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Reliable wireless communication in the 2.4 GHz industrial, scientific, and
medical band increasingly relies on antenna systems that can provide high
inter-port isolation in multiple-input multiple-output (MIMO) configurations.
This paper presents a circular microstrip patch antenna and its extension to a
dual-port MIMO configuration designed for 2.4 GHz operation. The antenna
is implemented on a low-loss substrate and evaluated using full-wave
electromagnetic simulations to assess impedance matching, radiation
performance, and MIMO diversity metrics. To enhance inter-port isolation in
the array, an inverted U-shaped defected ground structure (DGS) is
introduced between the two radiating elements. The optimized design
achieves excellent matching around 2.4 GHz and ultra-high isolation of
approximately -78.7 dB, while maintaining stable gain and radiation patterns
across the operating band. These results indicate that the proposed antenna
offers a simple and effective solution for compact, energy-efficient, and
robust 2.4 GHz MIMO front ends in internet of things (loT) and other short-

range wireless communication systems.
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1. INTRODUCTION

The rapid growth of wireless communication systems operating in the 2.4 GHz industrial, scientific,
and medical (ISM) band, including Wi-Fi and internet of things (1oT) platforms, has intensified the demand
for compact antenna systems capable of supporting reliable multiple-input multiple-output (MIMO) links.
Microstrip patch antennas (MPAs) are widely adopted in such devices because of their low profile, ease of
integration, and cost-effectiveness [1]. However, when conventional single-element MPAs are arranged into
closely spaced MIMO arrays, they often suffer from limited impedance bandwidth and insufficient inter-port
isolation, which degrade diversity performance and overall link reliability [2].

Foundational electromagnetic models for patch analysis and design, such as the cavity model and
dominant-mode synthesis, remain central to contemporary optimization workflows [3]. Building on these
fundamentals, many recent MIMO antenna designs focus either on modifying the radiating elements using
slots, parasitic resonators, or stubs to redistribute surface currents, or on engineering the ground plane
through defected ground structures (DGS), partial grounds, or etching patterns to suppress surface waves and
reduce mutual coupling [4]-[12].

Several representative designs illustrate these approaches across sub-6 GHz and millimeter-wave
bands. Najim et al. [13] developed a four-element printed dipole MIMO antenna with 3.3-6.6 GHz
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bandwidth and 5.2-7.05 dB gain. Wu et al. [14] employed circular stubs to decouple circular patches,
achieving isolation up to -23.8 dB. Saleem et al. [15] used split-ring resonator (SRR) loading to obtain ultra-
wideband operation with coupling suppression below -20 dB. Subashini et al. [16] targeted 28 GHz circular
MIMO, while Singh et al. [17] reported about -16 dB isolation in a sub-6 GHz circular array. In most of these
compact layouts, isolation typically remains within the -16 dB to -25 dB range [13]-[17]. Achieving higher
isolation often necessitates more complex decoupling circuits that increase the footprint or design
complexity. This highlights the need for further enhancement using simple structures without compromising
antenna size or efficiency.

Motivated by these limitations, this paper proposes a compact circular microstrip MIMO antenna for
2.4 GHz operation on Rogers RT5880 (e, = 2.2, tan 6 = 0.0009) that employs a simple inverted U-shaped
DGS etched between two circular radiators. The DGS is designed to disturb and reroute the ground-plane
currents in the inter-element region, thereby weakening the dominant coupling paths while preserving the
impedance behavior of each port. The antenna is analyzed using full-wave electromagnetic simulations
in CST Microwave Studio, with one port excited and the other terminated in 50 Q, to assess matching,
isolation, radiation performance and standard MIMO diversity metrics.

The main contributions of this work can be summarized as follows. First, a dual-port circular patch
configuration is introduced that achieves very high inter-port isolation using only a single inverted U-shaped
DGS on the common ground plane, without relying on neutralization lines, EBG superstrates or lumped
decoupling networks. Second, the proposed layout maintains good impedance matching and stable radiation
patterns despite the close spacing between elements, making it attractive for compact 2.4 GHz front ends.
Third, a comprehensive MIMO performance evaluation is carried out, including S-parameters, input
matching, radiation characteristics and envelope correlation/diversity gain analysis, which clarifies the
physical decoupling mechanism associated with the DGS and quantifies its impact on system-level metrics. It
is further noted that all results reported in this paper are obtained from full-wave electromagnetic
simulations; experimental validation on a fabricated prototype is left for future work.

The remainder of this paper is organized as follows. Section 2 describes the antenna configuration
and design methodology, including the single-element circular patch, the extension to the two-port MIMO
layout and the geometry of the inverted U-shaped DGS. Section 3 presents and discusses simulation results,
covering impedance bandwidth, isolation, radiation patterns, diversity performance and comparison with
related works. Section 4 concludes the paper and outlines directions for future research.

2. METHOD
2.1. Antenna design theory

The circular microstrip radiator was sized using the classical cavity-model formulation [3].
A common starting estimate for the physical patch radius, which accounts for fringing fields, is expressed as:

F

a= 1
J1+%(ln(’2r—f)+1.7726) @
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F= 8.791x10° @)
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Here, f; is the target resonance frequency (2.4 GHz), ¢, is the substrate relative permittivity (2.2 for Rogers
RT5880), and h is the substrate thickness (1.6 mm). A refined estimate for the effective radius a,, which
captures fringing effects more accurately, is given by:
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The dominant T M, ; resonance can then be approximated as:
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where c is the speed of light and ¢, is the effective permittivity (for thin substrates, &.¢f ~ is often a

good estimate) and Xy, is the first root for the TM,; mode.
In this work, Rogers RT5880 was selected (e, = 2.2, tand = 0.0009) with h = 1.6 mmat f, =
2.4 GHz. In (1)-(3) yield an initial estimate of the circular patch radius of 23.62 mm. After full-wave
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optimization in CST Microwave Studio, the single-element design was finalized at a = 23.66 mm. During
two-element MIMO co-optimization, which accounted for the inverted U-shaped defected ground structure
(DGS) and inter-element coupling, the radius converged to a = 23.71 mm. These adjustments are small (<
0.21 %) and reflect the expected fine-tuning once the feed and coupling environment are included.

The metallization (patch and ground plane) used standard copper thickness t = 0.035 mm.
Following Balanis’ conservative guideline of extending the ground plane by 6h beyond the patch on each
side, the ground size for the single-element case was:

L, =W, =2a+12h ®)

With a = 23.66 mm and h = 1.6 mm, this gives L, = W, = 66.52 mm. For more compact layouts, the
milder recommendation L, = W, = 2a + 6h is often adopted; with the same a and h this yields 56.92 mm,

which was the value retained here to save area while still providing sufficient clearance for the coaxial
connector and mitigating edge diffraction.

2.2. Feeding mechanism

The antenna was fed by a 50 Q coaxial probe with PTFE dielectric. The outer and inner conductor
diameters are D = 4.5 mm and d = 1.26 mm, respectively. The feed position was empirically optimized in
CST Microwave Studio to minimize the input mismatch at 2.4 GHz for the single-element configuration. The
final in-plane offset from the patch center was (xf,yf =6mm,6 mm), with radial distance.

= /xf + y} =~ 8.49 mm (6)

This location produced excellent impedance matching. For circular patches, the feed can be placed
at any azimuth for the same radial distance ¢; in this design, a first-quadrant point was chosen for practical
routing convenience. In the MIMO configuration, the coaxial feed of each element was slightly shifted to
(xf, Yr = 6.2mm,5 mm), to compensate for the effect of inter-element coupling.

2.3. Single-element model

The single antenna element was designed and modelled in CST Microwave Studio using a Rogers
RT5880 substrate with relative permittivity e, = 2.2, loss tangent, tand = 0.0009, and thickness
h = 1.6 mm. Both the patch and ground plane were realized with copper metallization of thickness
t = 0.035mm, while the ground plane dimensions were set to L, = W, = 56.92mm. Open (add space)
boundary conditions were applied, and a hexahedral mesh with adaptive refinement was employed to ensure
simulation accuracy. No hardware prototype was fabricated at this stage; all performance metrics reported in
this paper are obtained from full-wave electromagnetic simulations.

All key design parameters, including patch radius, feed locations, DGS dimensions, and substrate
properties, are explicitly reported to enable straightforward reproduction of the antenna geometry and
simulation setup. The optimized design provided excellent impedance matching and stable radiation
performance at the target frequency of 2.4 GHz. The overall geometry and design parameters of the circular
patch antenna are shown in Figure 1.

56.92 mm
9Er

H
= ‘ — T.a0mm
56.92 mm

Figure 1. Geometry of the circular patch antenna with design parameters
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2.4, Two-element MIMO layout with inverted U-Shaped DGS
Figure 2 illustrates the geometry of the proposed two-element circular MIMO antenna with an

inverted U-shaped defected ground structure (DGS). The antenna consists of two identical circular patches

arranged on the same substrate and excited using coaxial feeds.
To extend the design into a two-element MIMO configuration, the two circular patches were

arranged with an edge-to-edge separation D, = 64mm ~ 0.54, and a center-to-center spacing
D, = 111.42 mm = 0.891,, as shown in Figure 2(a). These distances were chosen to maintain compactness
while limiting near-field interaction. In the absence of additional isolation techniques, significant mutual
coupling was observed, primarily caused by surface-wave propagation within the substrate.

To suppress this effect, an inverted U-shaped DGS was introduced in the common ground plane
between the two radiators, as shown in Figure 2(b). This DGS perturbs the surface current distribution in the
inter-element region, thereby interrupting the dominant coupling paths and enhancing inter-port isolation.

§4.00 mm T

44.87 mm

3
ww 00°9%
W 00°0S

111.42 mm

Howooz

168.44 mm

@ (b)

Figure 2. Geometry of the two-element circular MIMO antenna (a) top view with the edge-to-edge
separation Dy, and centre-to-centre spacing D, indicated between the two patches and (b) bottom view

highlighting the inverted U-shaped defected ground structure (DGS) and the coaxial feed locations

3. RESULTS AND DISCUSSION

3.1. Single-element performance
The simulated reflection coefficient confirms the strong impedance performance of the single

circular patch antenna. At 2.4 GHz, the radiator exhibits a deep resonance with a minimum S;; = —44.54 dB
Figure 3. The corresponding voltage standing wave ratio (VSWR) is 1.01 Figure 4, which demonstrates
nearly perfect matching to the 50 Q reference impedance. The input impedance on the Smith chart is located
very close to the 50 Q point, with a negligible reactive component Figure 5. Consequently, reflections at the
feed port are practically eliminated and almost all the input power is effectively delivered to the radiator.

S-Parameters |Magnitude in dB|

S1,1 2 -44.545044

-45
-52 " 1
2 23 24 25 2.6
Frequency / GHz

Figure 3. Simulated reflection coefficient of the single-element circular patch antenna at 2.4 GHz
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Figure 4. Simulated VSWR of the single antenna across the operating band

Reference Impedance [Real Part|

th
=

ZRef 1(1) : 50.063306

Impedance / Ohm

Fey
N
L)

23 24 25 2.6
Frequency / GHz

Figure 5. Simulated input impedance of the single antenna at 2.4 GHz

Radiation performance is similarly stable across the operating band. At 2.4 GHz, the antenna
achieves a realized gain of 6.78 dBi Figure 6 and a directivity of 7.11 dBi Figure 6. The small difference
between these two values indicates high radiation efficiency, since only a minimal portion of power is lost
due to dielectric and ohmic dissipation. These results confirm that the single element provides a robust
baseline for extension to a multi-port configuration.

Farfield Gain Abs (Phi=90)

0
Phi= 90 30 I- 30 Phi=270
60 60
90| 5 l90
' T 2200100 0 ;
120 _ 120
Frequency = 2.4 GHz
150 e | 150 Main lobe magnitude =  6.78 dBi
180 Main lobe direction = 1.0 deg.
Angular width (3 dB) = 84.5 deg.
Theta / Degree vs. dBi Side lobe level = -16.2 dB

Figure 6. Simulated peak gain of the single antenna at 2.4 GHz
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Farfield Directivity Abs (Phi=90)
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Figure 7. Simulated directivity pattern of the single antenna at 2.4 GHz

3.2. MIMO performance

The simulated input reflection coefficient demonstrates that the proposed two-element array
maintains good impedance characteristics once integrated into the MIMO configuration. At 2.4 GHz, the
antenna exhibits S;; = —21.01 dB when one port is excited and the other is terminated with a 50 Q load
Figure 8. The —10 dB impedance bandwidth extracted from |[S;,| spans 2.3277-2.4232 GHz, yielding BW =
95.5 MHz Figure 9. Within this band, the input impedance and VSWR responses, Figure 10 and Figure 11
confirm that the introduction of the inverted U-shaped DGS does not cause detrimental detuning. The array
preserves a VSWR of about 1.2 at 2.4 GHz, ensuring stable matching for both ports and indicating that the

isolation enhancement is achieved without sacrificing input adaptation.

S-Parameters [Magnitude in dB]

2.2 23 2.405 25 2.6
Frequency / GHz

Figure 8. Simulated reflection coefficient S;; of the MIMO antenna with DGS

d=0pEangmeters [Magnitude in dB|
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Figure 9. —10 dB Impedance Bandwidth of the Proposed Antenna (|Si1])
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Figure 10. Simulated input impedance of the two-element MIMO antenna at 2.4 GHz

Voltage Standing Wave Ratio (VSWR)

—VSWRI1 VSWRI : 1.2281356
—VSWR2 VSWR2 : 1.206083
1.5
1
2.2 2.3 |24 25 2.6

Frequency / GHz

Figure 11. Simulated VSWR of both ports of the MIMO antenna at 2.4 GHz

Figure 12 presents the simulated transmission coefficient | S, | between the two ports for the
reference two-element circular array without DGS and for the proposed configuration with the inverted U-
shaped DGS. As a reference, the inter-port isolation of the same two-element circular array without the DGS
was first evaluated. In this baseline configuration, the simulated transmission coefficient | S,, | at 2.4 GHz is
only about —27.52 dB, as shown in Figure 12(a), which is consistent with typical values reported for compact
MIMO layouts without dedicated decoupling structures. This limited isolation confirms that additional
measures are required to effectively suppress mutual coupling between the two patches.

A major outcome of the proposed layout is the dramatic improvement in inter-port isolation
obtained after introducing the inverted U-shaped DGS. When the DGS is etched in the common ground plane
between the two patches, the simulated transmission coefficient | S,; |drops to —78.65 dB at 2.4 GHz, as
shown in Figure 12(b). By comparing Figure 12(a) and Figure 12(b), it is evident that the DGS provides a
very strong suppression of mutual coupling, improving the isolation by more than —27.52 dB at the operating
frequency. To the best of our knowledge, this isolation level significantly surpasses most reported values for
compact dual-port antennas. Importantly, it is achieved without relying on neutralization lines,
electromagnetic bandgap (EBG) superstrates, or additional lumped decoupling networks.

The radiation characteristics remain largely unaffected by the isolation enhancement. The MIMO
configuration delivers a realized gain of 6.52 dBi and a directivity of 7.07 dBi at 2.4 GHz Figure 13 and
Figure 14. The small separation between these values again indicates high radiation efficiency, suggesting
that the DGS primarily mitigates surface-wave coupling while preserving the intrinsic aperture radiation of
the patches. This behavior is consistent with the design objective of improving isolation without
compromising gain or radiation patterns.

The surface-current distribution at 2.4 GHz Figure 15 clarifies the physical isolation mechanism.
With Port 1 excited and Port 2 terminated in 50 Q, the inverted U-shaped DGS confines strong currents
around the excited radiator and along the slot edges, while significantly suppressing currents in the inter-
element region and on the idle patch. This disruption of dominant ground-return paths is consistent with the
very small |S,,| observed at 2.4 GHz and underpins the excellent diversity metrics reported below. All these
results are obtained from full-wave electromagnetic simulations; experimental validation on a fabricated
prototype is left for future work and may introduce small deviations due to manufacturing tolerances and
connector effects.
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Indonesian J Elec Eng & Comp Sci ISSN: 2502-4752 147

S-Parameters [Magnitude in dB|

-52,1
40
£ 60
2.1 27.5289
-80
=100 4 y
22 13 24 15 1.6 27 28
Frequency / GHz
(a)
S-Parameters |[Magnitude in dB)
=20
-40
=)
-60 r
= $2,1: -78.65034
-80
-lUg
2 23 2.4 2.5 2.6
Frequency / GHz
(b)

Figure 12. Simulated transmission coefficient S,, between the two ports: (a) reference two-element circular
array without DGS, showing limited isolation at 2.4 GHz and (b) proposed array with inverted U-shaped
DGS, demonstrating the achieved isolation enhancement at 2.4 GHz

Farfield Gain Abs (Phi=90)

0

Farfield Directivity Abs (Phi=90)

0

- 30 T 30 ”
Phi=90 | Phi=270 Phi=90 30 30 phi=270
60 60 @ @

9% ENA 9%
9% AL 9
G 0 s o
120 120

120 120

Frequency = 2.4 Gliz

Main lobe magnitude = 6.52 dBi
Main lobe direction = 0.0 deg.
Angular width (3 dB) = 87.2 deg.
Side lobe level = -13.5dB

Frequency = 2.4 GHz

Main lobe magnitude = 7,07 dBi
Main lobe direction = 0.0 deg.
Angular width (3 dB) = 87.2 deg.
Side lobe level = -13.5dB

150 150

150 150

180 180

Theta / Degree vs. dBi Theta / Degree vs. dBi

Figure 13. Simulated peak gain
of the MIMO antenna

Figure 14. Simulated directivity pattern
of the MIMO antenna

The diversity performance was evaluated using the envelope correlation coefficient (ECC) and the
diversity gain (DG). As shown in Figure 16, the ECC remains extremely low around 2.4 GHz (= 2.8 x 107),
which is several orders of magnitude below common MIMO thresholds such as 0.5 and even 0.1. This
confirms excellent pattern and port diversity. The corresponding DG was obtained from the ECC using the
standard relation.

DG = 10V1 — ECC? @)
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yielding DG = 9.9999986 dB, essentially equal to the theoretical maximum of 10 dB Figure 17. The ECC
was computed from the two-port scattering parameters using the formulation of Blanch et al. [18]. Together,
these metrics show that the proposed antenna behaves as an almost ideal two-branch diversity system in the
2.4 GHz band.
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Figure 15. Surface current distribution at 2.4 GHz (bottom view, ground plane) with Port 1 excited and Port 2
terminated in 50 Q, showing current confinement along the inverted U-shaped DGS and
suppressed current on the idle element
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Figure 16. Simulated envelope correlation coefficient (ECC) for the proposed two-port MIMO antenna
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Figure 17. Simulated diversity gain (DG) for the proposed two-port MIMO antenna
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3.3. Comparison with reported work

Table 1 benchmarks the proposed antenna against recent multi-port circular-patch MIMO designs
operating from sub-6 GHz to millimetre-wave frequencies. The most salient outcome is isolation. The present
design attains —78.65 dB at 2.4 GHz, which exceeds all listed peers by a wide margin. Reconfigurable sub-6
GHz designs such as [19] report —14.5 to —18 dB, and EBG/DGS-assisted CPW structures like [20]
reach <—35 dB (up to —47 dB in a special OFF state), while neutralization-line decoupling in [21] achieves
isolation better than —60 dB in higher bands (3.2-4.14 GHz). Metasurface-integrated CP MIMO in [22]
(5-8.67 GHz) and the integrated 8-port platform in [23] provide < —22 dB and =~ —26 dB isolation,
respectively. At 2.4 GHz, the 4-port swastika-ground design in [24] reports —12.3 dB adjacent isolation,
highlighting the challenge of strong decoupling near ISM frequencies. Collectively, these comparisons indicate
that the inverted U-shaped DGS in this work provides a more effective and compact decoupling mechanism at
2.4 GHz than EBG, CP metasurfaces, or orientation-based self-decoupling techniques used elsewhere.

Beyond isolation, the proposed antenna sustains near-ideal diversity performance. The ECC =~ 2.8 x
1077 is orders of magnitude lower than commonly accepted limits (0.5 and 0.1) and even lower than the
already excellent values reported in [20] (< 0.02) and [22] (< 0.005). Consistently, the DG = 10 dB matches
the theoretical maximum and is on par with high-quality MIMO references such as [19], [22], and [23].

In terms of radiation performance, the proposed design delivers a realized gain of about 6.5 dBi at
2.4 GHz together with an efficiency of approximately 92.6 %, estimated from the gain-to-directivity ratio.
This is competitive with sub-6 GHz entries and notably higher than typical reconfigurable FR-4-based
designs (e.g. [19], 65-75 %).

Finally, the functional scope differs across works. Reference [20] provides dual-band operation with
very good isolation [23] scales to eight ports covering both sub-6 GHz and mm-wave bands, and [22]
achieves circular polarization over a wide band via a metasurface. In contrast, the present work focuses on a
single-band 2.4 GHz solution optimized for ultra-high isolation with minimal structural complexity, which is
particularly attractive for loT and ISM-band devices where robust co-existence and energy efficiency are
critical. The trade-off is the single-band nature of the current design; however, the demonstrated DGS
approach is structurally simple and amenable to future dual-band or multiband extensions.

Table 1. Performance comparison of reported multi-port antennas and the proposed design

Ref Antenna type/structure Ports F(S}q('GB:Q)d Isolation (dB) Gain (dBi) (Igg) ECC (EOZ)
Reconfigurable circular-patch 33.3.99/ 25at35

[19] MIMO (inverted L-stubs + 2 4.967;5 3 -145t0-18 GHz; 2.68 9.9 <0.09 65/75
rectangular ground stub, FR-4) ' ' at5.1 GHz

i : ) 2.8-3.6/ <-35(low), >3 (low),>
Dual-band CPW circular-patch 47-56 <25 (high): 4 (high

[20] MIMO with PGP-DGS, PIN 2 — — —

- (ON); 5.2 —47 at5.2 ON),=~ 3.5
branch-lines, dual-band EBG (OFF) GHz (OFF) (OFF)
Dual-band H-slotted circular 3.20-3.40/
[21] patch + neutralization line 2 . . <—60 (meas.) =7 — <0.02 —
(FR-4) 3.84-4.14
Dual-port bi-directional CP 6.5/ 655
[22] metasurface-integrated (FR-4, 2 5-8.67 <—22 (meas.) ' dBi(; >0.985 <0.005 >80
two layers)
Integrated 8-port: 4 CPW 3'22%755(')570/ < 955/< 86—
[23] elliptical (sub-6) + 4 semi- 8 29' 95 - 725'95 = 12.3/10.55 9.99 0.002 91.8/
circular (mm-wave) (FR-4) (méas ) ' 89-96

4-port circular/slot, swastika-
[24] shaped ground (FR-4, 4 24 -12.3 — ~10 — > 85
40x40x1.6 mm3)
2x2 CP MIMO circular
[25] notched patch (FR-4) 4 4951 >20 o o o o
Dual-port circular microstrip ~28x
patch on Rogers RT5880 with 2 24 —78.65 ~6.5 ~10 1('),7 92.6
inverted U-shaped DGS

This
work

Key takeaway: at 2.4 GHz, the proposed antenna provides state-of-the-art isolation (—=78.65 dB) with
almost-zero ECC and high efficiency, outperforming comparable sub-6 GHz MIMO designs in decoupling
effectiveness while maintaining competitive gain and near-ideal diversity performance.

While the isolation and diversity performance of the proposed antenna are outstanding, the present
study is subject to several limitations. First, all results are based on CST Microwave Studio simulations, and
fabrication tolerances, connector effects, and measurement uncertainties may slightly degrade the isolation
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and radiation characteristics in practice. Second, the design is restricted to a single 2.4 GHz band, whereas
many modern 10T and Wi-Fi devices operate over multiple bands. Third, mutual coupling has been evaluated
in a free-space environment; performance in realistic deployments with device housings and nearby objects
may differ. These limitations suggest clear directions for future work, including prototype fabrication and
measurement in anechoic chambers, robustness analysis under manufacturing deviations, and extension of
the DGS concept to dual-band or multiband circular MIMO arrays.

4. CONCLUSION AND FUTURE WORK

The aim of this study was to design and evaluate a circular microstrip patch antenna and its
extension into a two-element MIMO configuration with very high inter-port isolation at 2.4 GHz. A single
radiating element implemented on a Rogers RT5880 substrate exhibited excellent impedance matching, with
low return loss, a near-ideal voltage standing-wave ratio (VSWR), and stable radiation characteristics. To
improve isolation in the MIMO configuration, an inverted U-shaped defected ground structure (DGS) was
introduced in the common ground plane between the two circular patches. The resulting dual-port antenna
achieved an outstanding isolation level of approximately —78.65 dB at 2.4 GHz, while maintaining a realized
gain of about 6.5 dBi, a directivity close to 7 dBi, and an envelope correlation coefficient that is essentially
zero, corresponding to a diversity gain near 10 dB. These findings indicate that the proposed DGS-based
layout provides a simple and effective means of strongly reducing mutual coupling in compact MIMO
antennas without degrading impedance or radiation performance, thereby contributing to the design of robust
2.4 GHz front ends for ISM and loT applications. The results reported in this work were obtained from full-
wave electromagnetic simulations only; experimental validation has not yet been performed. Fabrication
tolerances, connector effects, and practical deployment environments may slightly affect the measured
isolation and radiation characteristics. Future research will therefore focus on prototype fabrication and
measurement of the proposed antenna, as well as on extending the concept to dual-band or multiband
operation and to larger MIMO arrays. These developments could further enhance the applicability of the
design to next-generation wireless systems. We encourage subsequent studies to cite and build upon this
work rather than reproducing its content verbatim, so that the proposed approach is properly referenced
within the broader literature. Overall, the proposed dual-port circular patch antenna provides a practically
attractive and structurally simple solution for achieving ultra-high isolation and near-ideal diversity
performance at 2.4 GHz, and the DGS-based decoupling concept offers a solid foundation for subsequent
designs that further extend its bandwidth, number of ports and application scope.
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