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Abstract: The paper introduces a novel compact MIMO antenna specifically engineered for emerging 5G and
satellite communication applications. The antenna operates efficiently at 3.5 GHz and 15.6 GHz. Its primary
advantage lies in its dual-band capability, achieved through a uniquely designed antenna geometry that enhances
inter-element isolation and reduces return loss, all within a highly compact form factor. The proposed antenna
features a miniaturized structure with dimensions of 26 x 10 x 1.6 mm? (0.3% % 0.12Xe % 0.02X0), where Xo denotes
the wavelength at 3.5 GHz—marking a significant improvement over conventional models. The substrate, precisely
optimized using CST simulation tools, possesses a low loss tangent of 0.025 and a relative permittivity of 4.3. A
prototype of the antenna was fabricated and exhibits omnidirectional radiation characteristics, with peak gain values
of —2.6 dBi and 3.04 dBi. Key MIMO performance metrics—including the Envelope Correlation Coefficient (ECC),
Mean Effective Gain (MEG), and Diversity Gain (DG)—were evaluated through comprehensive simulations and
experimental measurements. A comparative analysis with existing designs highlights the proposed antenna's superior
performance and reliability.

Keywords: Multiple-input and multiple-output (MIMO), Wireless communication, 5G, Patch antenna, Multi-band.

antennas offer the benefit of delivering high
isolation and broad bandwidth, making them well-
suited for effective communication in 5G systems

1. Introduction

MIMO (Multiple-Input Multiple-Output)
antenna systems have significantly advanced in
recent years due to their ability to deliver higher
data speeds and enhanced reliability. As a result,
they have become an essential component of
modern wireless technologies, including Wi-Fi,
fifth-generation (5G), and Long-Term Evolution
(LTE). MIMO antennas enable high-speed
communication by increasing the capacity and
efficiency of radio networks through multiple
transmitting and receiving elements [1, 2]. MIMO
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[3]. MIMO technology was initially explored as a
broadcasting technique in 1993. Over the years, this
innovative approach has been adopted across
various fields [4]. MIMO enhances detection
accuracy and reduces interference in radar and
imaging systems, enabling more precise target
identification. Similarly, in satellite communication
systems, it improves signal reliability and increases
data transfer rates.

The accelerated advancement of wireless
communication technologies has generated an
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extraordinary demand for  high-performance
antennas, particularly for 5G networks and future
generations. The need for compact, efficient, and
scalable antennas has become increasingly critical as
mobile devices play an ever more integral role in
daily life [5, 6]. Most modern smartphones now
support 5G networks, offering enhanced bandwidth,
reduced latency, and faster speeds to enable
seamless voice calls and mobile data services,
effectively meeting the demands of everyday
communication [7]. MIMO systems use multiband
antennas to reduce the need for multiple antennas
while ensuring comprehensive coverage across a
wide range of wireless applications. Furthermore,
depending on their bandwidth properties, MIMO
antennas can be classified as either wideband or
multiband [8].

With the growing demand for high-performance
and compact communication solutions, the
significance of patch antennas in smartphone design
has increased. As mobile devices evolve to
accommodate cutting-edge technologies such as 5G,
integrating  antennas  that  deliver  superior
performance within constrained spatial dimensions
has become a critical design challenge [9].
Microstrip antennas, often integrated with printed
circuit boards (PCBs), are widely used due to their
slim and lightweight design. However, optimizing
key performance metrics—including bandwidth,
gain, and efficiency—while maintaining compact
size presents significant engineering challenges.
Patch antennas offer notable advantages, such as
their low-profile and lightweight structure, yet they
also face technical hurdles, including impedance
matching, bandwidth optimization, and radiation
efficiency. To ensure robust connectivity without
compromising a device’s aesthetics or operational
performance, manufacturers must overcome these
challenges and strike a balance between
functionality and miniaturization [10, 11]. This
paper explores recent advancements in patch
antenna technology, highlighting sophisticated
design strategies that enable seamless integration
into modern smartphones while addressing these
critical challenges.

In [12], a monopole antenna is introduced that
operates in a single band (3.5 GHz WiMAX) when
inactive. The antenna's efficiency, measured at 86%,
93.5%, and 84.4% at 2.45 GHz, 3.5 GHz, and 5.2
GHz, respectively, demonstrates its effectiveness
across these frequency ranges. Additionally, its
directivity values of 2.13 dBi, 2.77 dBi, and 3.99
dBi further validate its performance An eight-port
MIMO antenna, specifically designed for 5G
handsets, is introduced in [13]. This antenna
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achieves mutual coupling values of -20 dB in the
lower band and -22 dB in the upper band when
operating at 3.5 GHz and 5.5 GHz. The radiation
efficiency of each antenna element exceeds 68% in
the lower band and 78% in the upper band, with an
ECC below 0.11. In [14], a "3"-shaped monopole
antenna is proposed for wireless laptop applications.
This antenna resonates at 3.45 GHz and 5.5 GHz
with a VSWR of less than 2. The measured
impedance bandwidth for the lower band is 20%
(3.21-3.91 GHz), while the upper band has a
bandwidth of 15% (5.05-5.85 GHz), supporting
WLAN and 5G sub-6 GHz functionality. In
reference [15], a tri-band Vivaldi antenna with
bandwidths of 1.6 GHz, 1.2 GHz, and 1 GHz is
designed to operate at frequencies of 3.8 GHz, 5.2
GHz, and 8 GHz, respectively. A compact 40 x 15 x
0.8 mm3 planar antenna for 5G terminals is
presented in reference [16]. With a maximum Su
value of -6 dB, this antenna operates in the 700-960
MHz and 1600-5500 MHz frequency bands.
Furthermore, a flexible antenna design using a
PDMS substrate is described in reference [17] ,
achieving an impedance bandwidth of 1.225 GHz
and a reflection coefficient of -37 dB. Next, author
in [18] develops ASIM shape antenna achieves a
bandwidth from 3.0 to 6.2 GHz, with gains between
3.3 dB and 4.2 dB, enhanced by a frequency-
selective surface. In [19], author presents a
capacitive-fed antenna design supports multiple
modes, covering 790-6000 MHz, making it versatile
for various wireless standards. Antenna in [20]
combines sub-6 GHz and mmWave capabilities,
allowing for efficient use of space within
smartphones while maintaining performance across
multiple frequency bands. Lastly, researchers in [21]
discusses a single-patch antenna designed for 3.5
GHz, suitable for 5G applications and it utilizes the
DGS structure to enhance bandwidth from 105.1
MHz to 158.4 MHz.

This research presents a new compact MIMO
patch antenna with robust characteristics, including
multiband functionality, optimized radiation patterns,
and a unigue geometric configuration. The
suggested antenna is ideal for implementation into
compact electrical devices, offering remarkable
versatility for applications such as 5G, Ku-band, and
K-band technologies. The antenna offers a wide
bandwidth and operates within two critical
frequency ranges: 3.36-3.67 GHz, with a resonant
frequency at 3.5 GHz, and 15.6-20 GHz. Its
exceptional performance at 3.5 GHz and 17 GHz
makes it adaptable for various applications,
including Ku-band, K-band, and 5G networks.
Simulation results confirm the system’s efficiency,
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demonstrating strong performance in gain, radiation
patterns, and reflection coefficients across these
frequencies. To evaluate diversity performance,
ECC, DG, and MEG metrics are implemented. The
ECC wvalues remain consistently below 0.1
(determined by far-field magnitudes), while the
MEG for both terminals is less than -3 dB,
indicating suitability for multi-standard mobile and
wireless communication systems. With its compact
size and frequency flexibility, the proposed antenna
is an attractive option for various 5G and wireless
communication applications.

The paper is organized as follows. Section 2
explains the antenna design methodology, including
key parameters and substrate characteristics. Section
3 discusses the evolution of the single-antenna
configuration and provides a compactness analysis.
Section 4 presents the two-port MIMO antenna
configuration. Section 5 examines the radiation
patterns across various frequencies. Section 6
evaluates diversity performance using metrics such
as ECC, DG, and MEG. Section 7 compares the
proposed design with existing antennas, and Section
8 concludes the paper with key findings and
suggestions for future work.

2. Antenna design methodology

In this research, the antenna is designed to
operate at its most effective in the Ku and K-band
frequency ranges, as well as at 3.5 GHz, which are
essential for 5G communication systems. It also
features a rectangular patch design. To create a
super-miniaturized  multiband  antenna,  the
developed radiating patch is structured around
rectangular radiators. The antenna's feed line
consists of a linearly tapered transmission line with
low-impedance rectangular outer surfaces that
gradually transition to a specific high-impedance
level. A compact multiband antenna is built on an
FR4 laminate substrate with a thickness of 1.6 mm,
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Figure. 1: (a) Top and (b) Back views of the proposed
multiband antenna
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Table 1 Design specifications of the antenna
Variables Dimensions Variables Dimensions
(mm) (mm)
Substrate 13 Ground 4
Length, L Length, GL
Substrate 10 Ground 10
Width, W Width, GW
Patch Length, 9.5 Rectangular 2.5
PL Upper Slot, E
Patch Width, 6 Slot Length, 4.5
PW SL
Feedline 35 Slot Length, 1
Length, FL SW
Feedline 1.6 Substrate 13
Width, FW Length, L

a relative permittivity of 4.3, and a loss tangent of
0.02. The dimensional layout of the proposed design
is shown in Fig. 1 (a), while its side view is depicted
in Fig. 1 (b). A thorough examination of the
dimensional requirements for the proposed
multiband antenna is given in Table 1.

The substrate characteristics and the resonant
frequency determine the patch dimensions. The
equations presented in Eq. (1) and (2) from [22] can
be applied to determine the width and length of the
patch:

c 5 @)
W_Z_fo & +1
c 5 2

L=—
2f, |& —1

This equation defines the speed of light as C, the
operating frequency as f,, and the permittivity value
of the substrate as &,.. The width of the feedline is
primarily  determined by the characteristic
impedance of the transmission line, which is
typically set at 50 Q. The feedline width can be
calculated using the formula provided in Eq. (3)
from [22]:

2hZ, )
Fre +1

The permittivity value of the substrate is denoted
by &, . The transmission line's characteristic
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impedance is denoted by Z,. In this context, 4 refers
to the thickness of the substrate. The antenna
undergoes simulations during the design phase using
CST software to refine several parameters.

2.1 Single antenna design evolution and
compactness calculation

The primary configuration of the antenna design
that has been proposed is a rectangular patch that is
placed to a partial ground plane. We select a
rectangular patch with a width of 6 mm and a length
of 9.5 mm during the initial design phase.

By lowering the ground plane, introducing two
symmetrical rectangular slots at the center, and
positioning a horizontal slot at the top of the patch,
the standard rectangular patch is modified to operate
within the 3.5 GHz and 15-20 GHz range, which
encompasses the sub-6 GHz, Ku, and K bands. As
illustrated in Stage 1 of Fig. 2, the initial design of
the traditional rectangular patch antenna is to
resonate at 8 GHz on a FR-4 substrate.

Calculations have been performed to determine
the patch dimensions required for the antenna to
function at 8 GHz and 18 GHz in Stage 1. A
rectangular metal conductor patch, measuring 6 mm
x 9.5 mm, is positioned on a 10 mm x 13 mm FR4
substrate, shown in grey. As shown in Fig. 2, the
resonance frequency is around 7.5 GHz, and the
return loss is about 14 dB.

The four separate stages of the antenna design's
development are shown in Fig. 2. The initial design,
featuring a basic feed structure and a simple
rectangular patch, is shown in Stage 1. The
reflection coefficient curve (red line) exhibits a
significant drop below -10 dB, indicating that this
design primarily supports a single resonant
frequency at approximately 7.5 GHz. However, its
bandwidth is narrow, and it is unable to effectively
accommodate higher frequencies.

The design is modified in Stage 2 to improve
bandwidth by incorporating a lower ground structure.
A resonance at 3.5 GHz appears, while the reflection
coefficient curve (purple line) also displays an
additional weak resonance near 17 GHz. Although
high-er-frequency performance remains
underdeveloped, these improvements mark the
beginning of multi-band functionality.

Stage 3 introduces slots into the patch,
significantly improving the performance of antenna
across multiple frequencies. The return loss curve
(blue line) now demonstrates stable resonances at
3.5 GHz, 17 GHz, and 19 GHz, all with reflection
coefficients at or below -10 dB. These modifications,
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Figure. 2 Evolution of sub-6GHz, Ku and K band antenna
and their reflection coefficient curves
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Figure. 3 MIMO antenna configuration: (a) Top layout
and (b) Bottom layout

facilitated by the enhanced current distribution from
the slots, enable efficient operation across sub-6
GHz, Ku band, and K band frequencies.

Finally, in Stage 4, the design is optimized for
multi-band operation through the addition of more
slots and further structural refinements. The
reflection coefficient curve (black dashed line)
reveals resonances at 3.5 GHz, 17 GHz, 19 GHz,
and beyond, all of which show reduced reflection
losses and strong impedance matching. All the
desired resonating frequencies with excellent
impedance matching have been successfully
achieved. In addition to the 3.5 GHz range, these
frequencies include 15.6-20 GHz. The 3.5 GHz
resonant frequency also effectively covers the
required 100 MHz channel bandwidth. Due to its
noteworthy multiband achievement, the antenna is
ideal for sub-6 GHz, Ku-band, and K-band
applications.

2.2 Two port antenna

The 2 x 2 MIMO antenna structure shown is
well-suited for modern wireless applications, such
as 5G, due to its compact dimensions of 26 x 10 x
1.6 mms. It comprises two identical antenna
elements arranged in an anti-parallel configuration
to minimize signal interference and enhance
isolation. The rectangular slots are designed to
optimize performance by achieving targeted
resonance frequencies, while the yellow regions
represent the conductive material. Fig. 3 illustrates
the refined 2-element MIMO design.
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Figure. 4 Simulated and measured S11 (dB)
characteristics of the proposed antenna across the
frequency spectrum

3. Simulated and measured results of single
antenna

CST software, an electromagnetic (EM)
simulation software, was used to perform all
simulations of the proposed antenna. Fig. 4 presents
a comparison of the simulated and measured |Su|
results, with measurements conducted using a VNA.
According to the simulations results, the antenna
exhibits high resonance and a wide impedance
bandwidth (IBW) with a notable decrease in the
reflection coefficient at 3.5 GHz. However, the
measured results show a slight deviation in the
resonance frequency. Additionally, extra rejection
bands are observed at frequencies above 16 GHz,
characterized by additional peaks. Fabrication
tolerances, material characteristics, or irregularities
in the measurement equipment are probably the
causes of these differences between the simulated
and measured results.

4. Two Port MIMO
measurement results

simulation and

The fabricated prototype of a compact two-port
MIMO antenna is shown in Fig. 5. The antenna
comprises two identical radiating elements arranged
in an opposing configuration, enhancing isolation
performance. The antenna is constructed on a 1.6
mm thick FR-4 substrate and incorporates SMA
connectors to enable accurate measurement
validation. To highlight its compact dimensions, the
fabricated prototype is shown alongside a 50-sen
Malaysian coin, demonstrating its suitability for

space-constrained applications, such as smartphones.

The decoupling structure achieves a measured
isolation of at least —22 dB, with values reaching
beyond —33 dB. The proposed MIMO radiator has
physical dimensions of 0.45A1 x 0.45Al and is
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Fig. 6 Measured and simulated MIMO antenna reflection
coefficient
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Fig. 7 Measured and simulated MIMO antenna
transmission coefficient.

fabricated on an FR-4 substrate with a thickness of
1.6 mm.

The impedance matching and isolation
properties of the MIMO antenna are depicted in Figs.
6 and 7, showcasing the measured and simulated
reflection coefficients (Si1 and S22) as well as the
transmission coefficients (Sz1 and Si2). Fig. 6 depicts

a broad impedance bandwidth with distinct
resonance dips, indicating effective impedance
matching at specific frequencies. While the

simulated Si: and S2: curves exhibit a similar trend,
the measured results show minor discrepancies,
likely due to fabrication tolerances, connector
mismatches, or variations in the measurement setup.
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Despite these variations, the simulated and
measured results roughly match, showing that the
antenna maintains consistent impedance matching
over the frequency range.

Fig. 7 illustrates the mutual coupling between
antenna elements by presenting the simulated and
measured transmission coefficients (Szi and Si2).
The measured Sz exhibits fluctuations and increased
attenuation at specific frequencies, whereas the
simulated Sz remains relatively stable, suggesting
the influence of mutual coupling effects, fabrication
inaccuracies, or external interference.

Overall, the MIMO antenna design improves
overall bandwidth and enhances multi-frequency
performance compared to a single-element antenna,
while maintaining robust impedance matching at the
primary band (3.5 GHz). However, the observed
deviations in the measured results indicate that its
performance is marginally affected by fabrication
tolerances, mutual coupling, and measurement
inconsistencies.

Simulated gain and radiation efficiency curves
are shown in Fig. 8, which shows that the antenna
achieves a peak gain of 3.5 dB and an efficiency
between 6% and 70% across its operational
frequency range.
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3 3 7 9 11 13 15 17 19
Frequency (GHz)

L

— Simulation

o0
[=1

N =l
(=] (=]
L 1

Ln
[=1
1

[
(=]
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Radiation Efficiency (%)
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=

T
7 9 11 13 15 17 1%

3 5
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(b)
Figure. 8 Simulated and measured: (a) gain, (b) radiation
efficiency
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5. Radiation pattern of two port MIMO

Fig. 9 compares the simulated and measured
results at 3.5 GHz and 17 GHz to show the proposed
antenna's 2D radiation patterns. The radiation
pattern at 3.5 GHz is shown in Fig. 9 (a), which is
distinguished by a dipole-like arrangement and good
agreement between modelling and experiment. This
alignment indicates effective impedance matching
and high radiation efficiency. In contrast, Fig. 9 (b)
depicts the radiation pattern at 17 GHz, which
becomes increasingly complex as higher-order
modes are excited, leading to the formation of
additional bands. While discrepancies between
simulated and measured results are noticeable,
particularly at 17 GHz, these variations may be
attributed to measurement equipment limitations,
material inconsistencies, or fabrication tolerances.
The measured outcomes validate the antenna's
radiation performance throughout the frequency
range by typically matching the general trend of the
predicted patterns. Using the experimental
configuration depicted in Fig. 10, the radiation
pattern was measured.

Simulation

- = Measurement

@

Simulation

- = Measurement

(b)
Figure. 9 The proposed antenna's radiation pattern at: (a)
3.5 GHz and (b) 17 GHz
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Figure. 10 Antenna radiation pattern measurement setup

6. Diversity performance
MIMO

The ECC, DG, MEG, and CCL are major
diversity metrics that are used to evaluate a MIMO
antenna's performance. According to [23], a crucial
characteristic of the MIMO radiator is its low
terminal-to-terminal mutual coupling, as measured
by metrics like DG and ECC.

Fig. 11 shows the ECC for the proposed antenna
as an indicator of frequency. Optimal MIMO
performance is ensured by the simulated ECC,
which remains below 0.5 across most of the
operating band, indicating minimal signal
correlation between antenna elements. However, at
certain frequency points, the ECC exceeds 0.5,
suggesting the presence of mutual coupling effects.
The ECC can be determined using the scattering
parameters of individual MIMO elements, as
expressed by the following equation [24]:

of two port

151112 + S51552 17 4

ECC =
(1= 181112 = 1551 1D (A = 1S521* = 15121%)

Fig. 12 presents the Diversity Gain (DG) across
the relevant frequency spectrum, where simulated
DG values consistently exceed 9.9 dB, indicating
strong diversity performance. Since DG is inversely
related to ECC, variations in ECC correspond to
fluctuations in DG. According to the results, the
suggested MIMO antenna exhibits significant
diversity gain, which is essential for improving the
dependability and capability of MIMO systems by
guaranteeing efficient signal decorrelation. The
Diversity Gain (DG) value can be derived using the
formula provided in [25]:

DG = 1041 — ECC? (%)

The MEG, which measures the ratio of the
power received by the antenna to the overall average

International Journal of Intelligent Engineering and Systems, Vol.18, No.5, 2025

553

power of the isotropic radiator's reception of
horizontally and vertically polarised waves, is
depicted in Fig. 13. The results show that MEG
remains below -3 dB across the entire operating
band, within the acceptable range of -3 dB < MEG <
-12 dB. The Mean Effective Gain (MEG) for a
MIMO antenna system can be calculated using the
equation provided in [25]:

MEG = 054, = 0.5 [1 - Z;Zl(sij)] (6)
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Figure. 11 Simulated and measured ECC for proposed

antenna
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Figure. 12 Simulated and measured DG for proposed

antenna
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Fig. 13 Simulated and measured MEG for proposed
antenna
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Table 2 Comparison for various related works

Ref Operating Frequency Antenna Size Substrate Type Return Loss S11 | Gain
(GH2) (mmd) (dBi)
[12] 2.45 40 x 35 x 1.6 FR-4 -15 1.48
35 -27 3.26
5.2 -14 2.47
[13] 35 140 X 70 X 6 FR-4 -23 2.8
5.5 -28 3.2
[14] 3.45 175x 6 x 0.2 - -24 53
5.5 -17 5.25
[15] 3.8 24.8 x 40 x 0.254 Rogers 5880 -18 6.75
5.2 -21
8 -22
[16] 0.7-0.96 40 x 15 % 0.8 FR-4 -23 1.66
1.6-5.5 -30 4.72
[17] 6.2 20x 15 x 1.6 FR-4 -38 35
[18] 3.2-6.8 30 x 35 x 1.6 FR-4 -42 -
[19] 0.7-6 80 x5x45 - - -
[20] 0.68-1 6.5x 1.51x 1.2 Rogers RO4350B - -
1.68-3 -
23.3-30.8 -40
[21] 3.5 40 X 52 x 1.2 FR-4 -39 3.16
This 35 13x10x 1.6 FR-4 -19 35
work 17 -39

7. Comprehensive evaluation of recent

pioneering research

Key factors, including dimensions, frequency
bands, substrate materials, and return loss, are
evaluated in Table 2, where the authors compare the
sub-6 GHz, K, and Ku-band antenna design with
existing comparable antennas (Si1). The proposed
antenna exhibits superior radiation performance and
remarkable compactness, making it ideal for 5G
mobile devices.

8. Conclusion

This study presents a compact, multi-band
MIMO microstrip patch antenna specifically
designed for 5G applications. It demonstrates
efficient performance across the sub-6 GHz, Ku, and
K-band frequency ranges. Fabricated on an FR4
substrate, the antenna is optimized to resonate at 3.5
GHz and 17 GHz, covering the 3.3-3.6 GHz and
14.5-20 GHz bands. It exhibits excellent return loss,
with measured results closely matching simulations.
MIMO performance is validated by a balanced mean
effective gain (MEG) and a low envelope
correlation coefficient (ECC). Its effectiveness is
further supported by omnidirectional radiation and
peak gain values of —2.6 dBi and 3.04 dBi. While
this work focuses on laboratory validation and
electromagnetic simulations, we acknowledge that
real-world performance may be affected by factors
such as multipath propagation and physical
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obstructions. Future work will involve evaluating
the antenna in practical deployment scenarios and
exploring  enhancement  strategies, including
reconfigurable architectures, diversity technigues,
and optimized placement. In conclusion, the
proposed antenna offers a compact, adaptable, and
high-performance solution for modern 5G MIMO
communication systems.
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