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Miniaturized Wideband MIMO Antenna based on
Hybrid Isolation Technique
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Al Ani, and Mohammad A. K. Al Ani

Abstract—A compact wideband two-port multi-input-multi-
output (MIMO) antenna for 5G sub-6 communication is proposed
in this research. The MIMO antenna consists of a coplanar
waveguide and a Moore fractal based on the second iteration,
comprising two T-stub shapes designed to achieve the desired
frequency band and enhance the capacitive coupling effect. To
improve the return loss and isolation between the two elements,
closed rectangular ring metamaterials and a neutralization line
are incorporated, resonating across 2.7-5.3 GHz (2.55 GHz) with
high isolation below -20 dB for the entire frequency band. The
proposed antenna has dimensions of 31x50 mm? with thickness
of 1.6mm. The suggested MIMO design is fabricated using low-
cost FR4, and its S-parameters, gain, and radiation patterns are
measured. Simulation and fabrication measurements demonstrate
an envelope correlation coefficient below 0.005, indicating
excellent spatial diversity performance. Additionally, the capacity
loss is found to be less than 0.3 b/s/Hz, highlighting the antenna’s
efficiency in maximizing data transmission rates for 5G sub-6
communication.

Index terms—Antenna, MIMO, isolation techniques, wideband,
energy.

I. INTRODUCTION

The technology of MIMO has been extensively employed in
many systems to increase channel capacity [1]. The growth of
mobile communication has been driven by the rising demand
for wireless traffic. The three primary advancement trends in
mobile communication systems are broadband, high
transmission data rates, mobility, and intelligence. Current-
generation (5G) mobile communication systems must support
more diverse scenarios and address significant performance
challenges compared to previous-generation (4G) systems [2].

Recently, the demand for compact MIMO antennas for 5G
sub-6 communication with high capacity has increased.
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However, designing compact MIMO antennas requires
researchers to place the antenna elements close to each other,
which introduces new design challenges. In return, antenna
performance in term of isolation, frequency band, bandwidth,
radiation, gain will be deteriorated. Therefore, many researches
developed a different technique to solve this issue and decrease
the coupling depend on antenna structure.

MIMO (Multiple-Input-Multiple-Output) technology has
attracted considerable interest in recent years because of its
potential to improve data rates, capacity, and spectral efficiency
in modern wireless communication systems, including 4G, 5G,
and beyond. To enhance the performance of MIMO antennas,
many designs have been developed that focus on mitigating
mutual coupling, a key issue that can negatively impact system
performance if left unaddressed. In [3], two port MIMO
antenna based on custom fractal with coplanar waveguide
proposed for 5G sub-6. The port positioned on the front view
of substrate with separating space of 6mm. The result shows a
strong coupling between closed elements. Therefore, t-
reflected stub placed between antenna elements to enhance the
isolation below -10dB. A two-port MIMO antenna based on a
T-stub CPW with a Hilbert fractal is proposed in [4]. An EBG
structure is placed on the bottom surface of the plane to enhance
the isolation to below -20 dB. A wideband two-port MIMO
antenna is presented in [5].

Referring to [6], two elements located on top of substrate
with distance about 11mm. To enhance the isolation, a two
inverted L shaped stripe loaded among the antenna elements to
be below -15dB. In addition, there is different techniques used
to improve the isolation like defect ground structure DGS
which is used in [6].

In this work [6], two square microstrip line was printed in
the front view of substrate as a radiator element for sub-6 5G.
To enhance the isolation from -12dB to -20dB, a modified
rectangular shape etched on partial ground plane. In [7] T-
shaped ground plane used to reduce the coupling below -26dB
at the worst situation. In [8], a taper feed with full rhombic ring
presented and modified to operate at quad frequency band. The
partial ground plane also modified to improve isolation below
-13dB as a minimum isolation and below -34dB as maximum
isolation. In addition, a neutralization line (NL) was used in
[10] to improve the isolation between the eight F-shaped
monopole elements to below -16 dB. In [11], an NL was printed
between circular monopole antennas to reduce the isolation to
less than -15 dB. However, in this study [12], a self-isolation
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technique was used to enhance the isolation, depending on the
distance between the antenna elements and their orientation.
The presented antenna achieved an ultra-wideband with a
minimum isolation of -18 dB.

Additionally, the literature has focused on the metamaterial
(MTM) technique [14]-[16]. In [14], two layers of the substrate
were used, with the bottom layer acting as a reflector and the
upper layer acting as a radiator of two orthogonal double-loop
dipoles, designed to operate at dual bands with maximum
coupling less than -15 dB and better isolation below -25 dB.
Nevertheless, in [15], an EBG MTM structure was inserted
between the two radiator elements to achieve coupling less than
-20 dB for all operating bands. Finally, a parasitic element of a
T-stub ground branch was used in [17] to improve the isolation
between two monopole radiating elements. The presented study
achieved isolation below -20 dB and below -45 dB at 3.4 GHz.

The proposed antenna design process, which utilizes a hybrid
technique combining MTM and NL techniques, represents a
significant advancement over the authors' previous works. This
hybrid approach is specifically aimed at improving the
performance of MIMO antennas, addressing key challenges
such as mutual coupling, bandwidth enhancement, and
radiation efficiency. While the related work section discusses
similar methodologies and foundational principles, this paper
introduces a novel integration of MTM and NL techniques.

In this paper, a high-isolation, two-element MIMO antenna
is proposed and analyzed, operating within the 2.76 to 5.32
GHz range, making it suitable for the sub-6 GHz 5G frequency
band. The antenna elements consist of two T-stub coplanar
waveguides surrounded by a Moore fractal based on the second
iteration, placed with a small spacing of 7.1 mm to achieve a
compact MIMO antenna design. Four closed rectangular ring
metamaterial (CRR) structures are inserted between the
antenna elements to suppress the propagation of surface waves.
Additionally, a neutralization line technique is employed on the
bottom surface of the plane to further enhance decoupling. As
a result of these design optimizations, the isolation between the
antenna elements is improved to below -20 dB across the entire
operating frequency range.

The main contributions of this study are as follows:

e Various isolation techniques have been studied and
applied in previous works to enhance isolation.
However, in this study, two isolation techniques are
employed to improve two key properties: isolation and
impedance matching. This is achieved through the use
of closed rectangular ring metamaterials and a
neutralization line. The proposed design exhibits
wideband behavior from 2.76 GHz to 5.32 GHz, with
a maximum coupling of less than -20 dB.

e  The compact size of the MIMO antenna is maintained,
with a spacing of 7.1 mm between the antenna
elements and an overall size of 31x50x1.6 mm3.

This paper is structured as follows: Section 11l outlines the
research method, design procedures, and working mechanism.
Section 1V presents and discusses the measured results of the
fabricated antenna. Section V presents a comparison with
related works. Finally, Section VI provides a brief summary of
the conclusions

Il. RESEARCH METHOD

The proposed design of the suggested MIMO antenna is
illustrated in Figure 1 below. The feed structure utilizes a
coplanar waveguide (CPW), Moore fractal, T-stub, and three
square-shaped metamaterials (MTM). These geometries are
printed on the same FR4 substrate, which has a relative
permittivity of 4.7 and a loss tangent (tan §) of 0.025. The
proposed geometry is arranged as a two-port MIMO antenna.
The overall dimensions of the antenna are 50 x 31 mm?2 with a
thickness of 1.6 mm. The use of CPW in this geometry is
advantageous because the transmission line and ground plane
are positioned on the same surface of the substrate. As a result,
the patch operation experiences minimal interference from
surface waves generated in such a structure [18]. Additionally,
the small spacing between the ground plane and the T-stub
plays an effective role in controlling and improving the
bandwidth of the proposed structure by maximizing or
minimizing the air gap [19]. Furthermore, the various fractal
paths contribute to the antenna's multi-frequency resonance
behavior. The study suggested to use the second iteration of
Moore fractal surrounded the T-stub fed line and generate a
capacitive coupling in the gap between them [20]. As result, the
isolation between the t-stub and fractal geometry. to realize
multiple band behaviour, an electric field need to connect to
surround with Moore fractal. Due to the impact of conservation
losses in the resultant capacitor, significant losses may be
realized during such a process. To eliminate the impacts of the
capacitive load, it is crucial to take this into account when
building the patch shape. Additionally, it is crucial to consider
the impacts of the capacitive load in order to increase the
antenna bandwidth for the suggested applications [19], [20].
Therefore, using the suggested MTM structure's layered boxes
satisfies the requirement for the number of bands formed Such
an MTM is intended to be done away with coupling's effects in
the targeted frequency range.

width

pBus|

Fig.1. The front and back view dimensions of the antenna design text.
A. Single patch study

To obtain the appropriate bands, the design dimensions were
gradually optimized for 5G communication's lower frequency.
To calculate the antenna dimensions this study used the
equation below [29]:
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T 1)

where w is representing width of patch, f, is the frequency
resonant (3.5 GHz), ¢, is relative permittivity (4.7), c is defined
as a speed of light in empty space. effective dielectric constant
is calculated via:

w =

-1
Ert+1

-1 r\z
Erepr = T+ (1+12;)2 @)

The units of h and w present length and width of patch. where
effective length L., need to be calculated via:

c

Leff = ZfW (3)

The fringing length (AL) is calculated by equation:

AL = 0.412 (sreff+0.3)(%+£.zs4) %)
(erepr—0.258)(+0.8)

The length (L) of proposed antenna patch is calculated via

Figure 1 demonstrates the proposed antenna geometry and the
dimensions of each element also listed in Table 1. In this study,
the antenna geometry printed on low cost FR4 with dielectric
constant of & = 4.7, tan = 0.025 with dimension of 31x25%1.6
mmS3. The section below explains the improvement steps of the
antenna.

TABLE |
THE PROPOSED ANTENNA’S DIMENSIONS
parameters Dimension Parameters Dimension
(mm) (mm)

Width 25 length 31

D1 75 D9 25

D2 10 D10 2

D3 0.5 D11 11

D4 5.27 D12 35

D5 2.97 D13 4

D6 8.04 D14

D7 16 D15 12

D8 1 D16 16

A.1 T-stub

In this study, the authors used T-stub to sustain the reduction
in antenna size and to guarantee a high field gradient. So,
parametric study is applied on T-stub to improve the antenna
properties. then, it’s started by changing the width of T-stub
from 7 to 11 mm with step of 1mm and investigate the effect of
S11. The presented result in Figure 2 shows a reveals negligible
fluctuation in the resonance frequency caused by altering the
parameter width. However, when the width of T-stub
maximizing the return loss of operating frequency also
increasing as well. So, the authors found that the T-stub (width
= 7) is the best option, since it has best return loss at the
frequency resonant.

e & b N o owN

——51,1.(011=7)
——51,1.(D11 =9,
—— 51,1 (D11 = 11)
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Fig. 2. S11 parameter of the antenna with different widths of T-stub.

A.2 Moore fractal

In this step, a parametric study was conducted to determine
the optimal Moore fractal iteration for the proposed design. The
study began by loading the 1st, 2nd, and 3rd iterations of the
Moore fractal onto the T-stub CPW patch and observing how
these changes affected the S-parameters of the antenna. As
shown in Figure 3, the frequency resonance of the antenna
increases as the number of Moore fractal iterations increases.
This behavior can be attributed to the enhanced effective
electrical size of the antenna, achieved by extending the
antenna's surface current path, which improves space usage and
space-filling performance [19]-[21].

However, this study selected the 2nd iteration due to its
significant effect on antenna performance. The red curve in the
figure indicates an improvement in impedance matching for
both the first and second frequencies. Additionally, the second
frequency band shifts closer to 3.5 GHz with a return loss below
-22 dB.

S parameters [magnitucle in 48]

3.5
Frequency (GHz)

Fig. 3. S-parameter of changing the iterations of Moore fractal.

A.3 Closed square rings (CSRs)

To further enhance the performance of the proposed antenna,
four Closed Square Ring (CSR) resonators were added to the
bottom surface of the design to improve the return loss,
bandwidth, and gain. The closed square ring resonator creates
a resonant circuit that is straightforward, affordable, and easy
to fabricate using a common photolithographic process. When
the cavity resonates, and the round-trip phase shift of the waves
in the four square loops equals an integer multiple of 27, a
positive interaction between the waves occurs [22]. As shown
in Figure 4, all the frequency bands shift, resulting in an
improved return loss and bandwidth. The first frequency band
starts resonating at 3.3 GHz with an enhanced bandwidth of
approximately 0.53 GHz. Additionally, the second frequency
band shifts to resonate at 5.3 GHz with an improved bandwidth
of about 0.3 GHz. Moreover, the effects of printing the four
CSRs on the back view of the antenna were analyzed with
respect to the gain curve. As seen in Figure 4(b), there is a
significant improvement in the radiation properties of the
antenna.
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Fig. 4. Antenna performance: a) S-parameter, b) gain.
A.4 Coplanar waveguide effects

In the proposed geometry, the authors utilized CPW with a T-
stub to feed the antenna. To validate the effects of varying the
gap between these components, a numerical study was
conducted by altering the gap width from 0.3 mm to 1.2 mm
while monitoring the effects on Sii. As shown in Figure 5(a), it
was observed that increasing the gap width improved the return
loss of the second frequency resonance. However, at the same
time, the first frequency band was negatively impacted, losing
its return loss. This behavior is attributed to the increased
capacitive coupling loss in relation to the T-stub, which
amplifies the surface current in the air gap [18]. The study
concluded that maintaining a minimal gap of 0.3 mm is the
optimal choice for performance.

Additionally, to further enhance the return loss of the
proposed geometry, another parametric study was conducted
on the width of the T-stub after integrating all the above
structures. The study involved varying the width from 3.5 mm
to 5.5 mm in increments of 0.5 mm and observing its impact on
the S-parameters. As depicted in Figure 5(b), minimizing the
gap between the T-stub and the fractal geometry maximized the
return loss. It was found that when the width was set to 5.5 mm,
the antenna operated at dual bands of 3.5 GHz and 5.3 GHz
with return losses below -19 dB and -15 dB, respectively, and
a slight improvement in bandwidth.

This improvement can be explained by the surface-wave
diffraction and the influence of the Moore geometry's enhanced
inductive coupling. The strong capacitive coupling generated
when the T-stub's edge and the Moore body are in close
proximity increases the electromagnetic field interaction with
the Moore body [4]. Consequently, the study considered a
width of 11 mm for the design.

B. MIMO antenna study

In this section, we will discuss the mechanism creation of
MIMO array based on proposed geometry and the steps of
characteristic MIMO enhancements.
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Fig. 5. S-parameter of changing the width of: (a) gap between T-stub and
ground plan (b) change the width of T-stub.

B. 1 Without isolation technique

In this step, the geometry and structure of the proposed 2-
port MIMO antenna are illustrated in Figure 6, which is created
by two single-element antennas were designed in the section
above. The two port MIMO are arranged in a horizontally
pattern at the same substrate. The minimum inter-element
spacing between the MIMO antenna elements is 7.1 mm to
keep the size of MIMO as compact. The whole size of this
modification is 50 x 31 mm? as shown in figure 6 (a). The
effects of the creation this structure on the S-parameters is
illustrated in figure 6 (b). The blue curve describes the creation
MIMO antenna has dual band resonance at 2.8 and 5.2 GHz
with bandwidth of 0.95 and 0.3 GHz respectively. However,
the orange curve explains the coupling between the two
adjacent elements was strong below -6 dB at 2.8 GHz due to
the small distance between the antenna elements while one of
ports excited, the electromagnetic field will transfer to the close
ports and therefore the coupling became strong. So, to enhance
the isolation between the antenna, authors investigated many
types of modification on the proposed structure and found that
the best option was by remove the two middle two squares of
CPW between the two elements. In figure 6 (b) below shows
the green curve illustrates the coupling after this modification.
As seen, the isolation improved from -6 dB to -10 dB at the
same frequency resonance (2.8 and 5.2 GHz).

B. 2 With CRRs MTM

In this section, three closed rectangular rings CRRs as shown
in figure 7 (a) will be inserted between the T-stub. This MTM
structure dimensions has calculated to be places among two
elements to increase the isolation and enhance the matching
impedance across the desired bandwidth. Figure 7 (b) depicts
simulated S-parameters with and without inserted CRRs MTM
between the elements. The figure 7 (b) shows that antenna have
a wideband behavior from 2.76 to 5.32 GHz with minimum
coupling of -13dB after insert CSRs MTM. A matching circuit
made of capacitances (the distance through the ring stripes)
and inductances (the width of the ring-shaped stripes) could
used to describe the changes in S-parameters [23]. Also, the
result shows there is an enhancement of isolation at the desired
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frequencies from -15dB to -19dB at 3.5 GHz and from -22dB
to -32dB at 5.2GHz. Therefore, the proposed CRRs MTM has
significant impact on the MIMO antenna performance.

50.00 mm

S-parameters [magnitude in dB]

1 15 2 25 3 3s 4 45 5 5.5 6
Frequency (GHz)

(b)
Fig. 6. MIMO Antenna: a) geometry, b) S-parameter.
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Fig. 7. MIMO Antenna: a) CRRs dimensions: d1=1mm, g=1mm, d3=11mm,

d4=7mm, d5=3mm, d6=12mm, d7=16mm, d8=20mm, b) S-parameter before
and after load CRRs MTM.

TABLE 11
THE PROPOSED ANTENNA’S DIMENSIONS
parameters Dimension Parameters Dimension
(mm) (mm)
dl 1 g 1
d3 11 d4 7
d5 3 dé 12
d7 16 ds 20

B. 3 With neuralization line NL

In the previous step, the mechanism for improving the

isolation between the two elements led to good results.
However, still needs to reduce the coupling at frequency
bandwidth from 2.7 to 3.3 GHz. The core concept of this
approach was to counteract the intricate electromagnetic
coupling between adjacent antennas by using an opposing

JOURNAL OF COMMUNICATIONS SOFTWARE AND SYSTEMS, VOL. 21, NO. 1, MARCH 2025

coupling reaction. Since the coupling between the antennas is
capacitive, the line primarily serves to generate an inductive
response that counterbalances the capacitive effect of the
antenna coupling. Therefore, the study loaded a NL at the back
view of substrate with conduct an analysis of the parametric
research on the width of NL and surface current to thoroughly
evaluate the impact of the NL added between elements.

The parametric study applied on width of NL and started
from 0.4mm to 2mm with step of 0.8mm as shown in figure 8
beolw the effect Si2 while the value is changing. As seen, when
the width of NL maximize, the isolation at the operating
frequency band is improved to be below -21dB when the value
of NL width equal 2mm. It’s happened becouse of the
termination the electromagnetic surface wave to be transformed
to close element when the post excited.

Figures 8(b) shows the surface current distribution when first
Port has been connected to an excitation source and the second
port is matched to a -50dB load. When the NL is placed in the
middle of these two components, as shown in Figure 8(b), its
clearly that NL act as a surface current preventer to into Port 2.
Therefore, its obvious that the current density at Port 2 is lower
than the surface distribution of without NL[24].
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Fig. 8. Antenna performance: a) effect of change the width of loaded NL on
S21, b) Surface current before and after load NL.
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I11. RESULTS AND DISCUSSION

A simulation and parameterization process were used to
maximize the proposed antenna's parameters by using CST
software. After that, the enhanced model was built in order to
evaluate its measured performance. Figure 10 shows a picture
of a constructed MIMO antenna.
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Fig. 10. Assessment of the antenna array's performance involves examining
(a) the manufactured prototype and transmission coefficient, (b) S11, and (c)
S12.

A. Reflection and transmission coefficients

To investigate the S-parameters of the fabricated design, the
VNA used for this purposed. In Figure 10, the plotted measured
and simulated S-parameters of the proposed design are
compared, revealing a strong agreement between them. The
reflection coefficient of port (1) and port (2) must be below -
10dB and the transmission coefficient of two ports must be
below -20dB demonstrate satisfactory impedance matching and
enhanced reduction of mutual coupling across the entire wide
band (2.7 GHz to 5.1 GHz). An outstanding isolation,
registering below -27dB at the required frequency was
achieved. Any minor discrepancies observed between the
measured and simulated results can be attributed to
manufacturing and connection tolerances during the fabrication
process.

B. Radiation pattern

Following fabrication of the MIMO antenna design
underwent testing in an Anechoic chamber to assess its
radiation characteristics across various frequencies. The
measurement and calculation of radiation patterns are

illustrated in Figure 11, displaying both azimuth (left) and
elevation (right) planes at frequencies of 3.5GHz and 5GHz.

The radiation pattern experimental results were derived by
energizing first port to act as a radiating element while the
second port was terminated with a 50Q load. The result shows
convergence the measured and simulated radiation patterns.
Minor discrepancies between the measured and simulated
patterns can be attributed to limitations in the experimental
setup. Figure 11 below shows the highlights that the pattern
maintains its shape in the elevation plane across all frequencies.
However, at higher frequencies in the azimuth plane, there is a
slight alteration in the pattern shape.

270 270

a) y-x plane b) z-x plane at 3.5 GHz
90

90

=

120 =

S

240 \/-//360
270
¢) y-x plane

d) z-x plane at 2.8 GHz

Fig. 11. Simulation (-----) & Measurement (—) results for radiation pattern,
“a and ¢” co-polar and “b and d” cross polar.

C. Envelope Correlation Coefficient

A key metric for assessing the diversity effectiveness of
MIMO antennas is the Envelope Correlation Coefficient
(ECC). Two primary methods exist for ECC calculation: One
is based on the antenna's scattering parameters, while the other
is based on the far-field pattern and requires lengthy and
complicated computations, offering a relatively simpler
approach. For the evaluation of the proposed antenna, the
second method, as outlined in [26], is chosen for ECC
calculation due to its comparative ease of implementation [28]

IST1S12+531522/°
(1-151112=152112)(1=1S22|2=(5121%)

ECC = (6)

In an ideal scenario, an uncorrelated MIMO antenna would
have an ECC of 0. However, for practical MIMO antennas, a
tolerable value is considered to be less than 0.5, as indicated by
[27]. The manufactured design exhibits an estimated ECC
value of less than 0.01 throughout its whole operating range, as
depicted in Figure 12. Additionally, the simulated and
measured ECC values closely align. Therefore, the compact
MIMO antenna proposed exhibits excellent diversity
performance, with minimal correlation between its two antenna
ports.
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--- ECC, sim.
—ECC, meas.

4.5 5 5.5 3

25 3 3.5 4
Frequency (GHz)
Fig. 12. Envelope correlation coefficient ECC.

D. Diversity Gain & Peak Gain

The diversity gain is another important parameter to evaluate
MIMO performance. By using the equation below, can be
calculated [28]:

DG =10 x /(1 — ECC?) @)

Authors recommended to be close to 10dB for diversity gain
to be the effective operation of MIMO antennas [21]. The
comparison between the simulated and measured diversity gain
of the developed antenna indicates a close match, consistently
exceeding 9.9 across the entire frequency range, as shown in
Figure 13(a).

Figure 13(b) displays the gain, both simulated and measured
for the suggested design. The results reveal a peak gain of
4.6dB at the specified frequency and a gain of 5dB at 2.8 GHz.

Diversity Gain (dB)

3 35 1 45 5 5.5 6
Frequency (GHz)

@

Gain{dB)

--- Gain, sim.

——Gain, meas.

3 3.5 4 4.5 5 5.5 6
Frequency (GHz)

(b)
Fig. 13. properties of MIMO design a) Diversity gain, b) Peak gain.

IVV. COMPARISON WITH PREVIOUS WORKS

The MIMO antenna design has undergone a comprehensive
comparison with recent relevant studies outlined in Table 3,
assessing various performance metrics. The evaluation
encompasses criteria such as the antenna's channel area (size),
operating BW, coupling, desired gain, ECC, diversity gain, and
the spatial distance between antenna elements. The findings
indicate that our proposed MIMO antenna excels in achieving
superior isolation, compact size, and optimal spacing between
elements. With these advantages, it emerges as a promising
candidate for applications in MIMO systems.

TABLE 11l
COMPARISON WITH PREVIOUS WORKS
Ref. Freq. Iso. ECC Distance Size Iso.
(GH2) (mm) (mm) Tech.
[3] 24,35 -10 0.004 6 32%x20%1.8 PE
7.1
[4] 2.8-4.3 -20 / 8.8 50%37%1.6 DGS
[5] 2.77- -15 0.05 10.75 50%x25x%1.6 DGS
6.55 with
Vias
[6] 1.75- -22 003 | - 40%x90%0.8 EBG
3.00
[7] 28,43 -15 0.00 9.9 64x30x1.6 DGS
A7 01
[12] 2.38- -16 0.005 9 56x30x1.6 NL
2.52,
3.28-
3.63,5-
6.77
This 2.76- -20 0.008 7.1 31x50%1.6 MTM
work 5.32 & NL

V. CONCLUSION

This study introduces a compact size MIMO antenna,
measuring 50mm x 31mm, designed specifically for 5G sub-6
communication. The antenna shows remarkably low mutual
coupling, with S21 at 12 < -20dB across the entire operating
band and below -28dB at 3.5 GHz. The proposed approach
incorporates a t-stub with Moore fractal at the front view and
CSRs at the back view. Additionally, CRRs and NL are
employed to enhance MIMO performance by minimizing
coupling between radiator elements and ensuring impedance
matching. after the manufacturing process, the MIMO antenna
underwent verification for S-parameters and radiation
performance in an anechoic chamber. The measured results
closely align with the simulated outcomes, demonstrating
excellent MIMO diversity performance. Notably, the antenna
achieves a high diversity gain (DG > 9.9) and very low ECC (<
0.008), proving it to be a viable option for 5G sub-6 band
MIMO applications.
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