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ABSTRACT A compact four-port MIMO antenna is proposed for the 2.4 GHz ISM band and wireless
communication applications. The antenna occupies a compact footprint of 0.372λ0 × 0.372λ0 and is
implemented on an FR4 substrate with a dielectric constant of εr = 4.4. Initial antenna design study for
unidirectional radiation and high frequency band. Ultimately, a CPW antenna featuring with menderline is
designed for unidirectional to lower frequency resonances. A coplanar waveguide (CPW) feeding scheme is
employed, and inter-element isolation to enhanced through the antenna’s inherent self-isolation upto −24 dB
and reduce mutual coupling. Further improved by integrating a strategically positioned parasitic element
between the radiating elements, achieving a peak isolation of 27 dB. The design offers a measured peak
gain of 2.83 dBi and a radiation efficiency of 96%. It covers an impedance bandwidth of 1.81–3.37 GHz
with a minimum return loss of 49 dB. MIMO diversity analysis confirms an envelope correlation coefficient
(ECC) below 0.01, a diversity gain (DG) of 9.99 dB, a channel capacity loss (CCL) of 0.36 bits/s/Hz,
and a mean effective gain (MEG) less than −3 dB, all within standard performance limits. The fabricated
prototype was experimentally validated through S-parameter, radiation pattern, and gain measurements,
which exhibit good agreement with the corresponding simulated results, thereby validating the proposed
antenna’s suitability for high-performance ISM-band wireless communication applications.

INDEX TERMS MIMO, Menderline, Coplanar waveguide (CPW), Isolation, Envelope correlation coeffi-
cient (ECC),Channel capacity loss (CCL).

I. INTRODUCTION
Multi-Input Multi-Output (MIMO) innovations have revolu-
tionized wireless communication by enabling simultaneous
data transmission over multiple spatial channels, dramati-
cally enhancing spectral efficiency, channel capacity, and link
reliability while using the same frequency resources. Unlike
traditional single-antenna systems, MIMO leverages spatial
diversity to combat multi path fading, which is especially
beneficial in dense, reflective environments common to urban
and indoor applications. Given the rapid proliferation of
wireless devices and the limited availability of licensed spec-
trum, MIMO has become an indispensable tool for meeting
high throughput and reliability demands in emerging wireless
networks [1], [2]. The Industrial, Scientific, and Medical
(ISM) band that spans from 1.84 to 3.62 GHz is accessi-
ble globally, operates without licensed restrictions, and is
extensively used in a wide range of applications including
IoT sensors, smart healthcare systems, wearable devices,
and home automation networks. The moderate frequency
range enables physically compact antenna designs suitable
for miniature devices while still offering adequate propaga-
tion characteristics. However, designing MIMO antennas to

operate effectively across this entire ISM spectrum requires
careful attention to wideband impedance matching, radiation
performance, and stable patterns—all of which become in-
creasingly complex in compact, multi-element configurations
[3]–[5]. When integrating four antenna elements into a tightly
constrained layout necessary for compact gateway devices,
wearable gadgets, or handheld sensors—the mutual electro-
magnetic coupling between elements becomes a serious im-
pediment to performance. This coupling results in decreased
isolation, elevated envelope correlation coefficient (ECC),
distorted far-field patterns, and diminished diversity and ef-
ficiency, effectively eroding MIMO benefits. The challenge
is particularly acute in wideband designs covering the full
ISM range, where coupling must be mitigated consistently
across the entire frequency span [6]–[8]. To address mutual
coupling, several decoupling mechanisms have been devel-
oped. Defected Ground Structures (DGS) introduce patterned
perturbations in the ground plane to create bandstop filtering
effects, reducing coupling. While effective, DGS designs can
complicate the fabrication process, restrict design flexibility,
and sometimes degrade radiation performance [9], [10]. Neu-
tralization lines connect adjacent radiating elements with re-
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active lines that introduce phase-canceling currents, improv-
ing isolation in narrowband designs; however, they often lack
the bandwidth breadth needed for ISM band coverage and
require precise tuning [11], [12]. Recent studies have focused
on the development of compact MIMO antennas for 5G
and beyond wireless communication systems. Muttair et al.
proposed a wide and multi-band 2×2 MIMO antenna for 5G
mmWave applications, demonstrating enhanced bandwidth
and multi-band characteristics suitable for high-frequency
communication systems [13]. Subsequently, an ultra-small
8 × 8 massive MIMO antenna was introduced for future
6G wireless devices, achieving high isolation and improved
MIMO performance within a compact footprint [14]. Fractal-
based 4 × 4 MIMO array antennas have also been inves-
tigated to improve bandwidth and radiation characteristics
for emerging 6G applications [15]. Furthermore, a compact
multi-band MIMO antenna geometry was reported to support
both 5G and 6G wireless systems while maintaining satisfac-
tory impedance matching and isolation performance [16]. In
addition, wide and multi-band MIMO antenna designs have
been developed to enhance bandwidth and diversity perfor-
mance for 5G communication systems [17]. Although these
studies demonstrate significant advancements in compact
and multi-band MIMO antenna designs, challenges related
to achieving a compact footprint, simple antenna geometry,
and enhanced inter-element isolation remain. Motivated by
these challenges, this work proposes a compact CPW-fed
meander-line four-port MIMO antenna employing parasitic
stubs to achieve improved isolation while maintaining excel-
lent impedance matching and MIMO diversity performance.
Electromagnetic Band-Gap (EBG) structures and metama-
terials present another decoupling strategy by creating pe-
riodic surfaces that suppress surface waves and coupling.
Although they can provide substantial isolation over wide
frequency ranges, their typically sizeable periodic unit cells
and required number of periods complicate integration into
space-constrained modules [18], [19]. Altering the physical
orientation of antennas through spatial or polarization or-
thogonality is an alternative geometric method of reducing
correlation and coupling; nevertheless, practical considera-
tions such as device footprint or ergonomic requirements
may limit the effectiveness of purely geometric approaches
[20], [21]. In contrast, parasitic-element decoupling offers a
compelling and adaptable solution. By placing strategically
designed passive structures such as stub resonators, slots,
loops, or patches—in proximity to active elements, one can
induce out-of-phase coupling currents that counteract mutual
interference, thereby improving isolation. Critically, these
parasitic elements can be tuned across a wide frequency
span by adjusting their geometric parameters such as length,
width, shape, position, and orientation. This parametric flex-
ibility enables simultaneous wideband matching, isolation,
and radiation performance without substantially increasing
the antenna footprint [22]–[25]. A combined approach uti-
lizing orthogonal arrangement for geometric diversity and
parasitic elements for targeted coupling suppression creates

a powerful hybrid architecture. This synergy yields compact,
wideband MIMO systems that simultaneously tackle foot-
print limitations and inter-element interference.

Recent work in parasitic-assisted beamforming and hybrid
decoupling strategies underscores the potential for reconfig-
urable, high-performance MIMO antennas in future wireless
platforms [26]. Although CPW-fed antennas, meander-line
structures, and parasitic decoupling techniques have been
individually investigated in previous studies, their combined
implementation in a compact four-port orthogonal MIMO
configuration without employing DGS or EBG structures has
received limited attention. The proposed antenna integrates
these techniques through systematic co-design to simultane-
ously realize compact size, wide impedance bandwidth, high
isolation, and excellent MIMO diversity performance using
a simple planar structure suitable for low-cost fabrication.
In this study, we introduce a four-port orthogonal MIMO
antenna system tailored to the 1.81–3.27 GHz ISM band. The
design incorporates parametrically optimized parasitic stubs
deployed adjacent to each radiating element. Through metic-
ulous electromagnetic simulations and sequential parametric
tuning, the stub geometry and placement are optimized to
achieve isolation levels better than −27 dB across the operat-
ing band, while ensuring an ECC below 0.01, stable gain and
radiation patterns, and high efficiency.The resulting design
demonstrates excellent performance in both simulated and
measured evolutions, positioning it as a practical solution
for compact IoT and wearable applications demanding robust
MIMO operation.

The remainder of this discussion is structured as follows.
Section II provides a detailed description of the antenna
geometry, configurations with parasitic-stub, orthogonal lay-
out, and parametric tuning methodology. Section III presents
comprehensive simulation and measurement results includ-
ing scattering parameters, radiation patterns, gain, ECC, di-
versity gain, and efficiency. Section IV summarizes the con-
clusions and outlines directions for future multidisciplinary
enhancements such as dual-band operation and mechanical
flexibility.

II. ANTENNA MECHANISM AND DESIGN VERIFICATION
The proposed single monopole antenna exited using a copla-
nar feed isolation. Full design methodology mentioned as
length e and width f , optimized for 50 Ω impedance match-
ing. A horizontal conductive strip is integrated above the feed
line, serving as an intermediate coupling section. Two in-
verted L-shaped stubs are symmetrically attached to the hor-
izontal strip, each separated from the feed line by a gap s and
make a CPW full structure. Each stub consists of a horizontal
segment of length b and a vertical segment of length h, such
that the total stub length is b + h. The stub widths are fixed
at 0.5 mm and optimized to improve impedance bandwidth
and enhance isolation. The CPW feed is designed with a gap
of 2 mm between the feed conductor and each ground plane,
and a ground-plane height of c, to achieve the desired 50 Ω
impedance. This configuration supports wideband operation,
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(a)

(b)

(c)

(d)

FIGURE 1: Progression of CPW single antenna Design steps
(a) step-1, (b) step-2, (c) step-3 and (d) side view: The
antenna dimensions are: a = 20, a1 = 20, b = 5, c = 5,
d = 7.4, e = 6, f = 2.5, h = 7, s = 3, s1 = 1, b1 = 3.25,
h2 = 8, h1 = 7, b4 = 3.5, b2 = 3.5, and b3 = 3.5 mm (all
dimensions in millimetres).

FIGURE 2: Two-port MIMO antenna with optimized spacing
parameters: i1 = 20 mm, i2 = 45 mm, and g1 = 10 mm.

FIGURE 3: Four-port MIMO antenna without isolation ele-
ments

with the prototype resonating at 4.5GHz however, the design
does not fully cover the ISM band at 2.48 GHz. The overall
configuration is illustrated in Figure. 1a. To shift the resonant
frequency to a lower value, the horizontal stub was removed
and the spacing between the inverted L-shaped stubs were
modified to s1. The entire length of each inverted L-shaped
stub was set to h1 + b1, and the feed length was increased
to h2. This modified structure is shown in Figure. 1b. The
antenna resonates at 3.97 GHz indicating a return loss of
29 dB. However, it still does not achieve the targeted ISM
band at 2.4 GHz. To further shift the operating frequency to
the desired ISM band, a meander line structure is employed
in the antenna design to achieve miniaturization by increasing
the electrical length without enlarging the physical size. This
technique enables the antenna to resonate at the desired
frequency while maintaining a compact footprint, making it
suitable for portable and integrated systems. Moreover, the
meander line contributes to impedance matching and can
support multiband operation due to the multiple current paths
introduced by the bends. a meander line was attached to the
horizontal strip, as indicated in Figure. 1c, without making
any changes to the antenna ground plane or the spacing
s between the inverted L-shaped stubs. This modification
enables the antenna to achieve an impedance bandwidth from
1.63 GHz to 3.46 GHz, with a resonant frequency at 2.4 GHz
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and a return loss of 33 dB. This bandwidth covers the ISM
band, making the antenna suitable for both ISM and wireless
communication applications. Figure.1d shows the side view
of the single antenna.

FIGURE 4: Suggested four-port MIMO antenna with iso-
lation elements. Antenna dimension parameters: w1 =
0.5 mm, l1 = 19 mm, p1 = 1 mm.

(a) (b)

(c) (d)

FIGURE 5: Surface current distribution of the proposed
four-port MIMO antenna at 2.48 GHz: (a) Port 1 excited
without isolation element, (b) Port 2 excited without isolation
element, (c) Port 1 excited with isolation stub, and (d) Port 2
excited with isolation stub.

A. TWO-ELEMENT ANTENNA DESIGN &
CONFIGURATION
The two-element antenna layout is developed by arranging
two identical single-element antennas in an orthogonal ori-
entation with an edge-to-edge spacing of g1 as shown in Fig-
ure. 2. The lengths and widths of the overall antennas are de-

(a)

(b)

FIGURE 6: (a) Prototype depicting top and bottom views (b)
Antenna testing using VNA and anechoic chamber

noted as i1 and i2, respectively. The orthogonal arrangement
is adopted to maintain a compact footprint while enhancing
isolation through spatial diversity. With the optimized spac-
ing, the antenna is designed to resonate at 2.59 GHz with an
input return loss of approximately 38 dB and a measured mu-
tual coupling of 38 dB between the antenna elements, which
is considered acceptable. The theoretical minimum edge-to-
edge separation required to achieve minimal coupling can be
expressed as [27].

g =
λmax

2
=

c

2fmin
, (1)

where c = 3 × 108 m/s is the speed of light, and fmin =
2.59 GHz is the lowest operating frequency. Substituting
these values yields λmax ≈ 115.83 mm, resulting in g ≈
57.92 mm. However, due to compact design constraints, the
actual edge-to-edge spacing is optimized to g1 = 10 mm
through parametric analysis to achieve mutual coupling re-
duction. This corresponds to less than a quarter-wavelength
(λ/4) separation, which is sufficient to achieve acceptable
isolation and spatial diversity in a compact form factor.

B. 2× 2 MIMO ANTENNA CONFIGURATION
The two-port antenna was expanded to a four-port configura-
tion with an optimized edge-to-edge spacing of g1 = 10 mm.
The four radiating elements are arranged orthogonally to
exploit spatial diversity and maintain a compact footprint,
as illustrated in Figure. 3. This arrangement enhances self-
isolation between antenna elements, achieving better than
−24 dB isolation across the entire operating band. The sug-
gested four-port antenna resonates at 2.48 GHz within the
ISM band while maintaining high isolation performance. To
further enhance the isolation between the antenna elements,
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FIGURE 7: Progressive evolution of simulated results for the
single-element antenna design

FIGURE 8: Simulated S-parameter results of the two-
element antenna with an optimized inter-element spacing of
10 mm.

a parasitic element illustrated as a stub is introduced on the
radiator surface, as illustrated in Figure. 4. This stub acts
as an electromagnetic decoupling structure by disturbing the
surface current distribution, thereby reducing mutual cou-
pling between the ports. The position of the stub, denoted as
p1, is analyzed through a parametric study where p1 is varied
from 1 mm to 3 mm. After careful optimization, the value of
p1 = 1 mm is selected as it offers the best trade-off between
isolation improvement and antenna impedance matching.
At this optimized position, the antenna exhibits enhanced
resonance behavior within the ISM band and improved iso-
lation performance. In addition to the position, the geometric
dimensions of the stub are also optimized to achieve optimal
performance. The length of the stub, l1, is varied from 17 mm
to 20 mm, with 19 mm identified as the optimal length
providing a significant contribution to isolation enhancement
without adversely affecting the antenna bandwidth. Similarly,
the width of the stub, w1, is optimized between 0.4 mm and
1 mm, and an optimized width of 0.5 mm is chosen. These
specific dimensions enable the stub to effectively suppress

FIGURE 9: Four-port MIMO antenna without isolation ele-
ments

surface currents responsible for mutual coupling, thus im-
proving the overall isolation level to approximately −27 dB.
Moreover, the optimized stub geometry helps maintain the
antenna’s impedance bandwidth and radiation characteristics,
ensuring it remains well-suited for reliable operation within
the 2.4 GHz ISM band. The metallic stub functions as a
parasitic resonator that electromagnetically interacts with
the fields generated by the excited antenna element. When
a port is excited, the stub supports induced currents that
generate an opposing electromagnetic field, thereby inter-
rupting the primary surface-current propagation toward the
adjacent radiating elements. This redistribution of the surface
current suppresses the dominant coupling paths and reduces
the transfer of electromagnetic energy between neighboring
ports. Consequently, the mutual coupling is significantly
reduced while preserving the impedance matching and ra-
diation characteristics of the antenna. The effectiveness of
this mechanism is verified by the surface current distributions
shown in Fig.5, where the current intensity on the adjacent
elements is considerably lower after introducing the metallic
stub. In the case without isolation elements Figure. 5(a)
and 5(b), when Port 1 and Port 2 are excited respectively,
significant surface currents propagate toward the neighboring
radiating elements. This creates prominent coupling paths
between the excited port and the adjacent elements, leading
to reduced isolation. Conversely, with the inclusion of the
isolation stub Figure. 5(c) and 5(d), for both Port 1 and Port 2
excitation, the surface currents are predominantly confined to
the driven patch and feedline. The induced currents on adja-
cent elements are notably suppressed, and the high-intensity
regions along potential coupling paths are diminished. This
behavior confirms that the stub functions as a parasitic de-
coupling element, effectively altering the current distribution
and mitigating inter-element coupling.

III. PERFORMANCE ANALYSIS AND DISCUSSION
The prototype of the intended four-port antenna, displaying
top view is and Performance evaluation was conducted using
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(a)

(b)

FIGURE 10: (a) Reflection coefficient results of parametric
analysis for p1 from 1 mm to 3 mm. (b) S12 parameters of
the proposed antenna.

an MS46122B vector network analyzer (VNA) to obtain the
necessary S-parameter measurements is shown in Figure. 6a.
Subsequently, the antenna was tested within an anechoic
chamber, as illustrated in Figure. 6b, to accurately character-
ize its radiation pattern and gain. The design evolution of the
single monopole antenna is portrayed in Figure. 7. In the ini-
tial configuration (step-1), the antenna exhibits an operating
bandwidth from 2.87 GHz to 5.97 GHz, achieving a return
loss of 28 dB at 4.5 GHz. To achieve the targeted frequency
band operation at 2.4 GHz, the second configuration (step-
2) was developed, resonating from 2.80 GHz to 5.44 GHz
with a prominent resonance at 3.97 GHz and an impedance
bandwidth corresponding to a return loss of 29 dB. Further
structural modifications led to the third configuration (step-
3), operates throughout the frequency range of 1.6 GHz to
3.46 GHz, achieving a deep resonance at 2.4 GHz with a
return loss of 33 dB. The progressive evolution demonstrates
the tuning of the antenna geometry to meet the desired
frequency specifications. Figure. 8 presents the simulated
results of the two-element antenna configuration, where the
inter-element spacing is optimized to 10 mm. The simulation

indicates that the antenna operates over the frequency spans
from 1.81 GHz to 3.82 GHz, with a pronounced resonance
at 2.59 GHz, achieving a return loss of 38 dB. Furthermore,
the mutual coupling (S21) between the antenna elements is
significantly reduced, reaching a value of −38 dB. Figure. 9
illustrates the simulated S-parameters of the suggested four-
port MIMO antenna in the absence of any decoupling or
isolation elements. The results indicate that the antenna res-
onates at 2.48 GHz with an impedance bandwidth (defined
for S11 ≤ −10 dB) ranging from 1.76 GHz to 3.49 GHz. A
resonance is observed at 2.48 GHz, achieving a return loss
of 29 dB, which confirms excellent impedance matching at
the desired ISM band. Despite the absence of isolation struc-
tures, the simulated inter-element isolation remains below
−24 dB across the operating band, demonstrating inherently
reduced mutual coupling owing to the orthogonal positioning
of the radiating elements and the physical separation between
them. This performance provides a strong baseline for further
enhancement through the integration of dedicated isolation
techniques. Figure 10a depicts the reflection coefficient ob-
tained from the parametric analysis of the stub position
(p1). The results indicate that placing the metallic stub at
p1 = 1 mm, measured from the edge of the ground plane,
provides the optimum configuration, enabling the antenna
to resonate within the desired ISM band with excellent
impedance matching. It can be observed that varying the
stub position (p1) significantly affects both the impedance
matching and the isolation characteristics of the antenna.
When the stub is positioned at p1 = 1 mm, the antenna
exhibits optimum resonance while maintaining the highest
inter-element isolation. As the stub position is increased
beyond this value, the resonant frequency shifts and both
the impedance matching and isolation performance gradually
deteriorate due to the weakened electromagnetic coupling
between the parasitic stub and the radiating elements. Fig-
ure 10b presents the corresponding S12 characteristics, which
further confirm that p1 = 1 mm provides the best isolation
performance. To further enhance inter-element isolation, a
second parametric analysis was performed on the stub length
(l1), as illustrated in Figure. 11a for the S11 characteristics
and Figure. 11b for the S12 characteristics. The length was
varied from 17 mm to 20 mm, with an optimized value of
l1 = 19 mm, which not only ensured ISM band resonance
but also improved the isolation. The stub length (l1) directly
determines the electrical length of the parasitic resonator
and plays a significant role in the antenna performance. A
shorter stub provides insufficient suppression of the coupling
currents, whereas an excessively long stub shifts the resonant
frequency and deteriorates the impedance matching charac-
teristics. An optimized stub length of l1 = 19 mm provides
the best trade-off between impedance bandwidth and inter-
element isolation by effectively suppressing the coupling
currents while preserving the desired operating band. In
addition, the effect of the stub width (w1) was investigated,
as illustrated in Figure 12. The stub width was varied from
0.4 mm to 1 mm to examine its influence on the impedance
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(a) (b)

FIGURE 11: (a) S11 characteristics for the parametric analysis of stub length (l1) from 17 mm to 20 mm. (b) Corresponding
S12 characteristics showing isolation improvement.

matching, operating bandwidth, and inter-element isolation.
It can be observed that the stub width significantly affects
the electromagnetic coupling between the parasitic element
and the radiating elements. Increasing the stub width alters
the surface current distribution and the input impedance,
resulting in changes to the resonant frequency and isolation
performance. An optimized width of w1 = 0.5 mm provides
the best impedance matching within the ISM band while
maintaining inter-element isolation below −27 dB. These
results demonstrate that the stub width is a critical design pa-
rameter for achieving an optimal balance between impedance
bandwidth and isolation performance.

The simulated S-parameters of the suggested MIMO an-
tenna after the parametric analysis of l1, w1, and p1 are
presented in Figure. 13. The results reveal that incorporating
the isolation element enables an operating bandwidth from
1.81 GHz to 3.27 GHz, with a resonance at 2.48 GHz
achieving a return loss of 48 dB. The inter-element isolation
is maintained below −26 dB across the entire operating
band. For a quantitative comparison, the performance of the
proposed four-port MIMO antenna before and after incorpo-
rating the metallic parasitic stub is summarized. Without the
isolation structure, the antenna exhibits an impedance band-
width of 1.76–3.49 GHz with a resonance at 2.48 GHz and
an inter-element isolation of approximately −24 dB. After
introducing the optimized metallic stub, the antenna main-
tains a comparable impedance bandwidth of 1.81–3.27 GHz
while the return loss improves from approximately −29 dB
to −48 dB. More importantly, the inter-element isolation
is enhanced from approximately −24 dB to approximately
−27 dB, corresponding to an improvement of about 3 dB.
This quantitative comparison demonstrates that the proposed
parasitic stub effectively suppresses mutual coupling be-
tween adjacent antenna elements without significantly affect-

ing the impedance bandwidth, thereby improving the overall
MIMO performance. As illustrated in Figure. 14, the simu-
lated and practical S-parameters of the suggested four-port
MIMO antenna correspond to Port 1 excitation. The minor
discrepancies observed between the simulated and measured
results can be attributed to fabrication tolerances and mea-
surement uncertainties. Fabrication tolerances include slight
variations in the PCB etching process, substrate dimensions,
SMA connector soldering, and the dielectric properties of
the FR4 substrate. In addition, measurement uncertainties
associated with VNA calibration, connector alignment, and
the anechoic chamber setup may also contribute to small
deviations in the measured antenna characteristics. Neverthe-
less, the measured results exhibit good agreement with the
simulated results, confirming the robustness and reliability
of the proposed antenna under practical fabrication and mea-
surement conditions. For brevity, the results for the remaining
ports are not shown, as they exhibit similar characteristics. A
strong agreement between the simulated and measured data
confirms the validity of the proposed design.

Concerning MIMO diversity parameters The Envelope
Correlation Coefficient (ECC) is a parameter used to evaluate
the diversity performance of MIMO antennas.It measures
how closely the signals received (or transmitted) at two
different antenna ports are correlated in both phase and
amplitude. Lower ECC values indicate higher independence
between the radiation patterns, which leads to improved di-
versity gain and reduced signal fading. ECC can be obtained
by integrating the normalized complex radiation fields over
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FIGURE 12: Parametric analysis of w1 from 0.4 mm to 1 mm
FIGURE 13: Simulated S-parameter results of the proposed
Four-port MIMO antenna

FIGURE 14: Simulated and experimental results of the sug-
gested four-MIMO antenna

the entire sphere, as expressed in eq (2):

ECCij =

∣∣∣∣∣ ∫ 2π

0

∫ π

0

[
F⃗i(θ, ϕ) · F⃗ ∗

j (θ, ϕ)
]
sin θ dθ dϕ

∣∣∣∣∣
2

(∫ 2π

0

∫ π

0
|F⃗i(θ, ϕ)|2 sin θ dθ dϕ

)

× 1(∫ 2π

0

∫ π

0
|F⃗j(θ, ϕ)|2 sin θ dθ dϕ

) .

(2)

Here, Fi(θ, ϕ) represents the complex vector far-field of
the i-th antenna port, and P (θ, ϕ) is the angular power
distribution of the incoming signal, generally assumed to
be isotropic (P (θ, ϕ) = 1) [28]. In the proposed design,
both simulated and measured envelope correlation coefficient
(ECC) values remain below 0.01 across the entire operating
frequency range, as indicated in Figure. 15. This low ECC

FIGURE 15: Simulated and practical Envelope Correlation
Coefficient (ECC) of the suggested antenna.

indicates excellent isolation between antenna elements and
confirms the antenna’s superior diversity performance. Diver-
sity Gain (DG) quantifies the improvement in link reliability
provided by the MIMO system under multipath conditions.
It is directly related to ECC, with higher DG achieved when
ECC is low. The relationship is expressed in as [29]:

DG = 10
√
1− ρ2e (dB). (3)

In the suggested antenna, the diversity gain (DG) values
remain consistently close to 9.99 dB throughout the operating
band, as illustrated in Figure. 16. This indicates robust diver-
sity performance and effective signal reception in multipath
environments. Mean Effective Gain (MEG) represents the
average received power at a given antenna port, considering
the incident signal environment [30]. It is defined as:

MEGi =
1

4π

∫ 2π

0

∫ π

0

P (θ, ϕ)Gi(θ, ϕ) sin θ dθ dϕ (4)
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FIGURE 16: Simulated and practical Diversity Gain (DG) of
the proposed antenna.

FIGURE 17: Simulated and practical Mean Effective Gain
(MEG) of the suggested antenna.

where Gi(θ, ϕ) is the gain pattern of the i-th port. For
balanced MIMO operation, the mean effective gain (MEG)
ought to be close to −3 dB, and the difference between
MEG values of different ports should not exceed 3 dB. In
our design, the MEG values remain below −3 dB across
the operating band, as indicating in Figure. 17, indicating
balanced power reception among all ports. Channel Capacity
Loss (CCL) quantifies the reduction in the achievable MIMO
channel capacity due to the correlation and mutual coupling
between antenna ports [31]. It is calculated from the receive
correlation matrix ΨR as

CCL = − log2 (detΨR) (bits/s/Hz). (5)

where ΨR is the receive correlation matrix obtained from
the measured or simulated S-parameters of the MIMO an-
tenna. For the proposed four-port MIMO antenna, the chan-
nel capacity loss was evaluated for different antenna-port
combinations. In the corresponding figures, the indices i and

FIGURE 18: Simulated and practical Channel Capacity Loss
(CCL) of the suggested antenna.

j denote the antenna port numbers (i, j = 1, 2, 3, 4). For
example, CCL12, CCL13, and CCL14 represent the channel
capacity loss evaluated for the antenna-port pairs (1,2), (1,3),
and (1,4), respectively. Acceptable CCL values are generally
below 0.4 bits/s/Hz. As shown in Fig. 18, all evaluated
CCL values remain below 0.36 bits/s/Hz across the operating
band, indicating negligible channel capacity degradation and
excellent MIMO performance. Fig. 19 illustrates TARC of
the proposed MIMO antenna. TARC is an important per-
formance metric that evaluates the overall reflection charac-
teristics of a MIMO antenna under simultaneous multi-port
excitation and is defined by Eq. (6)

TARC =

√√√√∑N
i=1 |bi|2∑N
i=1 |ai|2

, (6)

where ai and bi denote the incident and reflected waves
at the ith port, respectively, and N is the total number of
antenna ports. The TARC remains below −10 dB across
the entire operating frequency band, indicating good ac-
tive impedance matching, low reflected power, and efficient
radiation performance under simultaneous excitation of all
antenna ports. The simulated and measured radiation pattern
characteristics of the proposed antenna at 1.94, 2.48, 2.89,
and 3.20 GHz are presented in Fig. 20. These frequencies
were selected as representative points across the operating
band to experimentally validate the radiation performance
of the antenna. The antenna exhibits stable E-plane and H-
plane radiation patterns throughout the operating band, with
good agreement between the simulated and measured results.
The minor discrepancies observed are mainly attributed to
fabrication tolerances, SMA connector soldering, and mea-
surement uncertainties, thereby confirming the robustness
and reliability of the proposed antenna.

The radiation characteristics of the suggested antenna are
depicted in the polar plots shown in Figure. 21. The radiation
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TABLE 1: Performance Comparison of Recent MIMO Antennas with Proposed Work

Reference (Year) Size (mm3) Freq. (GHz) S21 (dB) ECC / DG MEG (dB) Eff. (%)
[32] (2025) 48×48×1.2 3.05–5.65 –25 0.012 / 9.89 –1.0 74–86
[31] (2025) 50×20×1.6 3.74–5.80 –45.5 0.004 / 9.99 — 75
[33] (2026) 100×100×1.6 2.4–3.5 -17 0.001/9.99 —3 95
[34] (2025) 70×70×1.4 5.4–20 -20 0.008/ - - 80
[35] (2026) 62×62×0.25 3.84–4.32 –23 0.002 / 9.99 - -
[36] (2024) 66×66×0.13 3.20–4.12 –20 0.005 / 9.95 –3 99
[37] (2026) 90×84×1.6 7.62–11.6 –20 0.004 / - - 87
[38] (2025) 50×50×1.6 3.2–3.4 –23 0.0001 / 9.99 –3.0 94

Proposed work 45×45×1.6 1.8–3.87 –27 0.01/ 9.99 –3.0 96

FIGURE 19: Simulated and practical TARC of the suggested
antenna.

(a) (b)

(c) (d)

FIGURE 20: Radiation patterns (simulated and practical) for
different configurations: (a) 1.94 GHz (b) 2.48 GHz (c) 2.89
GHz (d) 3.20 GHz

(a) 1.94 GHz (b) 2.48 GHz

(c) 2.89 GHz (d) 3.20 GHz

FIGURE 21: Simulated and practical radiation patterns
(polar plots) of the proposed antenna at (a) 1.94 GHz,
(b) 2.48 GHz, (c) 2.89 GHz, and (d) 3.20 GHz.

FIGURE 22: radiation efficiency of proposed Four-port
MIMO antenna
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efficiency of the suggested four-port MIMO antenna across
the operating frequency range is illustrated in Figure 22
illustrates the simulated radiation efficiency of the proposed
four-port MIMO antenna over the operating frequency range.
A maximum simulated radiation efficiency of approximately
96% is achieved at the operating frequency. Although the
radiation efficiency was not measured directly, the measured
radiation patterns and gain show good agreement with the
simulated results, thereby supporting the overall antenna
performance. These results confirm that the proposed antenna
provides adequate gain and high radiation efficiency for
practical wireless communication applications.

Table 1 presents a detailed performance comparison be-
tween the proposed MIMO antenna and recently reported
MIMO antennas operating in similar frequency bands and
application scenarios. The comparison examines essential
parameters such as physical size, operating frequency range,
isolation level (S21), envelope correlation coefficient (ECC),
diversity gain (DG), mean effective gain (MEG), and peak
gain/radiation efficiency.

Based on the comparison presented in Table 1, the pro-
posed antenna offers several advantages over recently re-
ported MIMO antennas. The proposed design achieves a
compact size of 45 × 45 × 1.6 mm3, a wide impedance
bandwidth (1.81–3.37 GHz), high inter-element isolation of
up to −27 dB, low ECC (< 0.01), high radiation efficiency
(96%), and excellent diversity performance using a simple
metallic parasitic stub without requiring complex decou-
pling structures such as defected ground structures (DGS),
electromagnetic bandgap (EBG) structures, or neutralization
lines. This simple planar configuration facilitates low-cost
fabrication and practical implementation. However, the pro-
posed antenna also has certain limitations. The peak realized
gain is relatively moderate (2.83 dBi) compared with some
recently reported high-gain MIMO antennas. Furthermore,
the design is optimized specifically for ISM-band applica-
tions, and its applicability to multiband or wideband wireless
systems requires further investigation. These aspects will be
considered in future work. Overall, the proposed antenna
demonstrates competitive performance in terms of compact-
ness, impedance bandwidth, isolation, radiation efficiency,
and MIMO diversity characteristics, making it a suitable
candidate for 2.4 GHz ISM-band wireless communication
applications.

IV. CONCLUSION
This work has demonstrated the design and analysis of a
compact four-port MIMO antenna optimized for the 2.4 GHz
ISM band and compatible wireless communication systems.
The antenna is implemented on an FR4 substrate using a
coplanar waveguide feeding structure. To enhance isolation,
a parasitic element is positioned between the radiating el-
ements, resulting in a maximum isolation of −27 dB. The
prototype achieves an impedance bandwidth spanning 1.81–
3.37 GHz with superior impedance matching of −49 dB.
It offers a measured peak gain of 2.83 dBi and a radiation

efficiency of 96%. Evaluated MIMO diversity metrics, in-
cluding an ECC below 0.01, a DG of 9.99 dB, a CCL of
0.36 bits/s/Hz, and an MEG below −3 dB, fall well within the
accepted limits for high-performance MIMO systems. The
strong correlation between simulated and measured results
validates the effectiveness of the design, confirming its suit-
ability for robust and efficient ISM band applications.
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