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ABSTRACT: This paper presents the design, optimization, fabrication, and experimental validation of a compact 2 x 2 microstrip Multiple-
Input Multiple-Output (MIMO) antenna for 5G sub-6 GHz applications. The proposed antenna is centered at 5.5 GHz and implemented on
an FR4 substrate with an overall size of 60 x 60 mm?, making it suitable for integration into modern compact wireless devices. The design
process begins with the development of a single Planar Microstrip Monopole Antenna (PMMA), which is enhanced using a systematic
stub-loading technique to improve impedance matching, radiation stability, and efficiency. The optimized element is then replicated
and arranged using an orthogonal placement strategy to reduce mutual coupling without employing additional decoupling structures or
parasitic components. The proposed MIMO configuration achieves excellent impedance matching, with a measured reflection coefficient
of approximately —49 dB at 5.5 GHz and an operational bandwidth extending from 4.7 to 6.49 GHz. The antenna exhibits high radiation
efficiency (= 81) and total efficiency (== 79) within the operating band. The measured peak gain reaches 4.70 dBi, showing close
agreement with simulated results. Diversity performance is confirmed by an extremely low envelope correlation coefficient (FC'C <
0.0001) and a diversity gain approaching 10 dB, indicating strong spatial diversity and reliable multipath performance. Furthermore,
the Total Active Reflection Coefficient (TARC) remains below —10 dB across the main operating region, validating stable multi-port
excitation behavior. The combination of compact size, high efficiency, excellent isolation, and low structural complexity demonstrates
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that the proposed antenna provides a practical and cost-effective solution for sub-6 GHz 5G MIMO systems.

1. INTRODUCTION

ecently, nearly everything connects without wires from
Rhomes to hospitals, factories to cars, and invisible signals
carry information constantly [1]. More gadgets are now con-
nected than ever before — phones, sensors, machines, and even
entire cities [2]. Streaming video, self-driving vehicles, re-
mote surgeries, and massive online networks push old systems
to their limits. Speed matters more. Delays feel worse for
users [3]. Connections must hold strong when they are needed
most. Signals are packed tighter into airwaves, demanding
smarter handling. Engineers respond by refining how anten-
nas send and receive energy through space. Each upgrade helps
squeeze better results from crowded frequencies in the wireless
medium. Therefore, the evolution keeps moving because what
worked yesterday falls short today [4].

One step at a time, wireless tech has moved forward, fixing
old problems while adding fresh features. First, the First Gen-
eration (1G) and Second Generation (2G) handled only voice
calls and short written messages, with almost no room for data.
Then came the change to the Third Generation (3G), and later
the Fourth Generation (4G) opened doors to fast internet on
phones, video chats, and smooth download. Currently, the
Fifth Generation (5G) takes another leap, powering super-sharp
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videos, digital worlds one can interact with, smart traffic net-
works, and devices talking to one another by the millions. Each
shift built quietly on what was already there, growing smarter
without shouting about it [5].

In the field of the recent 5G systems, the primary service
categories are enhanced Mobile Broadband (eMBB), Ultra-
Reliable Low-Latency Communications (URLLC), and mas-
sive Machine-Type Communications (mMTC). To meet these
high-end requirements, new physical-layer technologies are be-
ing developed, which can improve the capacity of the chan-
nel, reduce multipath fading, and improve the overall perfor-
mance of the link. Among these technologies, the Multiple-
Input Multiple-Output (MIMO) technique is considered the
most important. This technique can improve the overall data
rate without the need for any increase in bandwidth or trans-
mitting power [6].

In addition, microstrip antennas have emerged as one of the
most viable candidates for sub-6 GHz 5G use cases owing to
their low-profile configuration, lightweight design, and the ease
of integrating them with the printed circuit board [7]. These
characteristics make the microstrip antenna an attractive op-
tion for the design of compact wireless devices, such as smart-
phones, wearable electronics, Internet of Things (IoT) devices,
and vehicular communication systems. Furthermore, the mi-
crostrip antenna is suitable for mass production, which is criti-
cal for the commercialization of the technology [8].
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Although microstrip antennas offer a wide range of benefits,
some of the inherent disadvantages of microstrip antennas are
their relatively narrow bandwidth, moderate efficiency, surface
waves, and strong mutual coupling between closely spaced an-
tennas. The problem is further complicated in MIMO systems,
as closely spaced antennas tend to show a strong correlation
between each other, resulting in poor isolation between anten-
nas [9].

In order to overcome the limitations, various enhancement
techniques have been suggested in the literature. Radiator ge-
ometries [10], slots [11], parasitic elements [12], and fractals
are some of the commonly used techniques for enhancing the
bandwidth by controlling the surface current distribution [13].
Another powerful method for enhancing the bandwidth and ef-
ficiency without increasing the antenna size is the use of de-
fected ground structures, which can effectively control the sur-
face waves and provide an extended current path [14].

In compact MIMO systems, the reduction of mutual coupling
between the antenna elements is a major challenge [15]. Con-
ventional techniques to mitigate this problem involve the use of
neutralization lines, electromagnetic bandgap structures, meta-
surfaces, and decoupling elements. Although these techniques
are effective, they add complexity to the design process and the
cost of the final structure. A simple technique to minimize the
problem of mutual coupling involves the use of polarization di-
versity. In this technique, the elements of the antenna are placed
at right angles to each other. As a result, the electromagnetic
fields become orthogonal to each other [16].

In view of the stringent performance requirements of sub-
6 GHz 5G communication systems and the inherent difficul-
ties of compact microstrip MIMO integration, in this work, a
compact and efficient 2 x 2 microstrip MIMO antenna design,
fabrication, and experimental validation are presented. In the
proposed design, a planar microstrip monopole antenna, a de-
fected partial ground structure, and an orthogonal arrangement
are integrated to improve the impedance matching, efficiency,
isolation, and diversity performance without increasing the de-
sign complexity of the microstrip MIMO antenna.

An important contribution of the research is the realization
of effective mutual coupling reduction through the applica-
tion of geometric orthogonality instead of the need for decou-
pling networks, parasitic elements, metasurfaces, and multi-
layer structures. This is done while maintaining simplicity
in the structure along with high electromagnetic performance
within the compact 60 x 60 mm? footprint. The antenna has
good impedance matching around 5.5 GHz, high radiation and
total efficiency, good gain performance, low envelope correla-
tion coefficient (FCC < 0.0001), and high diversity gain close
to the theoretical limit. As part of the extended sub-6 GHz 5G
applications, the intended 5.5 GHz frequency is located inside
the officially defined 5G NR-U (Band n46) spectrum (5150—
5925 MHz) [17].

The proposed MIMO system comprises four identical pla-
nar radiating structures connected to a 50-(2 coaxial cable for
balanced power distribution. Analytical dimension estimation,
full-wave optimization, and fabrication are followed by thor-
ough experimental validation. The performance of the pro-
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posed MIMO system is evaluated by analyzing the reflection
coefficient, mutual coupling, efficiency, peak gain, radiation
characteristics, Total Active Reflection Coefficient (TARC), di-
versity gain, and ECC to ascertain the reliability of the proposed
MIMO system.

The entire paper, therefore, proves that it is possible to
achieve high levels of isolation, diversity, and radiation effi-
ciency in a compact microstrip MIMO antenna design with-
out adding complexity to its structure, making the proposed
antenna a viable and affordable option for current and future
5G wireless communication devices operating in the sub-6 GHz
frequency band.

2. LITERATURE SURVEY

In recent years, substantial research activities have been fo-
cused on designing compact and high-performance MIMO an-
tenna systems for 5G wireless communication systems operat-
ing below 6 GHz. Various techniques, including the optimiza-
tion of radiator geometry, defected ground structures, polariza-
tion diversity techniques, metasurface technology, and dielec-
tric resonator techniques, have been investigated by researchers
to overcome the limitations of bandwidth, cross-talk issues, and
low radiation efficiency associated with compact microstrip an-
tennas used for MIMO systems. Various research works have
been reported in the literature on this topic, some of which are
discussed in this section.

In [18], Saeidi et al. propose a miniaturized dual-band
MIMO antenna based on spiral-button radiator structures for
sub-6 GHz 5G networks. A full ground plane is employed
for reducing the effects of the body and Specific Absorption
Rate (SAR). The proposed antenna ensures reliable dual-band
operation, good impedance matching, and stable operation
under body loading conditions.

In[19], Upadhyaya et al. proposed an aperture-fed quad-port
dielectric resonator antenna MIMO system for sub-6 GHz 5G
and WLAN applications. The proposed MIMO system uses a
dielectric resonator antenna that provides a wide bandwidth and
efficiency, as well as a strong inter-element isolation through
aperture coupling. The proposed MIMO system shows a high
efficiency rate as well as a stable radiation pattern within the
operating range.

In [20], Ez-Zaki et al. proposed a MIMO antenna based on
a Koch fractal structure along with the design of a double-
negative metamaterial structure for sub-6 GHz vehicular com-
munication. The metamaterial is designed to reduce the mutual
coupling effect and surface waves. The results are validated
through simulation and measurement.

Following that, in [21], Morsy proposes a compact eight-
element MIMO antenna array for sub-6 GHz mobile terminals.
The antenna array and feeding mechanism have been optimized
to integrate a large number of elements in a small form factor.
The results have been satisfactory, and the MIMO smartphone
supports high-order MIMO system.

Furthermore, in [22], Hasan et al. examine a wideband sub-
6 GHz MIMO antenna design enabled by a metasurface super-
strate. The metasurface is introduced to improve the isolation
and gain of the antenna. A significant improvement in isola-
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tion and gain is achieved in a compact planar form. In another
work in [23], Mao et al. propose a dual-polarized reconfigurable
MIMO antenna using characteristic mode analysis. In this an-
tenna, modal control and reconfigurable components are em-
ployed to attain efficient decoupling and polarization diversity.
The antenna has low decoupling, is reconfigurable, and has sta-
ble radiation characteristics.

Following that in [24], He and Jin propose a compact mi-
crostrip MIMO antenna for sub-6 GHz 5G devices by consid-
ering radiator shaping and partial ground techniques. The pro-
posed antenna has wide bandwidth, high isolation, and moder-
ate gain.

Finally, in [25], Abdulkawi et al. propose a compact dual-
band MIMO antenna for 5G and V2X communication devices.
The proposed antenna design incorporates radiator shaping and
ground plane techniques. The proposed antenna has good
impedance matching, low coupling, and stable radiation char-
acteristics.

3. PROPOSED SINGLE ANTENNA DESIGN AND OPTI-
MIZATION

In this section, the design methodology and optimization pro-
cess for the proposed microstrip MIMO antenna for sub-6 GHz
frequency band will be explained. The antenna configura-
tion, geometry, and material properties will be described, and
then the design evolution and optimization process for the an-
tenna will be explained. The design evolution and optimiza-
tion process for the antenna will be explained, with a focus on
impedance matching, radiation efficiency, and reduction of mu-
tual coupling, which are essential for a compact MIMO antenna
for 5G technology in the sub-6 GHz frequency band.

3.1. Planar Microstrip Monopole Antenna (PMMA) Design

The proposed PMMA is inspired by a planar microstrip
monopole structure on a dielectric substrate with a partial
ground plane or defected ground structure, as indicated by the
general structure of this antenna type presented in Figure 1.
Planar monopole antennas are popularly used within sub-
6 GHz wireless networks because of their small form factor,
simple geometry, wide bandwidth operation, and suitability
for printed circuit board technology. The proposed antenna is
quite different from a microstrip patch antenna because it does
not require a full ground plane to operate effectively; rather,
it utilizes a partial ground plane to enable the operation of
the radiating element as a quarter-wavelength resonator. The
operation of this antenna is beneficial because it increases the
fringing fields on the edges of the radiating element, which is
a vital requirement of a compact sub-6 GHz antenna.

The antenna is designed on an FR4 substrate with a relative
permittivity of (¢,.), thickness of the substrate (), and loss tan-
gent (tan d). The selection of the substrate is a trade-off among
cost, mechanical stability, and performance at sub-6 GHz fre-
quencies. The metal layer is made of copper of thickness ¢,
which is much smaller than the wavelength and hence does not
affect the resonant properties of the structure. The effective
dielectric constant of the structure is less than the substrate’s
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FR4 substrate

Ground Plane

FIGURE 1. General configuration of a planar microstrip monopole an-
tenna.

dielectric constant as a result of the fringing fields associated
with the planar structure and partial ground plane. It can be
approximated as given by the following equation [26]:

1

h -2
1+12—
<+ Wf>

where Wy refers to the width of the microstrip feeding line.
This parameter plays a key role in determining the guided wave-
length and the resonant frequency of the antenna. The parame-
ter h refers to the height (thickness) of the antenna substrate.

For the case of the planar monopole antenna, the fundamen-
tal resonance occurs when the effective electrical length of the
radiator is approximately one quarter of the guided wavelength.
The guided wavelength ), is given by means of the following
equation:

ert+1
geﬁf: 2
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where the parameter c is the speed of light in free space con-
stant, and f,. is the desired resonant frequency.

Accordingly, due to the presence of the fringing effect con-
cept in the microstrip antennas, the effective monopole length
L can be approximated as in the following equation:

@)

3)

In the proposed antenna design, the effective length is formed
by the combination of the main radiator length and the ex-
tended current paths introduced by comb-shaped strips. These
extensions increase the electrical length without significantly
increasing the physical size, enabling compact operation at
the target sub-6 GHz frequency. In order to ensure the proper
impedance matching between the antenna and excitation
source, a 50-2 microstrip feeding line is employed in this
work. The width of the feed line W can be mathematically
calculated by using the standard microstrip transmission line
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TABLE 1. Preliminary antenna dimensions derived using MATLAB-based analytical calculations.
Parameter W L h Wp L, Wy Ly Wy Ly
Antenna Antenna Antenna Radiating Radiating Ground Ground Feed Feed
Description Substrate Substrate Substrate Patch Patch Plane Plane Line Line
Width Length Height Width Length Width Length Width Length
Valu 25 mm 21 mm 1.6 mm 15.2mm 11.3mm 25 mm 6.4 mm 3.0mm 6.4mm
; ; f - Wy .
theory, as in the following equation: For =+ < 2: B ]
60 (8h W —
Zy=——In|—+-L). (4) ~—
\/Eeff Wf 4h i
For % > 2:
1207
Zy = (5)

v (52 +1.393 + 0667 (Y2 +1.444) )

The partial ground plane is very significant for the
impedance bandwidth and radiation performance of the pla-
nar monopole antenna. The truncation of the ground plane
improves the current distribution and fringing fields, which
enhance impedance matching and bandwidth performance.
The length of the ground plane L, is normally selected to
be a fraction of the guided wavelength and is related by the
following equation [27]:

Ly~ (0.2 ~0.3) ), (6)

It is necessary to mention that optimizing L, directly affects the
return loss and radiation efficiency of the antenna.

After implementing the design by employing the previously
mentioned Equations (1)—(6) with a MATLAB-based compu-
tational code developed for antenna dimension calculations,
the antenna design process is initiated by specifying the fun-
damental design parameters. These parameters include tar-
geted resonant frequency (i.e., f, = 6 GHz), relative permit-
tivity corresponding to the FR4 substrate, substrate thickness
h = 1.6 mm, copper metallization thickness of 0.035 mm, and
input impedance R;,, = 50. These initial values serve as the ba-
sis for the determining the physical dimensions of the proposed
antenna and for guiding subsequent optimization steps.

Subsequently, after determining the dimensions of the
antenna by implementing the MATLAB code, the next step
in the design process involves creating a three-dimensional
model of the antenna using Computer Simulation Technology
(CST) software. The electromagnetic analysis of the antenna
is performed by implementing the Finite Integration Technique
(FIT), which allows for the accurate analysis of complex
planar structures of the antenna. The geometric parameters
determined by the MATLAB code are presented in Table 1.

After this step, the antenna structure is created according to
the dimensions determined by the MATLAB code, as shown in
Figure 2.
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FIGURE 2. Simulated single monopole microstrip antenna in CST soft-
ware.

3.2. Optimized PMMA Design

In this section, the optimization of the suggested planar mi-
crostrip monopole antenna design will be discussed in detail,
considering a systematic parametric analysis approach. In this
context, a parameter sweep approach, i.e., changing the param-
eters, is considered to examine the effects of significant ge-
ometrical parameters on the impedance matching, frequency
band, and radiation characteristics of the planar microstrip
monopole antenna design. In this context, stub elements are
incorporated and appropriately varied to improve the current
distribution, impedance matching, and electrical length of the
planar microstrip monopole antenna design, thereby achieving
the required sub-6 GHz frequency band characteristics.

Once the preliminary design phase was completed, the an-
tenna’s size was further refined through an iterative trial and
error optimization process, which led to the desired impedance
matching and radiation performance. The geometrical param-
eters were varied accordingly until the desired resonance and
bandwidth characteristics were achieved.

The optimization process of the antenna began by adding two
short stubs along the top edge of the radiating patch. The num-
ber of stubs was further increased from two to three and later
to seven, all in an attempt to enhance the impedance match-
ing properties of the antenna. All the stages leading up to the
seven-stub version are shown in Figure 3.

The incorporation of these stubs has significant benefits in
the electromagnetic design. The incorporation of the stub ele-
ments results in an increase in the effective electrical length of
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FIGURE 3. Design evolution steps of the proposed antenna enhancement. (a) Optimized PMMA. (b) Optimized PMMA with 2 stubs. (c¢) Optimized

PMMA with 3 stubs. (d) Optimized PMMA with 7 stubs.

the radiator. This is done without an increase in the physical
size of the antenna. It ensures the tuning of the resonant fre-
quency while ensuring that the antenna is compact. The stub
elements also have the effect of modifying the surface currents.
The stub elements introduce multiple current paths along the ra-
diating edge of the antenna. This ensures the excitation of mul-
tiple resonant modes. The coupling and interactions of these
modes improve the bandwidth and the stability of the resonant
modes. The distributed nature of the stub elements ensures
smoother current flow. This results in improved impedance
matching and reduced reflection loss.

After the evaluation of the seven-stub configuration, the
number of stubs is increased to eleven. This increase in the
number of stubs results in optimal performance. The optimized
PMMA geometry with the increased number of stubs is pro-
vided in Figure 4.
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FIGURE 4. Proposed PMMA.

From the analysis of the reflection coefficient of the different
configurations, it is evident that the increase in the number of
stubs results in deeper resonance. Among the different configu-
rations, the eleven-stub configuration has the lowest return loss.
The optimized geometric parameters are provided in Table 2.

3.3. Optimized PMMA Fabrication

After the completion of the electromagnetic simulation and op-
timization process for the designed planar microstrip monopole

121

TABLE 2. Dimension illustration for the proposed PMMA.

Parameter | Size (mm) | Parameter | Size (mm)
W 24 Ly 6
L 35 Wy 223
hs 1.6 Ly 10
Wp 11.6 Wp, 0.4
L, 9.8 Ly, 9.
Wy 24 Gy, 0.72
Ly 6 We, 5.37

antenna, the fabrication process for the optimized antenna was
initiated. The final layout for the antenna was exported in the
Gerber file format for the fabrication of the printed circuit board
(PCB) for the antenna. The substrate used for the fabrication of
the antenna was an FR-4 substrate with a thickness of 1.6 mm
and a relative permittivity of 4.4, as chosen for the simulation
model.

After the fabrication process, experimental validation was
carried out in order to verify the results obtained through sim-
ulation. The antenna design was tested under a controlled en-
vironment by employing RF measurement equipment. The an-
tenna design was tested inside an anechoic chamber, which is
necessary for the accurate measurement of the antenn’s radia-
tion characteristics. The anechoic chamber is useful for min-
imizing the effects of external reflections. The reflection co-
efficient (511) was obtained by employing a calibrated vector
network analyser (VNA). The antenna design and measurement
setup are shown in Figure 5. The results obtained through the
experiment were compared with those obtained through simu-
lation in order to verify the accuracy of the antenna design.

3.4. Results and Analysis for the Proposed Single PMM

In this section, the simulated and measured results for the pro-
posed design of the single planar microstrip monopole antenna
(PMMA) are presented and discussed. For this antenna design,
the antenna performance is analyzed in terms of reflection coef-
ficient (S11), gain, and radiation pattern to assess its applicabil-
ity for sub-6 GHz frequency bands. Special emphasis is given
to compare the results for the configurations without stubs and
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TABLE 3. Summary of S1; performance for PMMA stub configurations.
Main R t
Configuration ain Resonan Su (dB) Bandwidth Matching Quality
Frequency (GHz)

2 Stubs ~ 6.0GHz ~ —15 Narrow Moderate

3 Stubs ~ 6.0 GHz ~ —17 Slightly improved Good

7 Stubs ~ 6.0GHz ~ —19 Improved Very Good

Optimized
. P 1.m1ze . ~ 5.7-6.0 GH ~—11 Wide and stable Acceptable but shallow resonance
(Final Dimensions)
Proposed (11 Stubs) ~ 6.0 GHz ~ —20 | Widest and most stable Excellent (Best Performance)

Proposed
PMMA

FIGURE 5. Photograph of the fabricated PMMA inside the anechoic
chamber.

with eleven stubs to clearly show the effect of stubs on the an-
tenna’s electromagnetic characteristics. By studying these two
configurations, the improvement in antenna matching and ra-
diation characteristics using the optimization process can be
easily identified. The comparison between simulated and mea-
sured results also validates the antenna design obtained from
the optimization process.

3.4.1. PMMA Return Loss Results

The antenna return loss (S11) is one of the fundamental param-
eters that are used to measure the amount of power reflected
back from the antenna input port to the source of the power due
to the impedance mismatch between the feed line and radiating
element. The return loss is given in decibels (dB), and lower
values indicate better impedance matching and efficient power
transfer to free space. From Figure 6, the reflection coefficient
for the PMMA stub configurations improves with the addition
of stubs.

The reference PMMA configurations with 2 and 3 stubs
presents moderate resonance characteristics with S7; values
around —13dB at 3 GHz frequency and a deeper resonance
around 6 GHz with values between —15 dB and —17 dB. When
the number of stubs is increased to 7, the resonance becomes
sharper and deeper, showing better impedance matching char-
acteristics. The proposed optimized design with 11 stubs shows
the best results in terms of impedance matching characteris-
tics with the lowest return loss around —20dB at 6 GHz fre-
quency, confirming better resonance and energy radiation char-
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S Return Loss for PMMA Stub Configurations

Reflection Coefficient (dB)

= = = Optimized (Final Dimensions)
sasesnen 2 Stubs.

5 Stubs
- = = 7SMbs

20

Proposed 11 Stubs}

-25
2 3 4 5 3 7 8 9 10

Frequency (GHz)

FIGURE 6. Simulated S11 for different stub configurations.

acteristics. Furthermore, the optimized (final dimensions) de-
sign shows better impedance characteristics over a wide fre-
quency band with values lower than —10 dB. A numerical sum-
mary of the results is given in Table 3.

This is due to the stub loading technique that improves the ef-
fective electrical length and surface currents on the patch to im-
prove the energy radiation characteristics and resonance within
the sub-6 GHz frequency band. Furthermore, the results show
that the stub loading technique improves impedance matching
characteristics using the geometrical optimization process for
5G sub-6 GHz frequency bands.

3.4.2. Antenna Efficiency

Antenna efficiency refers to the ability of the antenna structure
to convert the power supplied to the antenna into electromag-
netic waves effectively. It is usually determined by the radi-
ation efficiency, which accounts for conductor and dielectric
losses, and the total efficiency, which accounts for mismatch
losses at the input port of the antenna structure. For a com-
pact antenna designed for sub-6 GHz 5G communication, high
efficiency over the frequency band of operation is critical for
reliable communication and minimal power dissipation.

The simulated efficiency performance of the designed an-
tenna is depicted in Figure 7. Note that the results were obtained
using a full-wave electromagnetic simulator. This is because it
is not easy to experimentally measure the radiation efficiency in
the testing center due to different practical limitations. From the
results depicted in Figure 7, it is evident that the radiation effi-
ciency is above 0.8 over a wide frequency band. This indicates
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FIGURE 7. Efficiency of a proposed PMMA.

that the dielectric and ohmic losses are well controlled. Sim-
ilarly, the total efficiency also behaves in a comparable man-
ner and is above 0.7 over the major operating frequency band
around the target frequency. This indicates that the impedance
matching is effective and that the power transfer from the feed
network to free space is efficient. Even though the total ef-
ficiency slightly drops at higher frequency values, the results
show that the efficiency values over the intended 5G frequency
band are stable and sufficient. This indicates that the optimized
geometry and partial ground structure have been successful in
maintaining high radiation efficiency while keeping the antenna
compact in size.

3.5. PMMA MIMO Design

Once the design and validation of the suggested single PMMA
were completed, the design of the 2 x 2 MIMO arrangement
was carried out using the same optimized radiating element but
this time placed on an FR4 substrate of a thickness of 1.6 mm
with the same properties. Although the single element showed
excellent performance in terms of impedance matching and ra-
diation efficiency, there are additional electromagnetic issues
that need to be considered when several radiating elements are
integrated into a small area. In MIMO configurations, where
several radiating elements are placed in a small area, coupling
effects between adjacent radiating elements are of great impor-
tance. Surface-wave propagation and coupling effects between
ports are also important issues. As a result, the impedance
bandwidth and efficiency of the single PMMA need to be main-
tained in the multi-element MIMO arrangement to support re-
liable sub-6 GHz 5G operations.

In order to overcome these issues without adding complexity
to the structure, the proposed design makes use of an orthogonal
placement technique. As depicted in Figure 8(a), four identical
PMMA components are placed symmetrically on a substrate
of size 60 x 60 mm?, with adjacent components oriented by
90° with respect to one another. This ensures that the radiated
electric fields of adjacent components are perpendicular to one
another, thus providing polarization diversity and minimizing
coupling effects. As depicted in Figure 8(b), the backside of the
structure provides the ground plane and the feeding mechanism
for balanced current distribution.
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FIGURE 8. Simulated 2 x 2 MIMO design. (a) Front view. (b) Back
view.

The fabricated prototype of the proposed 2 x 2 MIMO an-
tenna design is shown in Figure 9. Both the front and rear
views of the figure verify the compact integration of the pro-
posed four radiating elements and their corresponding SMA
connector types. The physical implementation of the proposed
design resembles the simulated model. The single-element
PMMA, which formed the basic building block of the proposed
MIMO structure, was previously optimized using an iterative
parametric analysis method. The final optimized element had
a reflection coefficient of S1; ~ —21.84dB at a frequency
of 5.69 GHz, with an impedance bandwidth of 4.78 GHz to
6.98 GHz for S;; < —10dB. The optimization of the single-
element structure was followed by simulation and experimental
validation, after which the design was copied and configured
to form the proposed four-port MIMO structure in an orthog-
onal configuration, thereby creating the proposed MIMO an-
tenna design that is compact in size, stable in performance, and
suitable for use in sub-6 GHz 5G wireless applications.

In order to validate the overall performance for the proposed
fabricated PMMA MIMO antenna structure, the antenna was
measured experimentally inside an anechoic chamber in the
testing center, as exhibited in Figure 10. The measurement re-
sults are presented below, validating the accuracy of the design
and fabrication process. The analysis of the measured and sim-
ulated results is presented in the following section, and they
have a good agreement.

3.6. Results and Analysis for the Proposed MIMO PMM

In order to test the efficacy of the proposed orthogonal place-
ment method, a comparative analysis was performed using two
traditional 2 x 2 MIMO systems, namely Mirrored (Type 1) con-
figuration and Front-to-Front (Type 2) configuration. The com-
parison criterion used was the reflection coefficient, S71, which
determines the impedance matching characteristics of each an-
tenna port to its respective feed line. For the efficient operation
of the antennas, a reflection coefficient of less than —10 dB is
necessary to ensure that more than 90% of the power is trans-
ferred to the antenna and not reflected to the source [20].

The simulated results presented in Figure 11 clearly show
that the orthogonal configuration has better performance than
the other two conventional configurations. Although all three
configurations have satisfied the —10dB matching criterion
within the 34.-6.8 GHz frequency band, the proposed antenna
has a much deeper resonance at the centre frequency of 5.5 GHz
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FIGURE 9.

FIGURE 10. Photograph of the fabricated PMMA MIMO structure in-
side an anechoic chamber.

with an S1; value of around —49 dB. On the other hand, Mir-
rored (Type 1) and Front-to-Front (Type 2) configurations have
shallow resonance at the same frequency with values around
—19.75dB and —19.56 dB, respectively.

This better performance of the proposed configuration may
be mainly explained by the fact that the proposed configura-
tion exhibits better decoupling between the elements due to the
orthogonal orientation of the elements, which reduces the di-
rect coupling between the elements by having the electric field
polarization at right angles. It reduces the direct interaction be-
tween the elements and consequently increases the depth of res-
onance. In Type 1 and Type 2 configurations, the parallel orien-
tation of the elements increases the direct interaction between
the elements.

Hence, based on the above findings in Figure 11, the pro-
posed orthogonal 2 x 2 MIMO structure is identified to offer
the best impedance matching performance due to the lower re-
flection coefficient and better coupling suppression.

The simulated S-parameter results, as shown in Figure 12,
reveal a strong level of symmetry in the structure, as well as
good electromagnetic balance among the four radiating ele-
ments. In fact, the reflection coefficients S11, Sos, S33, and Syy
display almost identical values over the entire frequency band,
reflecting the uniformity of the impedance characteristics at all
ports. In particular, at the center frequency of 5.5 GHz, there
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FIGURE 11. Simulated S11 comparison of the proposed PMMA MIMO
configurations.
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FIGURE 12. Simulated S-parameters of proposed PMMA MIMO con-
figurations.

is a deep level of resonance for all ports, reaching a level of
almost —49.5 dB.

Thus, the strong overlap of return loss curves confirms that
the antenna elements have been properly designed and sym-
metrically positioned, ensuring uniform excitation conditions
for all ports. This uniform behaviour of the antenna elements
is very critical for MIMO systems, since nonuniform condi-
tions between elements may increase correlation, thereby com-
promising diversity and radiation efficiency. In addition, the
coupling parameters between ports, such as Syo, S13, and S14,
have been well controlled, suggesting reduced interaction be-
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FIGURE 13. Measured mutual coupling parameters of the proposed
PMMA MIMO configuration.

tween ports for the highlighted sub-6 GHz operating band. The
results obtained in the previous section have demonstrated the
proposed 2 x 2 MIMO antenna configuration to have good and
consistent impedance conditions, symmetry between ports, and
reliable multi-port operation, thereby qualifying the antenna for
sub-6 GHz 5G network operation.

The results obtained from the measurement of the designed
2 x 2 MIMO antenna in terms of S-parameters are depicted
in Figure 13. From the measurement results, it is confirmed
that the antenna has good impedance matching and isolation
over the targeted sub-6 GHz frequency band. From the results
obtained in this project, it is clear that the reflection coefficients
(S11 and Sa2) have good resonance near the centre frequency
of 5.5 GHz. Even though there are some minor differences in
the resonance frequency and magnitude, these differences are
considered within the tolerance limits.

The discrepancies that are observed between the simula-
tion and measurement results can be explained by the fact that
there are certain factors associated with the fabrication process.
These factors include the permittivity of the substrate, the slight
variations in the thickness of the copper, and the slight imper-
fections that are associated with the soldering process. These
factors can cause slight changes to the effective length of the an-
tenna. In addition, the SMA connectors, feed lines, and losses
that are associated with the connectors can cause slight mis-
matches between the ports. The measurement conditions can
also cause the observed discrepancies. This is because the coax-
ial cables that are placed near the antenna can cause reflections.

With respect to isolation performance, the mutual coupling
parameters (Sa1, S34, Sa3, etc.) are found to be below —15 dB
for the indicated operating region, which is considered satisfac-
tory for a compact MIMO structure. At some frequency points,
the isolation level is found to be above —50 dB, which indi-
cates the presence of extremely low levels of coupling between
the concerned port pairs. Though the isolation curves do not
resemble each other perfectly, as expected under ideal simula-
tion conditions, they do show a fair degree of symmetry with
respect to the corresponding ports.

From the measured results, it has been observed that the data
correlates well with the simulated data, and the robustness of
the orthogonal configuration has also been validated, ensuring
the antenna’s functionality for a stable multi-port, sufficient iso-

Total Efficiency
Kousioiy3 uonelpel

Frequency (GHz)

FIGURE 14. Simulated radiation and total efficiency of the proposed

PMMA MIMO configuration.
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lation, and impedance characteristics for sub-6 GHz 5G MIMO
technology.

The performance of the suggested 2 x 2 MIMO antenna struc-
ture in terms of efficiency is presented in Figure 14. Both the
radiation efficiency and the total efficiency were considered for
the evaluation. It is clearly shown that the fundamental radia-
tion ability of the antenna is not influenced by the presence of
the other elements. The radiation efficiency is still at a high
level over the frequency band. This confirms the fact that the
excessive coupling is properly mitigated by the structure, which
maintains the fundamental radiation properties of the single el-
ement.

A small reduction in total efficiency is noted in the range
of 3.33-3.54 GHz, in which the efficiency decreases slightly
below 0.7. This reduction in efficiency is normally expected
in compact MIMO systems. In this case, the elements in the
antenna are closely spaced, and this results in some losses. As
a result, some of the input power accepted by the antenna may
not be radiated. This results in a small reduction in efficiency.

In spite of this small change, the antenna still exhibits a total
efficiency of greater than 0.8 in the main operating band cen-
tered at the target sub-6 GHz frequency. This level of efficiency
can be classified as very good for a compact multi-port MIMO
antenna. Moreover, the total efficiency of the MIMO antenna
configuration remains similar to the efficiency of the single-
element antenna. This ensures that the radiation stability of the
structure remains intact with minimal losses due to interaction
between the antenna elements. In this way, the results verify
the efficiency of the proposed antenna configuration for multi-
element operation with minimal loss in efficiency.

The gain performance of the proposed 2 x 2 MIMO antenna
is shown in Figure 15, in which the simulated and measured
maximum gain values are plotted over the operating frequency
range. It is observed that, at the centre frequency of 5.5 GHz,
the simulated peak gain value is nearly 4.73 dBi, while the mea-
sured gain value is 4.70 dBi. The negligible difference between
the two results indicates a good correlation between the simu-
lated and experimental results, which validates the accuracy of
the electromagnetic model and fabrication process.

Within the highlighted sub-6 GHz operating band, the an-
tenna exhibits a gain level higher than 4 dBi. This can be
considered appropriate for modern 5G wireless communication
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FIGURE 15. Simulated and measured maximum gains of the proposed
PMMA MIMO configuration.

systems [28]. The steady-state gain characteristic over the op-
erating band signifies appropriate radiation efficiency and cur-
rent distribution across the MIMO elements. Some fluctuations
between the simulated and measured curves for other frequen-
cies can be attributed to various implementation factors. The
similarity between the simulated and measured curves for the
antenna’s gain characteristic signifies the robustness of the pro-
posed orthogonal 2 x 2 MIMO concept. The gain level achieved
by the proposed antenna signifies its suitability for sub-6 GHz
5G wireless communication systems.

Total Active Reflection Coefficient (TARC) is a key param-
eter for the performance evaluation of multi-port MIMO anten-
nas. It is unlike other conventional reflection coefficients, such
as S11 or Soo, which only evaluate the performance of each port
individually under the condition of single-port excitation [29].
TARC considers the simultaneous excitation of multi-ports and
also includes the effects of mutual coupling, active impedance
variation, and phase considerations of the input signals.

One of the major benefits of using TARC is that it measures
the total reflected power by exciting all ports simultaneously,
rather than individually. This means that it is a complete mea-
sure of active matching performance, coupling suppression ef-
ficiency, and stability of a MIMO system. In a mathematical
sense, TARC can be expressed mathematically as follows [30]:

S [bi]?

TARC = ~
Zi:l |ai|?

(M

where a; and b; represent the incident and reflected wave am-
plitudes at the ith port, respectively, and N denotes the total
number of antenna ports.

For a two-port antenna system with equal excitation applied
to both the ports, the expression is simplified to

(012 + [b2|?

TARC =
V2

®)

This definition clearly shows how the TARC metric sums the
total amount of combined reflected power from all the excited
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FIGURE 16. TARC of the proposed PMMA MIMO configuration.

ports, making it a more suitable metric for assessing the ac-
tive performance of MIMO antennas as opposed to traditional
single-port reflection metrics.

The TARC response of the proposed antenna is depicted in
Figure 16, where the active multi-port performance of the 2 x 2
MIMO antenna is assessed over the frequency band of opera-
tion. As shown, a deep minimum is observed around the centre
frequency of about 5.5 GHz, where the TARC response is al-
most —42 dB. This shows that the active impedance matching
is excellent, implying that most of the impinging waves are ra-
diated with minimal reflection.

In the primary operating range, which lies between 3 and
6 GHz, the TARC remains below —10 dB. This ensures the ef-
ficient operation of the multi-port antenna in the desired range
of frequencies. The values of TARC in this range show that the
mutual coupling between the antenna ports and the phase inter-
action has been properly controlled to ensure the maintenance
of active matching conditions.

At the extreme frequencies, particularly around 2 GHz and
beyond 8 GHz, the TARC increases to around —5 dB. This indi-
cates the reduced efficiency of the antenna in maintaining active
matching conditions beyond the desired range. This is because
of the impedance mismatch and reduced efficiency of the an-
tenna at frequencies far removed from resonance. The results in
Figure 16 show the strong efficiency of the proposed antenna in
maintaining active conditions in the desired range of frequen-
cies.

In the vicinity of the primary frequency of operation, which
is 5.5 GHz, the antenna’s active performance is excellent. At
this frequency, the TARC curve dips to a deep minimum, which
implies that a small amount of the input signal is reflected, and
a greater amount of the signal is radiated. This shows that the
antenna is efficient when all the ports are excited simultane-
ously. This is a requirement in MIMO systems. In addition,
the low value of the TARC curve at this frequency shows that
the coupling between the ports is well controlled, and the active
impedance is stable. This shows that the MIMO performance of
the antenna is stable, and the efficiency of the antenna is high.
This frequency, therefore, can be said to be the best frequency
of operation in the working band. Finally, the performance of
the antenna is reliable and efficient, and this makes the antenna
suitable for use in sub-6 GHz wireless communication systems.
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The simulated diversity performance of the proposed MIMO
antenna of 2 x 2 inside the CST environment is presented in
Figure 17, where the Envelope Correlation Coefficient (ECC)
and Diversity Gain (DG) are depicted. These parameters are of
great importance for assessing the capacity of a MIMO system
to offer independent paths and reduce the effect of multipath
fading.

Diversity Gain
aiayjeon) uonejaucy adoj@aug

5 6
Frequency (GHz)

FIGURE 17. ECC and DG of the Proposed PMMA MIMO structure.

At the centre frequency of 5.5 GHz, the ECC remains ex-
tremely low, with values below 0.0001. Such extremely low
correlation coefficient indicates that the radiation pattern of the
antenna elements is highly uncorrelated. This simply implies
that each of the ports contributes an independent signal compo-
nent. This ensures that the MIMO system can exploit the spatial
diversity to improve the link reliability and minimize the effects
of fading.

Correspondingly, the diversity gain approaches 10 dB over
the operating band, which is close to the maximum theoretical
diversity gain for a well-functioning diversity system with two
branches. This high DG clearly indicates that the antenna has
the capability to ensure the robust diversity and communication
links.

All-around, the very low ECC and high diversity gain values
prove the effectiveness of the orthogonal placement strategy in
minimizing the mutual correlation between ports. These results
prove the suitability of the proposed antenna for advanced wire-
less communication systems operating in the sub-6 GHz band.

The results from the low ECC and high diversity gain values
have further validated the efficiency and reliability for the pro-
posed MIMO system in ensuring the good diversity for the an-
tenna gain. For one, the correlation between the antenna ports
is extremely low, ensuring that the elements are not coupled
with one another. On the other hand, the diversity gain is close
to ideal, ensuring that the antenna is not prone to multipath fad-
ing. These values have further validated the reliability and effi-
ciency of the proposed MIMO system in ensuring that the sig-
nals remain consistent and that the degradation is minimal.

The simulated and measured far-field radiation patterns at
5.5 GHz are shown in Figure 18. The left column in this figure
illustrates the radiation patterns in the E-plane () = 0°), while
the right column in this figure illustrates the radiation patterns
in the H-plane () = 90°) for all four ports.
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In the E-plane, the main lobe levels at Ports 1 through 4 are
similar and fall in the range of 17—18 dB(V/m), which indicates
similar radiation levels for the antennas. The main beams’ di-
rections also lie between 160° and 180°, which shows good
structural symmetry and balanced current distribution. Small
deviations in the beamwidth and the peak directions, such as
the small deviation for Port 2 and the slightly wider pattern for
Port 3, do not pose any problems.

In the H-plane, all ports show a similar radiation pattern,
with the main-lobe levels ranging between 33 and 34 dB V/m
and beam directions around 160°. In terms of side-lobe levels,
they are well controlled, ranging from —1.5dB to —7 dB. This
shows that there is minimal radiation in the side directions. In
all ports, the patterns are identical, which shows that the exci-
tation is balanced and that there is minimal pattern distortion.
In terms of the E-plane and H-plane, they are identical, which
shows that the structure is symmetric and that the use of the
orthogonal placement technique does not affect the radiation
pattern. They are important properties that are used to obtain
MIMO performance.

Minor distortions in the radiation patterns may occur due
to measurement results because of various limitations, such as
alignment, connector, and environmental effects, in the mea-
surement setup. However, if the main beam directions of the
measurement results are close to the simulated results, and the
magnitude of the radiation patterns is within acceptable limits,
it can be concluded that the performance of the antenna is con-
sistent and reliable. In this case, it can be concluded that the
measurement results have good correlation with the simulated
ones, thereby validating that the performance of the fabricated
prototype is as expected.

Thus, a comprehensive comparison between the proposed
MIMO structure and various designs reported in the literature
is established to validate the performance improvements. Ta-
ble 4 shows the competitive advantage of the proposed struc-
ture with respect to the size and performance. It is observed that
the spacing between the radiating elements is relatively small;
however, the antenna exhibits excellent performance with re-
spect to impedance matching, isolation, and radiation proper-
ties. In conventional designs, the spacing between the radiating
elements is relatively large to ensure effective mutual coupling
reduction. However, the proposed structure is compact with
effective mutual coupling reduction by appropriately arranging
the radiating elements in an orthogonal manner.

Each of the microstrip ports for the proposed configuration
manages the interference by being arranged at right angles rel-
ative to each other, making additional components for the sepa-
ration of the signals redundant. Instead of slots, additional com-
ponents are not required, like the earlier version of the MIMO
antennas, where the unwanted signals are reduced by the way
the device is shaped. By reducing the number of components,
duplication becomes easier. Stability comes naturally if the
configuration maintains a clean and simple look. By remov-
ing the need for additional insulator components, the device
becomes easier to create. It performs well electrically, and yet
it becomes cheaper to produce. It has been proven through the
test, and the new version of the MIMO antenna maintains a
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FIGURE 18. E-plane and H-plane radiation patterns at 5.5 GHz.

compact size of 60 mm by 60 mm. It performs well by matching
the impedance and has radiation efficiency, yet the Envelope
Correlation Coefficient is very low, at less than 0.0001, and
the diversity performance is strong. These have been achieved
without making any complicated changes, nor are layered con-
figurations used, making the complexity under control while
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delivering the proper performance due to the simple configura-
tion.

Unlike many of the older models discussed in the various
studies, which often require more space and/or components to
reduce interference, this new antenna is small yet works well
and remains isolated. While some of the older models were
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TABLE 4. Comparative performance analysis of published MIMO antennas.

Ref. Year | Ports | Dimensions (mm?) | Sy (dB) | BW (GHz) | Gain (dBi) Efficiency ECC
[20] 2023 4 90 x 90 —40 5.9/0.5 N/A N/A < 0.02
[21] 2023 8 105 x 60 —27 3.2-3.55 N/A 70 0.03
[23] 2023 4 180 x 180 —-30 3.24/0.04 4.14 N/A < 0.2
[24] 2022 8 51.2 x 51.2 —-21 5.15-5.92 2.1 N/A 0.05
[31] 2021 4 60 x 70 —-30 2.38-2.42 N/A 72 0.02
[32] 2023 4 64 x 64 —25 5.8/0.45 N/A N/A < 0.04
[33] 2023 4 60 x 60 —22.45 2.4/0.064 2.63 N/A 1.12 x 1077
[34] 2024 4 80 x 80 —44.4 5.9/0.17 6.3 N/A 0.02
[35] 2024 4 43 x 40 -15 4.97/0.32 1.2 n- = 0.8 < 0.4
[36] 2020 8 136 x 68 -37 5.1-5.9 1.9 n =041 <0.1
[37] 2021 4 150 x 75 N/A 33-5.8 3.5-6 55-87 N/A
[38] 2022 4 150 x 75 —43 3.5-4.1 N/A N/A < 0.02
[39] 2021 2 160 x 70 N/A 5.6-5.67 N/A N/A <0.005
[40] 2023 4 75 x 150 N/A 3.3-3.9 3 nr > 60 < 0.001
Proposed | 2025 4 60 x 60 —49.22 4.7-6.49 4.73 n,=0.81,7=0.79 < 0.0001

effective in boosting one feature, such as signal strength or iso-
lation, they were larger, less efficient in other areas, and/or had
lower error correlation numbers. On the other hand, this new
MIMO antenna works well throughout the full range of below
6 GHz without wavering. From all directions, the findings sug-
gest that this new MIMO antenna is a winner in terms of small
size, good performance, and ease of design. This small antenna
is efficient, keeps signals separate, and works well with data
streams, making it a winner for today’s sub-6 GHz world of 5G.
What is impressive is how well everything fits together without
compromising performance. In this case, simplicity does not
mean compromise. Instead, it means that the structure works
behind the scenes to provide gains. Each piece of this design
works well. Not flashy, but gets the job done.

4. CONCLUSION

This paper has presented the design, fabrication, and experi-
mental validation of a compact 2 x 2 orthogonal microstrip
MIMO antenna for sub-6 GHz 5G applications. The proposed
antenna occupies a limited footprint of 60 x 60 mm? on an
FR4 substrate and was developed to achieve high efficiency,
strong isolation, and low inter-element correlation without in-
troducing structural complexity. The design process began
with the optimization of a planar microstrip monopole antenna
(PMMA) using a systematic stub-loading technique and a par-
tial ground structure to enhance impedance matching and ra-
diation characteristics. The optimized element was then ar-
ranged in an orthogonal configuration to exploit polarization
diversity as a natural mechanism for mutual coupling reduction.
Unlike many conventional approaches that rely on decoupling
networks, parasitic elements, metasurfaces, or multilayer struc-
tures, the proposed design achieves effective isolation through
geometric arrangement alone, maintaining simplicity and cost-
effectiveness. Both simulated and measured results demon-
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strate excellent performance. The antenna achieves a measured
reflection coefficient of approximately —49dB at 5.5 GHz,
with a wide operating bandwidth from 4.7 to 6.49 GHz. High
radiations and total efficiencies are maintained across the main
band, and the measured peak gain reaches 4.70 dBi. The di-
versity performance is particularly notable, with an extremely
low envelope correlation coefficient (ECC < 0.0001) and a
diversity gain close to 10 dB, confirming strong spatial diver-
sity and reliable multipath behaviour. Additionally, the TARC
remains below —10dB within the primary operating region,
validating stable active multi-port performance. Finally, the
proposed antenna provides a balanced combination of compact
size, high efficiency, low correlation, and structural simplicity.
The results confirm its suitability for integration into modern
sub-6 GHz 5G wireless systems and highlight the effectiveness
of orthogonal element placement as a practical and scalable so-
lution for compact MIMO antenna design.
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