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ABSTRACT: This paper presents the design and development of a miniaturized Multiple-Input Multiple-Output (MIMO) antenna for sub-
6 GHz 5G applications, featuring reduced cross polarization and enhanced isolation between antenna elements. Utilizing characteristics
mode analysis, slots are introduced in the patch to achieve orthogonal mode separation, effectively minimizing cross polarization. Further
bandwidth enhancement is achieved by incorporating slot loading in the ground plane. To improve isolation between antenna elements,
spiral decoupling (SD) and aperture spiral decoupling (ASD) structures are employed. The proposed MIMO antenna, with dimensions
0.32), % 0.32), * 0.01), where A, is the wavelength at the lower band frequency of 3.5 GHz, was fabricated and experimentally tested
to validate its performance. Measurement results indicate significant compactness, low envelope correlation coefficient (ECC), high
gain, minimal channel capacity loss, and very low mutual coupling between elements. The measured results are in good agreement
with simulated ones, confirming that the proposed antenna is a promising candidate for advanced MIMO applications in next-generation

wireless communication systems.

1. INTRODUCTION

he evolution of wireless communication systems has ac-
Tcelerated rapidly, driven by the need for higher data rates,
greater capacity, and improved reliability. As the world tran-
sitions to the fifth generation (5G) of wireless technology,
these requirements become even more critical. 5G technol-
ogy promises enhanced mobile broadband, ultra-reliable low-
latency communication, and massive machine-type communi-
cation, making it a cornerstone for future smart applications,
including the Internet of Things (IoT), autonomous vehicles,
and advanced healthcare systems [1-5].

Among the various frequency bands allocated for 5G, the
sub-6 GHz band is particularly significant due to its balance be-
tween coverage and capacity. This band offers better propaga-
tion characteristics and penetration capabilities than millimeter-
wave bands, making it suitable for widespread urban and rural
deployments. However, designing antennas for sub-6 GHz 5G
applications presents unique challenges, particularly in achiev-
ing compact size, wide bandwidth, and high isolation between
multiple antenna elements in a MIMO configuration [6—10].

MIMO technology is a critical enabler for 5G, leveraging
multiple antennas at both the transmitter and receiver ends
to improve communication performance. MIMO systems en-
hance spectral efficiency, data rates, and link reliability through
spatial diversity and multiplexing gains. For effective MIMO
operation, antennas must exhibit low mutual coupling, high iso-
lation, and minimal cross polarization to ensure independent
and efficient operation of each element. One of the primary
challenges in MIMO antenna design is miniaturization. As de-
vices become smaller, the demand for compact antennas that
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can fit within limited spaces increases. Traditional antenna de-
signs often face difficulties in maintaining performance metrics
such as impedance bandwidth, gain, and isolation when being
scaled down. Therefore, innovative design techniques are re-
quired to overcome these limitations [11-20].

In this context, characteristic mode analysis (CMA) emerges
as a powerful tool for antenna design. CMA provides insight
into the fundamental modes of an antenna structure, enabling
designers to optimize the antenna’s performance by manipulat-
ing these modes. By introducing slots in the patch antenna, it is
possible to achieve orthogonal mode separation, thereby reduc-
ing cross polarization and enhancing overall performance. Fur-
thermore, enhancing the bandwidth of a miniaturized antenna
is crucial for supporting the wide frequency range of 5G. Slot
loading in the ground plane is an effective technique to increase
the effective current path, thereby broadening the impedance
bandwidth. The isolation between MIMO antenna elements is
another critical factor. High isolation minimizes mutual cou-
pling, which is essential for maintaining the independent op-
eration of each antenna element. Implementing spiral decou-
pling (SD) and aperture spiral decoupling (ASD) structures be-
tween antenna elements has proven effective in enhancing iso-
lation [21-25].

Mutual coupling, a major issue in MIMO antenna design,
leads to performance degradation by causing interference be-
tween closely spaced antenna elements. Various techniques
have been proposed to address this, including the use of de-
coupling networks and parasitic elements, which have shown
promising results in reducing coupling effects and improving
overall antenna performance [2—-6]. Additionally, the incor-
poration of metamaterials and electromagnetic bandgap (EBG)
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structures has emerged as an effective strategy for enhancing
isolation. Studies in [5] and [9] have demonstrated that EBG
structures and split-ring resonators (SRRs) can significantly re-
duce mutual coupling, thereby improving the isolation between
antenna elements [8]. Moreover, the compactness of MIMO
antennas is crucial for their integration into modern communi-
cation devices. Refs. [25-29] have explored compact MIMO
antenna designs specifically for sub-6 GHz 5G applications,
utilizing innovative decoupling structures to maintain high per-
formance in a limited space [30]. Likewise, as demonstrated
in [31], the application of dual-layer, dual-patch EBG struc-
tures has been proven to efficiently suppress surface waves and
improve isolation. Notwithstanding these developments, it is
still difficult to achieve the required degrees of isolation and
cross polarization reduction while keeping a small size. Novel
decoupling strategies that provide scalable solutions for multi-
band applications, like frequency-selective surfaces and meta-
inspired decoupling networks, have been the focus of recent
research [32-38].

The novelty of this work lies in the design and development
of a highly compact MIMO antenna. By loading novel spiral
decoupling (SD) and aperture spiral decoupling (ASD) struc-
tures, this work achieves strong isolation between MIMO an-
tenna elements. What makes it novel? By introducing slots
into the patch using Characteristics Mode Analysis (CMA), or-
thogonal mode separation is achieved, hence reducing cross-
polarization. Slot loading is incorporated into the ground plane
to further boost bandwidth. The resultant MIMO antenna is a
promising option for next-generation wireless communication
systems due to its notable compactness, high gain, low enve-
lope correlation coefficient (ECC), minimum channel capacity
loss, and minimal mutual coupling between parts.

2. GEOMETRY AND WORKING MECHANISM OF PRO-
POSED ANTENNA

2.1. Overall Antenna Design

Figure 1 illustrates both the top and bottom views of the pro-
totype of the proposed 2 x 2 MIMO antenna hardware. The
antenna has compact dimensions of 30 x 30 x 1.6 mm?® and is
constructed using an economical FR4 dielectric material with
a relative permittivity e, of 4.3 and a loss tangent of 0.025.
To minimize the coupling between antenna elements, an aper-
ture spiral decoupling structure is incorporated. The antenna is

FIGURE 1. The 2 x 2 MIMO antenna hardware with decoupling struc-
ture, (a) front view, (b) back view.
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excited at the fundamental mode of 3.5 GHz, suitable for sub-
6 GHz 5G applications, using a 50 2 SMA connector connected
to a microstrip feed line.

2.2. Cavity Model Method Discussion

Cavity model is applied to study the characteristics of mi-
crostrip antennas. This model helps in gaining insights into the
resonance modes and performance of these antennas. Cavity
model relies on certain assumptions to simplify the analysis.
These assumptions often include treating the antenna structure
as a resonant cavity, neglecting certain complexities, and as-
suming that the antenna operates in specific modes. The an-
tenna structure is modeled as a cavity with well-defined bound-
aries. For microstrip antennas, this could involve representing
the substrate, radiating patch, and other elements as part of the
cavity as shown in Fig. 2. One degree of freedom parameter (the
patch’s radius, “R”) in a circular patch controls the ordering of
resonance modes. The TM?Z = modes resonance frequency of

circular patch is given below [21].

_ 1 X
(fT)mno - m < R ) (1)

where the orders of resonant frequencies are determined by the
roots of the derivative of the Bessel function, denoted by x/,,,.-
The exact value for the first order, or dominant mode, is 1.8412,
and [20] provides the appropriate T M7, , (dominant mode) fre-
quency.

1.8412  1.84129,

(o = 2rRVpe | 2nRv/e,

2

The design parameter “R = 12.11 mm” for a circular patch an-
tenna on an FR/4 substrate with a dielectric constant of 4.3 and
a loss tangent of 0.025 — which corresponds to the dominant
mode of 2400 MHz — is obtained through Equation (2). The
cavity dimensions and geometry play a crucial role in deter-
mining the resonance frequencies and radiation characteristics.
While the cavity model provides valuable insights, it has limita-
tions. It may not accurately represent the behavior of irregularly
shaped antennas or those with complex structures. The charac-
teristic mode analysis method is presented in the next section,
in which an antenna with an irregularly shaped and complex
structure is designed and optimized.

A

FIGURE 2. Circular patch antenna.
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2.3. Brief of Characteristic Mode Theory

Characteristic Mode Theory (CMT) is a powerful analytical
framework for understanding and designing antennas. Intro-
duced by Garbacz and Turpin in [39], CMT provides insight
into the fundamental resonant behaviors of arbitrary conduct-
ing structures. It decomposes the complex current distribution
on an antenna into a set of orthogonal modes, each associated
with a specific eigenvalue. These modes are intrinsic to the
structure and do not depend on the excitation [22-24].

The key advantage of CMT is that it allows designers to vi-
sualize and manipulate the resonant modes of an antenna to
achieve desired performance characteristics. Each mode has
an associated eigenvalue, which indicates how easily the mode
can be excited. The eigenvalues are functions of frequency, and
their behavior provides valuable information about the resonant
characteristics and bandwidth of the antenna.

It is quite difficult to reduce antenna size without sacrificing
performance. CMT facilitates this approach by offering a thor-
ough comprehension of the structure’s resonance behavior and
current distribution. Miniaturization can be accomplished with-
out sacrificing performance by tailoring the antenna’s physical
dimensions and shape to its characteristic modes. For instance,
adding reactive parts to the antenna or carefully positioning
slots can help it get smaller without sacrificing its radiation
properties and resonant frequencies. In antenna designs, CMT
can be used to lessen cross polarization. In order to accom-
plish orthogonal mode separation, designers can alter the an-
tenna shape by examining the orthogonal modes and their cor-
responding current distributions. This improves antenna per-
formance by lowering undesired cross-polarized radiation, es-
pecially in MIMO systems where polarization diversity is cru-
cial.

1. Characteristic Equation: The fundamental equation in
Characteristic Mode Theory (CMT) is the characteris-
tic equation which is used to solve for the characteristic
modes of a conducting structure. This equation is ex-
pressed as [22-24]:

ZI, = \R'T,, 3)

where Z is the impedance matrix, R’ the resistance matrix,

1,, the current distribution of the nth mode, and \,, the
eigenvalue associated with the nth mode.

2. Eigenvalue: The eigenvalue \,, is an important parameter
in CMT, providing information about the mode’s radiation
efficiency. For practical antenna design, the real part of the
eigenvalue )\, is of interest, indicating how easily a mode
can be excited [22-24].

3. Modal Significance: Modal significance (MS) is a mea-
sure of how significant a mode is at a particular frequency
and is given by [22,23]:

1

MS= ———
11+ jen

“)

4. Characteristic Angle: Characteristic angle provides in-
sight into the behavior of each mode across the frequency
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range [22-24].

CA = 180° —tan"*(\,,) %)
Characteristic angle (CA) indicates the resonance condition of
a mode. When CA is close to 180° (or 7), the mode is at
resonance. The characteristic angle reflects the reactive na-
ture of the mode. If CA is close to 90° (or 7/2 radians), the
mode is predominantly reactive (capacitive or inductive) and
does not contribute significantly to radiation. Modes with CA
around 0° or 180° are more radiative. When performing CMA
in Computer Simulation Technology (CST), the antenna is usu-
ally assumed to be lossless and modeled with Perfect Electric
Conductor (PEC) materials. No external excitations like ports
are used, as CMA analyzes the natural resonant modes without
sources. Open or radiation boundaries are needed for radiating
structures. A fine mesh is required to accurately resolve current
distributions. After simulation, key results such as eigenvalues,
modal significance, modal currents, and radiation patterns help
identify the dominant resonant modes and understand the an-
tenna’s radiation behavior.

2.4. Orthogonal Mode Separation and Miniaturization of An-
tenna Using CMA

Figure 3 illustrates the antenna miniaturization strategy. In
Fig. 3(a), Antenna-1 represents the conventional circular mi-
crostrip patch antenna configuration, whereas Fig. 3(b) shows
Antenna-2, the miniaturized variant achieved by introducing
perturbations such as inner ring cuts (L1, L2) and slot widths
(W1, W?2), effectively reducing the resonant dimension with-
out significantly degrading radiation performance.

FIGURE 3. Antenna miniaturization steps: (a) Antenna-1 (conventional
circular patch antenna), and (b) Antenna-2 (miniaturized antenna).

Figure 4 presents the modal significance (MS) plots derived
from the Characteristic Mode Analysis (CMA) for Antenna-1
at varying radius (R) values. The MS curves provide a quan-
titative measure of how strongly each mode is excited around
its resonant frequency, indicating which modes predominantly
contribute to radiation. As R increases, the primary resonance
shifts to lower frequencies, and the modal behavior evolves,
affecting bandwidth and radiation efficiency. This analysis
guides the geometric optimization for efficient miniaturization
while maintaining desirable electromagnetic performance.

Figure 5 illustrates the eigenvalue plot for the circular patch
antenna. Eigenvalues are crucial in understanding the resonant
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FIGURE 4. Modal significant plots for Antenna-1 with different R val-
ues.

20000

Mode-1
Mode-2

15000

-
*
>

10000

5000

0

Eigenvalue

—5000

—10000

—15000

—20009

50 275 3.00 325 350 3.75

Frequency/GHz

400 425 450

FIGURE 5. Eigenvalue plots for Antenna-1.

behavior of the antenna modes. For Modes 1 and 2, the eigen-
values exhibit overlap to zero line at their respective resonance
frequencies, indicating strong resonance behavior. These dips
correspond to the frequencies where the antenna radiates effi-
ciently. In contrast, Mode 3 shows a relatively positive eigen-
value value, signifying stored magnetic energy not associated
with radiation.

Figure 6 shows the characteristic angle plots for Antenna-1
across a frequency range of 2.5 GHz to 4.5 GHz, highlighting
the behavior of three different modes (Mode-1, Mode-2, and
Mode-3). Mode-1 and Mode-2 exhibit a significant change in
characteristic angle between 3.25 GHz and 3.75 GHz, indicat-
ing the antenna’s resonant frequency range and for efficient ra-
diation and impedance matching in this bandwidth. Mode-3,
however, maintains a constant characteristic angle about 100
degrees across the entire frequency range, suggesting minimal
excitation or no significance for radiation.

2.5. CMA Analysis of Antenna-2

To miniaturize the circular conventional antenna, the two sym-
metrical slots are loaded in patch in horizontal direction. The
conductive length at 3.5 GHz is increased by loading the slots,
resulting in resonance frequency shifted in lower side as shown
in Fig. 7 with different values of L1 slot parameters. In this plot
increasing the L1 values Mode-1 is more sensitive than Mode-
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FIGURE 6. Characteristic angle plots for Antenna-1.
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FIGURE 7. Modal significant plots for Antenna-2 with different L1
value of slots.

2, and Mode-1 is shifted in lower side due to a slot loaded in hor-
izontal direction. If slot is loaded in vertical direction, Mode-2
frequency is more sensitive than Mode-1. So by loading slot,
we can separate Mode-1 and Mode-2 with large frequency gap,
resulting in improvement in co- and cross-polarizations, which
will be discussed in the next section.

Figure 7 illustrates the impact of varying parameter L1,
which represents the length of the symmetrical slots loaded into
the patch of a miniaturized circular conventional antenna. The
purpose of incorporating these slots is to reduce the size of the
antenna while maintaining its performance. The plot in Fig. 7
displays the resonance frequencies of different modes of the an-
tenna as the parameter L1 changes. At a frequency of 3.5 GHz,
the conductive length is increased due to the slots loaded into
the patch. This increase in conductive length causes a shift in
the resonance frequency towards the lower end. One notable
observation from the plot is that as the value of L1 increases,
Mode-1 experiences a more significant shift in its resonance
frequency than Mode-2. This behavior is attributed to the hori-
zontal loading of the slots. When the slots are loaded horizon-
tally, Mode-1 is more sensitive to changes in the slot parameters
than Mode-2.

On the other hand, Mode-2 would be more sensitive than
Mode-1 if the slots were loaded vertically. This implies that
a key factor in identifying which mode is more impacted by
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modifications to the slot characteristics is the orientation of the
loaded slots. Mode-1 and Mode-2 with a large frequency gap
can be distinguished by varying the loaded slots’ properties,
such as length (L1). The antenna’s co- and cross-polarization
properties are improved as a result of this separation.

Figure 8 illustrates the modal significance plot of Antenna-2,
showcasing the impact of varying parameter L2, which repre-
sents the length of a slot in the antenna design. This slot is
presumably employed to further optimize the antenna’s perfor-
mance. The plot demonstrates that as the length of the slot (L2)
increases, Mode-1 becomes increasingly sensitive to changes in
this parameter. Conversely, Mode-2 shows little to no sensitiv-
ity to variations in the length of the slot.
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FIGURE 8. Modal significant plots for Antenna-2 with different L2
value of slots.

This behavior suggests that the resonance frequency of
Mode-1 can be efficiently controlled by varying the slot’s
length (L2) without appreciably altering the resonance fre-
quency of Mode-2. Because it enables more accurate tuning
of certain modes without unintentionally altering others, this
decoupling of sensitivity between the two modes is a desired
feature in antenna design. Practically speaking, this means
that the antenna designer can adjust the Mode-1 resonance
frequency to satisfy specific design specifications or per-
formance goals without unintentionally shifting the Mode-2
resonance frequency. In a variety of applications, this degree
of control over specific modes can result in improved antenna
performance and usefulness.

Figure 9 provides a visual representation of the surface cur-
rent distribution for both Antenna-1 and Antenna-2, highlight-
ing how miniaturization and orthogonal mode separation are
achieved through the design modifications. For Antenna-1, the
surface current distributions of Mode-1 and Mode-2 are de-
picted as orthogonal to each other at the same frequency. This
orthogonal arrangement suggests that the two modes are inde-
pendent of each other and do not interfere. The surface current
arrows for both modes exhibit a pure A\1/2 current distribution,
indicating a dominant mode behavior for each mode. This sig-
nifies that Antenna-1 operates with distinct and well-defined
modes, contributing to its overall performance.

In contrast, Antenna-2 features the incorporation of loaded
slots in the horizontal direction. This modification alters the
surface current distribution, particularly for Mode-1.
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FIGURE 9. Surface current distribution on antennas at 3.5 GHz, (a)
Antenna-1 and (b) Antenna-2.

The surface current distribution for Mode-1 becomes more
concentrated and exhibits a longer conductive path for the A1 /2
current distribution than that of Antenna-1, indicating improved
current flow and potential radiation efficiency. This increased
sensitivity and enhanced conductive path indicate that Mode-
1 is more influenced by the design changes introduced by the
loaded slots in Antenna-2. As a result of these modifications,
the resonance frequency of Mode-1 in Antenna-2 is effectively
reduced without significantly affecting the resonance frequency
of Mode-2. This decoupling of the resonance frequencies of
the two modes allows for independent control over Mode-1, en-
abling miniaturization of the antenna while maintaining desired
performance characteristics.

2.6. Full Wave Analysis of Antenna-1 and Antenna-2

Figure 10 presents discussion of the antenna geometry of
Antenna-1 (conventional antenna) and Antenna-2 (miniatur-
ized antenna) using a 50-ohm microstrip feed line, conducted
in the time domain with CST Studio Suite. Fig. 11 shows
the scattering parameters of Antenna-1 and Antenna-2. The
bandwidth of Antenna-1 is greater than that of Antenna-2 at
the same resonance frequency due to impedance matching
in the narrow band. Therefore, further modifications are

>
wr

FIGURE 10. The antenna geometry for Antenna-1 and Antenna-2 using
microstrip feed line.
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FIGURE 11. S1; plots of Antenna-1 and Antenna-2.

TABLE 1. Proposed antenna parameters.

Parameters | Values (mm) | Parameters | Values (mm)
L 30 L3 7
h 1.6 Wi 0.50
Ly 4 Wa 1.10
Lo 1.10 Ws 1
Wy 0.50 lg 5.87
wy 3 ly 6.13
R 8.9 0 144°

needed to enhance the bandwidth to meet the sub-6 GHz 5G
requirements.

2.7. Bandwidth Enhancement of Proposed Antenna

Impedance matching with slot loading in the antenna ground
significantly enhances the bandwidth of an antenna by altering
its impedance characteristics. Introducing a slot in the ground
plane, whether it is a simple slot or a more complex dumbbell
shape, creates additional reactive components — inductance
and capacitance — whose resonance frequency can be tuned by
adjusting the shape and dimensions. This tuning allows for bet-
ter impedance matching over a wider frequency range, as the in-
ductive and capacitive effects can offset the natural impedance
variations of the antenna. The careful design and optimization
of slots are essential to maximizing these benefits and achiev-
ing the desired performance enhancements in modern commu-
nication systems. This bandwidth enhancement is primarily
attributed to the implementation of slot loading in the ground
plane, which plays a critical role in impedance matching. The
incorporation of slots — such as dumbbell-shaped or optimized
rectangular slots — introduces distributed inductive and capaci-
tive elements that modify the antenna’s input impedance. These
reactive elements enable tuning of the resonance behavior, ef-
fectively broadening the impedance bandwidth by mitigating
mismatch across a wider frequency span. Through precise de-
sign and parametric optimization of the slot geometry and posi-
tioning, the antenna achieves improved return loss characteris-
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FIGURE 13. S, plots of proposed antenna with varying slot theta val-
ues.

tics and maintains stable radiation performance over the entire
operating band.

Figure 12 presents the proposed antenna design aimed at en-
hancing bandwidth through slot loading in the antenna ground.
This design incorporates two symmetrical slots in the antenna
ground, with tuning parameters including dimensions L3, W3,
and 0. The corresponding design parameters of proposed an-
tenna are mentioned in Table 1. Fig. 13 illustrates the Sq; pa-
rameters while maintaining constant values for L3 and W3, and
varying the angle 6 from 0° to 144°. It is observed that as the 6
parameter is varied, the antenna’s bandwidth increases signifi-
cantly, achieving a large bandwidth match near 50 ohms due to
the introduction of additional reactive components. Moreover,
the structure experiences further miniaturization, attributed to
the increased conducting path in the ground plane. Fig. 14 il-
lustrates the variation of S1; with slot parameter L3. In this
plot, it is observed that increasing L3 results in a rapid decrease
in resonance frequency without significantly enhancing band-
width. Instead, the primary effect appears to be an increase in
the conducting path for the fundamental mode for miniaturiza-
tion. Therefore, it is concluded that for bandwidth enhance-
ment, parameter 6 is more effective. By adjusting 6, we can
effectively broaden the antenna’s bandwidth.

The proposed antenna’s surface current distribution, ana-
lyzed comprehensively, reveals that the fundamental mode is
excited by a 50 Q2 microstrip feed line, as depicted in Fig. 15.
The slots loaded in the patch part contribute to the antenna’s
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FIGURE 14. S1: plots of proposed antenna with varying slot L3 values.
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FIGURE 15. The surface current distribution of proposed antenna with
full wave analysis using microstrip feed line.

miniaturization by increasing the conducting path of the sur-
face current, primarily for the fundamental mode. Simulta-
neously, the slots loaded in the antenna ground play a crucial
role in bandwidth enhancement by introducing additional reac-
tive components, facilitating a wide range of 50 {2 impedance
matching. Furthermore, these ground slots also augment the
surface current path, aiding in further miniaturization of the an-
tenna. The slots on the patch mainly modify the surface current
distribution of Mode-1 by increasing the effective current path,
lowering the resonant frequency, and allowing finer control of
the fundamental mode. On the other hand, the ground-loaded
slots strongly influence Mode-2 and higher-order modes by in-
troducing additional coupling paths and altering the current re-
turn flow, which enhances the excitation and separation of these
modes. Together, as seen in Figs. 9 and 15, the combination of
patch and ground slots improves mode control, enables better
tuning of multiple resonances, and enhances bandwidth, as re-
flected in the S, results of Fig. 14.

Figure 16 demonstrates the exceptional performance of the
proposed antenna, with both total and radiation efficiencies
consistently between 50 and 70% in frequency 3.4-3.6 GHz.
This achievement is attributed to the antenna’s simple structure
and low conduction loss, highlighting its effectiveness in con-
verting input power into radiated electromagnetic energy.
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FIGURE 16. The total and radiation efficiency of proposed antenna.

In Fig. 17, the co- and cross-polarization characteristics of
the proposed antenna are depicted in both the F-plane (elec-
tric field plane) and H-plane (magnetic field plane) at a fre-
quency of 3.5GHz. The graph illustrates that the proposed
antenna exhibits favorable co- and cross-polarization behav-
ior. Co-polarization refers to the polarization of the radiated
electromagnetic waves being parallel to the orientation of the
transmitting antenna’s electric field. Cross-polarization, on the
other hand, occurs when the polarization of the radiated waves
is perpendicular to the orientation of the transmitting antenna’s
electric field. The analysis indicates that the proposed antenna
demonstrates good co- and cross-polarization characteristics,
which is essential for efficient and reliable communication sys-
tems. The reduction of cross-polarization, particularly in both
FE and H polarizations, is achieved through mode separation
techniques as discussed in the CMA analysis of Antenna-2.

In this case, the analysis likely reveals that while the fun-
damental mode is primarily responsible for radiation, there
are contributions from orthogonal modes as well. Orthogonal
modes, being different from the primary mode, can introduce
cross-polarization components into the antenna’s radiation pat-
tern. To mitigate the effects of cross-polarization, mode separa-
tion techniques are employed. By creating a frequency gap be-
tween the fundamental mode and orthogonal modes, the effec-
tiveness of the latter in contribution to radiation is reduced. This
separation effectively minimizes the cross-polarization, ensur-
ing that the antenna maintains good polarization characteristics.

2.8. Antenna Hardware Testing

Figures 18 and 19 provide a comprehensive validation of the
proposed antenna’s performance. The measured S1; parame-
ters and gain closely match the simulated results, with minor
variations due to fabrication and instrumentation uncertainties.
These comparisons underscore the robustness of the antenna
design and its effective implementation in practical applica-
tions.

2.9. Design MIMO Antenna

In Fig. 20, the 2 x 1 MIMO antenna is depicted, showcas-
ing both the front and back views. This antenna configura-
tion consists of two individual antenna elements arranged in a
2 x 1 setup, meaning that there are two transmitting/receiving
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FIGURE 17. The co- and cross-polarizations of proposed antenna in £ and H planes at 3.5 GHz.
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FIGURE 18. The comparison between simulated and measured Si:
plots.
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FIGURE 20. The 2 x 1 MIMO antenna, front and back views.

elements positioned in a linear array. The figure emphasizes
that the 2 x 1 MIMO antenna does not include any decoupling
structures. Decoupling structures are typically used in MIMO
systems to minimize the mutual coupling between antenna ele-
ments, which can degrade performance by causing interference
and reducing isolation. The analysis of scattering parameters,
particularly S-parameters, is crucial for understanding the elec-
tromagnetic behavior of the MIMO antenna. S-parameters de-
scribe how radio frequency (RF) signals behave in a network,
indicating how much power is reflected, transmitted, and cou-
pled between ports (antenna elements).

6
4
2
m 0
h=A
c
£ -2
O
-4
-6
-8 & Simulated
10 -*- Measured
250 275 3.00 3.25 3.50 3.75 4.00 4.25 4.0
Frequency/GHz

FIGURE 19. The comparison between simulated and measured gain
plots.
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In the analysis, the performance degradation of the MIMO
antenna due to near-field electromagnetic coupling is tested.
Electromagnetic coupling occurs when the fields from one an-
tenna element interact with another, leading to interference
and reduced isolation. This coupling can significantly affect
the performance of the MIMO system, causing reduced diver-
sity gain, increased correlation between signals, and impedance
mismatch. Reduced diversity gain occurs as high coupling di-
minishes the independence of multiple signal paths, crucial for
enhancing data rates and reliability. Increased correlation due
to high coupling undermines MIMO performance by reduc-
ing signal independence. Impedance mismatch results from
coupling altering the input impedance of antenna elements,
leading to higher reflection coefficients (S11, So22) and poorer
impedance matching. The absence of a decoupling structure
in the depicted MIMO antenna necessitates a careful design to
mitigate these negative effects. Techniques such as optimizing
the physical separation between elements, using different po-
larization schemes, or implementing specific antenna geome-
tries can help reduce coupling and maintain good MIMO per-
formance.

Figure 21(a) shows the spiral decoupling (SD) structure
loaded onto a microstrip line designed on an FR4 substrate with
a height of 2.4 mm. This structure is designed to minimize mu-
tual coupling between two radiating elements, effectively act-
ing as an isolator at 3.5GHz. The decoupling structure sig-
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(b)

FIGURE 21. Decoupling structure loaded in microstrip transmission
line. (a) Spiral decoupling structure. (b) Aperture spiral decoupling
coupling structure. [d;n, = 0.85mm, doyt = 2.5mm, s = 0.25 mm,
w = 0.25 mm].

S-Parameters [dB]

& S11[AsSD]
4 S11[sD]
& S21[ASD]
- S21[sD]

250 2.75 3.00 3.25 3.50 3.75 4.00 4.25 4.50
Frequency/GHz

=50

FIGURE 22. S-parameters of decoupling structure loaded in microstrip
transmission line. (a) Spiral decoupling structure. (b) De-aperture spi-
ral coupling structure.

nificantly reduces interference between the antenna elements,
thereby enhancing the overall performance of the MIMO sys-
tem. The S-parameters of the SD structure are presented in
Fig. 22, where the notch frequency, indicated by the S3; trans-
mission coefficient, reaches approximately —30 dB. However,
the SD structure exhibits a narrow bandwidth, which is insuf-
ficient to cover the entire sub-6 GHz band (3.4-3.6 GHz) re-
quired for 5G applications.

To address this limitation, an aperture spiral decoupling
(ASD) structure is introduced, as shown in Fig. 21(b). The
ASD structure, also loaded in a microstrip line, provides a
broader bandwidth suitable for decoupling electromagnetic sig-
nals within the 3.4 to 3.6 GHz frequency range, covering the
sub-6 GHz band essential for 5G applications. The correspond-
ing S-parameters for the ASD structure are also presented in
Fig. 22, demonstrating its enhanced performance in providing
isolation over a wider frequency range than the narrower band-
width of the SD structure.
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FIGURE 23. The 2 x 1 MIMO antenna with spiral decoupling structure,
front and back view.
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FIGURE 24. The 2 x 1 MIMO antenna with aperture spiral decoupling
structure, front and back view.
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Frequency/GHz
FIGURE 25. S-parameters of MIMO antenna with decoupling struc-
ture. (a) With Spiral decoupling structure, (b) with de-aperture spiral
coupling structure.

The 2 x 1 MIMO antenna’s performance with both spiral de-
coupling (SD) and aperture spiral decoupling (ASD) structures
is analyzed to assess their effectiveness in minimizing mutual
coupling. Fig. 23 displays the 2 x 1 MIMO antenna integrated
with the spiral decoupling structure, while Fig. 24 shows the
2 x 1 MIMO antenna with the aperture spiral decoupling struc-
ture. The corresponding S-parameters of the MIMO anten-
nas with these decoupling structures are illustrated in Fig. 25.
The So; parameter specifically highlights the mutual coupling
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between the antenna elements. The analysis reveals that the
MIMO antenna with the ASD structure demonstrates better iso-
lation than the spiral decoupling (SD) structure. This is evi-
dent from the S5, parameters, where the ASD structure exhibits
lower mutual coupling between antenna elements, indicating
superior performance in mitigating interference.

This improved isolation is further analyzed through the elec-
tric field distribution shown in Figs. 26(a)—(c). Fig. 26(a) illus-
trates the electric field distribution for a MIMO antenna with-
out any decoupling structure, revealing significant coupling be-
tween antenna elements, which corresponds to the higher mu-
tual coupling observed in Fig. 25. Fig. 26(b) depicts the MIMO
antenna with the spiral decoupling structure, showing a reduc-
tion in electric field coupling compared to the antenna without
any decoupling. Finally, Fig. 26(c) presents the MIMO antenna
with the aperture spiral decoupling structure, where the electric
field isolation is further enhanced, demonstrating minimal cou-
pling between antenna elements.

@

MIMO Antenna

(b)

175
174.8

MIMO Antenna With SD Structure

©

MIMO Antenna With ASD Structure

FIGURE 26. Electric field distribution of MIMO antenna. (a) MIMO
without decoupling structure, (b) MIMO with spiral decoupling struc-
ture, and (c) MIMO with de-aperture spiral coupling structure.

2.10. Diversity Performance of MIMO Antenna

Figure 27 illustrates the detailed structure of the proposed 2 x 2
MIMO antenna with an ASD structure designed for sub-6 GHz
5G applications. The overall geometry of this MIMO an-
tenna is compact, measuring 60 x 60 x 1.6 mm3. Each an-
tenna element within the MIMO system is connected via a
50 2 microstrip feed line, oriented differently to optimize per-
formance and minimize mutual coupling. The scattering pa-
rameters of this MIMO antenna, shown in Fig. 28, include

S11, Sa2, S33, and Syy, which represent the reflection coef-
ficients for each of the four ports, and S12, S13, S14, S32, S42,
and S43, which represent the mutual coupling parameters be-
tween all port pairs. These parameters indicate that the antenna
resonates at 3.5 GHz, effectively covering the 3.4 to 3.6 GHz
range required for sub-6 GHz 5G bandwidth. The correspond-
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FIGURE 28. The scattering parameters of 2 x 2 MIMO antenna.
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FIGURE 29. The 3D radiation pattern of 2 x 2 MIMO antenna at
3.5GHz.

ing 3D radiation patterns for each antenna element are depicted
in Fig. 29. The antenna elements exhibit consistent directional
radiation with good gain and beam symmetry, supporting re-
liable MIMO performance. Additionally, a slight beam tilt is
observed, which results from asymmetry in the antenna layout
and mutual coupling effects. This tilt remains within acceptable
limits and can even be advantageous in enhancing coverage in
certain deployment scenarios, demonstrating the effective iso-
lation of the MIMO system, which is below —25 dB at 3.5 GHz.
This high level of isolation highlights the effectiveness of the
aperture spiral decoupling structure in minimizing interference
and enhancing the overall performance of the 2 x 2 MIMO an-
tenna for 5G applications.

Isolation and radiation patterns are not the only factors to
consider when evaluating the performance of a MIMO antenna.
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In multipath situations, diversity performance is crucial for in-
creasing signal dependability and throughput, and it signifi-
cantly affects MIMO antenna performance. Diversity Gain
(DG) and Envelope Correlation Coefficients (ECC) are used
to characterize the performance of diversity. A low ECC sug-
gests that the signals are mainly independent, which is ideal
for efficient MIMO operation. ECC is a measure of the cor-
relation between the signals received by the antenna elements.
For uncorrelated transmissions, DG is ideally around the the-
oretical maximum of 10 dB and measures the improvement in
signal quality brought about by variety. To provide a thorough
assessment of the MIMO antenna’s diversity performance and
make sure that it satisfies the requirements of 5G applications,
we examine these crucial factors in this section.

2.10.1. Envelope Correlation Coefficients (ECCs)

The performance of an antenna is reduced by a high ECC value
because it causes significant correlation and little isolation. Ad-
ditionally, ECC illustrates how the total S-parameters of the
designed MIMO antennas interact with one another. Differ-
ent methods, such as employing the received signal envelope,
S-parameter, or far-field radiation for the estimate of complex
cross correlation, can be used to find the ECC. As can be seen
in Equations (6) and (7) of this work, ECC is calculated us-
ing both the S-parameter and far-field radiation patterns meth-
ods [4,23]. ECC from radiation patterns data requires a tedious
integral computation. Fig. 30 illustrates the ECC characteristic
of 2 x 2 MIMO systems and shows that for scattering param-
eters, the ECCs are very low (i.e., 0.001) throughout the entire
bandwidth.

[Fl (0,0) X Fy(6,0)dQ

ﬁl @‘ do [

where py5 represents the ECC. Fy (6, () and Fy(6,0) are the
far-field radiation patterns for port-1 and port-2 of this MIMO
antenna.

[S11 X S12 + Sa1 X 522|2
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FIGURE 30. The ECC for 2 x 2 MIMO antenna.
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The antenna’s reflection and transmission coefficients are
S11/ S99 and So1 /512, respectively.

The low ECC values indicate excellent diversity perfor-
mance, ensuring minimal signal correlation and effective iso-
lation between the antenna elements. This low correlation is
crucial for MIMO systems, as it allows for better exploitation
of multipath environments, leading to improved signal reliabil-
ity and higher data throughput. The comprehensive analysis
of ECC using both S-parameter and far-field radiation patterns
confirms that the proposed MIMO antenna design effectively
meets the requirements for high-performance 5G applications.

2.10.2. Diversity Gain

Diversity Gain (DQG) refers to the improvement in signal-to-
noise ratio (SNR) that a MIMO system achieves compared to
a single antenna. It quantifies the effectiveness of the MIMO
system in exploiting spatial diversity to enhance signal quality
and reliability. In [20], DG is calculated using Equation (8),
and the results are plotted in Fig. 31. The computed DG values
from both simulated and measured ECCs are consistently close
to the theoretical maximum of 10dB. This indicates that the
MIMO antenna system is highly effective in leveraging diver-
sity to improve signal performance. The near 10 dB DG value
underscores the antenna’s capability to provide robust perfor-
mance in multipath environments, making it well suited for
high-demand 5G applications. For a MIMO antenna, the DG
can be approximated by [20]:

DG ~ 104/1 — (ECC)? (8)
10
™\
i
8 \.‘I
P
v
[
£ 6
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2 -+ DG22[Measured] J
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21 # DG33[Measured] :
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FIGURE 31. The diversity plot of 2 x 2 MIMO antenna.

Table 2 provides a comprehensive performance comparison
between our proposed antenna and various multi-band anten-
nas from prior studies. Our antenna distinguishes itself with
a low-profile and straightforward design approach, exhibiting
broadside radiation patterns across all bands. This makes it a
compelling choice for a wide range of wireless communication
applications, delivering enhanced performance.

2.11. MIMO Antenna Hardware Fabrication and Testing

The experimental validation of the proposed antenna was car-
ried out using standard measurement procedures. The antenna
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TABLE 2. Relative work comparison table with proposed antenna.

Ref. Size (Ao) Frequency Bands (GHz) Methods Gain (dBi) | Port Isolation ECC
[26] 0.43 % 0.43 3-12 Asymptote-shaped structure 2-2.5 > 16.5 < 0.02
[27] 0.7 % 0.53 - Grounded stub - 50 -
[28] 0.32 % 0.37 28 DGS+Partial ground 6.5 > 30 < 0.18
[29] 0.28 * 0.28 2.42-7.45 Using stub 2.5 > 12 0.004
[30] 0.45 % 0.15 3.3-3.6,4.4-5 Multiple orthogonal modes 5 > 24 -
[31] 0.09 % 0.43 3.4-3.6,4.8-5 Stop band filter > 12
[32] 0.23 % 0.06 3.37-3.61,4.9-5.1 Slot in ground 3.9 > 14 0.05
[33] 0.84 % 0.48 3.743 Slot coupling 4.1 > 25 0.1
[34] 0.69*%0.52 5.2 Microstrip line - > 26 0.05
[35] 0.70 * 0.44 3.3-7.8 Fence-shaped decoupling structure - > 20 < 0.05
[36] 1.11%1.11 3.1-11.11 Parasitic de-coupler 6.35 20 0.001
[37] 1.29 % 0.64 1.92-2.51 Decoupling element 6.28 > 15 0.0037
This work | 0.32 % 0.32 3.4-3.6 Aperture spiral decoupling structures 5.1 > 32 0.015

was fabricated on an FR4 substrate with a thickness of 1.6 mm
through the chemical etching method, and a 50 2 SMA con-
nector was used for interfacing with the test equipment. For
S-parameter measurements, an Anritsu MS2037C Vector Net-
work Analyzer (VNA) was used, as shown in Fig. 32(a), cov-
ering the relevant frequency band. The radiation characteris-
tics, including gain, directivity, and diversity gain (DG), were
measured in a fully shielded anechoic chamber to ensure an
interference-free environment. As illustrated in Fig. 32(b), the
setup allowed for accurate far-field measurements by eliminat-
ing external noise and reflections. These measurements con-
firm the antenna’s simulated performance and demonstrate its
effectiveness for sub-6 GHz 5G MIMO applications.

FIGURE 32. The hardware measurement setup of MIMO antenna. (a)
VNA setup, (b) anechoic chamber.

3. CONCLUSION

In this paper, we have successfully designed and developed a
miniaturized Multiple-Input Multiple-Output (MIMO) antenna
tailored for sub-6 GHz 5G applications. By utilizing charac-
teristic mode analysis and strategically introducing slots in the
patch, we achieved orthogonal mode separation, which effec-
tively minimized cross polarization. Further bandwidth en-
hancement was attained through slot loading in the ground
plane. To ensure superior isolation between antenna elements,
we employed spiral decoupling (SD) and aperture spiral decou-
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pling (ASD) structures. The fabricated MIMO antenna, with
compact dimensions of 0.32), * 0.32X, * 0.01), at 3.5 GHz,
underwent experimental validation. The measurement results
demonstrated excellent agreement with the simulated data,
highlighting the antenna’s compact design, low envelope cor-
relation coefficient (ECC), 5.1 dBi gain, minimal channel ca-
pacity loss, and isolation greater than 20 dB between antenna
elements. These findings affirm that the proposed MIMO an-
tenna not only meets the stringent requirements for sub-6 GHz
5G applications but also stands as a promising candidate for
advanced MIMO implementations in next-generation wireless
communication systems. The enhanced performance character-
istics, including reduced cross polarization and improved iso-
lation, make it a robust solution for future wireless communi-
cation needs.
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