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Abstract—In this work, we present a metamaterial-based
approach to enhance isolation in a dual-element circular patch
multiple-input multiple-output (MIMO) antenna operating at 5.5
GHz. The proposed metamaterial unit cell has a compact size
of 4x5.8 mm® and is designed on a low-cost FR-4 substrate
with a height of 1.6 mm. In MIMO configuration, two radiating
elements separated by 10 mm exhibit an isolation level of 19.7
dB. To mitigate inter-element coupling, an eight-cell metamaterial
slab is printed between patch elements, improving isolation
to 24.3 dB by suppressing waves and minimizing near-field
coupling. The antenna is excited via a conventional microstrip
feed, which is subsequently modified to a stepped feed structure
to achieve frequency reconfiguration. However, this shifts the
resonant frequency to 5.7 GHz, achieving compatibility with
WLAN bands. The performance of the proposed MIMO antenna
is evaluated and the simulation results demonstrate a low
envelope correlation coefficient, improved gain, and suppression
of mutual coupling. Due to these attributes, the proposed design
demonstrates suitability for wireless portable devices.

Index Terms—Antenna design, metamaterial, MIMO antenna,
mutual coupling, portable devices, S-parameters, WLAN.

I. INTRODUCTION

Rapid progress in wireless communication has led to the
emergence of fifth-generation (5G) networks, which play a
transformative role in mobile and Internet of Things (IoT)
technologies. These systems are designed to meet the ever-
increasing demand for ultra-fast data transmission, enhanced
security, improved capacity, and reduced latency [1]. The 5G
spectrum is divided into three primary frequency ranges: low-
band (up to 1GHz), mid-band (below and up to 6GHz, referred
to as sub-6 GHz), and high-band (millimeter-wave spectrum)
[2]. Among these, the sub-6 GHz frequency bands, especially
n77 and n79, are widely adopted for commercial and industrial
5G deployments [3], while the 7.125 to 8.4 GHz band is a
candidate for the 6G. A crucial component of 5G networks is
the multiple-input multiple-output (MIMO) technology, which
provides reliable and high-performance wireless connectivity
[4]. Unlike traditional single-antenna configurations, MIMO
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employs multiple radiating elements positioned on a com-
mon substrate and arranged in specific geometries, such as
orthogonal or parallel alignments, to operate within the same
frequency range. This system leverages spatial multiplex-
ing, a vital characteristic that enhances spectral efficiency
and increases the number of users served simultaneously.
Furthermore, MIMO enhances overall network performance
by increasing data throughput, signal-to-noise ratio (SNR),
and channel bandwidth, while effectively mitigating multipath
fading, path loss, and atmospheric attenuation [5]. A MIMO
antenna system includes multiple radiating elements, where
mutual coupling (MC) is a critical problem that requires
critical attention. MC is usually unwanted because it disturbs
the operation of the MIMO antenna. The interaction among
the MIMO elements may deteriorate system performance by
increasing MC, enhancing the envelope correlation coefficient
(ECC), increasing channel capacity loss (CCL), reducing di-
versity gain (DG), and distorting radiation characteristics [6].
The main cause of this coupling is the placement of radiating
elements in close proximity [6]. Various methods have been
proposed for reducing the MC of MIMO elements. When
numerous radiating elements are positioned adjacent to each
other, the electric field produced by one element alters the
current distribution on the other element. As a result, the
radiation characteristics and input impedance of the MIMO
antenna are influenced by the presence of the other elements.
Since MC clearly deteriorates the performance of MIMO
structures, the antenna elements that make up the array must
be designed collectively as a single aperture with reduced MC.

To decrease the gap and MC between radiating elements,
numerous techniques have been explored, such as defected
ground structures (DGS), decoupling shapes, and metamaterial
structures such as electromagnetic band gap (EBG) [6]. Meta-
material structures have attracted considerable attention in the
past decade [7] due to their potential in manipulating electro-
magnetic waves to enhance antenna operation. They are widely
used as shielding between two radiating antennas to mini-
mize transmission and reduce electromagnetic interactions [6].
Some conceptual structures have also been reported to use
metasurfaces as superstrates to minimize coupling among
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Fig. 1: Proposed unit cell: (a) Front view (b) Back view.

adjacent radiating elements [6]. Other techniques include the
use of a shorting pin between two equally positioned antennas
to reduce MC, or the use of four ground obstruction slots in
an 8-element 5G MIMO antenna at sub-6GHz frequencies.
Furthermore, tapered microstrip line and displacement line
techniques have been reported to improve impedance matching
of MIMO structures [8]. Designing MIMO antennas within
this frequency range involves several critical challenges. The
achievement of good isolation between radiating elements,
maintaining a compact geometry suitable for portable and
modern wireless devices, and simultaneously ensuring a wide
impedance bandwidth and high gain remain the main design
goals [9]. Several researchers have investigated MIMO an-
tenna configurations operating around 5.8 GHz, focusing on
compactness, isolation enhancement, and overall performance
improvement. For example, a 2x2 microstrip MIMO antenna
employing DGS was reported in [10], which improved isola-
tion but resulted in a relatively large physical size. Likewise, a
metamaterial-based dual-band MIMO antenna was presented
in [11] to enhance gain performance, although its operational
bandwidth was confined to narrow sub-bands in the 5 GHz
spectrum. Previous studies have also used techniques such as
EBG structures, parasitic resonators, and neutralization lines
to effectively suppress MC between MIMO elements [12].
Although these designs can be effective, many come with
increased manufacturing complexity or face challenges when
miniaturized for use in portable devices. Some recent studies
[13] have demonstrated compact designs with high isolation
(greater than 20 dB). However, this often compromises either
the antenna gain or its operational bandwidth. Moreover, very
few approaches in the 5.8 GHz frequency band successfully
achieve a balance among all critical performance factors,
including minimal MC, high gain, small form factor, and
straightforward fabrication.

In this paper, a metamaterial structure is proposed to de-
crease the MC between two circular patch antenna elements
in the MIMO array. The design includes two circular patches
fed by 50 Q2 microstrip lines. The desired isolation is achieved
by adding a 1x8 array of metamaterial unit cells between
the two radiating elements. The resulting MIMO antenna
exhibits a small MC (|Sz;| and |S12| lower than —20dB). The
proposed MIMO antenna is a suitable candidate for several

> —
Wrz | L1 We

>

Wy W1

(a) (b) (c)
Fig. 2: Circular patch antenna: (a) Front view, (b) Front view
with modified feed, and (c) Back view.
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Fig. 3: Design modification of MIMO configuration: (a)
MIMO with straight feed parallel configuration, (b) MIMO
with steps feed parallel configuration, and (c) MIMO with
straight feed parallel configuration with Metamaterial slab.

wireless applications due to its superior performance, in terms
of lower ECC, higher DG, peak gain, and improved isolation.
The remainder of this paper is organized as follows. Section
IT describes the step-by-step antenna design process within
the simulation environment, Section II-A outlines the design
and development of the proposed unit cell prototype, while
Section II-B presents the development from a single element
to a MIMO system. Section III presents the performance
of the proposed MIMO antenna in terms of reflection and
transmission coefficient, radiation patterns, ECC, and DG.
Finally, Section IV concludes the paper by summarizing the
key findings.

II. DESIGN METHODOLOGY

The concepts of circular planar monopole antennas [14],
split-ring resonator (SRR)-based structures [15], and stepped
feed techniques for impedance matching [16] have been widely
investigated and optimized in previous works. The proposed
antenna is designed on a low-cost FR-4 substrate with overall
dimensions of 20x35x 1.6mm?, a relative dielectric constant
of ¢, = 44, and a loss tangent of tand = 0.02. The
radiating element comprises two circular patches excited by
a 502 microstrip feed line as depicted in Fig. 2 (a). To
improve impedance matching, the feed line is segmented into
three microstrip sections that provide a smooth transition,
as illustrated in Fig. 2 (b). The stepped or segmented feed
changes the operating frequency by modifying the current
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Fig. 4: Reflection coefficient of circular monopole antenna
with straight and steps feed.
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Fig. 5: S-parameters of the proposed metamaterial unit cell
design.

path and coupling with the antenna. By changing the step
size, the antenna resonance shifts and achieves frequency
reconfiguration without using active components. The corre-
sponding ground-plane configuration of the proposed antenna
is presented in Fig. 2 (c). The optimized design parameters
of the circular patch MIMO and the metamaterial unit cell
are we, Wy, Lg, W, Iy, Wg, R, Le, p1, p, J1,  and
x1 whose values are 20, 20, 35, 35, 15, 3, 7.2, 20, 0.5,
4.5, 3, 0.5, and 1.5 (all in mm), respectively. The antenna
performance has been analyzed in terms of the S parameters,
the realized gain, and the radiation patterns. For full-wave
electromagnetic simulation, the CST microwave studio was
used to evaluate the MIMO configuration. The magnitude of
simulated reflection coefficient (S11) is shown in Fig. 4. The
antenna with a uniform feed line is observed to exhibit a
resonance at 5.5 GHz, whereas the stepped feed line structure
shifts the resonance frequency to 5.7 GHz to achieve frequency
reconfiguration.
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Fig. 6: Reflection coefficient of the proposed 2-element MIMO
configuration with/without metamaterial and with steps feed.
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Fig. 7: Transmission coefficient of 2-element MIMO configu-
ration with and without metamaterial and with stepped feed.

A. Design of the Proposed Metamaterial Unit Cell

Split-ring resonators (SRRs) are composed of metallic rings
with gaps, patterned onto a dielectric substrate, and operate as
subwavelength LC resonators, where the resonance frequency
is determined by the rings’ inductance and capacitance [17].
SRR-based metamaterial slabs function as electromagnetic
shields, reducing surface wave propagation and minimizing
near-field interactions between closely spaced antenna ele-
ments. This leads to isolation enhancement, while maintaining
antenna performance and avoiding the need for large element
spacing [18]. The geometry of the proposed metamaterial unit
cell is illustrated in Fig. 1. The unit cell structure is also
designed on an FR-4 substrate with a thickness of 1.6 mm.
The proposed unit cell is compact with an overall dimension
of 4x5.8x1.6 mm3. The designed configuration exhibits a
resonant response with a frequency ranging from 5.5 to
5.7 GHz. As it can be observed that the antenna initially
exhibits sub-optimal performance. However, by integrating
a metamaterial slab, the isolation between antenna elements
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Fig. 8: Surface current distribution of an: (a) MIMO without metamaterial at 5.5 GHz, (b) MIMO with metamaterial at 5.5GHz,
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Fig. 9: Radiation pattern in E and H-plane, denoted by blue and red color, respectively: (a) without metamaterial at 5.5GHz
(b) with metamaterial at 5.5GHz, and (c) with steps feed at 5.7GHz.

increased from 19.7 dB to 24.3 dB, while the realized gain
showed a modest improvement. Moreover, these modifications
mitigate the impact of mutual coupling and improve the overall
radiation characteristics by addressing the primary limitations
of the original design.

B. Development from Single Element to MIMO Configuration

Initially, a single circular monopole antenna was designed to
operate efficiently. Subsequently, the feed line was modified,
resulting in a shift in resonance frequency from 5.5 to 5.7
GHz, as shown in Fig. 2. In the second stage, an additional
circular monopole antenna was placed adjacent to the first
at a spacing of 10 mm, as illustrated in Fig. 3 (a). The
second configuration, representing the modified-feed circular
monopole MIMO antenna, is shown in Fig. 3 (b). Finally, to
minimize MC, a metamaterial-based decoupling structure was
introduced by placing an array of unit cells between the two
circular monopole antennas to enhance isolation, as shown in
Fig. 3 (c).

III. SIMULATION RESULTS AND DISCUSSION

In this section, we present the performance of the proposed
MIMO antenna design. The simulated reflection coefficient
magnitude (S11) and the transmission coefficient magnitude
(S21) for MIMO configurations, with/without metamaterial
and with stepped feed, are presented in Fig. 6 and Fig. 7,
respectively. The reflection coefficient for the MIMO antennas
with and without metamaterial shows resonance at 5.5 GHz,
while the stepped-feed MIMO configuration resonates at 5.7
GHz. For optimal MIMO performance, the MC must remain
low to achieve good isolation. As shown in Fig. 7, the MIMO
antenna that incorporates the metamaterial structure exhibits
improved isolation of 24.3 dB compared to the configuration
without metamaterial placement. Furthermore, the stepped-
feed MIMO antenna also achieves isolation levels better than
20 dB, demonstrating the effectiveness of the proposed design.

The current distribution on the surface of the MIMO config-
uration at a certain frequency shows how the current couples
from one radiating element to the adjacent radiating element
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Table I: Comparison of the proposed design with reported MIMO antennas.

Ref Size (mm?) Frequency (GHz) | BW (MHz) | Isolation (dB) | Peak Gain (dB) ECC DG
[19] 100x50x0.8 5.2-6.0 800 -25 6.57 0.032 9.83
[20] 40x40x0.8 3.4-3.6 200 -30 2.5 0.001 9.8
[21] 47.5x40x 1.6 3.35-3.78 430 -15 3 <0.05 -
[22] 38.2x95.94x1.6 2.43-2.50 70 -24.67 7.08 0.0087 | 9.998
[23] 22.5x50x1.6 5.2-6.4 4000 -38 8.1 - -
[24] 42.8x128.4%x4.71 4-4.2 200 -37 7 - -
This work 20x35x1.6 5.4-5.6, 5.6-5.8 200, 200 -24.3 3.7 <0.005 9.99
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Fig. 10: Gain of the proposed two-element MIMO configura-
tion with/without metamaterial and with stepped feed.

and observes how one antenna is isolated from the other
with respect to the current distribution. The surface current at
5.5 GHz for both the MIMO configuration with and without
metamaterial is shown in Fig. 8. The two MIMO ports are
excited, and the current from port 1 is distributed through the
surface of the MIMO and coupled from one radiating element
to another. Then, a metamaterial array of eight elements is
placed in the middle of two radiating elements, and it can be
observed in the figure that the presence of metamaterial leads
to reduced coupling and improved isolation between antenna
elements.

A. Diversity Performance

The radiation characteristics of MIMO antenna configura-
tions, both with and without metamaterial structure, are inves-
tigated to evaluate performance enhancement. Fig. 9 presents
the simulated radiation patterns at 5.5 GHz for both the E-
plane (¢ = 0°) and (¢ = 90°) for the H-plane. As illustrated
in the figure, the inclusion of the metamaterial introduces only
a minor effect on the overall radiation direction, indicating that
the metamaterial structure maintains stable radiation behavior
while improving antenna isolation. Similarly, the simulated
peak gains for both configurations are presented in Fig. 10. The
MIMO antenna integrated with metamaterial unit cells exhibits
an improved peak gain of 3.7 dB at 5.5 GHz, compared to
3.3 dB for the antenna without metamaterial. Furthermore,
the stepped-feed antenna configuration demonstrates a slightly
higher peak gain of 3.75 dB at 5.7 GHz.

Fig. 11: Simulated DG and ECC of the proposed MIMO
antenna with/without metamaterial and with steps feed.

B. Envelop Correlation Coefficient and Diversity Gain

The ECC is a parameter used to evaluate the individuality
of the antennas, particularly where antennas are placed right
next to each other, and is determined based on the radiation
pattern. The ECC also takes into account the radiation pattern,
polarization, and relative phase between two elements of
a MIMO system and can be calculated as [25]. Similarly,
DG refers to improvement in communication performance
(typically in terms of signal reliability and reduced fading).
From an antenna design perspective, it ensures low correlation,
manages coupling, and provides distinct signal paths. DG can
be mathematically expressed as [26].

DG = 10/1 — [ECC]? (1)
where the ECC is calculated using 2.
2
M; (0, ¢) - M, (0, ¢) d2
poc — i Mi(0,¢) - M; (0, ¢) d0) -

S IM(0,0) 7 A [, IM;(6,6)] d2

where M;(6,¢) and M; (6, ¢) denote the radiation patterns
when ports ¢ and j are excited, respectively, and €) represents
the solid angle.

The calculated ECC and DG of the proposed MIMO array
are presented in Fig. 11. As depicted in the figure, the ECC
for antenna ports is very small and close to 0, which confirms
a low correlation between the antennas, good isolation, and
a higher DG. Furthermore, to highlight the significance and
novelty of the proposed MIMO antenna design, we provide a
detailed comparison of the design and different performance
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metrics with the existing work in Table I. It can be observed
that the proposed design is more compact in terms of size
while targeting the desired frequency band with a bandwidth
of 200 MHz. Moreover, isolation of 24.3 dB, a minimum ECC
of 0.005, and a higher DG of 9.99 are achieved compared to
the existing work while maintaining a peak gain of 3.7 dB.

IV. CONCLUSION

In this work, we investigated the impact of applying a
metamaterial-based slab to reduce MC in the MIMO antenna
system. Throughout the significance of the presented research,
the structure, mock-up, and results concerning the MIMO
antenna, suitable for MIMO utilization, have been thoroughly
discussed. In this regard, we proposed a compact MIMO
antenna design that operates at 5.5 GHz and is suitable
for wireless portable devices. In the proposed design, it is
observed that the modification in the feed leads to a resonance
shift. Moreover, incorporating a metamaterial slab between the
radiating elements of the MIMO antenna achieved excellent
isolation between the antenna elements. The proposed antenna
demonstrates superior performance, particularly in terms of
ECC and DG, making it a strong candidate for practical
MIMO applications. Future direction includes a metamaterial-
embedded continuous aperture phased MIMO (CAP-MIMO)
configuration using the same antenna structure and phase-
controlling feed network.
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