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Abstract

Compact 5G millimeter-wave (mm-Wave) multiple-input multiple-output (MIMO) systems
face a serious challenge as high isolation is required for high spectral efficiency. This
paper presents a novel computational design framework for enhancing the isolation of a
two-port ultra-wideband (UWB) MIMO antenna, specifically targeting the 5G n257 band
(26.5-29.5 GHz). A pixelated metasurface is presented and optimized with the help of a
binary-coded Grey Wolf Optimizer (B-GWO) algorithm through a MATLAB-Computer
Simulation Technology (CST) co-simulation interface, which is used in contrast to some
conventional decoupling structures. A Geometric Mirror Symmetry method is used to
accelerate the optimization process, which halves the number of optimization variables and
significantly reduces the computational load. Crucially, this symmetry is also a fundamental
requirement to ensure that the reflection coefficients (S11, S22) of the antennas remain
identical. The proposed design achieves isolation levels better than 20 dB across the entire
target band, reaching a peak isolation of 32.58 dB at 28.67 GHz, while maintaining reflection
coefficients (S11, S22) below —10 dB. The MIMO diversity performance is comprehensively
validated with an Envelope Correlation Coefficient (ECC) < 0.005, a Diversity Gain (DG)
of 9.99 dB, and a Total Active Reflection Coefficient (TARC) < —10 dB. Moreover, the
suppression of surface waves enhances the realized gain to 4.51 dBi, providing a 0.57 dB
improvement over the reference antenna. In addition, an equivalent passive RLC circuit
model is constructed to observe the physical process of the pixelated surface, which shows
the optimized structure as a band stop filter at the coupling frequency. The high correlation
of the Equivalent Circuit Model and full-wave simulation outcomes confirms that the
suggested design procedure is a strong verification alternative to physical fabrication.

Keywords: MIMO; pixelated metasurface; Binary Grey Wolf Optimizer; mutual coupling;
millimeter-wave; 5G

1. Introduction

The high dynamic development of fifth-generation (5G) wireless communication sys-
tems has led to the need for small and high-performance antenna designs that work in
the mm-Wave spectrum. Achieving high data rates in the 28 GHz band requires MIMO

Electronics 2026, 15, 1625

https://doi.org/10.3390/ electronics15081625


https://crossmark.crossref.org/dialog?doi=10.3390/electronics15081625&domain=pdf&date_stamp=2026-04-14
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://orcid.org/0009-0004-7015-7377
https://orcid.org/0000-0003-0923-1959
https://orcid.org/0000-0001-7466-9522
https://orcid.org/0000-0003-3237-4392
https://doi.org/10.3390/electronics15081625

Electronics 2026, 15, 1625

20f 18

technology [1]. However, diversity gain and system performance are seriously impaired
because the elements of the antenna are closely spaced in compact devices, resulting in
high mutual coupling. In parallel, broadband microstrip antenna designs operating at
28 GHz have been developed to address the specific bandwidth and high-speed demands
of modern 5G systems [2]. Furthermore, electromagnetic bandgap (EBG) structures have
been integrated into mm-Wave MIMO antennas for wearable applications to enhance
isolation and minimize the specific absorption rate (SAR) at 28 GHz [3]. Nevertheless, sys-
tematic reviews indicate that with device miniaturization, the reduction in electromagnetic
interference remains the main limiting factor in meeting theoretical throughput limits [4].

To overcome these challenges, early studies emphasized geometric manipulation and
decoupling networks. Some researchers have successfully reduced mutual coupling sig-
nificantly by incorporating defected ground planes (DGSs) into MIMO antenna designs.
Elalaouy et al. achieved an isolation level below 27.9 dB in their two-port MIMO antenna
study without using any decoupling elements [5]. Khalid et al., on the other hand, sup-
pressed mutual coupling in four-port MIMO antenna designs by employing DGSs. In the
antenna structure proposed for 5G applications, they achieved a peak gain of 8.3 dBi within
the operating frequency band [6]. Bhattacharya et al. obtained inter-element isolation in
UWB MIMO antenna designs by combining a DGS with a fractal-shaped geometry [7].
On the other hand, researchers have achieved coupling reduction by integrating decou-
pler structures into MIMO antenna systems for different scenarios. Rao et al. observed
mutual coupling lower than —18.2 dB between Tx and Rx pairs by using an inverted
mushroom structure for a full-duplex MIMO system [8]. Wu et al. proposed an array
antenna decoupling surface architecture by utilizing small metallic patches to suppress
unwanted coupling waves in large-scale array antenna systems [9]. Ahmed et al. reported
an acceptable mutual coupling level of around 37 dB by employing metamaterial surface
absorbers, even when the spacing in the antenna array structure was reduced [10]. Li et al.
achieved both isolation and radiation pattern control by using a multiport optimization
method combined with decoupling and pattern shaping design [11]. Similarly, Zhang et
al. reduced mutual coupling, obtained a wider bandwidth, and preserved the radiation
pattern through an integrated radiator and decoupler surface structure [12]. In addition to
these studies, Rao et al. successfully controlled coupling using reconfigurable intelligent
surface structures consisting of a 5 x 5 subelement structure, and achieved wide-angle
passive beamforming [13].

In the field of antenna design, there has been a growing interest in optimization
techniques based on computational intelligence. These nature-inspired methods, which
are gradually replacing conventional optimization techniques, make it more feasible to
approach optimal levels for multiple design variables simultaneously [14-18]. For example,
Song et al. integrated a particle swarm optimization-based metasurface structure into an
array antenna configuration for 5G applications and achieved a gain of 27 dB at 28 GHz [19].
On the other hand, Nath et al. successfully reduced the sidelobe level in thinned planar
antenna array designs by employing the almost difference sets method [20]. Koveleva et al.
designed and optimized pixelated metasurface structures using the cross-entropy method
and achieved a transmission magnitude above 0.9 in the X band [21].

Broadband topological optimization studies of RF antennas on dielectric substrates
have led to the popularization of pixelated architectures [22]. Through this innovative
structural development, the placement of different pixel shapes within antenna structures
has enabled the effective use of the Binary Particle Swarm Optimization (BPSO) method
for IoT devices [23]. In addition, pixelated deflected ground structure studies have also
benefited from this optimization method (BPSO) [24]. Moreover, BPSO is a method used
for reducing mutual coupling between antennas by means of pixelated parasitic element
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designs [25]. Zhou et al., Zheng and Li, and Rodrigo et al. demonstrated that compact
MIMO antenna designs using parasitic pixel layers can enable frequency, radiation pattern,
and polarization reconfiguration [26-28]. Furthermore, Jiang et al. developed pixel antenna
structures using an optimization approach based on the Perturbation Sensitivity Analysis
method [29]. Song et al. optimized this pixel antenna structure concept using a genetic
algorithm (GA) technique to reconfigure the operating frequency [30]. Qiao et al. designed
pixel antenna structures by binarizing the pixels and employing the Method of Moving
Asymptotes [31]. Moreover, multiport pixel antenna optimization using GA [32] and
Characteristic Mode Analysis [33] has been proposed to identify optimal feed positions,
thereby eliminating the need for complex decoupling networks. In addition to these studies,
pixel-based designs have been integrated into fluid antenna systems adapted for smart
city infrastructures to overcome switching latency limitations [34,35]. Beyond conventional
optimization methods, The B-GWO method has also been employed by researchers to
optimize complex pixel patterns and to achieve tunable ultra-wideband characteristics [36].

In this study, a computationally driven design approach is presented to enhance the
isolation performance of a compact two-port UWB MIMO antenna operating in the 5G
mm-Wave n257 band. A pixelated metasurface is placed between the antenna elements and
optimized using a B-GWO algorithm through a MATLAB-CST co-simulation framework.
To reduce the optimization complexity, a Geometric Mirror Symmetry strategy is adopted.
It enables the number of optimization variables to be decreased while preserving identical
input matching characteristics for both ports. The optimized pixelated surface effectively
suppresses surface wave propagation and significantly reduces mutual coupling over
the target frequency band. In addition to isolation enhancement, the proposed approach
improves radiation performance without introducing additional insertion losses. The
MIMO system’s performance is further validated using standard metrics such as ECC
and TARC, demonstrating the suitability of the proposed antenna system for compact and
dense 5G mm-Wave applications.

2. Design Process
2.1. Antenna Design

The proposed MIMO antenna system consists of two planar rectangular monopole
elements designed to operate in the 5G n257 frequency band. The antenna is constructed on
a low-loss Rogers RT5880 substrate with a relative permittivity of e, = 2.2, a loss tangent
of tan§ = 0.0009, and a substrate thickness of i = 0.508 mm. All conductive parts of the
proposed design are implemented using copper with a thickness of t = 0.035 mm and a
conductivity of o = 5.8 x 107 S/m. This substrate was selected to reduce dielectric losses,
which is important to ensure high radiation efficiency at millimeter-wave frequencies. The
radiating element is a simple rectangular patch fed by a 50 (2 microstrip line. A partial
(truncated) ground plane is used on the bottom layer in order to improve the impedance
bandwidth. The gap between the radiating element and the ground edge is also a matching
mechanism where the capacitive coupling is optimized to ensure that the value of 513
is less than —10 dB across the required bandwidth. The two elements are separated by
an edge-to-edge spacing (D) of 4 mm (0.37A). To eliminate mutual coupling, a pixelated
decoupling surface is incorporated in the inter-element region as illustrated in Figure 1.
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Figure 1. Geometry of the proposed 2-port UWB MIMO antenna with the optimized pixelated
decoupling surface.

The decoupling structure is a 3 x 8 grid of rectangular pixels. The resulting opti-
mized topology, achieved using the B-GWO algorithm, is implemented as an array of
pixelated copper patches (parasitic elements) to control the near-field coupling currents.
The dimensions of the optimized antenna system are shown in Table 1.

Table 1. The dimensions of the optimized antenna system (in mm).

Parameter Dimension Parameter Dimension Parameter Dimension
Wi 29.2 W, 5.1 W 19.3
Ls 21.2 L, 49 Lg 6
h 0.508 Wf 1.55 Wy 0.7
t 0.035 L f 6.3 Ly 1

2.2. Proposed Computational Design Framework

In this study, the isolation surface of the proposed MIMO antenna system was opti-
mized without any manual intervention using a fully automated co-simulation interface
established between MATLAB R2024b and CST Studio Suite 2021. The design process
is managed by the B-GWO algorithm, a meta-heuristic method. The architecture and
optimization strategies of the proposed framework are detailed below.

The optimization loop is implemented through a dynamic ActiveX (COM) connection
between the main code executing in the MATLAB environment and the electromagnetic
solver, CST. MATLAB acts as an optimization agent; at every step, it generates a new pixel
topology (binary bit sequence). This topology is subsequently transferred to CST through
Visual Basic for Applications (VBA) commands. On the CST side, the following operations
are performed automatically in sequence:

¢  Updating the 3D model;
. Re-generating the mesh structure;
*  Running a full-wave simulation using the Time Domain Solver.

Once the simulation is complete, the resulting S-parameters (511, Sp1, S22) are exported
in ASCII format, read by MATLAB, and used in performance evaluation. This proposed
flowchart is illustrated in Figure 2.
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Figure 2. Flowchart of the proposed BGWO-CST co-simulation optimization process.

All computational processes and full-wave co-simulations were performed on a stan-
dard computing system equipped with an Intel Core i5-10400H CPU @ 2.50 GHz and 16 GB
of RAM. Under these computing conditions, the B-GWO algorithm converged rapidly, and
the entire optimization process for 20 iterations took approximately 16 h.

The core logical structure was independently designed and verified to ensure the
integrity of the optimization process. Subsequently, the MATLAB scripts utilized for the
B-GWO routine were refined with the assistance of Large Language Models (LLMs) for
debugging and syntax correction. Additionally, the complete MATLAB script developed
for the proposed B-GWO optimization framework and the CST co-simulation interface is
provided as Supplementary Material.

2.3. Search Space Reduction and Symmetry Constraint

A massive combinatorial search space of size 2" is formed using a pixel-based metasur-
face design (N is the overall number of pixels). In this paper, a Geometric Mirror Symmetry
algorithm is applied to minimize the computational cost and maintain the physical symme-
try of the MIMO system. The code architecture only defines 12 of the 24 pixels as active
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design variables. The pixel indexing map is shown in Figure 3. To reduce computational
complexity, a Geometric Mirror Symmetry constraint is applied using a mapping relation:

P, =Py, ic{13,...,24} (1)

where P; represents the state (0 or 1) of the i-th pixel.

R OIOIE

] - ’
pixel positions ==~

P2 | P10 | P23

pixelated area

r P11 | P22
v

P12

P3

3

©
P7

P14

P15 | P18

P8 @ P17

Figure 3. Proposed pixel indexing map and the implemented Geometric Mirror Symmetry principle.

This constraint ensures that the optimization algorithm only needs to solve for the
first 12 pixels (i = 1,...,12), effectively halving the number of optimization variables.
While eliminating asymmetric configurations restricts the mathematical diversity of the
optimization solutions, enforcing mirror symmetry is a strict physical requirement in this
design. An asymmetric decoupling structure would disrupt the port balance, leading to
unequal reflection coefficients (S11 # Sz2) and skewed radiation patterns, which severely
degrades the MIMO system’s diversity performance.

2.4. Binary GWO and Transfer Function

The traditional Grey Wolf Optimizer [37] operates in a continuous search space. How-
ever, the optimization of the pixelated metasurface is a discrete problem requiring binary
values (“0” for air, “1” for copper). In this study, the continuous search space is bounded
within the range [0,1]. To map the continuous position vectors to binary space, an “S-
shaped” Sigmoid transfer function is employed.

The continuous position value (xfl) of each search agent is converted into a probability
value using the following equation:

1
dy _
T(xf) = 11+ e—6(x{=05)

()

The final pixel state (X¢) is determined by comparing this generated probability value
to a random number (r € [0, 1]):

1, ifr < T(x?
RS S ®)
0, otherwise

This method allows the algorithm to optimize a discrete topology without losing its
ability to search in continuous space.

2.5. Cost Function and Penalty Mechanism

The primary goal of optimization involves two objectives: minimizing the mutual
coupling (S,1) to improve isolation, and maintaining the reflection coefficients (511, S22)
below —10 dB. The cost function can be defined as a minimization problem. A dynamic
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Penalty Mechanism is implemented in the MATLAB-CST interface in order to enforce the
design constraints. The algorithm evaluates the maximum reflection coefficient (S11, S22)
within the band. If this value exceeds the defined limit (Ljjnj; = —10 dB), a heavy penalty
is added to the cost function. The specific cost function used in this study, incorporating
the dynamic penalty mechanism, is defined as follows:

Cost — max(Sy) + 10 - (max(S11,S2) — Lijmit) + 100, if max(S11,S2) > Liimit W
max(Sy1), otherwise

where Ljj,,;; is the threshold for the reflection coefficient (set to —10 dB). This expanded form
clearly shows how the penalty increases proportionally to the violation of the impedance
matching constraint.

To maintain computational efficiency within the co-simulation loop, the cost function
is formulated to minimize only the mutual coupling (Sp1) with strict penalties applied
to reflection coefficients (S11, S2z). Explicitly optimizing the radiation gain or wideband
behavior would require calculating 3D far-field monitors at every optimization iteration,
which would significantly increase the simulation time to an impractical level. Instead, by
strictly penalizing the reflection coefficients, the algorithm implicitly preserves the reference
antenna’s inherent broadband and gain characteristics without the need for multi-objective
far-field optimization.

The configuration of the optimization process is summarized in detail in Table 2. A
population of 12 search agents (wolves) was utilized to explore the binary search space over
20 iterations. To manage the computational cost, the search space was reduced from 24 bits
to 12 bits by applying Geometric Mirror Symmetry. The optimization goal was defined by
a cost function aimed at minimizing the mutual coupling (S;1) within the target band while
maintaining the reflection coefficients (511, S22) below —10dB.

Table 2. Optimizationalgorithm settings and simulation parameters.

Parameter Specification
Optimization Algorithm Binary Grey Wolf Optimizer (B-GWO)
Simulation Environment MATLAB-CST Co-Simulation

Number of Search Agents (Wolves) 12

Maximum Iterations 20

Control Parameter Linearly decreases from 2 to 0
Total Number of Pixels 24 (Initial Design)
Optimization Dimension 12 Bits (Reduced via Mirror Symmetry)

Search Space Size 212 (4096 combinations)
Frequency Range 26.5 GHz-29.5 GHz

Cost Function Goal Minimize max (Sp1) s.t. S11, S22 < —10 dB

3. Results and Discussion
3.1. Optimization Process and Convergence

The systematic process of optimization is depicted in Figure 2. This is set up by a
dynamic co-simulation connection between MATLAB and CST. In this loop, MATLAB
plays the role of the optimization engine, creating the initial population of wolves (binary
pixel configurations) and updating their current positions with the B-GWO algorithm.
At each iteration, the resulting binary matrix is loaded into the CST solver through the
ActiveX interface to restructure the pixelated metasurface into the physical structure. The
electromagnetic solver then calculates the S-parameters (S11, S»1, S22), which are fed back to
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MATLAB in order to evaluate the cost function. This process continues until the termination
condition (maximum iterations) is attained.

The design of the decoupling surface was formulated as a binary optimization problem.
The objective was to minimize mutual coupling by optimally determining the distribution
of conductive pixels across the 3 x 8 grid. The proposed B-GWO algorithm was successfully
deployed to navigate this discrete search space and resolve the optimization problem. The
primary objective function of this optimization is defined as minimizing the maximum
mutual coupling (S»1) across the operating frequency band (26.5 GHz to 29.5 GHz):

F(x) = max(Sy(f)) for f € [26.5,29.5]GHz (5)

However, to ensure impedance matching, this primary objective is expanded into a
comprehensive cost function by incorporating penalty terms, as previously described in
Equation (4). Figure 4 illustrates the convergence behavior of the B-GWO algorithm as it
minimizes this penalized cost function during the optimization process.

B-GWO ALGORITHM

| —#— Best Cost: -22.6433 |

Cost Value

5 10 15 20
Number of iterations

Figure 4. Convergence profile of the B-GWO algorithm throughout the optimization iterations.

As shown in Figure 4, the B-GWO algorithm exhibits an extremely rapid convergence
rate. The initial random population has a cost value around —14.61 dB. The algorithm
identifies the appropriate solution region for the first 12 iterations, depending on the search
space reduction implemented by the Geometric Mirror Symmetry method. It stabilizes
at a best cost of —22.64 dB and maintains this value throughout the remaining iterations.
Locating an optimal solution region within such a short interval shows that the reduced
search space helped the optimizer to converge quickly. This reduction also prevented the
need for excessive computational time. The cost function represents the maximum mutual
coupling over the entire band, whereas the specific resonance dip reaches —32.58 dB at
28.67 GHz. The computational efficiency is confirmed by this rapid stabilization, which
provides high isolation performance without the need for excessive full-wave simulations.

Due to the heavy computational cost of the EM co-simulation, conducting a large
number of independent runs is impractical. However, an additional independent validation
run was performed to verify the repeatability of the B-GWO algorithm.

As shown in Table 3, while the validation run (Run 2) achieves slightly stronger
in-band isolation (a peak Sy; of —23.85 dB), it severely degrades the reflection profile,
with the peak Sq; reaching —12.33 dB. This value is dangerously close to the —10 dB
operational threshold. In contrast, the proposed design (Run 1) provides a highly stable
mutual coupling profile across the target band (peak Sy; of —22.64 dB) while maintaining
an excellent safety margin for reflection (peak S1; of —21.36 dB). Therefore, to ensure robust
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performance and resilience against manufacturing tolerances, the proposed design was
deliberately selected as the optimal configuration for this study.

Table 3. Performance comparison of the optimization runs (26.5-29.5 GHz).

Ovtimization Run Maximum Mutual Maximum Reflection In-Band Isolation
P Coupling (Peak Sy7) (Peak S11 and Sj») Stability
Run 1 (Proposed Design) —22.64 dB —21.36 dB Highly stable and flat
Run 2 (Validation) —23.85dB —12.33 dB Fluctuating profile

3.2. S-Parameter Analysis and Isolation

Before evaluating the proposed decoupling surface, it is necessary to establish the
baseline performance of the reference UWB MIMO antenna (without any parasitic pixels).
The simulated S-parameters for this reference case are presented in Figure 5a. Observing
the reflection coefficients (511, Sp2), it is evident that the design exhibits excellent impedance
matching characteristics. As expected from the partial ground monopole topology, the
antenna operates as a UWB radiator. The S1; and Sy, values remain well below the —10 dB
threshold across the entire simulated frequency range (22-34 GHz). Specifically, around the
center frequency of the targeted 5G n257 band, the reflection coefficients (S11, Sz2) reach a
minimum of —20.24 dB at 27.65 GHz, indicating highly efficient energy transfer from the
feed line to the radiating element. This confirms that the standalone reference antenna is
well-optimized.

The difficulty, however, is in the mutual coupling. The transmission coefficient plotted
in Figure 5a indicates a major limitation within the target band of 26.5-29.5 GHz. As
observed in the graph, the mutual coupling deteriorates toward the upper edge of the band,
reaching a peak Sy; of —14.67 dB at 29.5 GHz. This significant degree of coupling is mainly
due to the close physical proximity of the elements and the high surface currents across the
shared ground plane. Although the antenna has good efficiency, such crosstalk between
ports would reduce the diversity gain and channel capacity of the MIMO system, which
establishes the critical necessity for the proposed pixelated decoupling surface.

_Ref. Ant. _Prop. Ant.

-10

S-Parameters (dB)
S-Parameters (dB)

21 ——— -35 ——
22 24 26 28 30 32 34 22 24 26 28 30 32 34
Frequency (GHz) Frequency (GHz)
() (b)

Figure 5. Simulated S-parameters of the (a) reference and (b) proposed MIMO antennas.

After the analysis of the baseline, the B-GWO-optimized pixelated surface was applied
to the spacing between the elements. Figure 5b presents the S-parameter results of the
proposed configuration. It is evident that the optimization has a significant impact on the
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transmission coefficient (Sy1). The proposed design exhibits a sharp and deep isolation
notch compared to the reference antenna, which, as previously established, suffered from
high mutual coupling reaching a peak Sy; of —14.67 dB at 29.5 GHz within the target band.
The optimization targeted the entire 5G n257 band, successfully suppressing mutual cou-
pling across this full range; 28.67 GHz is simply the point within this wide band where the
maximum isolation (the deepest notch) of —32.58 dB is achieved. At this specific frequency,
the reference antenna had a coupling level of —15.43 dB. When compared to the reference
case, this represents a significant improvement of approximately 17.15 dB. Furthermore,
the isolation is maintained above 20 dB across a wide frequency band (from 24.5 GHz to
30.2 GHz), completely covering the intended 5G n257 band. This wideband suppression
demonstrates that the pixelated surface works effectively as a robust band-stop filter.

A common drawback of integrating parasitic elements is the potential degradation of
impedance matching. However, the proposed design mitigates this issue by preserving the
UWSB characteristics, as illustrated by the reflection coefficient curves (S11 and Sp). It is
evident that the reflection coefficients remain below —10 dB across the entire 22-34 GHz
band. In particular, the addition of the pixelated structure shifts the resonance dip from
27.65 GHz to 27.16 GHz and deepens it, reaching —27.24 dB. This demonstrates that the
B-GWO algorithm optimized the parasitic structure for high isolation while adaptively
adjusting it to secure and enhance the energy transfer efficiency of the monopole elements.
Hence, decoupling of the MIMO ports is successfully achieved by converting the reference
design into the proposed architecture.

3.3. Surface Current Distribution Analysis

To explain the physical mechanism behind the isolation concept, the surface current
distributions at the resonance frequency of 28 GHz are analyzed. Figure 6a and Figure 6b
present the simulated results for the reference and proposed antennas, respectively. Port 1
is excited while Port 2 is terminated with a 50 () matched load.

A/m
40

() (b)

Figure 6. Surface current distributions at 28 GHz: (a) reference antenna; (b) proposed antenna.

In the reference antenna shown in Figure 6a, it is clearly observed that surface currents
strongly propagate across the common ground plane. As observed in the reference design,
these currents migrate across the separation gap and excite substantial energy levels on the
passive port’s feed line, thereby validating the presence of a direct electromagnetic coupling
route. Conversely, the configuration depicted in Figure 6b highlights the operational success
of the integrated decoupling architecture. The pixelated surface, specifically refined through
the B-GWO routine, functions as a physical and electromagnetic shield. By behaving as
a localized band-stop resonator, the conductive pixel grid captures the surface waves
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navigating the minimal distance between ports and effectively traps this energy within the
pixelated domain. This confinement prevents the unwanted transfer of power, ensuring
that the radiated fields remain isolated. As a result, the surface current density on the
passive element (Port 2) is minimized. Moreover, the central pixels contain the most
significant current loops as they are close to the coupling path, whereas the periphery
pixels assist in maintaining the resonance stability. Crucially, although a high current
density is observed on the edges of the passive patch in Figure 6b, this represents reactive
stored energy (standing waves) rather than transmission. The definitive proof of isolation is
observed in the feed line of the second port, which remains dark blue (low current density).
This confirms that the trapped energy does not couple to the fundamental mode of the feed
line, effectively blocking the signal transmission to the output port.

3.4. Radiation Performance Analysis

The main issue of concern in the decoupling surface design is the fact that adding
parasitic elements may reduce the far-field radiation performance of the antenna. To ensure
that the proposed design is efficient in radiation, we compared the radiation patterns and
the realized gain of the reference and proposed antennas. Figure 7 illustrates the simulated
2-D polar radiation patterns in the E-plane (¢ = 0°) and H-plane (6 = 90°) at the center
frequency of 28 GHz. Since the MIMO antenna system is geometrically symmetric, the
radiation patterns for Port 2 are mirror images of Port 1. Therefore, only the results for Port
1 are presented.
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Figure 7. Comparison of the radiation patterns at 28 GHz: (a) E-Plane (¢ = 0°); (b) H-Plane (6 = 90°).

In the case of Figure 7a, it is observed that the reference antenna (red curve) has a
bidirectional radiation pattern typical of planar monopoles. Notably, in the proposed
antenna (blue dashed curve), this radiation profile is well-preserved. It is observed that
when the pixelated surface is included in the near-field region, it does not deteriorate the
main radiation beam. The antenna retains its effective radiation properties, although minor
distortions and a slight inclination in the main lobe are observed due to the asymmetric
loading of the parasitic pixels. More importantly, the primary beamwidth is not compro-
mised, but rather, is somewhat improved. This reaffirms that the enhancement in isolation
is achieved by the suppression of surface waves, which in turn aids in directing more
energy into free space.

The radiation pattern in the H-plane (Figure 7b) is not perfectly omnidirectional;
instead, it exhibits a distorted shape with observable nulls at 90° and 270°. This is the
expected physical behavior in a MIMO configuration due to the shadowing effect of the
adjacent passive element (Port 2), which acts as a reflector or blocker in the horizontal plane.
In comparison to the reference antenna (red curve), the proposed design (blue dashed
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curve) closely follows the original profile without any gain reduction. In fact, the proposed
antenna exhibits slightly higher gain in certain angular directions (e.g., 30°-60°) as a result
of the constructive interference of the scattered fields from the pixels.

The agreement between the reference and proposed patterns proves that the B-GWO-
optimized surface functions effectively as a surface wave suppressor. It eliminates leakage
current between the ports without hampering the electromagnetic fields radiating from
the antenna. Consequently, high isolation is obtained without compromising the far-field
coverage of the MIMO system.

3.5. Realized Gain

Figure 8 illustrates the 3D realized gain radiation patterns of the reference antenna (a)
and the proposed antenna (b). A common challenge with decoupling designs is the degra-
dation of radiation efficiency due to the additional loading on the metasurface. However,
the proposed design demonstrates a significant improvement in radiation performance.

dBi dBi
3.94 4.51
2.73— -2.16—

-9.4— -8.83 —
-16.1— -15.5—
y 4
-22.7 -22.2
>

A

-29.4 -28.8
(@ -36.1] (b -35.5]
Figure 8. Realized gain radiation patterns at 28 GHz: (a) reference antenna without decoupling
structure; (b) proposed antenna with decoupling structure.

A detailed examination of the 3D radiation results in Figure 8 reveals that the reference
monopole configuration provides a maximum realized gain of 3.94 dBi. Upon integrating
the GWO-optimized pixelated metasurface, this value rises to 4.51 dBi at the 28 GHz
resonance frequency. This 0.57 dB gain increment stems directly from the successful
containment of surface waves within the decoupling layer. By effectively obstructing the
leakage currents that would otherwise migrate to the neighboring port, the proposed
structure minimizes both substrate-level and coupling-related losses. This mechanism
forces a more efficient redirection of electromagnetic energy toward the primary radiation
lobe. Consequently, the pixelated design serves a dual purpose: achieving superior port
isolation while simultaneously enhancing the realized gain of the MIMO antenna system.
To further validate the preservation of radiation performance, the radiation efficiency was
evaluated at 28 GHz. The reference antenna achieves a radiation efficiency of 95.8%, while
the proposed MIMO antenna maintains a highly robust efficiency of 95.6%. This confirms
that the introduced metasurface does not act as a lossy resistive load, ensuring no significant
efficiency degradation in the overall system.
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3.6. Equivalent Circuit Model (ECM) Validation

To rigorously validate the proposed decoupling mechanism, the scattering param-
eters obtained from CST were compared with the theoretical results derived from the
Equivalent Circuit Model (ECM). The observed agreement demonstrates that the behav-
ior of the pixelated metasurface is accurately characterized by the proposed equivalent
circuit network.

The topology of the developed ECM is depicted in Figure 9, and the extracted lumped
element parameters are listed in Table 4.

Coupling & Decoupling Path

S e R L]

0.075pF

|
' [
. . "
| I I Decoupling Filter |
| cp (Band-Stop)

Figure 9. Equivalent Circuit Model (ECM) of the proposed MIMO antenna.

Table 4. Extracted equivalent circuit parameters.

Parameter Description Value (Proposed)
R, (Q)) Antenna Resistance 55.65
L, (nH) Antenna Inductance 0.33
Ca (pF) Antenna Capacitance 0.10
Ry (Q)) Mutual Resistance 530.5
Ly, (nH) Mutual Inductance 3.81
Cm (pF) Mutual Capacitance 0.06
Ly (nH) Pixel Inductance 041
Cp (pF) Pixel Capacitance 0.075
Ry () Pixel Resistance 2910

The full-wave simulation results demonstrate a strong correlation with the extracted
circuit model, as presented in Figure 10. While a simplified RLC network is employed to
estimate the average coupling level of the reference antenna (ignoring minor fluctuations),
the sharp resonance characteristics of the proposed decoupling structure are accurately
captured. Notably, a frequency shift is observed; the introduction of the pixelated surface
induces a capacitive loading effect, shifting the resonance frequency (S11) from 27.65 GHz
(reference) to 27.16 GHz (proposed). This shift is accurately tracked by the circuit model
(dashed blue line), confirming that the extracted inductance (L) and capacitance (C) values
validly represent the physical impedance of the antenna structure.

The most critical validation is observed in the isolation characteristics (S;) depicted
in Figure 10b. The sharp transmission zero of the proposed design demonstrates a distinct
notch characteristic at the target frequency of 28.67 GHz. Both the Equivalent Circuit Model
and full-wave simulation results exhibit excellent agreement regarding the resonance
frequency and the level of isolation enhancement. This close correspondence between the
field-based (CST) and circuit-based (ECM) results confirms that the pixelated metasurface
functions effectively as a band-stop LC filter. By suppressing surface wave propagation at
the resonance frequency, it prevents coupling to the adjacent port.
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Figure 10. Comparison of S-parameters between full-wave simulation (solid lines) and Equivalent
Circuit Model (dashed lines): (a) reflection coefficient (S11); (b) isolation (Spq).

4. MIMO Diversity Performance Analysis
4.1. Envelope Correlation Coefficient

The Envelope Correlation Coefficient (ECC) illustrated in Figure 11 is employed to eval-
uate the independence of the antenna elements within the MIMO system. It is calculated
using the scattering parameters (S-parameters), as expressed in the following equation:

|S51512 + S5, 522/

ECC = p, = (6)
P = A= (SulP +150) (1 — (152 + [S12)
0.005 § Ref. Ant.
= = = Prop. Ant.
0.004
Q 0.003 §
Q
= \
0.002 F \ n
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\ I
0.001 \
\ |
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22 24 26 28 30 32 34
Frequency (GHz)

Figure 11. Calculated Envelope Correlation Coefficient (ECC).

As shown in Figure 11, the ECC values are extremely low through the entire ultra-
wideband range. In particular, in the 5G n257 band, the ECC is less than 0.002, which is
significantly lower than the operational target of 0.5. This demonstrates that there is high
pattern diversity in the two ports and the signals are not correlated.

4.2. Diversity Gain (DG)

Based on the calculated values of ECC, the diversity gain (DG) was calculated based on
the relation DG = 104/1 — |p,|2. The DG is determined to be 9.99 dB across the operating
band, and this is close to the theoretical maximum of 10 dB since the correlation is found
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to be almost zero. This will make the proposed MIMO system capable of reducing the
multipath fading effects.

4.3. Total Active Reflection Coefficient (TARC)

In order to determine the stability of the MIMO system when it is simultaneously
excited, the Total Active Reflection Coefficient (TARC) was determined. TARC compares
the total reflected power with the total incident power and is important in the verification
of impedance matching in a multi-port environment. The TARC is calculated using the
standard relation for a two-port MIMO system:

B ’511 + 512€j9’2 + ‘521 + Szzeje‘z @)
N 2

As can be seen in Figure 12, the TARC value does not exceed the —10 dB threshold at
any point in the whole frequency spectrum of 22-34 GHz. This confirms that the proposed

TARC =T,

MIMO antenna maintains excellent impedance matching and stable performance even
when both ports are simultaneously excited with random phase differences.

-5

TARC (dB)

-30 : : : : :
22 24 26 28 30 32 34
Frequency (GHz)

Figure 12. Calculated Total Active Reflection Coefficient (TARC).

5. Conclusions

This paper proposes a computational design strategy based on the Binary Grey Wolf
Optimizer (B-GWO) to develop a high-isolation MIMO antenna system suitable for 5G
mm-Wave applications. To mitigate mutual coupling, a pixelated metasurface functioning
as a band-stop resonator was optimized and integrated between the antenna elements. The
full-wave simulation results demonstrate that the proposed decoupling structure effectively
suppresses surface wave propagation, thereby reducing the mutual coupling level from
—15.43 dB to —32.58 dB at 28.67 GHz. This improvement was validated using both surface
current analysis and an Equivalent Circuit Model (ECM). The close agreement between
circuit theory and electromagnetic simulations confirms that the pixelated structure acts
as a high-impedance blocking filter across the operational band. Moreover, one of the
most important contributions of this work is the improvement in radiation performance.
The proposed design maximizes the peak realized gain to 4.51 dBi, which is 0.57 dB
higher than that of the reference antenna, avoiding the insertion losses often observed
in conventional decoupling methods. Consequently, the proposed antenna system offers
a compact, validated, and energy-efficient design with excellent diversity performance
(ECC < 0.005 and TARC < —10 dB), making it highly suitable for dense 5G arrays.

It should be noted that the findings presented in this study are fundamentally com-
putational and theoretical, validated through full-wave electromagnetic simulations and
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rigorous ECM analysis. While the proposed B-GWO-optimized pixelated metasurface
demonstrates excellent and stable theoretical isolation across the target n257 band (26.5-
29.5 GHz), this research currently serves as a methodological computational design frame-
work. Future work will focus on the physical fabrication and experimental measurement
of the optimized MIMO prototype to investigate the effects of manufacturing tolerances,
substrate losses, and real-world deployment challenges at mm-Wave frequencies.
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