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ABSTRACT ARTICLE HISTORY
This paper describes the design of a unique 26 GHz Multiple-Input, Multiple-Output Received 7 July 2024
(MIMO) antenna array for 5G millimeter-wave (mm-Wave) broadband applications. The ~ Accepted 6 October 2025
antenna comprises a 2 x 1 array of radiating elements excited through a T-junction power KEYWORDS

divider. The antenna array, with dimensions of 12 x 18 mm?, offers a wide operational Multiple-input
bandwidth between 25.05 and 27.8 GHz, corresponding to a fractional bandwidth of multiple-output (MIMO);
10.4%. It is a modified four-element MIMO system, in which the radiating elements are antenna array; metasurface;
arranged in parallel with an inter-element spacing of 1.5 at 26 GHz and oriented orthog- 5G millimeter-wave
onally to one another. To further enhance the gain, isolation, and overall performance, a (mm-Wave); T-junction
metasurface layer comprising a 5 x 6 array of rectangular split-ring resonators (RSRs) is power divider
strategically placed above the antenna. This metasurface acts as a passive spatial filter

and phase modulator, enabling wavefront shaping and polarization control. Constructed

on a Rogers RT/duroid substrate with a thickness of 0.8 mm, the proposed MIMO system

achieves an average gain of 7.85 dBi, a peak gain of 9.1 dBi at 25.8 GHz, an inter-element

isolation of —24 dB, and an ECC of less than 0.0005.

1. Introduction

In the modern era, the explosive growth of wireless devices has driven a transformative shift in mobile com-
munications [1-3]. This evolution is marked by an annual data rate increase of 40-70%, and the demand
for wireless communication has resulted in bandwidth requirements nearly 1000 times greater than those
of previous-generation systems [4,5]. To meet these demands, fifth generation (5G) wireless technology has
emerged as a powerful solution, offering data rates up to 20 Gbps and ultra-low latency as low as 1 ms [6,7].

However, the increasing need for higher data throughput and broader bandwidth is expected to render the
5G sub-6GHz spectrum insufficient. As a result, the adoption of the millimeter-wave (mmWave) spectrum has
become essential [8]. The mmWave band offers significantly wider bandwidth, enabling gigabit wireless ser-
vices. Additionally, it allows for the implementation of compact antenna structures, facilitating the integration
of multiple antenna elements into a small form factor. This enables high gain and beamforming capabilities,
even in mobile devices.

Recognizing the importance of mmWave technology, the Federal Communications Commission (FCC) has
allocated several frequency bands for 5G deployment, including 24, 28, 37, 39, and 47 GHz. Extensive research
has investigated the use of both sub-6 GHz (3-6 GHz) and mmWave (20-40 GHz) bands for 5G applications
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[9-13]. While mmWave bands offer high capacity, they also introduce challenges such as increased free-space
path loss, atmospheric absorption, and signal degradation [14]. Therefore, achieving high gain at mmWave
frequencies often requires deploying antenna arrays with multiple radiating elements.

To address these challenges while maintaining compactness, a variety of antenna structures have been
explored. These include metamaterial-based antennas, Fabry—Perot cavities, and lens-coupled arrays [15-17].
Among these, MIMO (Multiple Input Multiple Output) systems play a vital role in 5G base stations by improving
link reliability and boosting channel capacity with Gbps throughput [18,19]. However, compact MIMO designs
must also mitigate mutual coupling, which can degrade overall system performance [20-22].

For instance, a 2 x 2 stacked patch MIMO antenna array was introduced in [23] for mmWave 5G base sta-
tions. Each element employed dual orthogonal stacked vias for circular polarization and achieved a peak gain
of 6.5 dBi with mutual coupling below —20dB. In recent years, metamaterials have gained traction for their
unique electromagnetic properties and ability to improve antenna performance [24]. Several studies have
demonstrated the benefits of metamaterial-enhanced MIMO antennas for mmWave applications [25-27]. For
example:In [25], a bowtie-shaped MIMO array (30.5 x 30 mm?2) achieved a gain of 7.4 dBi over 24.25-27.7 GHz.
In [26], an EBG structure improved the gain from 1.9 dBi to 6 dBi over a 1 GHz bandwidth (27.5 x 27.5 mm?2). In
[27], a four-element DRA array achieved 7 dBi between 26.71 and 28.91 GHz using a metamaterial superstrate.
In [28], a metasurface reflector boosted the gain of a two-element MIMO system to 11.5 dBi (31.7 x 53 mm?2). A
compact two-port MIMO system in [29] reached 8.6 dBi from 29.7 to 31.5 GHz within a 48 x 21 mm? footprint.

This paper proposes a 2 x 2 MIMO antenna array designed for 5G mmWave applications, offering high
gain and compact size. The radiating elements are arranged orthogonally to enable circular polarization. A
key innovation in this design is the integration of a metasurface layer, strategically positioned in front of the
array. The metasurface shapes the phase of incident waves to produce constructive interference in the desired
direction, effectively focusing radiated energy and increasing gain. This approach enhances the directivity and
performance of the antenna system, while maintaining a simple, manufacturable design.

To overcome the limitations of conventional MIMO arrays at millimeter-wave frequencies, this work inte-
grates a metasurface layer into the antenna architecture from the outset of the design process. The meta-
surface serves a dual role: first, as a spatial phase modulator that enhances directivity through constructive
interference; and second, as a polarization filter that suppresses cross-polarized components, thereby improv-
ing gain and reducing coupling. Introducing this metasurface early in the design enables a more compact,
high-performance antenna system suitable for 5G applications.

2. Antenna structure

The proposed MIMO system, as illustrated in Figure 1, comprises four radiating elements oriented orthogo-
nally. These elements are constructed on a low-loss, high-frequency substrate made of Rogers RT/duroid 5880
with a dielectric constant (¢,) of 2.2 and a substrate thickness (h) of 0.8 mm. Positioned in front of the array is
a metasurface layer featuring a grid of 5 x 6 rectangular split-ring (RSR) resonators. Maintaining a 10 mm gap
between the metasurface layer and the array is crucial for achieving the required radiation directivity.

To analyze and optimize the performance of the antenna array, we utilized CST Studio Suite, a 3D electro-
magnetic solver developed by Dassault Systémes. Figure 1 provides a visual representation of the evolution
of the radiating elements and, consequently, the antenna array. For a more comprehensive understanding of
the antenna, a detailed explanation follows.

2.1. Antenna geometry

The proposed radiating element is derived from an edge-fed circular patch with a ground plane. The radius of
the circular patch was determined using Equation (1) [30,31]. To enhance impedance matching between the
feedline and the radiating element, a rectangular slot was introduced in the ground plane just below the patch
antenna, as shown in Figure 2(a). Additionally, the width of the microstrip feed line was narrowed at the neck
of the patch. This reduction in feed line width serves to lower the effective dielectric constant between the
microstrip feed line and the ground plane. This alteration influences the effective electrical length of the feed
line, aiding in the tuning process to achieve improved impedance matching. A rectangular slot in the ground
plane was also employed to enhance the impedance matching and bandwidth characteristics of the antenna,
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Figure 1. Evolution of aperture coupled antenna array, (a) Single disk-shaped radiating element, (b)Truncated radiating
elementina 1 x 2 antenna array, (c) Configuration of the 2 x 2 antenna array, and (d) Metasurface cover.
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Figure 2. (a) Original disk-shaped optimized antenna, (b) With defected ground-plane, and (c) Reflection coefficient response
of the optimized antenna and with defected ground-plane.

as shown in Figure 2(c). It's important to note that the size, shape, and position of the slot significantly affects
the radiation characteristics and impedance bandwidth. Thus, careful design and optimization are imperative
to attain the desired performance. The dimensions of the antenna structure are given in Table 1.

F
R=
{1+ 2% (n3f +17726)|

M

where
879 x 10°
fr/er

2.2. Antenna array optimization

To improve the circular patch’s reflection coefficient performance, it was transformed to a sickle shaped patch.
The sickle shaped 2 x 1 array, shown in Figure 3, is excited through a T-junction power divider. The antenna
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Table 1. Dimensions of the circular patch
antenna.

Parameter  Values (mm)  Parameter  Values (mm)

Wf 1.8 WH1 1
Lf 2.5 Lc 6
Lf1 1.7 Wc 1.6
R 2.1 Ls 10
Ws 8
Ws Wg

T A
Substrate I:I
Conductor D

Ls Le Lg

1 wo -~
Lf| We

Wi
(@) (b)

Figure 3. The proposed 2 x 1 antenna array, (a) Top view, and (b) Bottom view.

Table 2. Physical dimensions of the 2 x 1 MIMO antenna array.

Parameter Values (mm) Parameter Values (mm)
Wf 23 Ws 17

Lf 3.0 Wg 17

Wp1 1.15 Lp 2

Lp1 1.15 Wp 8.57
Ls 17 Wc 23

R 23 Lc 74

array was constructed on Rogers RT/duroid 5880, a high frequency substrate with a rectangular slot imple-
mented in the ground plane. The rectangular slot is used here to fine-tune the impedance matching to the
antenna. By adjusting the size and position of the slot, the input impedance of the antenna can be controlled,
which is essential for maximizing power transfer from the feedline to the antenna. The dimensions of the
optimized antenna are given in Table 2.

The evolution of the 2 x 1 antenna array is depicted in Figure 4(a). The final antenna geometry is based on
a standard circular patch antenna. Figure 4(b) illustrates how different modifications influenced the reflection
coefficient (Sq1). Initially, the impedance bandwidth for S1; < —10dB is 3.2 GHz, ranging from 25.8 GHz to
29 GHz. By adding a rectangular slot to the ground plane, this bandwidth narrows to 1.5 GHz (from 23.3 GHz to
24.8 GHz) and 1.4 GHz (from 27 GHz to 28.4 GHz). Subsequently, converting the circular disk to a circular ring
expands the impedance bandwidth to 3.3 GHz, spanning from 25.7 GHz to 29 GHz. Further transformation to
a semi-circular ring enhances the reflection coefficient to —33 dB at 26.1 GHz and increases the impedance
bandwidth to 2.8 GHz (from 25.1 GHz to 27.9 GHz).

2.3. MIMO based on linear arrangement of four radiating elements

The proposed 2 x 1 antennaarray was utilized in the development ofan 8 x 1 MIMO system. This configuration
involved arranging the 2 x 1 antenna arrays in a linear format, as illustrated in Figure 5. The gap between
neighboring 2 x 1 arrays is 18 mm (equivalent to 1.554,) at 26 GHz. The overall size of the 8 x 1 MIMO system
is 12 x 72 mm?.

This spacing was determined through parametric optimization using CST Studio Suite. A range of inter-
element distances was simulated to evaluate trade-offs between mutual coupling, array footprint, and
impedance performance. It was observed that 1.51¢ provided the best compromise, which achieved low
mutual coupling and envelope correlation while avoiding unnecessary enlargement of the array. Further
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Figure 4. 2 x 1 Antenna array, (a) optimization steps, and (b) reflection coefficient responses.
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Figure 5. Linear arrangement of four 2 x 1 antenna arrays, (a) Front view, and (b) Back view.

increases in spacing yielded diminishing performance returns, while smaller gaps led to significantly higher
coupling. Hence, 1.51¢ was adopted as the optimal spacing based on simulation-driven empirical results.

The S-parameters for both the single element radiator and the four radiators arranged linearly are dis-
played in Figure 6. The single element antenna maintains a reflection coefficient of better than —10dB
across a 2.75 GHz bandwidth, spanning from 25.05 GHz to 27.8 GHz. The individual 2 x 1 antenna arrays,
when arranged in parallel, exhibit an identical reflection coefficient response of —28 dB at 26 GHz, and the
inter-element isolation or mutual coupling is higher than 32 dB.

2.4. MIMO based on orthogonal arrangement of four radiating elements

Investigation was done by arranging the four 2 x 1 antenna arrays orthogonally relative to each other, as illus-
trated in Figure 7. The ground plane is defected with rectangular slots that are located under each array. Figure
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S-parameters (dB)

\j — S 3,4 S4,1 e==———S4,2 e—S4,3
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Figure 6. S-parameters a single element and four 2 x 1 antenna array MIMO system.
'y ]
Wso g

(a) (b)

Figure 7. Orthogonally arranged four element 2 x 2 antenna array MIMO system, (a) Front view, and (b) Back view.

Lso

A

8 shows that the individual 2 x 1 antenna arrays in the orthogonal orientation exhibit an identical reflection
coefficient response of —48 dB at 26.3 GHz, and the inter-element isolation or mutual coupling is higher than
25dB.

The designation modified four-element MIMO system refers to structural enhancements introduced over
conventional MIMO designs. Specifically, the radiating elements are oriented orthogonally to leverage polar-
ization diversity and inherently reduce mutual coupling. Additionally, the inter-element spacing is set to 1.54¢
at 26 GHz, an optimized compromise between minimizing near-field coupling and maintaining array compact-
ness. These geometric modifications, combined with the use of a metasurface and defected ground structure
(detailed in subsequent sections), form the basis of the array’s enhanced electromagnetic behavior.

2.5. Metasurface unit cell

The metasurface is based on a square split-ring resonator. The metamaterial characteristic of negative refrac-
tive index is obtained by locating a slightly smaller split-ring inside another with the open ends facing opposite
sides, as shown in Figure 9. Split-ring resonators are designed to resonate at certain frequencies when exposed
to electromagnetic waves. When one split-ring resonator is placed inside another, their electromagnetic fields
interact with each other in such a way to create a negative refractive index response. The interaction between
the two SRRs leads to a phase delay in the electromagnetic wave passing through the material. The phase delay
determines how the electromagnetic wave propagates through the material. When the phase delay is such
that the wavefronts are bent in a particular way, it can lead to negative refraction. Negative refraction means
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Figure 9. (a) Evolution of the metasurface unit-cell, and (b) proposed metasurface unit-cell.
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Figure 10. S-parameters (magnitude and phase) of the proposed metasurface unit-cell.

that the angle of refraction of the electromagnetic wave is in the opposite direction compared to conventional
materials. This phenomenon is a key characteristic of metasurface. The phase response was enhanced by first
adding a square patch in the middle of the unit cell and creating diagonal and a vertical slot through the patch.
The dimensions are given in Table 3. Figure 10 shows the magnitude and phase of the S-parameter response
using CST Studio Suite, which is a 3D electromagnetic solver based on method of moments technique, by
Dassault Systeme. It is evident that the phase change is significant around 26 GHz.
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Table 3. Dimensions of the
metasurface unit cell.

Parameter Values (mm)
Lp 45

Wp 4.5

gl 13

g2 127

g3 0.18

Figure 11. Orthogonal 2 x 2 radiating element MIMO antenna array with 5 x 6metasurface. The gap between unit cells is
1.6 mm, Wm = 40 mm, and Lm = 40 mm.
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Figure 12. (a) S-parameters of orthogonal 2 x 2 MIMO antenna array with metasurface, and (b) Gain and radiation efficiency
with and without metasurface.

3. MIMO antenna array with metasurface

The metasurface unit cells were arranged in a 5 x 6matrix to create a metasurface which is located above the
2 x 2 antenna array, as illustrated in Figure 11. The space between the array and the metasurface is 10 mm
(equivalent to 0.864, at 26 GHz). The spacing between the unit cells is 1.6 mm (0.14/, at 26 GHz). Figure
12(a) shows the reflection coefficient response of this arrangement. The reflection coefficient is better than
—20dB at 26.3 GHz, and the inter-element isolation or mutual coupling is higher than 19 dB. Figure 12(b)
shows that with the metasurface the gain is improved by 1.5 dB between 25 GHz to 27.5 GHz. This is because
the metasurface suppresses cross-polarization, thereby directing more of the radiated energy into the desired
co-polarization.

Beyond suppressing cross-polarization, the metasurface enhances gain by acting as a spatial phase-
correcting surface. The periodic 5 x 6 array of rectangular split-ring resonators (RSRs) introduces phase shifts
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Figure 13. Surface current density distribution over the 2 x 2 element MIMO antenna and metasurface at 26 GHz.

across the aperture that result in constructive interference along the main radiation direction. This focusing
effectincreases the array’s directivity without altering the feed structure or increasing power consumption. The
resonant properties of the RSRs are tailored to operate near 26 GHz, enabling strong electromagnetic coupling
with the underlying antenna elements and shaping the outgoing wavefront for improved radiation efficiency.

The difference in S17 and Sz3 responses is attributed to the difference in the coupling between antenna
elements in a MIMO system. The third element (S33) might experience a different mutual coupling effect com-
pared to the first element (S17), simply due to how these elements interact with their respective neighboring
antennas. The orthogonal arrangement of the elements also contributes to this, as mutual coupling is affected
by the relative polarization of nearby elements, and these effects might not be symmetrical for all the elements
in the array. Moreover, the presence of the metasurface above the antenna array introduces an additional layer
of complexity. Ideally, the metasurface enhances gain and directivity, but any misalignment or positioning
discrepancy of the metasurface can lead to different responses for each antenna element.

The high isolation in the proposed MIMO antenna system is achieved through a combination of strategic
design elements and careful integration of the metasurface, without requiring explicit isolating components.
The radiating elements are arranged in an orthogonal configuration, which naturally minimizes coupling since
their electric fields are polarized at 90 degrees to each other, reducing mutual interactions. Additionally, a
metasurface composed of a 5 x 6 matrix of split-ring resonators is placed above the antenna array to effec-
tively confine electromagnetic energy to the excited element. This metasurface functions as a spatial filter,
suppressing cross-polarization and directing more radiated energy into the desired direction, which reduces
unwanted coupling. The elements are spaced approximately 1.5 apart, further ensuring minimal near-field
interaction. A Defected Ground Structure (DGS), featuring rectangular slots under each radiating element,
modifies the surface current paths, interrupting surface wave propagation that might otherwise contribute
to higher coupling.

Figure 13 displays the surface current distribution across the MIMO antenna array and metasurface at a
frequency of 26 GHz when a single antenna element is excited. In the visualization, regions with high current
density are highlighted in red. Notably, the current density distribution clearly indicates minimal interaction
between neighboring antennas. Furthermore, the distribution of current density over the metasurface is con-
centrated around the specific port that is excited. This observation suggests that the metasurface effectively
confines the current to the excited port, minimizing unwanted interactions between elements in the array.

4, Experimental results

The proposed antenna array and metasurface was fabricated on Rogers RT/duroid 5880. Figure 14 shows the
photograph of the array and the metasurface. The metasurface placed above the antenna is supported by
low-loss dielectric spacers. The spacers are made from materials, e.g. Polytetrafluoroethylene (PTFE) with a
loss tangent of ~0.0002-0.0004, with minimal impact on the electromagnetic performance, meaning that
they introduce minimal losses or distortions. The exact positioning of the metasurface is critical for ensuring
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(@ (b) (c)

Figure 14. Fabricated prototype of orthogonal 2 x 2 radiating elements and the metasurface, (a) Front view of top and middle
layers, (b) Back view, and (c) Integrated array and metasurface MIMO antenna.
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Figure 15. Simulated and measured responses of the integrated array and metasurface MIMO antenna, (a) Reflection
coefficient responses, and (b) Transmission coefficient responses.

optimal performance. Any misalignment or deviation from the intended position can have significant impact
on the gain and diversity, increased cross-polarization and reduced radiation efficiency.

4.1. S-Parameter response of the proposed MIMO system

The MIMO systems reflection and transmission coefficients, shown in Figure 15, were measured using a Vec-
tor Network Analyzer (VNA). The measured S11 has a minimum of —34.7 dB at 26.15 GHz, and the simulated
reflection coefficient has a minimum value of —38 dB at 26.4 GHz. There is close agreement between the
simulated and measured reflection coefficient response. The impedance bandwidth simulated is 2.5 GHz for
S11 < —10dB and the measured bandwidth is 2.2 GHz. The above results are consistent for other MIMO
antenna array ports. The measured isolation between the ports is better than 22 dB. The small discrepan-
cies between the simulated and measured results are due to fabrication tolerances and inaccuracies in the
simulation models.

The gain of the metasurface integrated antenna array was measured using standard procedure. The
measured gain, shown in Figure 16, between 24.6 and 28.7 GHz is above 9 dBi with a peak of 9.4 dBi at 26 GHz.

4.2. Envelope correlation coefficient

The Envelope Correlation Coefficient (ECC) provides insight into the degree of coupling within the MIMO
antenna system. In practice, it is generally recommended to maintain an ECC value below 0.5 to effectively
minimize undesirable coupling effects. The value of ECCin Figure 17 was calculated using the relationin [21,32]

| [[ 4z (M) (@, ¢)) x (M;(0, $))dQJ?

ECC =
J/4z |(Mi(©, $))17dQ [[ 47 | (M; (0, $))17dQ

(2)
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Figure 16. MIMO antenna array gain response with and without the metasurface.
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Figure 17. ECC and DG gain performance of the proposed metasurface based MIMO antenna array.

Where M; (0, ¢) and M; (0, ¢)represent the radiation patterns when antennas i and j are excited, respectively;
and the term Q denotes the solid angle.

Specifically, the ECC was computed from the far-field radiation patterns simulated in CST Studio Suite,
using the standard integral-based formula that accounts for spatial correlation across all angular directions.
This method provides a more accurate and physically meaningful estimate of ECC compared to S-parameter-
based approximations, particularly in systems with high isolation and orthogonal polarization. The simulated
ECC values remain below 0.0005 across the 25-27 GHz band. In practical terms, ECC values below 0.5 are
generally acceptable for MIMO systems, while values below 0.01 are ideal for high-performance 5G applica-
tions. The exceptionally low ECC of the proposed antenna array thus confirms its effectiveness in supporting
low-correlation, high-diversity MIMO performance.

The proposed MIMO system has an ECC of less than 0.001 inside the desired operating band 25 GHz to
27 GHz. This confirms low coupling among radiating elements.

4.3. Diversity gain

Diversity gain (DG) is one of the basic MIMO parameters which describes the losses during transmission of
power when diversity schemes are performed in MIMO system. The diversity gain, shown in Figure 17 was
calculated from ECC data using equation (2). DG is over the frequency range of interest is 10 dB.

DG =10 x

(1 — ECC) 3)
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4.4. Channel capacity loss

Channel Capacity Loss (CCL) is an important metric used to assess the performance of MIMO antenna systems.
It provides insight into the system’s efficiency in terms of data throughput, which directly relates to its effec-
tiveness in real-world applications. The lower the CCL, the more efficient the system is in maintaining high data
rates with minimal signal degradation. The CCL is calculated by using the following expression:

CCL = —logadet(¥F) (4)

In this expression, ¥* represents the correlation matrix of the receiving antenna elements. The correla-
tion matrix helps quantify the interaction between multiple antenna elements, and thus, it measures how
effectively each antenna contributes to the overall MIMO performance. A lower correlation indicates better
utilization of spatial diversity, which directly impacts channel capacity. The correlation matrix ¥* is defined as

follows:
‘PR — ii I;i| (5)
[‘Pﬁ Y

In the above matrix, the diagonal elements (¥;and W) and the off-diagonal elements (‘¥; and ;) describe
different relationships between the antenna elements. Specifically:

e ¥j;and ¥jrepresent the amount of power that s not lost to coupling or correlation between the antenna
elements.

e ¥j and ¥} represent the mutual coupling or interaction between different antenna elements.

These elements are calculated as follows:

Pi =1 — (1Sil* + 1551 (6)
Wi = —(Sii"Sij + Sii*Sj) (7)
Wi = —(S5*Sji + Sig" Sii) @)
Pi = 1= (S51° + 1S;il*) )

Figure 18 shows the performance of the proposed MIMO antenna system in terms of the CCL. It is shown
that the CCL value for the entire frequency band of interest is consistently below 0.4 bits/s/Hz. This is a key
result, as it satisfies the industry requirement for efficient MIMO operation, which typically demands a CCL
value below 0.4 bits/s/Hz to ensure optimal throughput.

4.5. Radiation patterns

The radiating elements in the four-port MIMO system are positioned perpendicular to each other to achieve
pattern diversity, which is useful for mitigating the multipath fading experienced in wireless communication
systems. The radiation patterns at the two principal planes, namely the E-plane and H-plane at 26 GHz, are
shown in Figure 19. The MIMO antenna array'’s radiation pattern is directional, making it suitable for efficient
propagation in atmospheric conditions.

5. Comparison with previous works

In Table 4, the proposed 2 x 2 element metasurface MIMO antenna array is compared with various representa-
tive mmWave and sub-mmWave MIMO antenna arrays found in the literature [33-39]. Most of the arrays listed
in the table utilize the widely adopted technique of DGS, which is effective for controlling unwanted radiation
patterns and enhancing antenna performance. However, a few of the compared designs, such as those in Refs.
[37]1 and [38], leverage Dielectric Resonator Antennas (DRA), which offer unique advantages such as higher
efficiency and better handling of higher frequencies.

When comparing the performance of these antenna arrays, the proposed metasurface-based MIMO
antenna array shows competitive results in several key parameters such as size, Envelope Correlation Coeffi-
cient (ECC), and inter-element isolation. The size of the proposed array, with dimensions of 36 x 36 x 0.8 mm,
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Table 4. Comparing the proposed MIMO antenna array with the representative state of the art.

Ref. Freq. (GHz) No. of Ports Dimensions (mm) Min. Isolation (dB) Peak Gain (dBi) ECC Techniques
[33] 27 4 30 x 30 x 1.575 30 7.1 0.0005 DGS

[34] 28 4 30 x 35x0.76 17 83 <0.01 DGS

[35] 28 2 15 x 25 x 0.203 30 5.8 <0.005 DGS

[36] 28 4 30 x 30 x 0.787 29 6.1 <0.16 DGS

[37] 28 4 20x 40 x 1.6 29.34 7 <0.01 DRA

[38] 27 4 30 x 28 x 0.508 24 6.22 <0.05 DGS

[39] 28 2 18 x 38 x 0.8 64 8.75 <0.005 DGS

This work 26 4 36 x 36 x 0.8 22 9.4 <0.005 Metasurface

is comparable to the arrays found in [33,34], and [36], where the array sizes range from 30 x 30 mm to
30 x 40 mm. Despite the relatively compact size, the proposed antenna array exhibits a remarkable perfor-
mance in terms of inter-element isolation and peak gain.

In terms of isolation, a critical performance metric for MIMO systems, the proposed antenna array achieves
a minimum isolation of 22 dB, which is higher than the isolation levels of many of the arrays in the litera-
ture. For example, arrays in [33,34,36,38] report minimum isolation values ranging from 17 dB to 30 dB, with
some achieving isolation as high as 64 dB [39]. The enhanced isolation in the proposed metasurface design
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helps minimize signal interference between antenna elements, leading to better overall system performance,
especially in multi-path environments.

Furthermore, the peak gain of the proposed antenna array reaches 9.4 dBi, which is significantly higher than
many of the other arrays. For instance, arrays in [33], [35], and [38] report peak gains in the range of 5.8 dBi to
8.3 dBi. The higher peak gain of the proposed array is advantageous in increasing the effective communication
range and improving the signal strength, which is crucial in mmWave and sub-mmWave MIMO systems where
signal attenuation is a major concern.

Additionally, the ECC of the proposed antenna array is < 0.005, which is comparable to the very low ECC
values reported in the cited works. This low ECC is an important factor in ensuring that the antenna elements
are effectively decoupled, which leads to enhanced diversity and improved MIMO performance.

6. Conclusion

This study demonstrates the feasibility of integrating a metasurface cover with a millimeter-wave MIMO
antenna array operating at 26 GHz. The 2 x 2 antenna array is designed with the radiation elements arranged
in an orthogonal configuration, which helps minimize mutual coupling and electromagnetic interference
between the elements. As a result, the antenna’s radiation performance is significantly improved. The array
achieves a gain of over 9 dBi across the frequency range of 24.6 GHz to 28.7 GHz, with a peak gain of 9.4 dBi at
26 GHz. The introduction of the metasurface above the array plays a key role in this performance boost by pre-
cisely controlling the phase and amplitude of the incident wave through its unique structure. Additionally, the
proposed MIMO system exhibits an exceptionally low ECC of less than 0.001 within its operating band of 25 GHz
to 27 GHz. This indicates minimal coupling between the antenna elements and highlights the effectiveness of
the metasurface integration in improving overall antenna performance.
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