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ABSTRACT This paper presents a novel and compact decoupling methodology for ultra-compact planar
antenna arrays with center-to-center spacing smaller than 0.3A. In such densely packed configurations,
strong multidirectional mutual coupling significantly degrades the array performance. To address this
challenge, a comprehensive decoupling strategy is proposed for a 2 x 2 array operating in the 5.8-6 GHz
band. The approach integrates three coordinated mechanisms: I-shaped metallic strips for coupling-
path cancellation, a dumbbell-shaped defected ground structure (DGS) for ground-current suppression,
and dielectric perturbation for reducing substrate-mediated coupling. The proposed structure achieves
effective two-dimensional decoupling while maintaining a low-profile and easy-to-fabricate configuration.
By performing a systematic parametric study and Genetic Algorithm (GA) the structure is optimized in the
multidimensional design space. Both simulated and measured results demonstrate that the proposed method
successfully reduces the transmission coefficients between array elements to below —20 dB across the target
frequency band, satisfying the critical design requirement. The achieved isolation enhancement does not
degrade the impedance matching, and the measured radiation patterns further demonstrate that the proposed
decoupling structure improves the realized gain by 2.85 dB and 4.34 dB at the lower and upper edges of the
operating frequency band, respectively.

INDEX TERMS Ultra-compact arrays, decoupling structures, mutual coupling reduction, isolation.

I. INTRODUCTION

The growing demand for high-capacity wireless communi-
cation systems has accelerated the deployment of compact
antenna arrays in applications such as 5G base stations
[1], MIMO terminals [2], [3], [4], and broadband sensing
platforms [5]. To satisfy size, profile, and integration
requirements, antenna elements are often placed with reduced
inter-element spacing, which intensifies electromagnetic
interaction between neighboring radiators and leads to strong
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mutual coupling [6]. As the spacing decreases, mutual cou-
pling degrades impedance matching, port isolation, radiation
characteristics, and realized gain, while also deteriorating
polarization purity and axial-ratio bandwidth in polarized
arrays [7], [8]. In phased array and MIMO systems, these
effects further limit beam-scanning capability and channel
capacity, making coupling suppression a critical challenge in
compact array design [9], [10].

To mitigate mutual coupling, several decoupling approaches
have been reported in the literature. Circuit-based techniques,
including neutralization lines [11], [12], [13], decoupling
networks [14], [15], and tailored excitation methods [16],
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[17] introduce compensating currents to cancel coupling
paths. Although capable of providing high isolation, these
methods are often narrowband, sensitive to fabrication
tolerances, and difficult to scale for compact or broadband
arrays.

Parasitic metallic structures [12], [18], [19], [20], includ-
ing metal walls, strips, and side-loaded conductors, have
also been widely employed to improve isolation through
destructive interference of coupling fields. Side-loaded metal
[21] and parasitic monopole-like structures [22] provide
attractive fabrication simplicity and compact implementation.
Nevertheless, their performance generally depends on precise
geometrical tuning and often remains effective only over
limited frequency ranges. More importantly, planar arrays
exhibit multiple coupling mechanisms between horizontal,
vertical, and diagonal element pairs, making it difficult for
a single parasitic element to suppress all dominant coupling
paths simultaneously.

Electromagnetic structure-based techniques, including
electromagnetic bandgap (EBG) [23], [24], [25], defected
ground structures (DGS) [26], [27], [28], frequency-selective
surfaces (FSS) [29], [30], [31], [32], and metasurface-
based layers [33], [34], [35], [36], suppress coupling by
modifying surface-wave propagation and near-field interac-
tions. More recently, hybrid decoupling strategies combining
multiple physical mechanisms have been explored [37],
[38]. By integrating reflective, parasitic, or resonant struc-
tures, hybrid approaches can simultaneously suppress mul-
tiple coupling components and achieve improved isolation
bandwidth.

Despite these advances, many reported techniques rely on
multilayer implementations, increased structural complexity,
or additional profile height, limiting their applicability in
ultra-compact and low-profile arrays. Furthermore, achieving
effective coupling suppression in densely packed planar
arrays remains particularly challenging due to the multidirec-
tional nature of the coupling mechanisms.

Motivated by the stringent requirements of ultra-compact
array configurations, this work presents the design and
experimental validation of a 2 x 2 antenna array with
center-to-center spacing smaller than 0.3X, where mul-
tidirectional mutual coupling becomes inherently severe.
Unlike conventional techniques that primarily target coupling
suppression along a single direction or under moderate
spacing conditions, the proposed approach simultaneously
mitigates coupling in both principal planar directions. The
employed upper structure does not operate as a con-
ventional metasurface for phase correction or direct gain
enhancement, instead, it functions as a hybrid decoupling
mechanism, where gain improvement is achieved indirectly
through mutual coupling suppression and enhanced radiation
efficiency. Particular emphasis is placed on preserving
realized gain and radiation integrity while maintaining a
low-profile and fabrication-friendly structure without relying
on complex multilayer assemblies or intricate feeding
networks.
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The main contributions of this work are summarized as
follows:

e A hybrid decoupling methodology is proposed for
ultra-compact planar antenna arrays with center-to-
center spacing smaller than 0.3, where strong multidi-
rectional coupling mechanisms dominate.

o The proposed structure integrates I-shaped metallic
strips, a dumbbell-shaped DGS, and dielectric pertur-
bation into a unified framework, enabling simultaneous
coupling suppression without relying on conventional
A /4 spacing or multilayer metasurfaces.

o The optimized design achieves isolation better than
—20 dB within the 5.8-6 GHz band while preserving
impedance matching and realized gain, demonstrat-
ing effective coupling suppression without radiation-
performance degradation.

o The proposed decoupling structure maintains a sim-
ple, low-profile, and fabrication-friendly configuration,
providing a scalable and practical solution for next-
generation ultra-compact antenna arrays.

This work is organized as follows. Section II details the
antenna design procedure and provides the comprehensive
analysis of the structure. Section III provides the simulation
and measurement results of the designed structure and finally,
Section IV presents the conclusions of the study.

Il. ANTENNA DESIGN AND ANALYSIS

The overall configuration of the proposed hybrid decoupling
antenna array is illustrated in Fig. 1. The antenna consists
of a 2 x 2 planar probe-fed patch array operating at
5.8 GHz, a passive decoupling layer composed of I-shaped
resonant strips, a dumbbell-shaped DGS, and localized
dielectric perturbations introduced in both the antenna and
decoupling substrates. The radiating elements are excited
using a conventional coaxial probe-fed configuration, and
the center-to-center spacing between adjacent elements is
intentionally reduced to less than 0.3A, creating a strongly
coupled electromagnetic environment in which multidirec-
tional mutual coupling becomes a dominant design challenge.
These components collectively realize the proposed hybrid
decoupling mechanism, enabling simultaneous suppression
of the dominant coupling paths while maintaining a compact
and low-profile configuration. To clearly illustrate the
contribution of each decoupling mechanism, the proposed
antenna is developed and analyzed in a systematic step-
by-step manner. The following subsections begin with the
reference antenna array and progressively introduce each
decoupling technique until the final optimized configuration
is achieved.

A. CONFIGURATION OF THE 2 x 2 MICROSTRIP ARRAY

The configuration of the proposed ultra-compact
2 x 2 antenna array is shown in Fig. 2. The array consists of
four identical coaxial probe-fed radiating elements arranged
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FIGURE 1. Top view of the (a) array, (b) decoupling surface and (c) side
view of the proposed structure with corresponding parameters.

in a planar square topology. The operating frequency is
5.8 GHz.

Each radiating element is implemented on a Rogers 4350B
laminate with relative permittivity ¢, = 3.66 and loss tangent
tané = 0.0037, and substrate thickness 2 = 1.52 mm. The
planar radiator has dimensions L x W, where L and W denote
the effective length and width of the patch, respectively. The
coaxial feed probe is located at an optimized position (x7, yr)
from the patch center to achieve impedance matching at
5.8 GHz.

The four elements are symmetrically positioned along both
the x- and y-directions with a center-to-center spacing of
dy,y = 2 mm, corresponding to d = 0.284¢ at 5.8 GHz.
This extremely compact spacing intentionally places the
array in a strong mutual coupling regime representative of
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FIGURE 3. (a) Reflection and (b) isolation results of the 2 x 2 microstrip
array.

densely packed MIMO systems. Under such tight separation,
pronounced near-field interaction and surface-wave coupling
occur simultaneously in both principal directions of the
planar array.

Owing to the severe electromagnetic interaction introduced
by the sub-0.3A¢ spacing, the baseline array configuration
is first established without any decoupling structure. This
reference configuration enables systematic analysis of mutual
coupling mechanisms and radiation performance degradation
before the progressive introduction of coupling mitigation
techniques in subsequent subsections. Fig.3 illustrates the
simulated reflection coefficient (S; ; ) and isolation terms (S; ;)
for the compact 2 x 2 array. As indicated in Fig.3-b, strong
coupling exists between different radiating elements in the
desired frequency range.

Another way of showing the coupling between the array’s
elements is using the E-field distribution of the radiating
elements. As indicated from Fig.4, at 5.8 GHz strong
coupling exists between adjacent elements.

B. ROW-WISE METASURFACE DECOUPLING STRATEGY

As observed in Fig. 4, from the baseline 2 x 2 array
configuration, the dominant mutual coupling occurs between
adjacent elements within each row due to the ultra-compact
center-to-center spacing (d < 0.3A). At 5.8 GHz, the strong
electric near-field interaction and surface-wave propagation
along the row direction lead to significant energy transfer
between neighboring elements.
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FIGURE 4. E-field distribution over 2 x 2 array at 5.8 GHz.

(a)
(b)
FIGURE 5. Top view of the (a) Vertical strips and (b) I-shaped patch.

To mitigate this dominant coupling mechanism, using
printed vertical strips, as indicated in Fig. 5a, has been
suggested above each row of antennas [39], [40]. The
metasurface is positioned and designed to primarily influence
the electromagnetic field distribution along the row direction,
where the strongest coupling occurs. By tailoring the unit-cell
geometry and its periodic arrangement, the metasurface
modifies the electric field distribution near the antennas.
However, employing only the conventional vertical strip
above the antenna array does not provide sufficient mutual
coupling reduction in ultra-compact configurations. In order
to enhance the decoupling capability of the structure, two
horizontal metallic extensions are introduced at the ends of
the vertical strip, forming an I-shaped patch as shown in
Fig. 5b.

Fig. 6 illustrates the electric field distributions for both the
simple vertical strip and the proposed I-shaped configuration,

placed above one row of the patch array. It can be observed
that the I-shaped element exhibits stronger electromagnetic
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FIGURE 6. E-field distribution of the (a) one row of the patch array
loaded with the vertical strips, (b) vertical strips, (c) one row of the patch
array loaded with I-shaped patches and (d) I-shaped patches.
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FIGURE 7. E-field distribution of 2 x 2 array loaded with two rows of
I-shape element over the (a) array and (b) decoupling surface when
port 1 (bottom left) is excited,and over (c) array and (d) decoupling
surface when port 3 (top left) is excited.

interaction within the decoupling structure while simulta-
neously reducing the electric field intensity in the region
between the two radiating patches. The enhanced field
confinement around the I-shaped element, together with the
suppressed field strength between adjacent antennas, clearly
indicates improved decoupling performance compared to the
traditional vertical strip design.

It is important to emphasize that the metasurface is
intentionally applied in a row-wise manner rather than
as a full-array superstrate. This targeted implementation
enables effective decoupling between adjacent elements in
each row while maintaining structural simplicity and low
profile. Consequently, two identical metasurface sections
are employed, one for each row of the 2 x 2 array,
to independently suppress intra-row mutual coupling.

However, although the row-wise metasurface significantly
reduces coupling between elements along the horizontal
direction, residual strong mutual interaction remains between
the two rows as depicted in Fig. 7.
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FIGURE 8. (a) Reflection and (b) isolation results of the 2 x 2 microstrip
array with the addition of two rows of I-shaped patches.

As indicted in Fig.7, the decoupling surface performance
deteriorates by adding another row to the structure which can
be related to the strong inter-row coupling. This inter-row
coupling originates from vertical near-field interaction and
space-wave coupling mechanisms that are not fully mitigated
by the directional metasurface configuration. These effects
can also be observed in the simulated s-parameters results,
as shown in Fig.8. As observed in Fig. 8-b, the isolation
within each row is noticeably improved compared to that
shown in Fig. 3-b. However, significant mutual coupling
still persists between the two rows. The following section
therefore focuses on analyzing the underlying mechanisms
of this remaining inter-row coupling and presents an effective
strategy for its suppression.

C. APPLYING DGS

To further decrease the mutual coupling, especially the
existing coupling between the rows, a DGS structure is
introduced. A DGS modifies the current distribution on
the ground plane by etching specific geometrical defects,
thereby altering its effective inductive—capacitive behavior.
From an electromagnetic perspective, the presence of a DGS
increases the equivalent impedance of the ground plane along
selected directions, effectively interrupting surface current
flow and suppressing surface-wave propagation between
antenna elements. This could be beneficial in ultra-compact
arrays, where ground-plane currents contribute significantly
to mutual coupling. As shown in Fig. 9, the DGS is a
simple strip that is cut from the ground plane. The simulated
results of the S-parameter of the array with the addition
of the DGS structure are shown in Fig.9. As indicated in
Fig.10-a, addition of the DGS slightly degrades the reflection
coefficient performance but improves the inter-row mutual
coupling performance, such as S3i, S41, ..., as shown in
Fig. 10-b.

Moreover, considering the distribution of the E-field in
the array, reported in Figs.11-(a) and (b), with the DGS and
I-shaped patch on the top reiterates the improvement in the
isolation between the elements in the array compared to the
previous configurations.

To further suppress mutual coupling between the vertically
adjacent element pairs (1,3) and (2,4), while simultane-
ously improving the impedance matching of each antenna
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FIGURE 9. Top view of the cut on the ground layer of the microstrip patch
array.
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FIGURE 10. (a) Reflection and (b) isolation results of the loaded
2 x 2 microstrip array with the addition of DGS.
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FIGURE 11. E-field distribution of the configuration over the (a) array and
(b) decoupling surface with the addition of DGS at 5.8 GHz.

element, a modification to the existing DGS is proposed.
Specifically, a pair of stubs is introduced at the ends
of the current ground defect, forming a dumbbell-shaped
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FIGURE 12. Bottom view of the dumbell-shaped DGS on the ground layer
of the microstrip patch array.
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FIGURE 13. (a) Reflection and (b) isolation results of the loaded
2 x 2 microstrip array with the addition of dumbell-shaped DGS.

DGS configuration, as illustrated in Fig. 12. This geometry
enhances the perturbation of ground-plane current distribu-
tion and increases the effective impedance along the inter-row
direction, thereby providing stronger coupling suppression
and improved matching performance.

To conclude, the dumbbell-shaped DGS is selected due
to its simple geometry and effective capability in sup-
pressing surface-wave propagation and perturbing ground
current distribution. The introduced slot modifies the
equivalent inductive and capacitive characteristics of the
ground plane, thereby reducing coupling between adjacent
antenna elements. Moreover, the dumbbell-shaped DGS
is a well-established and widely employed topology in
microwave and antenna engineering due to its compact
resonant behavior, fabrication simplicity, and effective sup-
pression of undesired electromagnetic propagation. Previous
studies have successfully utilized dumbbell-shaped DGS
structures in filters, transmission lines, and antenna systems
to improve isolation and electromagnetic performance [41],
[42]. These characteristics make it particularly suitable for
compact antenna decoupling applications.

Simulated results of the S-parameters, shown in Fig.13
and Fig.14, and the distribution of the electric field near
the antennas shows that the addition of stubs and form
the dumbell-shaped DGS effectively decrease the mutual
coupling for the vertical adjacent antennas and also improve
the matching condition of each element.

D. LOCALIZED DIELECTRIC PERTURBATION
Although the incorporation of the dumbbell-shaped DGS
significantly improves the inter-row isolation, residual
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FIGURE 14. E-field distribution of the configuration over the (a) array and
(b) decoupling surface with dumbell-shaped DGS at 5.8 GHz.

coupling persists due to the strong near-field interaction
within the dielectric medium. In ultra-compact arrays, a con-
siderable portion of the mutual coupling energy is confined
within the substrate, where the dielectric supports intense
electric-field concentration and surface-wave propagation.
This dielectric confinement enhances capacitive coupling
between adjacent elements and facilitates the transfer of
electromagnetic energy through both the antenna substrate
and the superimposed decoupling structure. Therefore,
to further suppress these substrate-mediated coupling paths,
alocalized dielectric perturbation is introduced by selectively
removing small portions of the dielectric substrate from both
the antenna array and the proposed decoupling structure,
as shown in Fig. 15. The resulting dielectric modification
alters the local electromagnetic field distribution and provides
an additional degree of freedom for reducing the remaining
mutual coupling between adjacent elements. It should be
emphasized that this localized dielectric perturbation is not
intended to serve as a standalone or universal decoupling
technique. Rather, it forms an integral part of the pro-
posed hybrid decoupling methodology, complementing the
I-shaped resonant strips and the dumbbell-shaped DGS to
collectively achieve the desired isolation performance in the
ultra-compact antenna array.

It is worth noting that the locations of the dielectric
modification are selected based on the areas between the
radiating elements with high levels of electromagnetic field
distribution which can be seen in Fig.14. Here, by locally
reducing the dielectric loading, the effective permittivity in
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FIGURE 15. (a) Bottom view of the modified array and (b) Top view of the
modified decoupling structure.

the coupling region is decreased, which weakens the stored
electric energy and disrupts surface-wave propagation paths.
From an electromagnetic standpoint, reducing the dielectric
volume lowers the equivalent capacitive coupling between
adjacent elements and increases radiation leakage into free
space rather than confinement within the substrate. This
effect is particularly beneficial in ultra-compact configura-
tions, where strong near-field coupling dominates the overall
interaction.

Moreover, applying the perturbation simultaneously to
the array substrate and the decoupling layer ensures that
both direct inter-element interaction and coupling caused by
decoupling-structure are weakened. The reduction of dielec-
tric confinement around the decoupling structure enhances its
effectiveness by allowing stronger interaction with free-space
fields while minimizing unintended energy storage within the
dielectric medium.

The Simulation results, presented in Fig.16 and Fig.17,
of the proposed modification on the array and decoupling
substrate show the expected improvement in the isolation
terms without sacrificing the impedance condition of each
element.

It should be noted that the proposed localized dielectric
perturbation is implemented through selective substrate
removal in both the antenna and decoupling layers, which
can be readily realized using conventional PCB fabrication
techniques. Unlike extensive substrate removal, the proposed
modification is highly localized, occupying only approxi-
mately 6% of the total substrate area and confined to the
central region of the antenna structure, where its influence
on the overall mechanical integrity is minimal. Furthermore,
the substrate thickness is selected to provide sufficient
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FIGURE 16. (a) Reflection and (b) isolation results of the loaded
2 x 2 microstrip array with the modification of the substrates in the
structure.
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FIGURE 17. E-field distribution of the configuration over the (a) array and
(b) decoupling surface with modified substrate structure at 5.8 GHz.

mechanical rigidity, while dielectric spacers are employed
to support the upper decoupling structure and maintain
the required separation between the two layers throughout
fabrication and measurement. Similar localized substrate
modification techniques have been widely employed in
antenna and microwave engineering to tailor electromag-
netic field distributions and suppress undesired coupling
mechanisms [43], [44], [45], [46]. Therefore, the proposed
technique preserves fabrication simplicity while providing
an additional degree of control over substrate-mediated
coupling paths. The successful fabrication, assembly, and
experimental characterization of the proposed prototype
using conventional PCB technology further confirm the
practical feasibility, mechanical robustness, and manufac-
turability of the proposed localized dielectric perturbation
approach.
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E. PARAMETRIC STUDY

Given the ultra-compact spacing and the multi-mechanism
decoupling strategy employed in the proposed 2 x 2 array,
a systematic parametric investigation is essential to fully
understand the electromagnetic behavior of the structure.
In such densely packed configurations, small variations
in geometric parameters can significantly influence cur-
rent distribution, field confinement, impedance matching,
and mutual coupling characteristics. Therefore, evaluating
the sensitivity of the proposed design to key structural
parameters provides critical insight into the underlying
decoupling mechanisms and ensures the robustness of the
solution.

In particular, the dimensions associated with the decou-
pling elements, DGS, and the dielectric perturbation directly
control the behavior of the system. These parameters
determine the strength of ground-plane current interrup-
tion, the degree of electric-field redistribution, and the
balance between isolation enhancement and radiation per-
formance. Since coupling in the proposed ultra-compact
array occurs simultaneously along two principal directions,
parameter optimization must ensure effective suppression
in both axes without introducing gain degradation or
impedance mismatch. This subsection presents a detailed
parametric study of the most influential design vari-
ables, highlighting their impact on isolation, impedance
matching.

We begin by investigating the influence of the vertical
stem length of the I-shaped strip, denoted as d3. Varying the
length of this central section modifies the effective electrical
length of the decoupling element, thereby increasing its
equivalent inductance and shifting its resonance toward lower
frequencies. In this study, dz is varied from 3 mm to
7 mm to evaluate its impact on the coupling behavior. Since
the I-shaped patch primarily affects the inter-row mutual
coupling, the analysis focuses mainly on the transmission
coefficient S;.

As shown in Fig. 18-a, varying d3 has a negligible
effect on the reflection coefficient, indicating that the
impedance matching of each antenna element remains
largely unchanged. In contrast, Fig. 18-b demonstrates that
ds significantly influences S»1, confirming that the vertical
stem length plays a critical role in controlling the inter-row
mutual coupling.

The second parameter under investigation is the length of
the horizontal arm of the I-shaped strip, denoted as d;. This
parameter governs the electromagnetic interaction between
adjacent I-shaped elements and is therefore expected to have
a significant impact on the isolation performance. To evaluate
its influence, d; is varied from 3 mm to 7 mm, and the
corresponding reflection and transmission coefficients are
shown in Fig. 19.

As observed in Fig. 19-a, varying d; has a negligible effect
on the reflection coefficient, indicating that the impedance
matching of the antenna elements remains stable. In contrast,
Fig. 19-b demonstrates that d; significantly influences the

133890

& Ll

|S11| (dB)
&
1521 (dB)

5 - 55 @
Frequency (GHz) Frequency (GHz)

(a) (b)

FIGURE 18. Parametric study of the vertical stem length d5 of the
I-shaped decoupling strip: (a) reflection coefficient S;; and (b) isolation
coefficient S;.
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FIGURE 19. Parametric study of the horizontal arm length d; of the
I-shaped decoupling strip: (a) reflection coefficient S;; and (b) isolation
coefficient S;.

isolation coefficient S>1. Notably, isolation is substantially
improved for values of d; around 6 mm, confirming the
strong role of the horizontal arms in enhancing the decoupling
mechanism.

It is worth emphasizing that when di = 3 mm, the
horizontal arms effectively vanish, reducing the I-shaped strip
to a conventional vertical strip. The degraded isolation in
this case clearly verifies the superior decoupling performance
of the I-shaped configuration compared to a simple vertical
strip. Furthermore, when d; = 7 mm, the horizontal arms
of adjacent elements become electrically connected, altering
the resonant behavior of the structure. In this condition,
the decoupling element no longer operates as an effective
resonator, which explains the observed deterioration in
isolation performance.

The next parameter examined is the width of the horizontal
arm of the I-shaped strip, denoted as d>. This parameter
influences the electromagnetic coupling between adjacent
patches by modifying the effective current loop formed
between neighboring decoupling elements. As d5 increases,
the effective loop area decreases, which reduces the equiv-
alent inductance of the resonant structure and consequently
shifts its resonance toward higher frequencies. To evaluate
its influence, d; is varied from 1 mm to 5 mm, and the
corresponding reflection and transmission coefficients are
shown in Fig. 20.

This behavior is clearly observed in both Fig. 20-a and
Fig. 20-b, where increasing d» results in a noticeable upward
shift of the resonance frequency. The variation of d» has
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FIGURE 20. Effect of the horizontal arm width on the array performance:
(a) reflection coefficient (b) transmission coefficient S;.
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FIGURE 21. Effect of the width of vertical strip on the array performance:
(a) reflection coefficient (b) transmission coefficient.
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minimal impact on the reflection coefficient, indicating that
the impedance matching remains largely unaffected. How-
ever, it significantly influences the transmission coefficient
S»1, demonstrating its strong role in controlling the isolation
performance of the decoupling structure.

Another important geometric parameter of the I-shaped
patch is the width of the vertical stem, denoted as d4. This
parameter exhibits a similar influence on the decoupling
behavior as d, though with a comparatively weaker effect.
As illustrated in Fig. 21, variations in dy lead to observable
changes in the isolation performance while maintaining
stable impedance characteristics.

Due to its moderate sensitivity, d4 serves as an effec-
tive fine-tuning parameter in the final optimization stage
of the decoupling structure, allowing precise adjustment
of the resonance behavior to meet the targeted design
specifications.

The final parameter investigated in the proposed structure
is the length of the slot etched on the antenna substrate,
denoted as a3. This slot is introduced to suppress the mutual
coupling between the rows by interrupting the ground-plane
current distribution and reducing surface-wave propagation
along the inter-row direction.

To evaluate its effect, az is varied from 0 mm to
12 mm, and the corresponding transmission coefficient S3
(representing inter-row isolation) and reflection coefficient
S11 are monitored. The simulated S-parameter results are
presented in Fig. 22. It can be observed that increasing the slot
length progressively reduces the mutual coupling, confirming
the effectiveness of the substrate perturbation in suppressing
inter-row interaction.
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FIGURE 22. Study of the effect of the substrate slot length on the array
performance: (a) reflection coefficient (b) transmission coefficient.

In particular, the comparison between a3 = 0 mm (no
slot) and the shortest nonzero slot clearly demonstrates the
beneficial impact of introducing the substrate cut on the iso-
lation performance. Meanwhile, the variation of a3 produces
no significant change in the reflection coefficient, indicating
that the impedance matching of the antenna elements remains
stable throughout the parametric range.

Another important design parameter is the vertical separa-
tion between the antenna array and the decoupling surface,
which is treated as an independent optimization variable
due to its strong influence on electromagnetic interac-
tion, isolation performance, and overall antenna profile.
In conventional decoupling or partially reflective surface
configurations, the optimal spacing is typically close to A /4,
where constructive and destructive interference mechanisms
can be effectively established. At approximately A/4, the
reflected fields from the decoupling surface can be properly
phased to enhance radiation performance and improve
isolation.

However, maintaining such a separation significantly
increases the overall profile of the structure, which con-
tradicts the objective of achieving an ultra-compact and
low-profile array configuration. Therefore, in the proposed
design, the separation distance is systematically optimized
with the goal of minimizing the profile while preserving
strong decoupling performance. By carefully adjusting this
spacing, a balance is achieved between sufficient electromag-
netic interaction with the decoupling surface and structural
compactness. The final selected distance provides effective
isolation enhancement without relying on the conventional
A /4 spacing, thereby maintaining the low-profile requirement
of the proposed ultra-compact array.

IIl. FABRICATION, MEASUREMENT, AND PERFORMANCE
VALIDATION
A. PROPOSED STRUCTURE AND DESIGN PARAMETERS
The final optimized configuration of the proposed ultra-
compact 2 x 2 antenna array with the integrated decoupling
structure is shown in Fig. 1. The array maintains a center-to-
center spacing smaller than 0.3) at the operating frequency,
representing a highly compact planar arrangement.

The decoupling mechanism consists of three coordinated
components: the I-shaped metallic strips placed above
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TABLE 1. Optimized geometrical parameters of the proposed 2 x 2 array.

Parameter  Value (mm)
di 6
do 4
d3 6
dy 3
ds 7
ha 10
ai 12.5
as 12.5
as 10
a4 1.5
as 14.5

the array, the dumbbell-shaped DGS, and the dielectric
perturbation applied to both the antenna substrate and
the decoupling layer. These elements collectively suppress
mutual coupling in both principal planar directions while
preserving impedance matching and radiation performance.

The design objective was to achieve an isolation level
better than —20 dB within the operating frequency range of
5.8-6 GHz. To systematically identify the optimal set of geo-
metrical parameters that satisfies this requirement, a Genetic
Algorithm (GA) optimization approach was employed. The
GA is employed due to its robust global search capability and
suitability for nonlinear electromagnetic optimization prob-
lems involving multiple strongly coupled design parameters.
The proposed decoupling structure presents a multidimen-
sional optimization space without an explicit analytical
gradient, making GA an effective and computationally
practical approach for identifying configurations satisfying
the targeted isolation, matching, and radiation requirements.
Although more recent optimization approaches, includ-
ing machine learning- and artificial intelligence-assisted
techniques, have attracted increasing interest, the primary
objective of this work is to demonstrate the proposed hybrid
decoupling methodology rather than compare optimization
algorithms. The GA-based optimization enables efficient
exploration of the multidimensional design space and facili-
tates convergence toward a configuration that simultaneously
enhances isolation while preserving impedance matching
and radiation performance. The optimized geometrical
parameters of the proposed design are summarized in
Table 1.

B. FABRICATION AND MEASUREMENT SETUP
To experimentally validate the proposed design, a prototype
of the optimized 2 x 2 array was fabricated. Both the
antenna layer and the decoupling structure were realized
on Rogers RO4350B substrates with the thickness of
1.52 mm and 0.76 mm, respectively. Based on the param-
eters shown at 1, the overall size of the array with the
loaded decoupling structure is 0.63819x0.63810x0.193A¢.
A photograph of the fabricated prototype is presented in
Fig. 23.

The S-parameters were measured using a calibrated vector
network analyzer (VNA). Radiation characteristics, including
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(b)

FIGURE 23. (a) Top and (b) back views of the fabricated prototype of the
proposed array.

realized gain and radiation patterns, were measured in an
anechoic chamber under standard far-field conditions.

C. S-PARAMETER PERFORMANCE
Fig. 24 compares the simulated and measured S-parameters
of the array with and without the proposed decoupling
structure. Symmetric element pairs are omitted for brevity,
as their responses are identical due to the structural symmetry
of the array. According to Fig. 24-b, Without the decoupling
structure, the ultra-compact spacing results in strong mutual
coupling between adjacent elements. After incorporating
the proposed decoupling mechanism, the transmission coef-
ficient Sp; is significantly reduced in both planar direc-
tions. The comparison between the results obtained before
and after incorporating the proposed decoupling structure
demonstrates that the transmission coefficients between the
array elements are effectively reduced to below —20 dB.
This confirms that the proposed decoupling mechanism
successfully meets the targeted isolation requirement. Except
for minor discrepancies between the simulated and measured
results, which can be attributed to fabrication tolerances and
slight shifts in the frequency response, the measured results
show good agreement with the simulations, confirming the
effectiveness of the proposed structure.

Moreover, as illustrated in Fig. 24-a, the reflection coef-
ficient S1; remains stable after introducing the decoupling
elements, indicating that the isolation enhancement does
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FIGURE 24. (a) Reflection and (b) isolation results of the measurement
(solid line), simulation with the loading(dotted line) and simulation
without the loading (dot and solid) of the proposed array.

—- simulation /O Loading
~~ Simulation With Loading
———_— Measurement With Loading

(c) (d

FIGURE 25. Measured and simulated Radiation pattern of the proposed
array with and without the proposed loading structure across E-plane at
(a) 5.8 GHz, (b) 6 GHz, and across H-plane at (c) 5.8 GHz and (d) 6 GHz.

not compromise impedance matching. This demonstrates
that the proposed structure achieves strong mutual coupling
suppression while preserving element matching performance.

D. RADIATION CHARACTERISTICS

The simulated radiation patterns of the array with and without
the decoupling structure along with the measured results
of the loaded array are shown in Fig. 25 at 5.8 GHz and 6 GHz
for both E- and H-planes. It can be observed that the overall
radiation characteristics remain directed toward the broadside
direction. This indicates that the introduction of the decou-
pling mechanism does not alter the main radiation direction
of the antenna array, which is an important consideration in
array design. The measured realized gains are 9.21 dBi and
9.86 dBi at 5.8 GHz and 6 GHz, respectively. These results
correspond to gain improvements of 2.45 dB and 4.34 dB at
the lower and upper edges of the operating frequency band,
respectively, highlighting the effectiveness of the proposed
decoupling structure in enhancing the realized gain of the
antenna array. It is worth noting that, the gain enhancement
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TABLE 2. Performance comparison with reported loaded decoupling
techniques.

Ref. Array Array Size Edge-to-Edge Isolation
Type (Ao) Spacing (Ag) (dB)
Ref. [47] 2 x 2Patch 1.01x1.01x0.013 0.2 > 30
Ref. [39] 2 x 2 Patch 2.1x1.92x0.29 (0.11,0.28) > 25
This Work 2x2Patch 0.638x0.638x0.193 0.038 >20

produced by the proposed decoupling structure is frequency
dependent due to the resonant nature of the employed
coupling suppression mechanisms. As the electromagnetic
interaction between the decoupling structure and the antenna
array varies across the operating band, the degree of mutual
coupling reduction and radiation efficiency improvement also
changes. Consequently, larger gain enhancement is observed
at frequencies where the decoupling mechanism operates
closer to its optimum condition.

Compared to the simulated results, the measured realized
gain exhibits a reduction of approximately 0.4 dB, which can
mainly be attributed to the insertion loss introduced by the RF
connectors used during measurement. Aside from this minor
discrepancy, the simulated and measured results show good
agreement, further confirming the validity of the proposed
design.

The realized gain remains stable across the operating band,
confirming that the proposed decoupling approach does not
introduce significant radiation efficiency degradation. The
absence of noticeable pattern distortion further validates that
the isolation improvement is achieved without compromis-
ing radiation integrity, which is critical for ultra-compact
arrays.

E. BENCHMARKING AND COMPARATIVE ANALYSIS
To further demonstrate the advantages of the proposed design,
a comparison with recently reported decoupling techniques
is provided in Table 2. The comparison includes array
configuration, array size, edge-to-edge spacing, and achieved
isolation.

Compared with existing works, the proposed array oper-
ates at a significantly smaller inter-element spacing while
achieving competitive isolation performance.

IV. CONCLUSION AND FUTURE WORKS

This paper presented the design, optimization, and experi-
mental validation of an ultra-compact 2 x 2 antenna array with
a center-to-center spacing smaller than 0.31. In such densely
packed configurations, strong multidirectional mutual cou-
pling becomes unavoidable and significantly degrades
impedance matching, isolation, and radiation performance.
The primary objective of this work was therefore to achieve
an isolation level better than —20 dB within the operating
frequency range of 5.8-6 GHz, while preserving gain
and maintaining a low-profile, without any complexity in
fabrication.
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To address the inherently two-dimensional coupling
behavior of the planar array, a comprehensive decoupling
strategy was developed. The proposed solution integrates
I-shaped metallic strips to enhance coupling-path cancel-
lation, a dumbbell-shaped DGS to suppress ground-plane
current propagation, and a dielectric perturbation technique
to reduce substrate-mediated coupling. The combined effect
of these mechanisms enables effective suppression of mutual
coupling in both principal planar directions without relying
on multilayer metasurface assemblies.

A detailed parametric study was conducted to investigate
the influence of the key geometrical parameters on isolation
and impedance matching. The results demonstrated that
the vertical stem length primarily controls the resonant
behavior of the decoupling element, while the horizontal arm
dimensions regulate the interaction between adjacent strips.
The DGS dimensions and substrate slot length were shown
to significantly affect inter-row coupling by interrupting
surface currents and redistributing the electromagnetic fields.
The antenna-to-decoupling spacing was also optimized to
achieve strong isolation while maintaining a compact profile.
To systematically determine the optimal parameter set, a GA
optimization was employed, enabling efficient exploration of
the design space.

Both simulated and measured results confirm that the
proposed structure successfully reduces the transmission
coefficients between array elements to below —20 dB
across the target frequency band. Importantly, this isolation
enhancement is achieved without significant degradation
of impedance matching and realized gain. The measured
radiation patterns further demonstrate that the decoupling
structure does not distort the radiation characteristics, val-
idating that coupling suppression is accomplished without
compromising radiation integrity. Compared to previously
reported works, the proposed design achieves competitive
isolation at a smaller inter-element spacing while maintaining
structural simplicity and manufacturability.

In summary, this work provides a practical and scalable
decoupling methodology for ultra-compact planar arrays,
where multidirectional coupling suppression, gain preser-
vation, and low-profile implementation are simultaneously
required.

Future work may extend the proposed concept to
larger planar arrays, wide-angle beam-scanning configu-
rations, and higher-frequency systems, including Ka-band
and FR2 applications, to evaluate its performance under
active excitation conditions and different electromagnetic
environments. In addition, advanced computational tech-
niques, such as machine learning and artificial intelli-
gence methods, may be employed to further enhance
the efficiency of the optimization process and accelerate
electromagnetic performance evaluation. The integration
of the proposed decoupling mechanism into circularly
polarized and dual-polarized array architectures also rep-
resents a promising direction for advanced communication
systems.
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