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ABSTRACT: In this paper, a metasurface is proposed as an effective solution to enhance the performance of MIMO antennas by reducing
mutual coupling. This reduction is attributed to the metasurface’s negative permeability at the resonant frequency, which helps to block
waves propagating between the two adjacent structures. The designed metasurface consists of a 2D array of omega-shaped resonators
placed over two linearly polarized patch antennas. Measurement results show a 15 dB reduction in coupling when the metasurface is
positioned 0.14\o above two closely spaced antennas separated by 0.06\o at a resonant frequency of 2.85 GHz. Additionally, improve-
ments in other characteristics of the whole structure, such as gain and radiation efficiency, were also observed. Such an achievement has
not been reported in the literature on previous metasurface-based decoupling methods. This technique can be useful for massive multiple

input multiple output (mMIMO) systems for wireless communications.

1. INTRODUCTION

ultiple-input multiple-output (MIMO) systems are de-

fined as those in which both transmitting and receiving
ends have multiple antenna elements. Multiple antennas sig-
nificantly improve channel capacity, spectral efficiency, and
fading reduction without requiring more bandwidth or trans-
mission power [1]. As a result, MIMO technology is expected
to be used in wireless communication networks in the most re-
cent wireless devices. A distance of at least 0.5\¢ (where g
is the free space wavelength at the working frequency) is re-
quired between antenna elements for low correlation and ad-
equate isolation [2]. In practical applications such as 5G de-
vices, the space available for implementing MIMO antennas is
limited. Consequently, the separation distance between anten-
nas is less than 0.2\g, which leads to the occurrence of mutual
coupling between antennas. This coupling degrades the perfor-
mance of MIMO antennas [3, 4]. To address this issue, mutual
coupling must be either eliminated or significantly reduced. Up
to now, various decoupling techniques [5, 6] have gained atten-
tion, going beyond merely increasing the physical separation
between elements. Traditional approaches, such as electromag-
netic bandgap (EBG) structures [7], defected ground structures
(DGSs) [8], metamaterial structures [9], and decoupling net-
works [10], have been proposed to achieve high isolation per-
formance. All these mentioned decoupling techniques require
additional physical space between antennas, which can be a sig-
nificant drawback for systems where miniaturization is critical.
Additionally, most of these techniques are not easily scalable
to massive MIMO antenna arrays with dozens of elements.
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Recently, metasurfaces have been explored as a cutting-edge
solution for reducing decoupling between antenna elements.
In [5, 6], a suspended metasurface is introduced to decouple a
MIMO array. This metasurface is designed to reject unwanted
radiation and reduce mutual coupling in the antenna array with-
out affecting other performance aspects. Additionally, another
low-profile decoupling method is presented in [7], utilizing
metamaterial structures integrated into the same layer as the
coupled array. This metasurface, also composed of periodic
square split ring resonators (SRRs), manipulates electromag-
netic waves to effectively demonstrate its decoupling effects.
In [11], a metasurface is placed above two dielectric resonator
antennas to reduce the mutual coupling between the elements.
More recently, Tang et al. [12] proposed a multi-frequency
MIMO antenna based on a metasurface for 5G and WiFi-6E
applications. The design employs SRRs and a spiral metasur-
face to achieve tri-band operation around 3.5, 5.8, and 6.9 GHz
while effectively reducing surface and space-wave coupling.
Measurements demonstrated high isolation (up to ~36 dB), im-
proved gain and efficiency, and very low ECC, confirming the
effectiveness of the metasurface approach.

While the above cited works focus exclusively on linearly
polarized MIMO antenna systems, Wu and Yan [13] extended
the concept to circularly polarized arrays. They introduced
a metasurface with periodic Jerusalem cross-slots to decou-
ple a 2 x 2 CP microstrip array, reporting significant reduc-
tions in mutual coupling (24dB and 16dB in the E- and H-
planes, respectively) and a gain improvement of ~1.5 dBi. An-
other important work that deals with CP MIMO antennas is re-
ported in [14]. The authors design a metasurface augmented
CP MIMO antenna operating across multiple frequency bands.
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Metasurface is used to mitigate both surface-wave and space-
wave coupling among antenna elements, resulting in a signif-
icant improvement in isolation with only minimal degradation
of gain. Their experimental results confirm that integrating a
metasurface can preserve overall performance while reducing
coupling effectively.

This paper introduces a novel low-profile metasurface de-
coupling method. The proposed structure consists of a metasur-
face made up of omega-shaped resonators (OSRs), positioned
near a two-element coupled antenna array. The structure was
fabricated and tested, with results demonstrating that the meta-
surface significantly enhances isolation performance. Addi-
tionally, other characteristics, such as gain and radiation effi-
ciency, were improved. To the best of the authors’ knowledge,
such an achievement has not been reported in the literature on
previous metasurface-based decoupling methods.

2. MECHANISM OF DECOUPLING USING A NEGATIVE
PERMEABILITY METASURFACE

2.1. Decoupling Mechanism

It is well known that as the distance between antennas de-
creases, mutual coupling increases, which progressively de-
grades the antenna’s performance. To mitigate the coupling,
metasurfaces can be used. This approach involves placing a
metasurface above two coupled antenna elements to enhance
decoupling. The metasurface consists of periodic unit cells,
each functioning as a magnetic resonator. The decoupling
mechanism is based on the specific properties of these unit
cells, particularly the complex wave number, which plays a
critical role in controlling electromagnetic interactions. These
resonators are designed to exhibit tailored resonance frequen-
cies and strong field confinement, ensuring effective decou-
pling and optimizing performance. Fig. 1 illustrates the radiated
field distributions of a two-coupled MIMO antenna system with
the introduction of the metasurface. The aim of the metasurface
is to enhance the isolation between the antennas by absorbing
the waves radiated by Antenna 1 to couple to Antenna 2 (termi-
nated with a 50-(2 load). This can be explained by the fact that
the metasurface exhibits both a negative permeability and a pos-
itive permittivity around the same resonance frequency of the
excited antenna. Then, the complex wavenumber, which can
be calculated using the following equation & = ko+/|er| |per],

FIGURE 1. The principle of the proposed decoupled array with the
omega-shaped metasurface.

becomes purely imaginary k = jko+/|e,| || in the case of
tr < 0and e, > 0. Now, the xz-component of the electric
field propagating in the —z direction, Age’**, can take the fol-
lowing form:

Ape?*® Agel@t = Aged Tkoy/Ier|lpr]z) gjwt (1)

From (1), we can clearly see that the electromagnetic wave
traveling in the z-direction of the omega-shaped metasurface
is evanescent. This ensures that the mutual coupling between
the two antennas is eliminated. When the wave emitted by the
antennas propagates along the z-direction, with the magnetic
field component aligned in the x-direction, radiation is guaran-
teed due to the metasurface’s anisotropic characteristics [15].

2.2. Proposed Configuration for Enhancing Decoupling

The configuration of the proposed high isolation MIMO an-
tenna based on a metasurface with a negative permeability is
depicted in Fig. 2. It consists of two closely spaced rectangu-
lar patches coupled in the H-plane and separated from edge-to-
edge by a distance of d = 0.06\¢ which is 7 mm at the resonant
frequency of 2.85 GHz. Both rectangular patches have identical
dimensions and are placed below a metasurface with negative
permeability that acts as a superstrate and is securely held in
place by four acrylic screws, ensuring a proper alignment. The
rectangular patches, fed by a 50-2 coaxial probe, are printed on
a grounded dielectric substrate (Rogers RT/Duroid 4003C) with
a permittivity of 3.55, a loss tangent of 0.0027, and a thickness
of hy = 1.524 mm. The metasurface is placed at a distance D of
30 mm (about 0.14\ at 2.85 GHz) above the antenna to reduce
the mutual coupling between both antennas. The metasurface is
a 2-D array consisting of 6 x 6 elements and has the same aper-
ture area as the radiating patch’s substrate, 67.4 x 67.4 mm?,
Each element of the metasurface consists of an omega-shaped
resonator (OSR). The proposed structure is designed and op-
timized using commercial software, the full-wave simulation
software CST Microwave Studio. The optimized dimensions

@ M elololololQ!
N OQNNQNON
| QOOOAQN
NONOOQAQN
- QIOYOIPYQYQ)
NANDNDNON)

iy

(©

FIGURE 2. Antenna structure. (a) The antenna array without metasur-
face, (b) the metasurface layer, and (c) the side view of the antenna
array with metasurface.
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FIGURE 3. The unit cell design. (a) Layout of the omega-shape resonator elements. (b) S-parameter of the unit cell. (c) Permittivity and permeability.

of the rectangular patch are as follows: Wg = Lg = 112mm,
Wp = 26.8mm, Lp = 26.66 mm.

2.3. Effective Parameters of the OSR Unit Cell

The design procedure started with calculating the effective pa-
rameters of the metasurface, especially permittivity and perme-
ability. The omega-shaped metasurface unit cell was modeled
using CST Microwave Studio and tuned to achieve a negative
permeability (MNG), which means has a magnetic resonator
around the resonance frequency of 2.85 GHz. The main pa-
rameters of the OSR are listed in Table 1. The simulation setup
used is depicted in Fig. 3(a). To simulate a periodic array of
OSRs placed in the z-y plane (Fig. 3(b)), a single OSR unit cell
is simulated with PEC and PMC boundary conditions, which
are defined in such a way that the magnetic field is kept along
z. In contrast, the electric field is kept along the y-axis. Conse-
quently, the propagation direction of the wave vector & is in the

TABLE 1. Parameters of the omega-shape unit (Unit: mm).

Parameter | Value | Parameter | Value
a 16.35 g 4.5
Tin 5 Tout 6
h 1.524 h1 0.035
w 1.1 l 5
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z direction. From the obtained simulated S' parameters of the
unit cell (S1; and Sy), the effective parameters were calculated
using the retrieval method developed in [16]. Fig. 3(c) shows
the effective parameters (¢, and u,.) of the metasurface as a
function of the frequency. It can be observed that the perme-
ability u is negative around the resonance frequency 2.85 GHz,
which is exploited to build a superstrate for eliminating the cou-
pling between the two-element antenna array.

2.4. Simulated Results and Parametric Study

Figure 4 shows the simulated S-parameters with and without
the metasurface. Note that the metasurface is placed 2 mm
above the 2-port antennas. It can be seen clearly that the
—10dB impedance bandwidth without metasurface is 2.8%
(2.8-2.88 GHz), whereas that of the one with metasurface is
5.9% (2.82-3 GHz). In contrast, the MIMO antenna without a
metasurface experiences significant mutual coupling, with an
S>71 of —8dB at 2.85 GHz. However, with the integration of
the metasurface, the mutual coupling is significantly reduced
to —22 dB, while the maximum isolation improves to 56 dB at
2.9 GHz, demonstrating outstanding decoupling performance.
The OSR metasurface effectively blocks coupling between the
two elements of the antenna array, significantly reducing inter-
ference. When loaded with a negative permeability medium
(metasurface) that acts as an evanescent medium in the z-
direction, further minimizing unwanted coupling between the
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FIGURE 4. Simulated S-parameter of an antenna array without and with
metasurface.
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FIGURE 6. Simulated S-parameters of the array with the metasurface
concerning different D.

antenna elements, the small increase in bandwidth can be at-
tributed to the presence of the metasurface near the antenna,
which alters its radiation resistance and reactive impedance.
This effectively acts as a design element that lowers the quality
factor and enhances impedance matching, thereby broadening
the antenna bandwidth. It is worth noting that a greater increase
in bandwidth could be achieved by increasing the separation
distance between the radiating elements and the metasurface.

However, this paper’s primary objective is to reduce mutual
coupling. Nonetheless, the slight enhancement in bandwidth
could be interesting in some applications. This technique’s
main advantage is its ability to decrease the separation distance
between antennas in MIMO antenna systems, enabling a more
compact design.

Reducing the system size makes it suitable for applications
with stringent space constraints. Additionally, this compact
configuration can enhance system integration and contribute
to reducing material costs. Furthermore, due to the necessity
of placing a metasurface closely over the radiating elements,
the structure remains a low-profile design, as the spacing be-
tween the metasurface and the MIMO antenna system is small
(0.06)).
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FIGURE 5. Simulated isolations for arrays with different d values with-
out a metasurface and the isolation for the array with a metasurface.
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FIGURE 7. Simulated S-parameters of the antenna array with the meta-
surface for a different number of OSR units.

Next, we have performed many full-wave simulations to an-
alyze the effect of key design features on the performance of
the proposed design, with a particular focus on its impedance
characteristics (S1; and S>1). We note that while varying a sin-
gle parameter, the remaining feature dimensions were kept at
their previously optimized values.

The first parameter examined in this study is the separa-
tion distance (d) between two adjacent antennas as depicted in
Fig. 5. The miniaturization of antenna array elements, particu-
larly reducing the spacing between them, is critical for various
applications, including MIMO systems. Typically, a separa-
tion distance of \y/2 is required to minimize mutual coupling.
However, in the design proposed, different values of d have
been considered to achieve a more compact configuration. The
obtained results are plotted in Fig. 5. From this figure, it can be
inferred clearly that the reflection coefficient (S ) remains rel-
atively insensitive to variations in the separation distance (d).
However, the transmission coefficient (.5; ) exhibits significant
changes with the parameter d. Notably, optimal decoupling
performance is achieved at a spacing of d = 0.06\.

In addition to the effect of element spacing, d, the effect of the
separation distance between the antenna and the metasurface
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FIGURE 8. Simulated electric field distribution on the X O Z-plane cut-
ting surface when Antenna 1 is excited and Antenna 2 is terminated
with a 50-2 matched load, shown for: (a) the array without, and (b)
with the metasurface, respectively.
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FIGURE 9. Simulated magnetic field distribution on the X OZ-plane
cutting surface when Antenna 1 is excited and Antenna 2 is terminated
with a 50-2 matched load, shown for: (a) the array without, and (b)
with the metasurface, respectively.
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FIGURE 10. Efficiency and ECC values. (a) Simulated radiation efficiency. (b) Simulated envelope correlation coefficient (ECC).

(D) is also studied, as shown in Fig. 6. It is evident that the
optimal value of D for achieving a good isolation is 0.14 ).

Finally, the effect of the number of unit cells of the meta-
surface is examined in Fig. 7. It is observed that varying the
number of unit cells significantly impacts both the reflection
coefficient (S11) and the transmission coefficient (.S3;). The
5 x 5 unit cell configuration exhibits the same isolation as the
6 x 6 unit cell configuration, but with a greater bandwidth of
3.2 GHz compared to 2.88 GHz for the latter. The 6 x6 and 7x7
unit cell configurations provide a broader bandwidth compared
to the others. Thus, the OSR metasurface can also enhance the
bandwidth with an optimal number of unit cells. As previously
mentioned, the primary objective of this work is to enhance the
mutual coupling performance of the proposed structure. The
best configuration to achieve this within the band of interest is
the 6 x 6 unit cell configuration.

To explore the decoupling mechanism further, Fig. 8 com-
pares the simulated electric field distributions with and without
the metasurface. In the simulation, Antenna 1 is excited while
Antenna 2 is terminated with a 50-(2 matched load. From Fig. 8,
it can be observed that in the absence of the metasurface, stray
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coupling from Antenna 1 is transferred to Antenna 2 and ab-
sorbed by the load. However, with the introduction of the meta-
surface, the wavefront is effectively focused toward the normal
direction of Antenna 1.

This can be explained by the fact that the energy flow gener-
ated by Antenna 1 is canceled by the metasurface, which pro-
duces an opposing energy flow, thereby reducing the coupling
strength between the two antennas. Furthermore, as shown
in Fig. 9, the metasurface is composed of omega-shaped res-
onators that act as magnetic resonators. The comparison of
the simulated magnetic field distribution with and without the
metasurface reveals that the magnetic field produced by the
metasurface propagates predominantly along the negative x-
axis.

This opposing magnetic field interacts with the field from
the antennas, thereby suppressing a significant portion of the
mutual coupling between them in the MIMO system.

Following this, the radiation efficiency and envelope corre-
lation coefficient (ECC) are also studied numerically and pre-
sented in Fig. 10. It can be seen from this figure that loading
both antennas with the metasurface increase the radiation effi-
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FIGURE 11. Simulated and measured S-parameters of the antenna structure: (a) without, and (b) with the metasurface.

ciency from 66% to 90%, representing a 24% improvement,
and significantly lowers the ECC at the operating frequency
from 0.01 to 0.0001. Reducing the value of ECC improves
the system’s diversity gain, increases channel capacity, and en-
hances spectral efficiency, leading to better overall MIMO per-
formance.

For channel capacity loss (CCL), there exists a direct rela-
tionship with ECC. Indeed, CCL is derived from the same cor-
relation matrix that already includes ECC. Therefore, when the
ECC values are extremely low (= 0), as observed in our design
(0.0001), the CCL becomes negligible (close to 0 bits/s/Hz).
This demonstrates that very low ECC obtained not only vali-
dates excellent diversity gain but also guarantees minimal ca-
pacity loss, which implies that the value of CCL in this case is
expected to be very small.

Another important factor in evaluating MIMO system per-
formance is diversity gain (DG), which reflects the reliability
of the system. A higher diversity gain indicates improved iso-
lation and better diversity performance, and it depends on the
correlation coefficients between the antenna signals. For the
proposed design, the calculated ECC is 0.001, which yields a
DG 0f9.99 dB according to expression (2), indicating an almost
ideal performance.

DG = 10 x VI — ECC )

3. RESULTS AND DISCUSSION

To validate our approach, a prototype was fabricated and tested
using a Keysight N5234B vector network analyzer (Fig. 15(a)).
Fig. 11(a) shows the S-parameters of the proposed antenna
structure without the metasurface, and Fig. 11(b) shows the an-
tenna with the metasurface. There is a strong agreement ob-
served between the measured and simulated results. The mea-
sured operating bandwidth for the antenna without the meta-
surface, with |S11| < —10dB, is around 45 MHz, and | S| is
approximately 6 dB. However, for the case of the antenna struc-
ture with metasurface, the measured coupling achieves a level
of more than 40 dB at 2.8-2.9 GHz as the metasurface is placed
above the antenna at a distance of D = 0.14)\(, with a signifi-
cantly increased bandwidth.
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FIGURE 12. Gain of the antenna array without and with the metasurface
when Antenna 1 is excited and Antenna 2 is terminated with a 50-€2
matched load.

It is important to note that the coupling can be decomposed
into lateral (surface-wave-driven currents that flow along the
array plane) and radiated (space-wave) power normal to the ar-
ray. Our metasurface is designed to suppress the lateral com-
ponent by enforcing an MNG regime (high surface impedance),
thereby minimizing surface currents between elements; most of
the energy is redirected into radiation rather than lateral trans-
port, which aligns with the observed drop in the coupling pa-
rameter S;;. The observed frequency shift (Fig. 11(b)) is at-
tributed to the metasurface’s non-flat placement over the an-
tenna structure or to manufacturing tolerances. These promis-
ing results validate the effectiveness of the proposed decoupling
method based on the use of a metasurface with negative perme-
ability.

Next, we have measured the realized gain and radiations pat-
terns using an ultra-wideband (UWB) time-domain measure-
ment kit (Geozondas), as illustrated in Fig. 15(b). The setup op-
erates in the time domain, employing sub-nanosecond impulse
signals and wideband horn antennas as transmit/receive probes.
The time-domain response is then Fourier-transformed to ex-
tract the radiation characteristics over the desired frequency
range, enabling fast and accurate far-field pattern measure-
ments without the need for frequency-by-frequency sweeps.

WWwWw.jpier.org



Progress In Electromagnetics Research C, Vol. 163, 73-80, 2026

PIER C

—m— Sim. port1 W.O Meta
—e— Sim. port2 W.0 Meta
—A— Mea. port1 W.0 Meta
« |—%*— Mea. port2 W.O Meta

0

(a)
_10 -
=20 1 300
_30 -

-40

:

90

Relative Power (dB)

120 240

180
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FIGURE 15. (a) VNA network. (b) Measured of radiation pattern.

Figure 12 presents the simulated and measured realized gains
of the proposed antenna array with and without the metasurface
around the resonance frequency of 2.85 GHz and shows a good

agreement. It can be observed that the introduction of the meta-
surface enhances the realized gain of the antenna structure by
2.3dB.

Figures 13 and 14 present the measured and simulated radi-
ation patterns of the antenna array structure in the F-plane and
H-plane when Antenna 1 and Antenna 2 are excited separately
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at 2.85 GHz. From Figs. 13 and 14, it can clearly be seen that
the measured and simulated results exhibit strong agreement.
Moreover, the introduction of the metasurface enhances the ra-
diation performance by improving directivity, lowering side-
lobe levels, and increasing pattern symmetry between the two
ports. This improvement confirms the role of the metasurface
in controlling surface wave propagation and reducing mutual

coupling effects.
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TABLE 2. Comparison of the proposed method with the referenced antennas.

Ref. | Method | Freq. (GHz) | |S21| | E-E (Ao) | Height (A\o) | Eff (%) Improvement
[5] | MAAD 5.6 —25 0.06 0.05 20

[6] MAAD 5.8 —20 0.02 0.12 16

71 | EBG 5.8 25 0.06 0.05 15

Pro. | MAAD 2.85 —15 0.06 0.14 24

To clearly emphasize the contributions of our work, Table 2
summarizes a comparison of the proposed closely coupled an-
tennas based on metasurfaces with state-of-the-art decoupling
antenna designs. This table includes key parameters such as
isolation, efficiency, and edge-to-edge distance, and covers dif-
ferent methods like MAAD and the EBG structure. This work
improves the efficiency by 24% and reduces the mutual cou-
pling by up to —50 dB within the operating frequency band.

From Table 2, it is clear that our design offers good isola-
tion and improved radiation efficiency compared to other an-
tenna designs proposed in the literature. It is worth noting that,
for isolation, Table 2 presents the value at the resonance fre-
quency. However, as shown in Fig. 11, the isolation exceeds
50 dB around 2.9 GHz.

4. CONCLUSION

This paper introduces a method for reducing mutual coupling
in a MIMO antenna system using an omega-shaped metasur-
face. Measurement results demonstrate a 50 dB improvement
in isolation at 2.85 GHz, representing a significant reduction in
coupling between the antennas. Furthermore, the gain is en-
hanced by 2.3 dB. We have also observed that the efficiency
is enhanced by 30% through the utilization of the metasurface,
and the envelope correlation coefficient (ECC) improves from
0.01 to 0.0001 at the resonance frequency of 2.85 GHz, respec-
tively. Owing to these results, the proposed work is relevant
for 5G sub-6 GHz MIMO handsets, IoT devices, and compact
base-station antennas, where enhanced isolation and preserved
radiation efficiency are critical.
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