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Abstract—This paper reports an innovative technique aimed
at diminishing the mutual interference, technically termed
‘mutual coupling’, between two Microstrip Patch Antenna
(MPA) elements. These elements, operating together at 5.8
GHz, are placed in proximity, separated by only 7 mm, which
corresponds to approximately 0.14 1 at the operating
frequency. The core of our investigation revolves around the
strategic placement of various metamaterial structures
between these two adjacent Multiple Input Multiple Output
(MIMO) elements. The study reveals a striking observation:
without the incorporation of metamaterial, the mutual
coupling coefficient, denoted as |S21|, stands at —21.7744 dB.
However, a transformative shift occurs with the introduction
of a specific metamaterial composed of five Circular
Complementary Split-Ring Resonator (CSRR) unit cells.
This configuration results in a significant enhancement,
reducing the |S21| parameter from -21.7744dB to
—43.3581 dB. This significant reduction showcases the
effectiveness of our approach. Further examination of the
proposed MIMO antenna, integrated with the Circular
CSRR metamaterial, unveils a suite of impressive
characteristics. Notably, it boasts a reflection coefficient
(|S11]) maintained below —10 dB, a noteworthy feat in
antenna design. Moreover, the antenna demonstrates a
superbly high value of diversity gain, quantified at 9.99999,
alongside an exceptionally low Envelope Correlatzicient
(ECC), recorded at a minuscule 0.000001. These results
demonstrate that the proposed MIMO antenna, enhanced
with the circular CSRR metamaterial, effectively reduces
mutual coupling while maintaining favorable reflection and
diversity performance. The design offers improved isolation,
low ECC, and high DG, indicating its suitability for compact,
high-efficiency MIMO antenna applications in wireless
communication systems.
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I. INTRODUCTION

The arrival of 5G communication technology signals the
beginning of a revolutionary new age in digital
connectivity, one that is characterized by a massive
advance in technological development. This new
technological frontier is defined by a variety of
improvements, including enhanced data rates soaring to
new heights, latency reduced to mere fractions, reliability
reaching unprecedented levels, cost efficiency becoming a
paramount feature, and network capacity expanding to
accommodate a massive influx of consumers and a diverse
range of applications [1, 2]. This evolution is not taking a
linear path; rather, it is exponential, completely
transforming the landscape of communication technology.
The Multiple Input Multiple Output (MIMO) system is
emerging as a beacon of promise amid this technological
revolution. MIMO is recognized for its ability to deliver
extremely fast data speeds, rock-solid reliability, and
greatly reduced latency. It is highly regarded in academic
and industrial circles for its capacity to support a large user
population, further solidifying its position as an
indispensable part of the 5G infrastructure [3]. MIMO is
not merely a component of the 5G revolution; rather, it is
one of the primary driving forces behind it.

Nevertheless, the development of MIMO antennas has
not been without challenges. To achieve high data rates in
modern communication systems, antenna arrays and
MIMO technology are employed to improve network
coverage and capacity. The decoupling analysis is mainly
presented for MIMO applications [4-8]. Most of these
techniques work by fabricating coplanar structures
adjacent to the antenna on the same substrate [9, 10],
which increases circuit complexity and further raises the
cost and size of the system. These methods still face
significant obstacles, the most critical of which is mutual
coupling—a phenomenon in which the proximity of
antenna elements results in electromagnetic interference,
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severely degrading system performance [11]. This
challenge becomes even more complex with the extensive
use of multiple Radiofrequency (RF) chains, introducing
additional logistical and financial burdens.

II. LITERATURE REVIEW

In response to this critical problem, numerous new
approaches have been proposed. Notably, a study [3]
recommends the use of a neutralization line between two
monopole antennas to achieve improvement in isolation
better than —19 dB. Electromagnetic Bandgap (EBG)
Metamaterial Fractal Loading is another innovative
method, demonstrating isolation enhancement of up to —37
dB [11]. Further developments include the integration of
five SRR unit cells, which significantly reduce mutual
coupling between closely spaced radiating elements,
resulting in an improvement of —35 dB at 7.8 GHz [12].
Other advancements include the incorporation of
Electromagnetic Bandgap structures combined with
ground stubs, which are effective, especially in
ultrawideband applications. This configuration achieves
S21 <-25dB, an ECC <0.01, and a Diversity Gain (DG) >
9.995 [13]. Additional notable strategies discussed in the
literature include meta surface-based coupling reduction
techniques [14], metamaterial-based isolation
enhancement [12], and the utilization of SRR-like
structures [15]. These metamaterial-based decoupling
techniques have gained significant attention due to their
unique electromagnetic properties, which enhance the
fundamental parameters of MIMO antennas [16]. One
such advancement is the Complementary Split-Ring
Resonator (CSRR), created by etching a split-ring
resonator into the conducting plane [17]. Another
contribution is the implementation of a metamaterial
structure to reduce mutual coupling between Vivaldi
antenna arrays, leading to improved isolation and the
potential for enhanced imaging resolution [18].
Additionally, a new configuration incorporating slots and
conducting strips has been shown, through both simulation
and measurement, to significantly reduce mutual coupling
between adjacent microstrip patch antennas [19].

This study presents a ground-breaking strategy for
mitigating the effects of mutual coupling in MIMO
antennas by making use of a variety of metamaterial
structures composed of CSRR unit cells. The product is a
MIMO antenna that has been merged with a Circular
CSRR metamaterial. This antenna not only achieves the
largest reduction possible in mutual coupling, but it also
performs exceptionally well in terms of diversity. With its
Circular CSRR metamaterial, this suggested MIMO
antenna structure offers a solution that is very effective, in
addition to being highly adaptable, for a wide variety of
wireless applications. In summary, this research makes a
significant contribution to the narrative around 5G. It
provides a solution that not only directly addresses the
problem of mutual coupling but also improves the overall
performance of MIMO antennas. This is a significant
advantage. Such advancements will play a critical part in
ensuring that the potential of this revolutionary technology
is completely realized, opening the way for a future that is
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more connected, efficient, and technologically
sophisticated. As we move deeper into the 5G age, we will
continue to move closer to realizing this potential.

III. MATERIALS AND METHODS

The design and simulation of the proposed MIMO
antenna are performed in CST Studio Suite. The antenna
is designed at an operational frequency of 5.8 GHz with a
dielectric substrate and a conducting ground plane (W x L
=44 x 36 mm?). The substrate material is FR-4 (lossy) with
arelative permittivity of 4.3, a height of 1.6 mm, and a loss
tangent of 0.025. The ground plane material is annealed
copper with a thickness (t) of 0.035 mm, and the ground
plane shares the same width and length as the substrate.
First, two MPA elements are constructed on the substrate,
having optimized dimensions of Wp =15 mm and Lp = 12
mm. The width of the feedline (Wf) connected to the patch
is 3 mm, and the MPA elements have the same thickness
(t) as the ground plane. The edge-to-edge separation (gap)
between the MPA elements is 7 mm, which corresponds to
approximately 0.14 1 at the operating frequency of 5.8
GHz. The MPA elements are fed using coaxial cables, as
shown in Fig. 1. The radii of the outer and inner copper
conductors are listed in Table I. The dielectric material
between the inner and outer conductors is Teflon (PTFE,
lossy) with a permittivity of 2.1. Following this, different
metamaterial structures consisting of five CSRR unit cells
are inserted between the MPA elements to examine mutual
coupling reduction. The Length (Lssr) of the metamaterial
structure is 30 mm, and the Width (Wssr) is 6 mm.

In Fig. 2(a), a metamaterial of five Hexagonal CSRR
unit cells is utilized to lower the mutual coupling.
Variables and dimensions of a hexagonal CSRR unit cell
are: Ws=6mm, Ls = 6 mm, Hg =0.26 mm, Hf=0.61 mm,
Hl=2.79 mm, g = 0.28 mm. In Fig. 2(b), a metamaterial
consisting of five Square CSRR unit cells are employed to
reduce mutual coupling between the MPA elements.
Variables and dimensions of a hexagonal CSRR unit cell
are: Ws =6 mm, Ls =6 mm, Sg = 0.22 mm, g = 0.28 mm,
Sf= 0.5 mm, S/ =2.53 mm, S = 3.95 mm. In Fig. 2(¢c), a
metamaterial of five Circular CSRR unit cells are used to
compress the mutual coupling. Variables and dimensions
of a hexagonal CSRR unit cell are: Ws =6 mm, Ls =6 mm,
rin = 1.49 mm, rout =1.79 mm, RRin =2.49 mm, RRout =
2.79 mm, g =0.28 mm.
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Fig. 1. Basic design of MIMO antenna without metamaterial: (a) front
view, (b) bottom view.
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Fig. 2. Design of MIMO antenna: (a) with square CSRR metamaterial,
(b) with circular CSRR metamaterial, (c) with hexagonal CSRR
metamaterial.

TABLE I. VARIABLES AND DIMENSIONS OF BASIC DESIGN

Variable Value Variable Value Variable Value
(mm) (mm)

\% 44 WP 15 Lc 10
L 36 Lp 12 teflon 0.635
Subh 1.6 Wf 3 C-outR 2.2

t 0.035 Lf 18 C-inR 2.1

Fig. 3. Design and boundary conditions of a single circular CSRR
metamaterial unit cell.

In Fig. 3, a Circular CSRR metamaterial unit cell made
up of double circular split rings was designed at the
frequency of 5.8 GHz and constructed by implementing
the Babinet principle, and CSRR is the negative image of
the Split Ring Resonator according to the principle [1].
The behaviour of electromagnetic waves within the
metamaterial structure and observing the associated field
properties at resonance frequencies.

IV. RESULT AND DISCUSSION

This section presents the performance evaluation of the
proposed MIMO antenna. Key parameters, including the
reflection coefficient, surface current distribution,
radiation pattern, and efficiency, are discussed in detail to
assess the impact of the circular CSRR metamaterial on
antenna operation and MIMO performance. These results
provide insight into how the proposed design enhances
isolation, improves diversity metrics, and maintains
overall antenna efficiency.

A.  S-Parameter

Fig. 4(a) compares the reflection coefficient |Sy| for the
antenna without metamaterial and with different
metamaterial structures. An S11 value below —10 dB is
observed both without metamaterial and with the various
CSRR-based metamaterials at the operating frequency of
5.8 GHz. In Fig. 4(b), the mutual coupling coefficient [S21|
without the metamaterial is —21.7744 dB at 5.8 GHz. With
the Circular CSRR metamaterial, |S»i| is significantly
reduced to —43.3581 dB, yielding an improvement of
approximately 22 dB. Hence, we have considered the
circular CSRR as the proposed version.
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Fig. 4. S-parameter without metamaterial and with different CSRR
metamaterials: (a) S11, (b) S21.
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Fig. 5. A circular CSRR unit cell: (a) S parameters, (b) permittivity, (c)
permeability.

Fig. 5(a) depicts the scattering parameters of the circular
CSRR unit cell, where the reflection coefficient |S
approaches 0 dB and the transmission coefficient |Syi| is
about —18 dB. This result ensures that the unit cell acts as
a bandgap process at the resonance frequency, which is
applicable in reducing mutual coupling in our proposed
work. Figs. 5(b) and 5(c) show the extracted permittivity
and permeability of the Circular CSRR unit cell,
respectively. The CSRR generates the real part of effective
negative permittivity (&) < 0 instead of effective magnetic
permeability (¢) < 0 near the resonance frequency [20,

21]. Accordingly, our results say that the circular CSRR
unit cell produces the real part of negative permittivity (€)
< 0 instead of magnetic permeability (x) < 0 near the
resonance frequency.

B.  Surface Current Distribution

Fig. 6 illustrates the surface current distributions
without and with different metamaterials at the operating
frequency of 5.8 GHz. In Fig. 6(a), it is observed that the
coupled current on the adjacent radiator is very strong in
the absence of a metamaterial. In contrast, Fig. 6(d) shows
that the interaction (mutual coupling) between the
radiating antennas is significantly reduced after the
addition of the Circular CSRR metamaterial.

surface current (f=5.8) [1] &
Frequency 5.8 GHz

Phase 0°

Maximum (Plot) 112417 A/m

surface current (f=5.8) [1] & &
Frequency 5.8 GHz
Phase 0°

Maximum (Plot) 106.23 A/m

surface current (f=5.8) [1] &

Frequency 5.8 GHz
Phase 0°
Maximum (Plot) 982779 A/m
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surface current (f=5.8) [1] &
Frequency 5.8 GHz

Phase 7875°
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(d

Fig. 6. Surface current distribution: (a) without metamaterial, (b) with
hexagonal CSRR metamaterial, (¢) with square CSRR metamaterial, (d)
with circular CSRR metamaterial.

C. Radiation Pattern

Fig. 7 illustrates the radiation pattern in the Azimuth and
Elevation planes. The radiation pattern represents the
directional (angular) dependence of the strength of the
radiated waves [22]. Without a metamaterial, the radiation
and total efficiencies are —2.545 dB and —2.666 dB,
respectively. With the Circular CSRR metamaterial, the
radiation efficiency is —2.793 dB, and the total efficiency
is —2.938 dB. Additionally, in the Azimuth plane, the
angular width is 101.4° with a sidelobe level of —12.1 dB,
while in the Elevation plane, the angular width is 60.4°
with a sidelobe level of —7.1 dB.
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Fig. 7. Radiation pattern: (a) Azimuth plane, (b) Elevation planes.
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D. ECCand DG

Envelope Correlation Coefficient (ECC) is one of the
vital parameters to evaluate the performance of a MIMO
antenna. A tolerable value of 0.5 or less is considered for
a recommended operating MIMO Antenna. Two
mathematical expressions are mainly used to calculate the
value of ECC; the first one is based on the far-field
radiation pattern, and the second one is from the S-
parameters of the antenna [13]. Expression of the first one
by using far-field radiation patterns [23] is followed by

Eq. (D).

|f fyn(Fi0.0))x(Fj0.0))ae|
ff4n|(ﬁ(6,®))|2dn I f4“|(ﬁ(e,o))|2dg

(1)

Expression of the second one by using the scattering
parameters [24] as follows: Eq. (2).

|S11512+531522" )
(1-1S111%-15211%)(1-1S211%-1S51212)

Diversity Gain (DQG) is another fundamental MIMO
performance indicator. A DG close to 10dB is
recommended for an operational MIMO antenna [25]. DG
can be calculated using the following formula [26]; Fig. 8
shows the simulated results of ECC and DG.
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Fig. 8. Simulated ECC and DG without metamaterial and with different
CSRR metamaterials: (a) Envelope Correlation Coefficient (ECC), (b)
Diversity Gain (DG).
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Table II includes the power simulated, the power
radiated, the VSWR, and some far-field parameters. The
ideal value of simulated power is 0.5, and the proposed
antennas with every metamaterial provide the exact value
of 0.5 as indicated in Table II. The coaxial feed technique

is one of the most common techniques used for feeding
microstrip patch antennas to get impedance matching [27].
Accordingly, a reference impedance value of almost 50 Q
is achieved in every antenna after the simulation.

TABLE II. SOME OTHER ANTENNA PARAMETERS

. Power Power Radiated . . .
Design Simulated (dB) VSWR  Dir.(dBi)  Gain(dB) Rad.Eff.(dB) Tot. Eff. (dB)
Without Metamaterial 0.4999 ~5.676 1338 7.284 4739 —2.545 —2.666
With a Hexagonal
. 571 1. 414 4830 2584 2709
ith a Hoxagonal 0.5 5.719 373 7 83 58 70
With Square CSRR 0.5 ~5.682 139 7297 4746 -2.551 2673
metamaterial

V. DISCUSSION

Table III describes the comparison of some key
parameters that specify the mutual coupling reduction and
diversity performance of the MIMO antenna without and
with different metamaterial structures. With every
metamaterial, the performance meets the requirements of
a recommended MIMO antenna. But with Circular CSRR
metamaterial, the highest mutual coupling reduction from
-21.7744 dB to -43.3581 dB with the highest diversity
performance (DG = 9.99999 dB and ECC = 0.000001) is
gained.

mutual coupling of —43 dB, which is substantially better
than other methods ranging from —15 dB to —34 dB. The
ECC value is exceptionally low (< 0.00001), indicating
near-ideal diversity performance, while the DG exceeds
9.9999 dB, highlighting excellent MIMO channel
reliability. These results confirm that the proposed
metamaterial approach provides superior isolation and
enhanced MIMO performance compared to existing
techniques.

TABLE III. COMPARISON OF SOME KEY PARAMETERS

The results of the proposed antenna with Circular CSRR Mutual
metamaterial are compared to some recent published Design Coupling DG in dB ECC
works in Table IV. As a result, the proposed work has the 521]in dB
. 5 prop Without Metamaterial —21.7744 9.99741 0.00051
best pe.rformance of all of them. Table IV presents a With a Hexagonal 44504 999952 0.00009
comparison of the proposed MIMO antenna with several CSRR metamaterial ) ) )
recently published works in terms of mutual coupling With Square CSRR -30.8583 9.99965 0.00006
(S21]), ECC, and DG. It is evident that the proposed Wiﬂrlnét;rcm’;;r?;RR
. . . . . . U
design with the Circular CSRR metamaterial significantly metamaterial —43.3581 9.99999  0.000001
outperforms previous techniques, achieving the lowest
TABLE IV. COMPARISON WITH SOME RECENTLY PUBLISHED WORKS
Ref. Techniques Mutual Coupling [S21] in dB ECC DG in dB
Split-Ring B
[3] Resonator (SRR) <34 <0.1 9
Ground Stub and
[6] EBG <-25 <0.1 >9.99
[7] Metasurface_—based <25 <04 _
Decoupling
[8] Metamaterial based <-20 <0.1 >9
Split-Ring _
[9] Resonator (SRR) <18 <0.004 > 9.94
[21] Hybrid Technique <28 <0.04 >99
[22] F-Shaped stubs <20 <0.04 74
CMA and Cross-
[23] shaped Stub <-15 <0.05 >9.97
Parasitic
[24] Decoupling <-20 <0.02 -
Resistor-loaded
[25] paired parallel- <-17 <0.01 >9.99
coupled resonators
With Circular
Proposed Work CSRR metamaterial <-43 <0.00001 >9.9999

VI. CONCLUSION

In this paper, a metamaterial-based technique is
employed to overcome the mutual coupling effect of a
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MIMO antenna, and a comparative analysis without and
with different metamaterial structures is carried out. With
the Circular CSRR metamaterial, the highest mutual
coupling reduction and diversity performance are achieved.
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Thus, the fundamental parameters for the MIMO antenna,
like mutual coupling |S21|, ECC, and DG, acknowledge
that the proposed antenna with Circular CSRR
metamaterial can be a good candidate for the MIMO
antenna system.
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