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ABSTRACT: The proposed symmetric quad circular radiator antenna with a semicircular etched-slot DGS was designed and fabricated
on an FR4 substrate of size 50 x 50 x 1.6 mm?>. The antenna provides impedance bandwidths of 2.24-2.94 GHz, 3.84-3.98 GHz, and
4.92-5.06 GHz, with resonant frequencies observed at 2.44 GHz (—40.3 dB), 2.86 GHz (—17.9dB), 3.92 GHz (—14.9 dB), and 4.98 GHz
(—10.6 dB). These operating bands make the antenna suitable for WLAN, ISM, and other sub-6 GHz wireless communication systems.
The antenna also achieves a realized gain above 5 dB at the operating frequencies, indicating stable radiation characteristics. The diversity
performance was evaluated using standard metrics. The ECC remains below 0.5, which lies within the acceptable range for diversity
operation. In addition, the diversity gain varies between 9.88 and 10.02 dB, while the channel capacity loss stays below 0.6 bits/s/Hz across
the frequency range. A compact symmetric quad circular radiator antenna incorporating a three-segment semicircular bridge along with
a semicircular etched-slot mdefected ground structure (DGS) is presented for multi-band wireless communication applications. These
results confirm that the proposed antenna provides reliable radiation and diversity performance for practical wireless communication

applications.

1. INTRODUCTION

Four-port MIMO circular patch antennas are widely used in
modern wireless communication systems because they im-
prove channel capacity, diversity performance, and link relia-
bility. Channel capacity, diversity performance, and link reli-
ability can be significantly improved using four-port multiple-
input multiple-output (MIMO) circular patch antennas, making
them an ideal solution for modern wireless communication sys-
tems. However, in the past few years, there has been significant
interest in the design of wideband, compact MIMO antenna
arrays that demonstrate robust isolation and stable radiation
behavior for 5G, sub-6 GHz communication, ultra-wideband
(UWB), and millimeter-wave systems.

Research was initially focused on improving isolation and
safety in wearable and portable devices. In this field of re-
search, a wearable UWB MIMO antenna with a parasitic el-
ement was proposed in [1]. Likewise, a small-sized, CPW-
fed four-element UWB MIMO antenna was documented in [2],
where the proper placement of the antenna elements was se-
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lected to minimize correlation between them while maintain-
ing steady impedance matching across the whole UWB range.
An optically transparent UWB antenna for automotive MIMO
communication was presented in [3], demonstrating that trans-
parency can be realized with little impact on radiation per-
formance. In [4], a miniaturized quad-port MIMO antenna
was fabricated around 11 GHz and 13 GHz with special focus
on compactness and isolation improvements. In particular, a
quad-port MIMO antenna was reported in [5], intended for sub-
6 GHz 5G NR applications, with high isolation between closely
spaced radiators. In [6], a MIMO antenna with circularly po-
larized radiation based on a hybrid technique was introduced
and designed for Industrial, Scientific, and Medical (ISM) band
(57-64 GHz) millimeter-wave systems. Besides, metasurface-
based methods have been explored for mutual coupling reduc-
tion to enhance antenna performance [7], and a metasurface
layer in combination with a four-port circularly polarized an-
tenna array was presented in [8], achieving isolation and polar-
ization control.

Advanced materials and electromagnetic structures have
been investigated for enhancing antenna performance. A
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FIGURE 1. The SQCR-DGS design. (a) Top view. (b) Bottom view. (c) Single unit structure.

metamaterial lens antenna with a large aperture was reported
as a multilayer MIMO transmission antenna [9, 10]. In [11], a
small, dual-band four-port MIMO antenna covering many of
the 5G and WLAN bands was proposed. Furthermore, deep
learning-based surrogate modeling for phased array antennas
was demonstrated in [12], which facilitated faster simulation
and design of millimeter-wave antennas. Ref. [13] presented
a compact dual-band MIMO antenna for smartphone applica-
tions in n79 and sub-7 GHz bands. Flexible on-package phased
array antennas suited for massive MIMO communication
in wearable 5G and millimeter-wave systems were reported
in [14].

Advancements in transparent materials and novel decou-
pling architectures follow. Ref. [15] introduced a dual-band
transparent antenna applicable to MIMO systems. In [16],
a self-decoupling technique allowing antennas to be placed
closely together without isolating structures has been presented.
Also, self-decoupling ability was considered in work [17] for
an eight-element shared-aperture MIMO antenna array, where
SAR reduction and compact integration were also investigated.

Research has also been targeted toward compact, dual-band,
and flexible antenna structures for modern wireless communi-
cation devices. In [18], a bendable inverted L-shaped antenna
for sub-6 GHz 5G communication was introduced. The de-
sign of a four-directional Vivaldi-based MIMO antenna sys-
tem for vehicle communication is described in [19]. Ref. [20]
proposed another small-sized half-circular U-shaped MIMO
antenna, providing good isolation and radiation efficiency.
In [21], a compact 2 x 2 multiband MIMO antenna for sub-
6 GHz communication is proposed, and in [22], a low-profile
extended-wideband MIMO antenna based on CO-CSRR and
EBG structures is introduced. An ultra-low-profile sub-6 GHz
four-element MIMO antenna was presented in [23], which is
optimized for impedance matching and isolation while main-
taining a relatively compact size.

This paper includes the design of a compact quad-port
MIMO antenna using a circular slot with wideband 5G appli-
cations. This design achieves reasonably good isolation and
bandwidth for contemporary wireless systems [24].

This research is concerned with the isolation enhancement
of MIMO antennas using a dedicated decoupling structure.
Through the proposed technique, mutual coupling between el-
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ements can be minimized, leading to an increase in the overall
antenna performance [25].

The proposed antenna consists of four symmetrically ar-
ranged circular radiators integrated with a semicircular etched-
slot defected ground structure on an FR4 substrate. The pa-
rameters show ECC values below 0.5, diversity gain close to
10 dB, and channel capacity loss under 0.6 bits/s/Hz, indicating
dependable operation for WLAN, ISM, and other sub-6 GHz
wireless systems. The proposed antenna can realize multiband
operation with a compact size and easy configuration. It is sim-
pler than many existing designs, as it has no need for isolation
elements or complex geometries. The central bridge and DGS
provide better performance while maintaining a simple and effi-
cient design for real-world applications. The lower band around
2.4 GHz corresponds to the WLAN and ISM band, which is
widely used for applications such as Wi-Fi, Bluetooth, and IoT
devices. The upper resonant bands in the sub-6 GHz range are
used by new spectrum for modern wireless systems, includ-
ing extended WLAN bands and new communication services
at lower frequencies.

2. DESIGN DESCRIPTION

In the symmetric quad circular radiator defected ground struc-
ture (SQCR-DGS) antenna, shown in Fig. 1, a semicircular
bridge is introduced at the centre of the four radiating elements,
and a DGS is also designed in the ground plane to achieve
the specified bands. The central part is electrically connected
with the four patch elements and changes the current distribu-
tion in the nearby circular patches. Due to the central conduc-
tive bridge, the coupling between patches is increased. It also
changes the effective electrical length, which is why it improves
impedance matching, and extra modes are produced. The cen-
tral etched-slot structure and DGS further reduce the unwanted
currents generated. All of these features together lead the an-
tenna to obtaining several frequency bands, which make the
final configuration suitable for WLAN, ISM band, and sub-
6 GHz applications.

This design originated as a set of four circles connected by ra-
diator sections (Fig. 1), due to the current flow by circular shape
and stable radiation. However, the structure provided limited
bandwidth and fewer resonances. This was rectified by imple-
menting internal slots within each radiator to establish further
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FIGURE 2. Evolution of the SQCR-DGS. (a) Step 1. (b) Step 2. (c¢) Step 3. (d) Simulated S, (for all the steps).

current paths, allowing for multiband operation. The addition
of the central semicircular bridge connected all four elements
together and allowed current to flow between them, enhancing
overall radiation behaviour without increasing the size. After
the simulation of the current distribution, a series of semicir-
cular cuts were introduced in the ground plane (DGS). It was
noticed that there were concentrated areas with strong ground
currents. Introducing these semicircular cuts altered the path
of the ground return in a controlled manner, allowing for ef-
fective impedance matching and additional resonant frequency
generation. The circular patches all meet in the middle and are
connected by a semicircular bridge, giving a channel for cur-
rent to flow between them. What previously would have caused
each element to work independently, now spans throughout the
structure, creating longer paths. This adds gently to coupling
and allows the driving of further resonant modes on. The in-
fluence is seen in the present distribution, where we see these
strong currents around the bridge region compared to earlier
stages of design.

In Step-1 (Fig. 2(a)), four identical round patches (rq
10 mm) are symmetrically added to the surface. At this point,
the electric current primarily travels along the edges of each
circular spike. This value optimizes the current distribution
between the inner and outer regions, resulting in improved
impedance matching together with well-defined multiple reso-
nances. In Step-2 (Fig. 2(b)) slots are placed at different dis-
tances inside each circular radiator (internal slots ro, 73, 74,
r5 and r7). These slots disrupt the continuous current path
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and require current to flow through many narrow channels. It
increases the effective electrical length, resulting in multiple
current loops inside each patch. This gives rise to other res-
onant frequencies observed. In Step-3 (Fig. 2(c)) a semicir-
cular bridge (r¢ = 7mm) is connected at the centre between
all four radiators and the ground plane has also the semicircu-
lar DGS (r7 = 1.9 mm). The bridge connects current among
the four elements, rather than restricting this flow to individ-
ual patches. This causes heavy coupling and additional current
paths that enhance impedance matchings and produce new res-
onating modes. Finally, the DGS modifies the ground current
and suppresses undesirable surface waves, which could greatly
enhance radiation and bandwidth stability.

In the first step, the structure has only a circular, symmetri-
cal layout on the substrate. This simple step makes the antenna
work similarly to a basic circular array, which can mainly pro-
vide a single resonance. The slots are developed inside each
circular element. The established etched slots also modify the
surface current distribution. Finally, the introduction of addi-
tional resonant bands leads to multiband behavior in the Si;
response.

Step-3: A centre semicircular bridge is added between the
circular elements with a DGS on the ground. After perform-
ing this update, the current flow is further affected, and more
coupling paths are developed between the elements. Fig. 2(d)
shows the comparison of all the steps in terms of S7;. The an-
tenna sequence design for the two steps, based on improved
antenna performance from Step-1 to Step-3, is satisfactorily de-
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scribed in Fig. 2(d). The final design meets the target specifi-
cations for working at the WLAN, ISM band, and sub-6 GHz
applications. The key parameters of the SQCR-DGS antenna
are reported in Table 1.

TABLE 1. Key dimensions of SQCR-DGS geometry.

Dimension | Value (mm) | Dimension | Value (mm)
L, 50 73 8
Wi 50 T4 35
L 2 Ts 3
T 10 6 7
& 9 7 1.9

Inside each radiator, there are numerous internal slots (ro—
r5), creating additional current paths and allowing the support
for multiple resonant frequencies to be achieved within a single
compact region. The central semicircular bridge (7¢) is another
crucial element that unites all four radiators. This is in contrast
to traditional MIMO antennas, where the elements are main-
tained separated. In this case, the bridge lets current smoothly
flow between the elements and maintain multiband behaviour
while keeping the dimensions small. Moreover, the semicircu-
lar DGS (r7) in the ground plane is of particular design. It alters
the ground current, which helps to achieve better impedance
matching and provides additional resonances. Thus, the nov-
elty comes from the joint effect of using slotted circular radi-
ators (to create more resonance), a central bridge connection
(to close resonator chains), and properly shaped DGS, all com-
bined together in a compact structure of only 50 x 50 mm? to
reach multiband MIMO design.

3. RESULTS AND ANALYSIS

In this section, a comprehensive analysis of the S}; response in
simulation and experimental results are presented. The reflec-
tion coefficient and transmission properties are studied to test
the impedance matching as well as the multiband performance
of the antenna. Co-pol and cross-pol performance for the sim-
ulated and measured radiation patterns is also presented. Ad-
ditionally, diversity performance is measured in terms of the
key MIMO parameters, including envelope correlation coeffi-
cient (ECC), diversity gain (DG), and channel characteristics
calculated from S-parameters. We analyze the parameters Sy,
S12, S13, and Si4 to investigate the impedance matching and
mutual coupling between circular elements. Further, a para-
metric study of various design parameters Ly, 71, and ry is
done with the aim of evaluating their impact on the performance
of the antenna. The experimental structure is tested in an ane-
choic chamber to investigate its surface current distribution at
all frequency bands. Near the two frequencies of 2.44 GHz and
2.86 GHz, most of the current is distributed along the edges
of the circular patch elements and the feeding region. There
are also strong current distributions at the central bridge, illus-
trating that this part contributes significantly to the lower reso-
nance. Similarly, this area helps produce the second resonance
without altering the radiation characteristics.
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The current distribution changes at higher frequencies,
3.92GHz and 4.998 GHz, contributing to the middle and
higher operating bands, respectively. Such behaviours are
shown and analysed in Fig. 3.

The fundamental current flow along the boundary of the
outer circular radiator (r;) mainly supports this resonance
mode. The inner circular and slot features (ro—5) disrupts this
uniform path and direct the current through smaller loops in-
side the patch, generating further resonant modes at higher fre-
quencies. The medium-sized semicircular bridge (rg) connects
all four radiators, which provide paths for the current contin-
uum to travel from one element to another, effectively creating
longer combined current paths that can help create new reso-
nances. The reflection current is disturbed, and the distribution
of this current changes in the ground plane as well when the
semicircular DGS (r7) causes better impedance matching and
helps multi-band formations. So, all this defines the multiband
behavior by the combination of outer edge currents atop and
slot-induced inner loops; inter-element current sharing through
the bridge between slots further helps achieve multiband prop-
erty along with changing ground-formed current paths due to
DGS.

The (Fig. 4(a)) parameter L,, the length of the feed con-
nection, is adjusted because it mainly influences how much
power is effectively coupled from the feed line to a circular ra-
diator. An increase in L, from 1.8 mm to 2.0 mm results in
a relatively longer path from the feed to the patch. This en-
hances impedance matching, which can be seen as correspond-
ing deeper S|; minima in the figure. A smoother transition
between the feed and radiator enables more energy to be radi-
ated and not internally reflected. The outer radius (Fig. 4(b))
r1, which determines its dimension, of the circular radiator;
since this parameter directly determines the effective electrical
length of an antenna. The greater the radius is, the longer dis-
tance the surface current can flow along that circular boundary.
This causes the resonant frequencies to move towards lower
values. It is observed from Fig. 4(b) that when r; increases
from 9.8 mm to 10 mm, the resonance becomes stronger due
to improved current distribution over the circular patch. Pa-
rameter r4 refers to the inner slot structure of a circular radia-
tor. This parameter affects the distribution of current flowing
within the patch instead of along the border. As r, increases,
it creates additional current loops in the slot region, which alter
the electromagnetic energy and radiation characteristics. This
value optimizes the current distribution to balance between the
inner and outer regions, achieving a poor impedance matching
together with well-defined multiple resonances.

Figure 5 depicts the simulation response of design parameter
r4 on the SQCR-DGS reflection coefficient and its relevant S-
parameters (from ports). To analyse the behaviour on the res-
onant characteristics, r4 was changed in the range of 3.3 mm
to 3.5mm (Fig. 5(a)). The antenna shows stronger resonance
within the lower band, and the case of r, = 3.5mm allows
for better impedance matching compared to other cases. Simi-
larly, r4 changes the effective current path of the circular radia-
tor and slot region, hence affecting the resonance of the design.
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FIGURE 4. Simulated reflection coefficients of the proposed antenna with different parameter values. (a) La, (b) ri.

Accordingly, the final configuration uses the optimal value of
r4 = 3.5 mm in order to achieve multiband behaviour.

In Fig. 5(b), it is observed that the coupling between ports 1
and 2 (.571) is because these elements are close, with direct inter-
action through the semicircular bridge. The differences among
S12, S13, and Sy result from the small asymmetry introduced
by this bridge structure. As a result, the current distribution
is uneven in the x and y directions, leading to different lev-
els of coupling. However, this effect is to support multiband
behaviour through additional current paths. Despite this asym-
metry, the overall MIMO performance is acceptable owing to
low ECC values. As can be seen in Fig. 5(b), the isolation
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between antenna elements for all operating bands is observed
to be approximately —10dB. Higher isolation is always pre-
ferred; however, the high isolation within a compact structure
with tightly packed elements is hard to accomplish. This degree
ofisolation is suitable in the design model, since the antenna re-
mains with quite low ECC (less than 0.1) as well as stable gain.
This shows that overall MIMO performance is hardly depen-
dent on mutual coupling. In Fig. 5(c), r7 is varied in the an-
tenna to see the impact of this parameter on Sj;. The resonance
points for the S} mode shift slightly as r7 varies from 1.7 mm to
1.9 mm, consistent with changes in their resonant frequencies.
As can be observed with 77 = 1.9 mm, it assists a deeper res-
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FIGURE 5. Simulated reflection coefficients of the proposed antenna with different values (a) r4, (b) S-parameters response, (c) 77.

(@)

FIGURE 6. Fabricated model of SQCR-DGS antenna.

onance at the lower band of the spectrum, which implies good
impedance matching in that region, as also noted in the mea-
surement results. This means that the DGS has significance in
tuning the antenna performance and for multiband behavior.
The experimental setup of the prototyped antenna is pre-
sented in Fig. 6, with front and back views, and also includes an
analyzer. The S}, (Sim. & Meas.) of the proposed SQCR-DGS
antenna performance is presented in Fig. 7, which represents
the reflection features between the different operating bands.
The S5 (Sim. & Meas.) of the SQCR-DGS antenna as per the
proposed design is shown in Fig. 8, representing the interaction
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(b)

(a) Top view. (b) Bottom view with analyser.

and coupling arising from the ports during transmission. The
measured results correlate well with the simulation with some
variation mainly due to fabrication tolerances and measurement
conditions.

The radiation patterns at various frequencies vary slightly in
shape and direction due to the change in current distribution
on the radiators. Four antenna elements are used, and we can
expect slightly varying radiations from the antennas as they
are arranged symmetrically but facing in four different direc-
tions. This brings pattern diversity, and it decreases the cross
correlation of the antenna ports. Consequently, the antenna
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FIGURE 7. S, (sim. & meas.) of the proposed SQCR-DGS antenna.

yields low ECC values and good diversity performance, mak-
ing it suitable for MIMO applications. The radiating patterns of
the proposed antenna at four operating frequencies, 2.44 GHz,
2.86 GHz, 3.92 GHz, and 4.98 GHz, are explained in Fig. 9.

Figure 10 shows the radiation of the SQCR-DGS antenna at
all frequencies, including co-pol and cross-pol. The change in
gain obtained from simulation and measurements against oper-
ating frequencies is shown in Fig. 10. The gain improves gradu-
ally with the increase in frequency. The simulated results show
a gain starting slightly above 5 dBi at the lower end of the band
and rising to nearly 6.3 dBi as it moves to higher frequencies.
The measured curve shows a similar behaviour, despite slightly
lower values than those of the simulated one. These differences,
although small, are still noticeable over the two curves but re-
main fairly consistent because both curves show a predictable
trend, thus indicating that the antenna radiates well across much
of this working band.

Figure 11 shows the envelope correlation coefficient (ECC)
calculated for the antenna. The ECC values are generally quite
small and mainly in the range of less than 0.1 over the entire
frequency span. Such low values suggest that there is very lit-
tle interaction between the antenna elements, and they have al-
most independent radiation behaviour. There are also a few
deep troughs at specific frequencies along the curve, imply-
ing better overall isolation between the elements around those
points. While correlation is low in such systems, it is important
for MIMO systems, as this helps preserve signal diversity and
improves the reliability of the wireless communication link.

Under S-parameters, the ECC of the proposed antenna is
evaluated as shown in Fig. 11. The ECC values are noted to be
very low (often below 0.1) over the operating frequency bands.
The low values suggest that the antenna elements function in-
dependently with minimal impact on each other. It ensures di-
versity performance and good signal transmission reliability in
MIMO systems.

The ECC is computed from S-parameters, which gives a
measure related to the correlation among the antenna elements.

The semicircular bridge provides asymmetry in the structure
itself. This is done on purpose to generate extra current paths
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FIGURE 8. S5, (sim. & meas.) of the proposed SQCR-DGS antenna.

and provide multiband functionality. It influences the coupling
levels, but still, the MIMO performance is acceptable. Simula-
tions with and without the DGS were observed for comparison.
If a complete ground plane is used, the antenna shows fewer
resonant bands and weaker impedance matching. The semicir-
cular DGS alters the ground current and enhances the multi-
band characteristics. Fabrication tolerance, connector losses,
and measurement conditions cause small differences between
simulated and measured results.

The diversity gain performance of the antenna system is
shown in Fig. 12. The analysis clearly indicates that the DG
value remains close to its optimal levels across the frequency,
nearly 10 dB. Even though slight fluctuations do appear at some
frequencies, the values stay limited within a very narrow band.
This phenomenon explains that the antenna has suitable diver-
sity potential that narrows the signal reduction associated with
multipath. The multi-antenna wireless communication charac-
teristic is verified by the relatively low and consistent DG re-
sponse of about —0.25 dB across the frequency band from 20 to
68 GHz, which shows that it is well suited for use as a proposed
antenna.

Figure 13 shows the radiation efficiencies of the simulated
and measured antennas. Simulated efficiency shows similarly
high values around 83-86% across the whole operational fre-
quency band. The corresponding measured efficiency, while
following a similar trend, is also lower from 78% to 82%. This
discrepancy is expected in actual measurements and can result
from conductor losses, dielectric losses of the substrate during
fabrication. Regardless of these factors, the antenna demon-
strates high efficiency, which means that most of the supplied
power is converted into radiated electromagnetic energy. The
MIMO parameter CCL is described in Fig. 14.

Table 2 explains the merits of our proposed antenna. The
gain improvement is predominantly induced by symmetric ge-
ometry with four pointing circular radiators, to ensure that cur-
rents are flowing uniformly, and stability exists in radiation.
The main half-circular bridge integrates all parts of the design
and utilizes this to strengthen radiation without having a larger
size. The compact structure is enabled by circular patches with
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FIGURE 12. DG of the proposed SQCR-DGS design.
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FIGURE 13. Efficiency of the proposed design SQCR-DGS antenna.

TABLE 2. Comparison of SQCR-DGS model with reference to other works.

Operating Reflection Peak Efficiency Dimension
Ref. Frequency Coefficient Gain %) ECC (mm?)
(GHz) (dB) (dB)
[5] 3.56-5.28 —-15 2.7 88 0.001 90 x 90 x 1.57
[10] 4.4-5.1 —14 2.8 80 0.04 55 x 55 x 1.6
4.8-5.0,
[13] 5.025-6.4 —17 2.5 82 0.1 158 x 60 x 1.6
[15] 2237246 >—12 36 85 0.025 | 105 x 105 x 1.83
3.22-4.04 7.1
[23] 4.3-5.0 —16 2.9 84 0.025 65 x 65 x 1.6
[24] 5.925t0 7.125 —38 6 85 NA 50 x 50 x 1.6
[25] 2.32-2.524 —37 4 83 NA 88 x 88
2.44 GHz —40.3 54
This 2.86 GHz —-17.9 5.8 37 0.1 50 x 50 x 1.6
Work 3.92GHz —-14.9 6.1
4.98 GHz —10.6 6.3
1.0 ble 2 clearly shows that the proposed antenna provides a good
0.9 trade-off among compact size, gain, impedance matching, radi-
08 ation efficiency, and diversity performance compared with pre-
0.2 viously reported designs. Some reported designs achieve high
Nos isolation, but they require larger antenna dimensions or more
% 0.5 complicated structures. The proposed antenna can achieve sat-
i z: isfactory performance with a compact and simple design.
-1 0.
S o2
z; 4. CONCLUSION
0.1 The symmetric arrangement of four circular radiating elements
- 5 = 8 B 3 ensures balanced current distribution and stable radiation
Frequency(GHz) characteristics, while the semicircular bridge and DGS modify

FIGURE 14. CCL of the SQCR-DGS design.

slots, which produce many resonances in a confined space.
In addition to this, it keeps the ground currents clear, which
means that no additional isolation structures are necessary. Ta-
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the current paths to produce multiple resonant modes. The
proposed antenna provides impedance bandwidths of 2.24—
2.94 GHz, 3.84-3.98 GHz, and 4.92-5.06 GHz, with resonant
frequencies observed at 2.44 GHz (—40.3dB), 2.86 GHz
(—17.9dB), 3.92 GHz (—14.9dB), and 4.98 GHz (—10.6 dB).
These operating bands support WLAN, ISM band, and sub-
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6 GHz wireless communication systems. The antenna achieves
a realized gain exceeding 5 dB across the operating bands and

maintains stable radiation efficiency.

In addition, diversity

performance analysis shows that the envelope correlation
coefficient (ECC) remains below 0.5, while the diversity
gain varies between 9.88 and 10.02dB, and the channel
capacity loss (CCL) stays below 0.6 bits/s/Hz. These results
demonstrate that the proposed antenna offers reliable radiation
characteristics and effective diversity performance, making
it suitable for practical multi-band wireless communication
devices.
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