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Abstract – Multiple-input multiple-output (MIMO)
systems have several advantages, such as providing high
capacity, spatial diversity, etc. MIMO antennas suf-
fer with high mutual coupling (m-coupling) between the
ports. In this paper, the metasurface with negative per-
meability (MNG) is designed and utilized for m-coupling
reduction of a two-port rectangular microstrip MIMO
antenna (Antenna 1). Two metasurface superstrate-based
MIMO antennas with reduced m-coupling for fifth gen-
eration (5G) are proposed. The first design (Antenna
2) is constructed using a single metasurface super-
strate suspended above the two-port MIMO microstrip
antenna. The second design (Antenna 3) is constructed
using a double metasurface superstrate layers suspended
above the two-port MIMO microstrip antenna. Both
metasurface-based MIMO antennas achieve significant
m-coupling reduction over the entire bandwidth. The
edge-to-edge separation between the two patches is
0.29λ0. The proposed Antenna 3 obtains the reduced
m-coupling of −44 dB along with the wide bandwidth
of 5.92− 6.2 GHz and a maximum gain of 6.79 dB.
The proposed antennas are suitable for extended sub-6
GHz 5G applications with the operating frequency band
of 5.9–6.1 GHz.

Index Terms – Permeability, permittivity, metasurface,
mutual coupling.

I. INTRODUCTION
Multiple-input multiple-output (MIMO) systems

refer to the systems where the transmitting end and the
receiving end are equipped with the multiple antenna ele-
ments. The use of multiple antennas results in significant
increase in channel capacity, higher spectral efficiency,
and reduced fading without requiring additional band-
width and transmission power. Hence, the most mod-
ern wireless devices are anticipated to employ MIMO
technology in wireless communication systems. For
low correlation and suitable isolation, a distance of at
least 0.5λ0 (where λ0 is the free space wavelength at
the operating frequency) is required between antenna

elements [1]. Due to miniaturization of most modern
wireless devices, compact and dense antenna systems
with much smaller distances are preferred, which results
in high m-coupling between the antenna elements. M-
coupling is generally as a result of surface waves or radi-
ated waves and it degrades the antenna performance by
deteriorating the radiation characteristics of the antenna
system.

To reduce m-coupling, several decoupling meth-
ods or techniques have been proposed, which include,
but are not limited to, electromagnetic band-gap (EBG)
structures [2], defected ground structures (DGS) [3],
metamaterials structures [4], decoupling networks [5],
etc. The major drawback of these techniques are that
these are mostly three dimensional structures; hence,
they introduce fabrication difficulties and high cost.
In this paper, a planar two-dimensional metasurface is
used for m-coupling reduction. Metasurface is two-
dimensional structure with properties equivalent to meta-
materials. Metasurface structures are planar, thin, and
practical for implementation; hence, they have been
getting antenna researchers’ attention in the recent
years.

Various techniques have been used to reduce
m-coupling between the antenna elements. Employment
of decoupling networks (DNs) is one of the methods
that have been highly utilized for m-coupling reduc-
tion. They work on the principle of transforming cross-
admittance to a completely imaginary value by utilizing
discrete elements and step-up transmission lines [6–11].
In [7], a coupled resonator decoupling method is used to
decouple the coupled dual-band antennas. In the lower
band (2.4− 2.48 GHz), a maximum m-coupling reduc-
tion of 7 dB was achieved, while for the upper band
(5.15− 5.135 GHz), the m-coupling remains the same
and is not reduced. In [9], an LTE700/WWAN MIMO
antenna system is decoupled using a DN which con-
sists of a suspended transmission line with two termi-
nals shorted to the ground and a capacitor loaded at the
center of the line. In the lower band (704− 960 MHz),
the m-coupling was reduced by 9 dB, while in the
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upper band (1710−2170 MHz), the m-coupling was not
reduced.

One of the other highly used techniques for
m-coupling reduction is by the employment of EBG
structures. The EBG structures are formed by a periodic
arrangement of dielectric and metallic elements. The
EBG structure can either block electromagnetic waves
at specific frequencies or provide a medium to pass and
transmit electromagnetic waves [12]. The most com-
monly used EBG structure for m-coupling reduction is
the mushroom-like EBG structure [13–20]. In [14], the
mushroom-like EBG structure was introduced between
the two monopole antennas. A maximum m-coupling
reduction of 13.4 dB was achieved.

In [15], a planar compact EBG structure was intro-
duced between the two square microstrip patches with
an edge-to-edge separation 0.75λ0 for achieving a max-
imum m-coupling reduction of 6 dB. The major draw-
backs with EBG structures are that they can be largely
associated with the fabrication complexities due to their
vertical via placement. Moreover, they require thicker
substrates, which results in an increase in size of antenna
structure.

DGS is another m-coupling reduction technique that
is widely employed. It introduces periodic or non-
periodic slits or defects on the antenna’s ground plane
to suppress the ground current between the antenna ele-
ments. Different DGS structural arrangements have been
used to reduce m-coupling in different antenna arrays
[21–27]. In [22], a dumbbell-like DGS was inserted
between two multiband microstrip antenna array ele-
ments. A maximum m-coupling reduction of 6 dB was
achieved. In [24], a slit pattern without a via was etched
on the ground plane between two PIFA antennas with an
edge-to-edge separation of 0.116 λ0. A maximum m-
coupling reduction of 10 dB was achieved. The main
disadvantage of utilizing DGS for m-coupling reduction
is that a segment of the propagating energy is leaked,
which leads to the electromagnetic interference with
the adjacent circuitry. Moreover, the introduced defect
might lead to a distorted radiation pattern of the antenna
structure.

The last technique that will be discussed is the
employment of metamaterial structures to reduce m-
coupling between the antenna elements. The usage
of metamaterial structures for m-coupling reduction
has grown popular over the years due to their abil-
ity to manipulate electromagnetic waves [28–33]. In
[29], a spiral metamaterial resonator was printed on the
microstrip antenna substrate between the two array ele-
ments. A maximum m-coupling reduction of 5.5 dB was
achieved. In [32], a 3D dual-band metamaterial array
structure was loaded on the top of a dual-band microstrip
antenna array for m-coupling reduction. A maximum

m-coupling reduction of 3 dB was achieved. The major
drawback of using metamaterials for m-coupling reduc-
tion is that they are frequently used as 3D structures,
which introduces problems in terms of fabrication com-
plexity and high cost. In most recent designs, where
metasurface is employed for m-coupling reduction in
array antenna systems, antenna mismatches can be seen.
This then requires further antenna matching techniques
to be utilized for improving antenna parameters and fab-
rication difficulties.

In this paper, the design, simulation, fabrication, and
measurement of the metasurface-based antennas are pre-
sented. Two metasurface-based antennas, i.e., Antenna
2 and Antenna 3 are presented and their results are ana-
lyzed. The first design, i.e., Antenna 2 is achieved by
suspending a single metasurface substrate on the top of
the microstrip antenna, while the second design, i.e.,
Antenna 3 is achieved by suspending a double metasur-
face substrate on the top of the microstrip antenna.

II. DESIGN AND GEOMETRY OF
METASURFACE-BASED MIMO ANTENNAS

Two metasurface superstrate-based antennas are
presented in this paper. The proposed designs utilize
the MNG metasurface which is equivalent to the medium
with negative permeability. The metasurface is designed
using periodic split ring resonators (SRR). The MNG
metasurface is designed such that it rejects wave propa-
gation at the center frequency and, hence, reduces the m-
coupling between the antenna elements. The first design
employs a single metasurface superstrate suspended over
the radiating antenna elements. In this design, the m-
coupling is reduced from −29 to −61 dB, while the
gain is significantly reduced from 4.79 to 1.69 dB. The
second design employs a double metasurface superstrate
suspended over the radiating antenna elements. In this
design, the m-coupling between the antenna elements is
reduced from−24 to−46 dB, while the gain is increased
from 4.71 to 6.79 dB.

A. Antenna 1
To demonstrate the effectiveness of the metasurface

superstrate-based antenna designs, a two-element MIMO
rectangular microstrip antenna is designed. This antenna
is designed using the transmission line model of anal-
ysis. The antennas for MIMO systems require sepa-
rate feeding for every antenna element [34, 35]. The
antenna structure is simulated and optimized using the
CST Microwave Studio. This antenna is designed for
the resonant frequency of 6 GHz in the sub-6 GHz band.
Sub-6 GHz band is the frequency range below 6 GHz and
is defined as frequency range 1 (FR1) in fifth generation
(5G) technology for various ISM applications [36, 37].
Recently, some antennas have been designed for sub-
6 GHz applications 38–40.
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Fig. 1. Two-port MIMO microstrip antenna (Antenna 1).
(a) Antenna configuration. (b) Top view of fabricated
Antenna 1. (c) Bottom view of fabricated Antenna 1.

The 5G frequency bands are regularly updated and
new bands are availed in different countries. Recently
the 3rd Generation Partnership Project (3GGP) extended
the 5G FR1 band from (410 MHz − 6 GHz) to
(410 MHz −7.125 GHz), hence introducing 1200 MHz
additional spectrum [41]. In 2020, the Federal Com-
munication Commission (FCC) also permitted the usage
of 6 GHz band (5.925−7.125 GHz) for unlicensed use.
This was done with certain regulations and standards
to protect incumbent licensed services from interference
[42-45]. This approval of 6 GHz for unlicensed use has
introduced a new market for 6 GHz wireless solutions
like the new Wi-Fi 6E which is an extension for Wi-Fi 6
which operates at the (2.4 and 5 GHz) bands [42].

Table 1: Dimensional parameters of the MIMO antenna
and the metasurface unit cell
Parameter Value (mm) Parameter Value (mm)

Wg 55 Wgm 7.844
Lg 20.382 Lgm 7.844
W 16.3 Wm1 5.06
L 11.3822 Lm1 5.06

Wa 2.89 Wm2 2
Yo 4.2112 G1 1
Gf 0.083781 G2 0.5
H 1.5 H 1.5

Ws 65 Hs1 6.5
Ls 33.862 Hs2 3

The two-port MIMO rectangular microstrip antenna
is depicted in Figure 1. It is printed on an FR-4 substrate
with a dielectric constant of 4.4, a loss tangent of 0.002,
and a substrate thickness of 1.5 mm. The top view
and bottom view of fabricated Antenna 1 are shown in
Figures 1 (b) and (c), respectively. The thickness of the
copper layer is 0.035 mm. The dimensional parame-
ters of the antenna and metasurface unit cell are listed
in Table 1.

B. Metasurface
The dielectric properties of the dielectric mate-

rial can be utilized to improve the performance of the
microstrip antenna [46, 47]. Metasurface-based antenna
designs have been previously utilized [48–52]. In [51],
a metasurface superstrate is suspended above an antenna
array for m-coupling reduction purposes. A mutual cou-
pling reduction of 19 dB is achieved. In [52], a metasur-
face superstrate is also utilized to reduce the m-coupling
of an antenna array. Maximum m-coupling reduction
of 25 dB is achieved. In both designs, the employment
of metasurface superstrates results in significant antenna
mismatches. In [51], when the metasurface superstrate
is employed, the reflection coefficient is significantly
increased from −30 to −9 dB, while in [52], the reflec-
tion coefficient is increased from−20 to−5 dB. To com-
bat the antenna mismatches, a U-shaped slot was etched
on all elements of the antenna array. However, intro-
ducing the slots to an antenna changes the path of the
current distribution which can result in changes in radi-
ation patterns and impedance. Additionally, the intro-
duction of the U-slot increases fabrication cost and com-
plexities. The design conducted in this paper does not
require additional matching methods, which means that
it is inexpensive to fabricate and the structure is less com-
plex. In addition to that, this design can be implemented
in already existing antenna designs because it does not
change the original structure of the antenna.

The decoupling metasurface is designed using SRR
to achieve a negative permeability medium. They are
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formed by a pair of metal loops printed on a dielectric
substrate with gaps or slits 180◦ from each other. The
split gap between the rings results in a capacitance, while
the metal loops result in an inductance, hence forming
an LC circuit. This LC circuit is responsible for produc-
ing the resonant frequency of the metasurface, while the
magnetic field induced in SRR is responsible for creat-
ing negative permeability. The metasurface unit cell is
depicted in Figure 2. It consists of lossless copper loops
printed on an FR-4 substrate with dielectric constant of
4.4, a thickness of 1.5 mm, and a loss tangent of 0.002.
The optimized dimensions of the unit cell are listed in
Table 1.

The negative frequency region and the resonant fre-
quency of the designed SRR unit cell are as the result
of the physical dimensions of the ring and the size of
the slip gap between the rings. During the design and
optimization of the unit cell, the dimensions of the rings
and split gaps are varied to obtain the desired resonant
frequency, permeability, and permittivity. In this design,
the optimization parameters are selected to be G1 and
G2. The real and imaginary values of permittivity (ε) and
permeability (µ) of the SRR unit cell are extracted using

Fig. 2. Metasurface unit cell. (a) Geometry. (b) CST
simulation model.

CST Microwave Studio. However, the real parts are
the ones of significant concern in this design. Figure 3
depicts the real part of permittivity and permeability. It
can be observed that the real part of permeability is neg-
ative in the 6-GHz frequency range, while the real part
of permittivity is positive in the same frequency range.
The real part of permeability while varying split gap 1
(G1) is depicted in Figure 4. From Figure 4, it can be
observed that varying G1 changes the resonant frequency
as well as the permeability of the unit cell. The designed
metasurface is used in the reference microstrip antenna;
it introduces the region with negative permeability and
positive permittivity.

In this region, the wave number is given by [51, 52]

k = ko.
√
−|µr| . |εr|=jko.

√
|µr| . |εr|. (1)

From eqn (1), it can be observed that k is purely imag-
inary, resulting in the electric field of the x-component

Fig. 3. Relative permittivity (εr) and relative permeabil-
ity (µr) of the metasurface unit cell.

Fig. 4. Real part of permeability with different values
of G1.
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(Aoe jkx) to be expressed as [51, 52]

Aoe jkx · e jwt=Aoe j( jko·
√
|µr |·|εr | )x·e jwt , (2)

and
Aoe j( jko·

√
|µr |·|εr | )x·e jwt=Aoe−ko.

√
|µr |·|εr |x · e jwt . (3)

This shows that the electromagnetic wave propagating
along the negative x-component direction is evanescent.
This means that the m-coupling resulting from the sur-
face waves can be rejected.

C. Antenna 2
This design utilizes a single metasurface super-

strate suspended above the antenna to reduce m-coupling
between the two microstrip antenna elements. The meta-
surface superstrate is made up of periodic SRR unit cells
printed on one side of an FR-4 substrate with a dielec-
tric constant of 4.4 and a loss tangent of 0.002. The
unit cells are placed at a distance (D) from each other.
The CST model of this design is depicted in Figure 5 (a).
The top view and bottom view of fabricated Antenna 2
are shown in Figures 5 (b) and (c), respectively. The
optimized design parameters of Antenna 2 are listed in
Table 1.

D. Antenna 3
This design utilizes a double metasurface superstrate

to reduce m-coupling between two microstrip antenna
elements. The substrate (Ws × Ls × H) is made up
of 4× 8 SRR unit cells. Each metasurface substrate
uses four dielectric poles to provide mechanical support.
Figure 6 (a) depicts the CST model of Antenna 3. The
top view of fabricated Antenna 3 and the combined fab-
ricated Antenna 3 are shown in Figures 6 (b) and (c),
respectively. The optimized dimensions of Antenna 3
are listed in Table 1.

III. RESULTS AND DISCUSSION
All the three antennas, which include the reference

microstrip antenna (Antenna 1), the single suspended
metasurface superstrate antenna (Antenna 2), and
the double suspended metasurface substrate antenna
(Antenna 3), are simulated using CST Microwave
Studio. The antenna parameters which include reflec-
tion coefficient, radiation patterns, m-coupling, gain,
and envelope correlation coefficient (ECC) are assessed,
compared, and discussed. Figure 7 depicts the reflec-
tion coefficients of the antennas. From Figure 7, it
can be seen that the reflection coefficient of Antenna 2
have significantly increased from−24 to−14 dB, which
indicates that this antenna is not well matched, when
compared to the reference antenna (Antenna 1). Addi-
tionally, a major bandwidth reduction of 49% at the fre-
quency range of 6.05− 6.15 GHz can be seen from the
S11 parameter, while a bandwidth reduction of 43% can
be seen from S22 parameter. Antenna 3 can be seen to

Fig. 5. Single suspended metasurface antenna (Antenna
2). (a) Antenna configuration. (b) Top view of fabricated
Antenna 2. (c) Bottom view of fabricated Antenna 2.

be well matched with a bandwidth enhancement of 38%
and 17% at the frequency range of 5.92− 6.2 GHz for
S11 and S22 parameters, respectively.

The m-coupling of the antennas is depicted in
Figure 8. It can be seen that the m-coupling of Antenna
1 is drastically improved using the two mutual decou-
pling methods. Both Antenna 2 and Antenna 3 show m-
coupling reduction over the entire bandwidth. Antenna
2 shows a maximum m-coupling of −60.6 dB from
−29 dB, which is equivalent to a total m-coupling
reduction of 31.6 dB. Antenna 3 shows a maximum
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Fig. 6. Double suspended metasurface antenna (Antenna
3). (a) Antenna configuration. (b) Top view of fabricated
Antenna 3. (c) Combined Antenna 3.

m-coupling reduction of −46 dB from −24 dB, which
is equivalent to a total m-coupling reduction of 22 dB.

Figure 9 depicts the reflection coefficient of Antenna
2 with respect to various metasurface suspension heights
(hs1). During the design of the metasurface-based
antenna, hs1 is varied to obtain the optimal reflection
coefficient and mutual coupling at the desired resonant
frequency. It can be seen that varying hs1, the resonant
frequency and the S-parameters can be optimized.

Figures 10 (a)-(c) depict the simulated and measured
S-parameters of Antenna 1, Antenna 2, and Antenna
3, respectively. Both simulated and measured results
confirm the suitability of these antennas for mid-band
5G communication. Minor discrepancies can be seen
between the simulated S-parameters and the measured
S-parameters, and these discrepancies can be attributed
to soldering residue, vector network analyzer calibration,
fabrication, and assembly error.

Fig. 7. Reflection coefficient of the antennas: (a) at port-
1; (b) at port-2.

The radiation patterns of the antennas in the H-
plane (Phi = 0◦) and E-plane (Phi = 90◦) at 6 GHz are
depicted in Figure 11. Table 2 presents the radiation pat-
tern parameters of the antennas which include main lobe
direction, 3 dB beamwidth, total efficiency, radiation
efficiency, maximum gain, and maximum directivity.

From Figure 11, it can be observed that the radiation
pattern in the E-plane of Antenna 2 is highly distorted,
while that of Antenna 3 can be seen to be more directive
when compared to that of Antenna 1. This can also be
seen that there is major gain increase of 2.09 dB. There is
a slight decrease in the 3 dB beamwidth and an increase
in maximum directivity of Antenna 3. Meanwhile, the
H-plane radiation patterns of antennas are highly main-
tained. From Table 2, it can be observed that Antenna
2 shows a major decrease in total efficiency from 70%
to 26%. This shows that Antenna 2 is poorly matched,
while Antenna 3 also shows a decrease in total efficiency
from 70% to 55% when compared to Antenna 1. This is
still acceptable due to the fact that the efficiency is still
greater than 50%.
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Fig. 8. M-coupling coefficient of the antennas. (a) S12.
(b) S21.

Fig. 9. Reflection coefficient of Antenna 2 with respect
to different hs1 values.

Figure 12 depicts the realized gain for all three
antennas. It can be observed that Antenna 2 shows
a significant gain reduction over the entire bandwidth.

Fig. 10. Simulated and measured S-parameters of (a)
Antenna 1, (b) Antenna 2, and (c) Antenna 3.

At 6 GHz, the gain of the antenna is reduced from
4.7 to 1.69 dB, which is equivalent to a gain reduc-
tion of 3.01 dB, while Antenna 3 shows a gain value
6.79 dB which is equivalent to a significant gain increase
of 2.09 dB when compared to the reference antenna.
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Fig. 11. Radiation patterns of the antennas. (a) H-plane.
(b) E-plane.

This is attributed to the major m-coupling reduction that
was achieved.

The ECC is also an important parameter to con-
sider for any MIMO systems. It is also used to check
the m-coupling in MIMO antenna systems. For a two-
port MIMO antenna, the ECC can be calculated from S-
parameters using the following equation [4]:

ρe=
|S∗11S12+S∗21S22|

(1−(|S11|2+|S21|2))(1−(|S12|2+|S12|2))
. (4)

Table 2: Main lobe direction (in degrees), 3 dB
beamwidth (in degrees), total efficiency, radiation effi-
ciency, maximum gain (in dB), and maximum directivity
(in dBi)

Antenna
parameters

Antenna 1 Antenna 2 Antenna 3

Main lobe
direction
(phi = 0◦)

11 1 6

Main lobe
direction
(phi = 90◦)

12 3 0

3-dB
Beamwidth
(phi = 0◦)

93.1 65.4 53.9

3-dB
Beamwidth
(phi = 90◦)

99.1 61.9 50.1

Total
efficiency

70% 26% 55%

Radiation
efficiency

75% 32% 55%

Maximum
gain

4,7 1.69 6.79

Maximum
directivity

6.12 6.6 9.24

Fig. 12. Realized gain of the antennas.

Figure 13 depicts the ECCs of all three antennas. It can
be seen that at 6 GHz, the ECC is less than 0.01, which
demonstrates that two microstrip antenna elements are
not correlated and that the m-coupling is well reduced.

Antenna 1 achieves maximum m-coupling reduction
of 32 dB, while Antenna 2 achieves the maximum
m-coupling reduction of 22 dB, 39% bandwidth
increase, and a 2.09 dB gain enhancement. Table 3
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Fig. 13. Envelope correlation coefficient of the reference
antenna and the proposed antennas.

Table 3: Comparison of the proposed antenna with the
related works
Ref. Size Bandwidth Method

used
Edge
to edge
separation

m-coupling
reduction

Gain
enhancement

[1] 78 ×60 mm2 4.85–
5.1 GHz
(approx.)

MTM 0.25 5.5 dB -

[9] 130 ×
80 mm2

704–
960 MHz,
1.7–
2.17 GHz

DN 0.1 9 dB -

[15] 480 ×
160 mm2

(approx.)

2.35–
2.45 GHz

EBG 0.75 6 dB -

[23] 140 ×
100 mm2

11.82–
12.2 GHz
(approx.)

Parasitic
patches

0.72 9 dB -

[24] 43 ×43 mm2 2.27–
2.35 GHz

DGS 0.116 10 dB -

Proposed
Antenna 3

65
×33.862 mm2

5.92–
6.2 GHz

MTS 0.29 22 dB 2.09 dB

compares the proposed metasurface-based antenna
(Antenna 3) with the other decoupling methods. The
techniques that are referenced and compared are the
recent mutual decoupling techniques and they include
DN, EBG, DGS, and MTM structures. It can be
seen from the table that the proposed work is quite
effective in reducing m-coupling when compared to
other listed works. Moreover, the proposed structure
also shows some other advantages when compared to
other works such as bandwidth enhancement and gain
improvement.

IV. CONCLUSION
In this paper, two metasurface superstrate-based

antennas with reduced m-coupling between the ports
have been proposed. The first metasurface-based
antenna, i.e., Antenna 1 is constructed using a single
metasurface superstrate that is suspended above the two
radiating antenna elements. The second metasurface
based antenna, i.e., Antenna 2 is constructed using a

double metasurface superstrate which is also suspended
above the two antenna elements. The metasurface super-
strate is made up of periodic SRRs printed on a FR-4
dielectric substrate. The metasurface is used for intro-
ducing a negative permeability medium, which con-
verts the electromagnetic propagating waves into evanes-
cent, hence rejecting m-coupling. It was shown that
both antennas, i.e., Antenna 1 and Antenna 2 achieve
significant m-coupling reduction over the entire band-
width. Antenna 2 showed an m-coupling reduction of
31.6 dB, while Antenna 3 showed an m-coupling reduc-
tion of 22 dB, a 38% increase in bandwidth, and a gain
enhancement of 2.09 dB. The low m-coupling, wide
bandwidth, and high gain properties make Antenna 3
suitable for extended sub-6 GHz 5G wideband MIMO
systems.
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