Antennas without FSS is
approximately−11.55 dB, which further improves to−12 dB
after applying the FSS array across the entire operational
frequency band.

The MIMO antennas exhibit maximum isolation between
Antenna 1 and Antenna 2, reaching approximately −21 dB
without the FSS array and −20 dB with the FSS array.
Furthermore, the suggestedMMIMO antenna has a minimum
reflection coefficient without the FSS array achieved is
−10.7 dB, and it’s enhanced to −12 dB with the FSS array.
The maximum reflection coefficient between Antenna 1 and
Antenna 2, reaches approximately −41 dB without the FSS
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FIGURE 9. The distance investigation between the proposed MIMO
antenna and the FSS array (surrounding technique).

FIGURE 10. MIMO antenna system with and without FSS array
(surrounding technique).

FIGURE 11. Gain and Directivity of MIMO without FSS array, MIMO with
FSS array (Surrounding Technique) and MIMO with FSS array (Full Cells).

array.With the FSS array, the maximum reflection coefficient
is −38 dB. Figure. 10 displays the transmission coefficient
and reflection coefficient curves, illustrating the minimum

and maximum values for the MIMO antenna, both with and
without the FSS array.

The performance of the suggested MIMO antenna across
the entire operational frequency band is significantly
enhanced by the FSS. Figure. 11 compares the simulated gain
and directivity of the proposed MIMO at various stages of
design and different operating frequencies (3-6 GHz). The
results show that adding an FSS array to the antenna at the
first step increases the gain and directivity.

In addition, the peak gain of the proposed Chair-Shaped
compact MIMO antenna achieved is 3.63 dBi at (6 GHz).

Furthermore, by implementing the FSS array with (full
cells), the gain of the MIMO antenna increased by approxi-
mately 3.3 dBi. As a result, the simulated peak gain achieved
is 7 dBi at (3.4 GHz). However, the bandwidth of the MIMO
antenna system is impacted by this enhancement. Using the
surrounding technique on the FSS array enhanced the gain
and bandwidth of the MIMO antenna system. The peak
simulated gain is 7.97 dBi at 5.5 GHz, which is an increase
of 4.34 dBi over the MIMO antenna system without the FSS
array as illustrated in Figure. 11.

F. SURFACE CURRENT DISTRIBUTION
The proposed MIMO antenna has reduced mutual coupling
because the currents on the surfaces of the antennas flow in
opposite directions. This can be seen in Figure 12, which
shows the surface current distribution. (Mutual coupling is
increased when the currents on the adjacent sides of two
antennas flow in the same direction. The mutual coupling is
reduced when the currents flow in opposite directions [54].
The parasitic element in the proposed MIMO antenna is
designed to create a surface current that cancels out (or
flows in the opposite direction to the current) the current on
the right arm of the first antenna as shown in Figure. 13.
Thus, the mutual coupling between the two antennas is
minimized.

FIGURE 12. Surface currents distribution at 3.6 GHz of Proposed MIMO
antenna without parasitic elements technique when port-1 is excited.

Figure 14 shows the electric current flows on port 1
of the proposed MIMO antenna at 5.8 GHz with two
different techniques: FSS (a) using a full cell, and (b)
using a surrounding technique. These simulations were
conducted with the termination of the other port using 50�
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FIGURE 13. Surface currents distribution at 3.6 GHz of proposed MIMO
antenna with parasitic elements technique when port-1 is excited.

FIGURE 14. Surface current distribution at 5.8 GHz of proposed MIMO
antenna with (a) Full Cell Technique and (b) Surrounding Technique.

loads. The FSS-loaded MIMO antenna is more efficient at
radiating energy because the surface current on the antenna is
redistributed and some of the energy from the radiating patch
is coupled to the surface of the FSS.

The surrounding technique FSS array redistributes the
surface current on the right-side patch of the MIMO
antenna more efficiently, which leads to a more coherent
superposition of energy in the far field. This enhances the
gain of the MIMO antenna compared to the full cells FSS
array. The gain enhancement is a result of both the increased
aperture efficiency and the coherent superposition of energy
from the MIMO antenna patch and the FSS cells in the far
field [35], [37].

III. EXPERIMENTAL RESULTS
To experimentally validate the proposed MIMO antenna
with FSS, a fabrication process is carried out as shown in
Figure. 15 (a) and (b). Roha cell spacers are utilized to stack
the FSS above the antennas. The following sections present
a comparative analysis between the simulated and measured
results.

FIGURE 15. (a) Fabricated MIMO antenna system (MIMO and FSS Array),
(b) Far-field measurement setup.

FIGURE 16. Measured and simulated S-Parameter results of the MIMO
antenna without FSS array surrounding technique (ST).

A. REFLECTION COEFFICIENT AND ISOLATION
The S-parameters of the proposed MIMO antenna with and
without the FSS array are measured using a Vector Network
Analyzer (VNA). The simulated and measured S-parameters
results of the MIMO antenna without and with the FSS array
are shown in Figures. 16 and 17 respectively. The parameters
S11 and S22 represent the reflection coefficients of the
two antenna elements, while the S12 and S21 parameters
represent the isolation between the two elements.

Figure. 16 shows the results of measuring the reflection
coefficient of the proposed MIMO antenna without the FSS
array. The results show that the frequency band of the MIMO
antenna is resonating in (3-6 GHz) with a 10 dB impedance
bandwidth of (3 GHz). Figure. 17 shows that the MIMO
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antenna with the FSS Array using Surrounding Technique
(ST) has similar characteristics to theMIMO antenna without
the FSS Array. It operates at (3-6 GHz) with an impedance
bandwidth of (3 GHz). The proposed MIMO antenna system
matched well between the measured and simulated results
with only minor discrepancies due to fabrication flaws and
cable losses.

FIGURE 17. Measured and simulated S-parameter results of the MIMO
antenna with the FSS array surrounding technique (ST).

B. RADIATION PATTERN AND GAIN
In an anechoic chamber at the University Technical Malaysia
Melaka (UTeM), Malaysia, the radiation patterns of the
proposed MIMO antenna with and without an FSS array
were measured. The transmitter was a standard gain horn
antenna, and the receiver was the proposed antenna. To obtain
measurements at different orientations, the proposed MIMO
antenna with and without the FSS array was rotated
360 degrees. The far-field radiation patterns of Anten-
nas 1 and 2 for two different cut planes: the XZ-plane (∅ =

0◦) and the YZ-plane (∅ = 90◦). Figure. 20 (a), (b), and (c)
depict the radiation patterns of Antenna1 and Antenna2
at three different frequencies, (3.1 GHz), (3.5 GHz),
and (5.8 GHz) for both the XZ and YZ phases. The
measured Cross-Polarization radiation of the proposed
MIMO antenna system with and without FSS shown in
Figure 20.
The proposed MIMO antenna system radiation patterns

are almost equally well in all directions according to the
simulated and measured results. This is because the antenna
has quasi-omnidirectional radiation patterns in both the XZ
and YZ planes. However, the radiation patterns exhibit slight
distortion in the measured results due to the non-planar
configuration of the antenna and fabrication imperfections.
The curves of the measured realized gain and directivity of
the suggested MIMO antenna system with and without an
FSS array at different frequencies are shown in Figure. 18.
The measured realized gain of Antenna1 with the FSS array
is 7.96 dB at (5.3GHz), and Antenna2 with the FSS array has
7.89dB of realized gain at (5GHz). These measured results
agree with the simulated results.

FIGURE 18. Measured of realized gain and directivity of port 1 and port 2
with and without the FSS array of the MIMO antenna system.

FIGURE 19. The measured ECC and simulated from both, S-Parameters,
and far-field patterns.

IV. MIMO PERFORMANCE
ECC, DG, MEG, CCL, and TARC are all important
parameters to consider when evaluating the performance of a
MIMO antenna. These parameters will be discussed further in
the subsections that follow for the suggested MIMO antenna
design.

A. ENVELOPE CORRELATION COEFFICIENT (ECC)
ECC is a measure of how closely two MIMO antenna
radiation patterns are correlated. The ECC for two perfectly
independent antennas would be zero [46]. In practice, ECC
values below 0.05 are considered acceptable. The ECC of the
MIMO antenna can be calculated using both its S-parameters
and its far-field radiation patterns. Equations (22) and (23),
respectively, are used to calculate the ECC from the
S-parameters and far-field. Calculating the ECC from the
far-field radiation patterns using equation (23) is more
accurate.

The ECC was calculated from the far-field of the MIMO
antenna using equation (23) as recommended by [46].

ECC =
|Sii ∗ Sij+ Sji ∗ Sjj|2(

1 − |Sii|2 − Sij2
) (
1 − |Sji|2 − Sjj2

) (22)
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FIGURE 20. Simulated and Measured Cross-Polarization, XZ antenna (1) and YZ antenna (2) Radiation pattern of MIMO antenna
system with and without FSS at different frequencies, (a) 3.1 GHz, (b) 3.5 GHz and (c) 5.8 GHz.

FIGURE 21. The measured DG and simulated from both, S-Parameters,
and far-field patterns.

ECC =

∣∣∣∫∫ [R⃗i (θ, ϕ) × R⃗j (θ, ϕ)
]
d�

∣∣∣∫∫ ∣∣∣R⃗i (θ, ϕ)

∣∣∣2 d�
∫∫ ∣∣∣R⃗j (θ, ϕ)

∣∣∣2 d�

(23)

where � is the solid angle, R⃗i (θ, ϕ) and R⃗j (θ, ϕ) are the
radiation patterns of the ith and jth antenna, respectively.
Figure. 19 depicts the proposed MIMO antenna’s ECC

curves calculated using both equations (22) and (23). Both
methods calculate ECC values that are very similar and
well below 0.020 (from the S-Parameters) and 0.023 (from
far-field) respectively. The investigation of the ECC of the

proposed MIMO antenna has shown that it has achieved
very high port isolation (low ECC) and excellent diversity
performance, as evidenced by the measured ECC value
of 0.004, which is well below the ECC acceptable value
of 0.05.

B. DIVERSITY GAIN (DG)
DG is the reduction in transmitted power required to
achieve a certain level of performance in a MIMO system
when diversity is used. Equation (24) is used to calculate
the DG.

DG = 10
√
1 − |ECC|

2 (24)

Figure. 21 depicts the DG of the suggested MIMO antenna,
calculated using both the S-Parameters and the Far-field
patterns. The simulated and measured DG values remain
consistently greater than 9.99 dB across the frequency bands
of interest. This closeness to the DG ideal value of 10 dB
indicates that the suggestedMIMO antenna exhibits excellent
diversity performance.

C. CHANNEL CAPACITY LOSS (CCL)
MIMO antenna can transmit multiple data streams simultane-
ously, which typically increases channel capacity. However,
the correlation between the antenna elements can reduce
the channel capacity. CCL is a metric that measures how
much channel capacity is lost due to correlation. CCL can
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FIGURE 22. The measured and simulated of the CCL.

be calculated using the equations below (25)-(30).

Closs= − log2det
(
9R
)

(25)

where9R is the matrix that describes the correlation between
the elements of the receiving antenna. It can mathematically
be defined as follows.

9R
=

[
9ii 9ij
9ji 9jj

]
(26)

where,

9ii = 1 −

(
|Sii|2 +

∣∣Sij∣∣2) (27)

9jj = 1 −

(∣∣Sjj∣∣2 +
∣∣Sji∣∣2) (28)

9ij = −

(
S∗
iiSij + S∗

jiSjj
)

(29)

9ji = −

(
S∗
jjSji + S∗

ijSii
)

(30)

Figure. 22 shows the value of the CCL of the suggested
MIMO antenna as calculated using the above CCL equations.
Across the frequency band of interest, the simulated and lab
environment-measured values of CCL are less than (0.45 and
0.2 bit/s/Hz) respectively. This is below the industry limit
of (< 0.5 bits/S/Hz) [35], [46], indicating that the suggested
MIMO antenna performs well in terms of channel capacity.

D. MEAN EFFECTIVE GAIN (MEG)
MEG is a measure of how well a MIMO antenna can
collect and concentrate power in a complex environment with
multiple signal reflections. Equation (31) is a specific formula
for calculating MEG in a MIMO antenna, considering
the number of antennas and the characteristics of the
environment.

MEGi = 0.5µirad = 0.5
(
1 −

∑K

j=1

∣∣Sij∣∣2) (31)

where the MEG of a MIMO antenna depends on (K) the
number of antennas, (i) is the active antenna and (ηirad) is
the radiation efficiency of the (ith) antenna. The simulated
values of MEG for Antenna1 and Antenna2 were calculated

TABLE 2. Simulated of MEG of the proposed MIMO antenna.

using the expanded equations (32) and (33) and are shown in
Table 2.

MEG1 = 0.5µirad = 0.5
(
1 − |S11|2 − |S12|2

)
(32)

MEG2 = 0.5µirad = 0.5
(
1 − |S21|2 − |S22|2

)
(33)

The MEG should be between two standard values for good
diversity performance.

−3 ≤ MEG (dB) < −12.

Respectively, Table 2 and Figure. 23 shows that the
simulated and measured MEG values of the suggested
MIMO antenna are all within acceptable range. The MEG
value measured in the lab environment is (−3.13 dBi),
which is within the acceptable range. This indicates that
the suggested MIMO antenna performs well in multipath
fading environments. The results show that the suggested
MIMO antenna is within MEG’s standard range of (−3dB)
to(−12dB). TheMEG1 toMEG2 ratio is also one, indicating
good diversity performance.

FIGURE 23. Measured Mean Effective Gain (MEG) and ratio of MIMO
antenna.

E. TOTAL ACTIVE REFLECTION COEFFICIENT (TARC)
TARC is an important metric for evaluating the performance
of MIMO antennas. TARC is the ratio of the reflected power
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TABLE 3. Comparison with related work.

from the MIMO antenna to the transmitted power into the
MIMO antenna. A low TARC value indicates that the MIMO
antenna performs well in terms of transmitting power while
minimizing reflection.

The square root of the total incident power divided by the
MIMO antenna’s radiated power in equation (34) used to
calculate the TARC of the MIMO antenna.

0
t
a = 0 =

√(∣∣∣S11 + Se
jθ

12

∣∣∣2)+

(∣∣∣S21 + S22e
jθ
∣∣∣2)

√
2

(34)

The antenna was connected to an ideal phase shifter and
the phase angle (θ ) was varied from (0◦ to 180◦) in (30◦)
steps to analyze the TARC of the proposed MIMO antenna.
Figure. 24 depicts the simulated and measured TARC values.
Equation (34), [35] is used to calculate the TARC Values,
which considers the reflection coefficients (S11 and S22) of
the two antenna ports, the port isolation S12 and S21), and
the phase angle (θ ). The TARC values are all below (<0dB)
across the bands of interest, which means that the suggested
MIMO antenna has good port isolation and can radiate power
efficiently.

F. COMPARISON WITH THE RELATED WORK
The proposed Sub-6GHz 5G MIMO antenna system is
designed for a variety of wireless applications and is a

FIGURE 24. The simulated and measured TARC (dB) curves of the MIMO
antenna.

significant improvement compared to other recent state-
of-the-art designs in Table 3. The proposed antenna is
highly competitive in terms of size, profile, efficiency, and
band coverage. The proposed MIMO antenna uses parasitic
elements to reduce its size by 25.9 % and cover the frequency
band of 3-6 GHz. The suggested MIMO antenna gains with
an FSS array are also significantly higher than other reported
designs [2], [35], [38], [47], [48], [49], [50], [51]. The
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suggested MIMO antenna has good values for ECC, CCL,
and TARC, which are important performance metrics for
MIMO antennas.Most of the other antennas in Table 3 are not
evaluated for CCL and TARC. The proposed MIMO antenna
system is a highly advantageous choice for both current and
future communication devices and technologies due to its
excellent performance.

V. CONCLUSION
A two-element MIMO antenna using a single-layered FSS
is presented, supporting Sub-6GHz 5G applications. (1 × 2)
MIMO antenna using coplanar waveguide (CPW) fed, More-
over, the proposed compact Chair-Shaped MIMO antenna
size is 19×43 × 0.508 mm (0.285λo × 0.645λo × 0.007λo).
The parasitic element technique is used to reduce the size
of the suggested MIMO antenna by 25.9% and to enhance
the mutual coupling. The suggested MIMO antenna system
has a measured impedance bandwidth of 3 GHz, covering
the frequency range (3 GHz – 6 GHz), with a radiation
efficiency of 97%.Moreover, a novel technique (Surrounding
technique) was used on the FSS array to enhance the
MIMO antenna gain and isolation without impacting the
performance of other MIMO antenna characteristics and
without increasing the size of the FSS array. The placement of
the FSS array (hFSS ) at 30 mm(0.45λo) behind the proposed
MIMO antenna enhances the isolation and the gain of
the system by approximately 4.34 dBi. The measurements
indicate a peak gain of 7.89 dB. In addition, the proposed
MIMO antenna system has an excellent performance in all
other measured metrics, including radiation pattern, ECC,
CCL, TARC and MEG.

This makes the suggested MIMO antenna system a strong
contender for use in Sub-6GHz 5G band (3-6GHz) and
supporting various other wireless communication systems
like Wearable antenna at (4.4-5 GHz), AeroMACS at
(5.09–5.15 GHz), Aeronautical radio location application
at (5.43 GHz), an Unmanned aerial vehicle (UAV) at
(5.7-5.8 GHz), Cardiac pace marker at (5.8GHz), 5G
new radio (NR) spectrums such as n77/n78/n79 and
5G applications.
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