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ARTICLE INFO ABSTRACT

Keywords: Multiple-input multiple-output (MIMO) technology has become a key enabler for 5G smartphones, significantly

Multiple-input multiple-output (MIMO) enhancing data throughput and connectivity. By incorporating multiple antennas into the compact design of

:G b modern smartphones, MIMO technology improves spectral efficiency and network capacity. This comprehensive
martphones

review examines the fundamental characteristics of MIMO antennas designed for 5G smartphones. The study
explores various mutual coupling techniques used to mitigate interference between closely spaced antennas,
thereby enhancing system performance. A comparative analysis of different MIMO antenna configurations is
presented, highlighting their respective advantages and limitations in 5G applications. Additionally, the review
includes specific absorption rate (SAR) analysis to ensure user safety by adhering to regulatory standards and
addressing health concerns associated with prolonged exposure to electromagnetic fields. Finally, the paper
outlines future directions for MIMO antenna research, emphasizing the need for innovative design strategies to

Mutual coupling
Specific absorption rate (SAR)
Isolation

accommodate the evolving landscape of wireless communication.

1. Introduction

In the past few years, mobile communication advancements have
had an important impact on economic and social progress. The emer-
gence of 5G technology is crucial for the future, offering revolutionary
and evolutionary solutions such as ultra-high data rates, minimal la-
tency, increased capacity, and enhanced quality of service. It symbolizes
the next step in technological advancement [1-3].

Antenna designs in the modern era face several challenges, such as
limited space, compatibility, support for multiple frequency bands, and
compliance with specific absorption rate (SAR) regulations [4,5].
Several parameters determine the effectiveness of MIMO antennas.
Far-field gain measures the radiation intensity in the far-field region.
Analyzing diversity gain is crucial for evaluating the signal quality en-
hancements achieved through the use of multiple antennas [6-8]. The
envelope correlation coefficient assesses the correlation between
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antenna elements. The total active reflection coefficient measures the
losses and reflections within the antenna system. The mean effective
gain determines the average directional gain [9].

The worldwide use of smartphones has experienced a significant
increase in recent years. Currently, smartphones are utilised by
approximately 4.88 billion individuals, which accounts for 60.25 % of
the global population, as reported by Bankmycell [10]. Conversely, the
global population comprising 49.40 % of the total was represented by
3.7 billion users in 2016. The Asia-Pacific region has experienced a surge
in smartphone utilization due to the widespread availability of
cost-effective service plans and affordable mobile phones. The smart-
phone adoption rate in this region was 64 % in 2019, and it is antici-
pated to reach 81 % by 2025 [11]. As a result of this upward trend,
Malaysia’s mobile market is anticipated to expand swiftly, with a po-
tential annual growth rate of roughly 5 %.

With the rapid expansion of technology user bases, there is an urgent
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Fig. 1. Distribution of research publications on 5G MIMO antennas for smartphones, as extracted from Scopus, categorized by (a) the number of publications over the

years and (b) the distribution of these documents by subject area.
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Fig. 2. SISO Antenna system [22].

need for smaller antenna systems that can support higher data rates and
wider bandwidths [12]. Multiple-Input Multiple-Output (MIMO) an-
tenna systems are increasingly recognized as a viable solution to this
challenge. These systems enable simultaneous transmission and recep-
tion of data through independent channels within the same radio spec-
trum, effectively tackling multipath propagation issues by leveraging
multiple transmit-and-receive antennas [13,14].

As the forefront of wireless communication, MIMO systems offer a
compelling solution to the data rate limitations encountered by Single-
Input Single-Output (SISO) systems [15]. By integrating multiple an-
tennas, these systems enhance system reliability, increase channel ca-
pacity, and improve signal quality and gain. However, the adoption of
MIMO antenna systems introduces complexities in design and increases
physical footprint. Achieving adequate signal independence and isola-
tion in MIMO operation requires careful spatial separation of antennas,
which poses challenges for portable devices due to space constraints and
the need for extended feedlines [16]. Although reducing the proximity
of antenna elements may address space limitations, it can also lead to
increased mutual coupling.

This review aims to address these challenges by exploring various
isolation techniques discussed in the literature. These techniques aim to
enhance efficiency, bandwidth, envelope correlation coefficient (ECC),
and gain in different antenna configurations. Implementing antenna
diversity techniques within MIMO systems has proven highly effective in
improving performance by reducing co-channel interference and miti-
gating multipath fading [17,18]. Depending on specific needs, diversity
gain is attained through various means, including spatial, polarization,
and pattern diversities.

The sustained interest in this topic is evident from its continued
prominence on the Scopus website. Fig. 1 illustrates the number of
publications on this subject over the past decade, highlighting trends
and growth patterns in research output. The graph not only shows the
overall number of publications but also breaks down the data by subject
area, offering a comprehensive view of the various disciplines contrib-
uting to this field. This detailed categorization by subject area un-
derscores the interdisciplinary nature of the research, indicating how

different academic and scientific communities are engaging with and
advancing the topic.

The aim of this review paper is to offer a comprehensive overview of
the current state of MIMO antenna design. We focus on essential topics
such as mutual coupling methods, performance comparisons, SAR
analysis, and prospects. The objective of this review is to compile cur-
rent research, address critical obstacles, and propose innovative ap-
proaches to enhance the compatibility and performance of antennas.
Our objective is to establish a valuable resource for researchers and
engineers, facilitating the development of innovative and efficient
MIMO antennas that meet the rigorous standards of next-generation 5G
networks. Ultimately, this review aims to advance 5G technology by
ensuring reliable, high-performance connectivity for future mobile
communications.

2. Categorization according to input and output ports
2.1. Fundamental of SISO

Many researchers utilize the SISO antenna in 5G applications
because it can serve as both a single-element and multi-element antenna.
The SISO antenna is easy to design and implement, making it well-suited
for integration into 5G communication devices. However, achieving
substantial gain with a single-element antenna typically necessitates a
larger size [19]. Signal degradation results in a reduction in the quality
of service in frequency bands that exceed 6 GHz, which results in
increased propagation losses. Thus, it is crucial to substitute a
single-element antenna with a multi-element antenna to ensure consis-
tent and optimal performance [20]. Despite the primary goal of a
multi-element antenna being to increase antenna gain, this enhance-
ment is achieved at the expense of increased physical dimensions and
design complexity [21]. As illustrated in Fig. 2, SISO configurations
consist of a single antenna on both the transmitter and receiver sides.

Compared to other system categories, Single Input Single Output
(SISO) systems are characterised by their simplicity, as they lack di-
versity or additional processing. Although its simplicity makes it
potentially applicable in fields such as Wi-Fi, television, and broad-
casting, its bandwidth constraints continue to be a major challenge, as
outlined by Shannon’s Laws [23]:

C=Blog,(1 + SNR)|bit / 5] @

Where C is channel capacity; B channel bandwidth; SNR signal to noise
ratio.

2.2. Fundamental of MIMO

Multipath fading, interference, and radiation losses are all potential
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Fig. 3. MIMO Antenna system [22].

factors that can affect wireless communication. These issues become
more apparent at higher frequencies [24,25]. Using MIMO antennas is
crucial for overcoming these challenges. MIMO extends transmission
range without requiring additional signal power. Consequently, 5G
networks implement MIMO configurations to enhance overall effi-
ciency, maximize throughput, and achieve low latency [26-28]. In
MIMO systems, the coordinated transmission of multiple signals is
facilitated by multiple antennas, significantly increasing channel ca-
pacity. MIMO systems utilize multiband antennas to minimize the
number of antennas, these provide coverage for a variety of wireless
applications [29]. Additionally, antennas for MIMO can be differenti-
ated by their bandwidth regions, which are classified as either wideband
or multiband. As illustrated in Fig. 3, the MIMO mode utilizes multiple
transmit antennas to transmit signals through any antenna and travel
through various paths to reach the receiving end.

Furthermore, MIMO antennas with improved isolation are a better
choice for compact devices designed to achieve higher transmission
rates [30]. Various enhancement techniques are applied across different
antenna structures to enhance overall efficiency, broaden bandwidth,
improve envelope correlation coefficient (ECC), minimize mutual
coupling between antennas, and achieve higher gain. The electromag-
netic interaction among antenna elements within MIMO systems is
referred to as mutual coupling (MC) [31,32]. In MIMO systems, the
receiving device of one antenna absorbs energy emitted by another
antenna. Therefore, minimizing mutual coupling between antenna ele-
ments is essential. The following is a mathematical expression of this
relationship [33]:

2
MC,,m:exp(f J;'""(aJrnﬂ)),m;én 2)
1
MCpp=1— NZH:MZ#MCW 3)

Here, MCy,, represents MC, and x;,, denotes the space between the mth
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and nth elements of an antenna. The parameter a controls the level of
coupling, and N denotes the total number of MIMO elements. Mutual
coupling is typically assessed using scattering parameters and decibel
measurements (dB).

The ECC is another critical parameter in MIMO systems, as it quan-
tifies the correlation between the incoming signals at the MIMO termi-
nals. The following formula can be employed to determine the ECC [33]:

n
P(€)]> =1 — “max 4
1Prn ()] notl,

In this formula, the correlation coefficient between the mth and nth ports
is denoted by Pp,(e). The combined efficiency of the radiating elements
is represented by #,,1,,, where 7, indicates the maximum efficiency. It
is recommended that the ECC value remains at or below 0.5 [33].

3. Fifth generation (5G) and mmWave revolution context

5G represents the next generation of wireless telecommunication
technology, offering faster speeds, lower latency, and greater bandwidth
compared to earlier generations such as 4G and 3G [34-36].

Key features of 5G include.

1. 10 Gbps for uplink and 20 Gbps for downlink peak data rates [34].

2. Latency reduced to as little as 1 ms in Ultra-Reliable Low Latency
Communication (URLLC) environments [34].

3. Capacity to connect more devices simultaneously by expanding the
radio spectrum resources from the sub-3 GHz range used in 4G to
100 GHz and beyond [35].

4. Smaller transmitters that can be placed unobtrusively on buildings,
trees and other objects [35].

3.1. The evolution of cellular technology towards the deployment of 5G

The first generation (1G) networks, introduced in the late 1970s,
were mainly created to facilitate voice calls and operated on analogue
technology. They employed frequency modulation (FM) for signal
transmission. These networks were vulnerable to espionage and inter-
ference. As the first digital cellular networks, the second generation (2G)
networks emerged in the early 1990s, utilizing technologies such as
TDMA and CDMA to improve the quality and capacity of voice calls.
Furthermore, short messaging service (SMS) was implemented by 2G
networks for text messaging. The introduction of third-generation (3G)
networks in the early 2000s significantly improved the speed and data
capacity of networks. These networks utilised technologies such as
HSPA and WCDMA to facilitate multimedia messaging, video confer-
encing, and mobile internet access. Fourth-generation (4G) networks
were subsequently developed in the late 2000s. They substantially
improved network speed and data capacity by utilizing LTE technology,

1980s 1990s 2000s 2010 2020s
Analog Voice Digital Voice, Mabile Broaifbend, Fuster than 3G, eMBB,URLLC,
64Kbps, SMS Peak Speed Peak speed mMTC, Peak speed
21.6 Mbps 1 Mbps 10Gbps

Fig. 4. Evolution of cellular communication generation [38].
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resulting in broader coverage, lower latency, and quicker upload and
download rates. Consequently, advanced applications like cloud
computing, online gaming, and video streaming became increasingly
prevalent. In the 2010s, fifth-generation (5G) networks were introduced
to further enhance network speeds, reduce latency, and increase data
capacity beyond what 4G networks could provide. These networks uti-
lised cutting-edge radio technologies such as massive MIMO and
mmWave. This represents the latest advancement in technology.
Moreover, 5G networks enable the development of innovative applica-
tions such as autonomous vehicles, smart cities, and virtual and
augmented reality [37].

The evolution of cellular technology from 1G to 5G is shown in Fig. 4.
Since the introduction of 1G networks in the 1980s, significant progress
has been made. Network speed, capacity, and functionality have been
enhanced with each successive iteration, facilitating the development of
mobile devices and applications that are becoming increasingly
sophisticated.

3.2. Millimeter-wave (mmWave)

5G cellular communication is significantly influenced by millimeter-
wave (mmWave) technology, which applies to mmWave channels
operating within the NR FR1 and FR2 as shown in Fig. 5. These higher-
frequency channels enable greater capacity, reduced latency, and faster
data transfer. Frequency Range 1 (FR1) encompasses sub-6 GHz fre-
quency bands, specifically ranging from 410 MHz to 7.125 MHz, and
includes many bands previously used in earlier mobile communication
standards, such as 4G LTE. The FR1 bands support a significant portion
of traditional cellular traffic and utilize both Frequency Division Duplex
(FDD) and Time Division Duplex (TDD) methods, allowing for various
configurations of uplink and downlink channels. Frequency Range 2
(FR2), which includes higher frequency bands from 24.25 GHz to 52.6
GHz, commonly referred to as mmWave frequencies, provides very high
data rates over short distances, making them suitable for applications
requiring high bandwidth, such as enhanced mobile broadband services.
However, mmWave transmissions, due to their smaller wavelengths, are
more susceptible to fading induced by objects such as trees and build-
ings. To resolve this obstacle, 5G networks that implement mmWave
technology must establish access points or base stations closer to one
another.

The optimization of 5G network performance depends on the dis-
tinctions between macro cells for sub-6 GHz coverage and small cells for
mmWave coverage. Macro cells are well-suited for outdoor coverage
because they can cover vast areas with sub-6 GHz frequencies, which
have superior penetration through obstacles. In contrast, small cells
offer coverage over shorter distances using mmWave frequencies, which

are more susceptible to physical obstructions but offer higher capacity
and speed. Small cells are cost-effective and can be readily integrated
into existing urban infrastructure, even though macro cells are more
expensive to deploy and have lower capacity in densely populated re-
gions. The integration of macro and small cells results in a heteroge-
neous network that optimizes user experience, capacity, and coverage.
Macro cells provide broad coverage, while small cells fill gaps in high-
demand areas.

Despite its challenges, the utilization of mmWave technology pro-
vides numerous advantages to 5G networks. However, other wireless
transmissions and environmental conditions such as rain and mist can
interfere with these higher-frequency frequencies. To mitigate these is-
sues, 5G networks employ sophisticated beamforming and signal pro-
cessing techniques. Quality is enhanced and interference is diminished
by concentrating signals in specific directions. The benefits are as fol-
lows: increased capacity, reduced latency, and faster data transmission
rates—all of which are crucial for bandwidth-intensive applications,
including augmented reality (AR), virtual reality (VR), and high-
definition video streaming.

Recent research has demonstrated numerous techniques to reduce
mutual coupling in mmWave antenna arrays. For example, the efficacy
of advanced materials and configurations has been highlighted by sub-
stantial improvements in isolation achieved through innovative ap-
proaches in MIMO dielectric resonator antennas [39,40]. Additionally,
studies implementing near-field techniques have effectively improved
isolation within mmWave arrays, achieving coupling reductions from
—17 dB to below —23.2 dB within the specified frequency ranges [41,
42]. Furthermore, the integration of electromagnetic bandgap (EBG)
structures and metamaterials has shown promising results in minimizing
interference and enhancing performance. These advancements collec-
tively contribute to more efficient and reliable mmWave communication
systems.

3.3. 5G miniaturized antennas in smartphone

5G technology has transformed how consumers interact with mobile
devices’ internet access. 5G, the fifth-generation wireless technology,
provides extensive enhancements over its predecessors, such as
expanded capacity, reduced latency, and quicker speeds. These de-
velopments have created various innovative applications and services
for mobile devices, unleashing new opportunities.

Key attributes of 5G on smartphones.

1. Speed: 5G smartphones can achieve download speeds of up to 20
Gbps, which is significantly faster than the 1 Gbps speeds of 4G
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networks. This means that users can pick up movies in minutes and
songs in seconds [43,44].

2. Latency: The latency of 5G technology is reduced to as little as 1 ms,
an important advance over the 40 ms of advanced 4G networks. The
following reduced latency allows more efficient response times and
more seamless interactions with applications and services [44,45].

3. Capacity: 5G networks are ideal for applications that demand
extensive IoT connectivity by virtue of their ability to handle a sig-
nificant number of devices and connections [44].

5G-enabled smartphones offer several benefits. Firstly, they enhance
the mobile experience by providing a more responsive and immersive
environment. Users can enjoy online gaming, streaming HD movies, and
other data-intensive activities without any lag or buffering. Secondly,
5G networks enable new use cases, including augmented and virtual
reality, autonomous vehicles, and remote healthcare services. Lastly,
improved IoT connectivity supports the widespread adoption of con-
nected devices by providing the necessary infrastructure [43-46].

The demand for smaller and more efficient devices capable of
operating at higher frequencies is the primary driver behind the essen-
tial role of compact antennas in implementing 5G technology. This
investigation focuses on exploring a variety of compact antenna designs,
applications, and performance attributes optimized for 5G deployment.

In the field of 5G antenna technology, various key designs and
technologies are driving advancements towards smaller size and
enhanced performance. In Ref. [47], Fractal antennas have been spe-
cifically designed for 5G Ka-band applications, using a simple geometry
to achieve broad-spectrum performance suitable for high-frequency
demands. Next [48], explains millimeter-wave antennas designed for
the 5G-II band exhibit notable features, including a wide 70.4 %
impedance bandwidth and strong return loss capabilities of —35 dBi
across frequencies ranging from 16.2 GHz to 33.8 GHz, with a central
frequency at 25 GHz, adaptable for applications across Ka and Ku bands.
Author in Ref. [49] presents a dual-band rectangular patch antenna that
also emerged, utilizing slotted patch configurations to reduce size while
maintaining efficiency in the 28 GHz and 38 GHz bands for 5G
millimeter-wave applications. Furthermore, efforts to miniaturize
Massive MIMO base station antennas prioritize optimizing
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gain-to-volume and isolation-to-volume ratios, highlighting current in-
novations and future prospects in base station applications for 5G net-
works as discussed in Ref. [50].

Various sectors benefit from miniaturized 5G antennas, supporting
compact designs and high-speed data transmission in mobile devices like
smartphones and wearables. In IoT devices, these antennas ensure effi-
cient communication among interconnected devices. Moreover, in 5G
infrastructure, they optimize extensive MIMO systems in base stations,
boosting capacity and coverage through integration in smaller spaces.
This capability enhances the reliability and resilience of contemporary
telecommunications networks.

Modern wireless communication systems require miniaturized 5G
antennas. There has been significant progress in developing smaller and
more efficient antennas that perform better, demonstrated by the use of
fractal shapes, millimeter-wave capabilities, and dual-band configura-
tions. Ongoing research aims to improve these technologies by
addressing challenges related to size, performance, and integration into
various devices and systems, driven by the increasing demand for 5G
connectivity.

In modern wireless communication systems, mobile antennas are
indispensable, particularly with the evolution of 5G technology. This
investigation explores the intricacies of mobile antenna design, the
challenges they face, and recent advancements. The article covers
practical applications, bandwidth capabilities, and various decoupling
methods.

There are several critical aspects to consider when designing mobile
antennas. Innovative designs and configurations are essential to ensure
antennas can operate within the confined space of mobile devices while
delivering optimal performance, with compactness being the highest
priority. Additionally, mobile antennas must support multiple frequency
bands to accommodate various communication standards, including
LTE and 5G, necessitating designs capable of efficiently managing wide
bandwidths. Decoupling techniques play a crucial role in minimizing
mutual coupling between closely spaced antennas. Methods such as
metamaterials, parasitic elements, neutralization lines, and others are
employed to enhance antenna performance in mobile communication
systems. These factors highlight the delicate balance between effective
signal management, bandwidth requirements, and size constraints in
modern mobile antenna development [51]. The future evolution of
mobile connectivity is expected to be significantly influenced by
smartphones that incorporate 5G technology, which have the potential
to revolutionize the way people use mobile devices.

3.4. Frequency spectrum allocations for 5G MIMO antennas

A variety of low, mid, and high-frequency channels are utilised by
global wireless operators, as illustrated in Fig. 5, to deliver a compre-
hensive experience with 5G that meets evolving consumer demands. By
integrating these bands, 5G networks can effectively leverage diverse
service benefits, significantly impacting both speed and coverage [52,
53].

Although less vulnerable to physical obstacles and offering wider
coverage, low-frequency bands compromise transmission capacity and
speed. High-capacity and low-latency networks are facilitated by the
mid-band spectrum, which typically ranges above 3.5 GHz and has a
bandwidth range of 50-100 MHz. Meanwhile, 5G applications perform
optimally in the high-band mm-wave range, spanning 24-70 GHz [54].
Fig. 6 provides a detailed overview of the frequency channels allocated
to various services by different operators in Malaysia. This allocation is
essential to maximize the utilization of the radio frequency (RF) spec-
trum and minimize interference between different services [55-58] (see
Fig. 7).

3.5. Analysis of specific absorption rate (SAR)

The SAR quantifies the RF radiation absorbed by human body tis-
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Fig. 8. SAM Head, Hand and Handset model [75].

sues, expressed as the average energy absorption rate per kilogram of
tissue (W/kg). This measurement is essential for guaranteeing that
mobile phones stick to safety regulations [59-61]. Exposure limits are
set below the threshold where biological damage could occur, consid-
ering the body’s ability to dissipate heat from tissues absorbing energy
from the phone. The Federal Communications Commission (FCC) of the
United States has established a Specific Absorption Rate (SAR) limit of
1.6 W per kilogram (1.6 W/kg) for exposure to mobile phone RF radi-
ation [61]. The International Commission on Non-Ilonizing Radiation
Protection (ICNIRP) mandates that the SAR in the head should not
exceed 2 W/kg averaged over any 10 g of tissue [62]. This standard is
based on the finding that a SAR of 4 W/kg results in a slight increase in
body temperature. The measurement of electromagnetic (EM) energy
absorbed by the human body during smartphone usage is quantified by
the SAR, as detailed in reference [63,64]. The SAR is frequently assessed
for internal exposure and quantifies the amount of electromagnetic en-
ergy absorbed per unit mass. SAR is defined by CENELEC, the European
Committee for Electrotechnical Standardisation, as [65]: " The time rate
of change of the incremental energy (dW) absorbed by (dissipated in) an
incremental mass (dm) within a volume element (dV) of a specified
density (p)" or " The time rate of change of the incremental energy (dW)
absorbed by (dissipated in) an incremental mass (dm) within a volume
element (dV)" [66]:

d (dw\ d (dwW

SAR may be obtained by Ref. [67]:

2
SAR = olBl” (6)
SAR = Ci(fi—f @)
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SAR = f (€©)]
po

The electrical field strength within body tissue, denoted as (E), is
defined as voltage per meter (V/m):

E=\/E*+E*+E? )]

The x, y, and z components of the electric field’s root mean square
(rms) values are denoted as E,, E,, and E,, respectively.

o = The electrical conductivity characteristics of human tissues (S/
m);

p = Density of human body tissue (kg/m®);

C; = Specific heat capacity of human tissue in J/kg °C;

dT/dt = Rate of change of body tissue temperature in °C/s;

J = Current density induced in body tissue in A/m?

3.5.1. Safety standards and regulatory organizations of SAR

Based on the latest information, various national and international
organizations have established safety guidelines. A few notable organi-
zations include.

1. National Radiological Protection Board (NRPB): The NRPB,
advising the Health and Safety Commission, was among the first to
propose specific absorption rate (SAR) limits for both ionizing and
non-ionizing radiation [68].

2. The European Committee for Electrotechnical Standardisation
(CENELEC): has released comprehensive guidelines for assessing
human exposure to electromagnetic fields [54].

3. American National Standards Institute (ANSI): ANSI, a non-profit
organization, oversees the C95.1 committee (now managed by IEEE).
The ANSI-IEEE document [69], initially issued in 1991 and revised in
1999, serves as the American standard for exposure limits. The latest
edition was published in 2019 [70].

4. International Radiation Protection Association (IRPA): IRPA’s
International Non-Ionizing Radiation Committee (INIRC) in-
vestigates risks associated with non-ionizing radiations. In 1991,
IRPA founded the International Commission on Non-Ionizing Radi-
ation Protection (ICNIRP), which issued guidelines on limiting
exposure to time-varying electric, magnetic, and electromagnetic
fields (up to 300 GHz) [71]. An updated version was published in
2020.

5. European Communities’ Commission: Currently, the European
Economic Community (EEC) Commission is in the process of
formulating radiation protection regulations. These regulations
encompass directives for the safety of workers and machinery,
covering both ionizing and non-ionizing radiation levels [72].

Fig. 9. Mutual coupling methods.
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6. World Health Organization (WHO): CENELEC and ANSI/IEEE [73]
have established standards for regulated (controlled) and uncon-
trolled environments. Regulated settings involve knowledgeable in-
dividuals (e.g., workers), while uncontrolled environments expose
individuals without their awareness or control (e.g., the general
public).

3.5.2. Human head simulation model

The Standard Anthropomorphic Model (SAM) head is a simplified
human model skull, comprising two main components: the liquid and
the outer shell. The skull, hand, and mobile phone are three distinct
elements in the SAM model, as illustrated in Fig. 8. This model is a
systematic framework for simulating mobile phone systems, including
specific absorption rate (SAR) evaluations, and is obtained from the CST
component library. In order to satisfy the essential qualities across all
relevant frequencies, the skull liquid and hand materials are broadband
frequency-dependent substances [74,75].

Effect on the SAR with proximity of the human body.

1. SAR Distribution

Research indicates that the interaction between reactive near-field
components and standing waves can elevate SAR levels when mobile
devices are in close proximity to the human body. This underscores the
importance of conducting a thorough SAR evaluation during compliance

testing of mobile devices, as it leads to greater energy absorption in
tissues compared to uniform models [76].

2. Proximity Sensors

The management of RF exposure is facilitated by integrating SAR
proximity sensors, which detect the presence of a human body near a
mobile device. These sensors mitigate the risk of excessive exposure by
regulating the RF output to maintain SAR levels within safe limits [77,
78].

3. Distance Impact

Research has shown that SAR values fluctuate significantly
depending on the distance from the human body. For instance, simula-
tions have demonstrated that SAR decreases as distance from the body
increases, emphasizing that maintaining greater separation can effec-
tively reduce RF exposure [79].

4. Coupling effect of the antenna with human body in defected ground
and partial ground antenna configurations

The coupling effect of the antenna with defected ground and partial
ground configurations.
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Fig. 11. (a) The geometry of the antenna and Measured and Simulated (b) S-parameter, (c) ECC, (d) DG and (e) TARC [128].

1. Radiation Characteristics

The presence of the human body significantly affects the radiation
characteristics of antennas, including changes to input impedance,
current distribution, and radiation patterns, potentially reducing overall
performance. In configurations involving partial ground arrangements
and defected ground structures (DGS), the coupling effect may lead to
unintended changes in the antenna’s efficiency and directionality [80,
81].

2. Design Issues

The interactions with the human body can considerably compromise
the radiation characteristics of antennas that are designed to operate in
close proximity to the body, such as those used in wearable technology.
Consequently, the dielectric properties of human tissue, which absorb
and scatter electromagnetic radiation, have an impact on the efficacy of
antennas. Subsequently, these characteristics necessitate precise design
considerations [80].

3. Defected Ground and Partial Ground Configurations

To enhance performance, antennas incorporating partial ground
configurations or defected ground structures (DGS) are designed to
modify the ground plane. However, the effectiveness of these designs
can be significantly influenced by the proximity of the human body. The
coupling effect may distort the intended benefits of such configurations,
highlighting the importance of precise design and simulation to mini-
mize adverse effects [80,81].

3.5.3. SAR testing process

Manufacturers are required to conduct SAR testing to verify
compliance with safety standards. The SAR must not exceed 2 W/kg
when averaged over 10 g of tissue. This test includes using a phantom
model that replicates the human head and body. The smartphone is
tested in various positions, including holding it at an angle away from
the cheek and touching the ear while functioning at maximum power
levels across all frequency bands. SAR testing is complicated by the
introduction of 5G technology, which employs millimeter-wave fre-
quencies and advanced antenna systems such as phased-array antennas
and multiple-input multiple-output (MIMO). These technologies require
more intricate testing arrangements to accurately measure SAR values,
as they increase the number of antennas in devices [82,83].



N.H. Jemaludin et al.

=10k

Return lows (dB)

W » M 2 28 30 32 M ¥ ¥ 0
Frequency (GHz)

(b)

10.002

$§ -

3%

Diversity gui

Results in Engineering 23 (2024) 102712

2 o—rwlated

228 !-’\ bl

§ IN

¢ 1 L

[ 1

$1s HR

- I} L]

El O

g1 4

Pl A 7

Zosf 4 ;

HI! " \‘I'\

m o onm ou ® ®W W N M ¥ M &

Frequency (GHi)
(c)

o

¥

Total active uqoﬂio-_mﬂidnltdﬂi
=

i
a

LB

o » 2 M » = ]
Frequency (Glle)

s
12
wi
-

Fig. 12. (a) The geometry of the antenna, Measured and Simulated (b) Reflection coefficient, (c) Envelope correlation coefficients, (d) Diversity gain and (e) TARC

and (d) Simulated SAR at 28 GHz & 38 GHz [129].

3.5.4. Recent innovations and case studies

Recent research has investigated the potential of metamaterials to
reduce SAR values in 5G devices. These engineered materials can
manipulate electromagnetic radiation in ways that conventional mate-
rials cannot. Studies have demonstrated that different metamaterial
designs can substantially reduce SAR exposure by modifying the distri-
bution of RF energy during the device’s operation [84,85]. Research has
also focused on the effect of the distance between the smartphone and
the user’s head, with results suggesting that a significant reduction in
SAR values can be achieved by increasing this distance. The importance
of user behavior in managing exposure was underscored by a study
showing that moving the phone just 5 mm away from the skull could
significantly reduce SAR [84,85]. Compliance with SAR regulations is

enforced in Europe by the Radio Equipment Directive (RED). To market
their devices, manufacturers must submit documentation demonstrating
compliance with SAR limits. Regulatory bodies conduct periodic in-
spections to ensure ongoing compliance, particularly given the
increased monitoring and testing introduced by 5G technology [86]. To
assess the performance of 5G devices in real-world scenarios,
over-the-air (OTA) testing has become an essential component of the
SAR compliance procedure. This method considers the complexities
introduced by the multiple antennas and signal processing techniques
employed in 5G technology. OTA testing is implemented to guarantee
that devices continue to comply with standard usage scenarios [82].
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SAR [130].
4. Mutual coupling reduction technique

The electromagnetic interaction among the distinct elements within
an antenna array is referred to as mutual coupling in antennas, which
influences its radiation pattern, efficiency, and overall performance.
When antenna elements are situated in close proximity to one another,
mutual coupling occurs, resulting in the transfer of energy from one
element to another. This results in a decrease in the radiated power of
the original element [87,88]. There are several key techniques for
reducing mutual coupling in MIMO antennas. The graphical presenta-
tion of these techniques is shown in Fig. 9.

4 6
Frequency {GHz)

(d)

(e)

10

SAR Fleld
Wikg]

(c) Envelope correlation coefficients, (d) TARC and (e) Simulated

4.1. Metamaterials

Metamaterial decoupling techniques aim to reduce interference be-
tween antenna parts. This involves using metamaterials between nearby
elements to improve isolation. By using metamaterials, antennas can be
made smaller without losing effectiveness. However, challenges remain
in achieving good performance over different frequencies. Researchers
are working on new antenna designs to overcome these issues [89,90].
Metamaterial decoupling uses special materials to manage how elec-
tromagnetic waves behave, reducing unwanted antenna interactions.
Adding these materials can greatly improve the separation between
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GHz [131].

antennas, boosting how well antenna arrays work, especially in things
like Massive MIMO systems. Using metasurfaces with certain properties
allows for better separation and matching of signals, making them
perfect for small, tightly packed arrays [90].

The metamaterial decoupling technique offers the significant
advantage of achieving higher isolation between adjacent antenna ele-
ments compared to traditional methods. It is cost-effective and practical,
requiring straightforward configurations that have a negligible impact
on the antenna array’s physical dimensions, radiation efficiency, gain,
and bandwidth. Metamaterial is particularly advantageous in ultra-
wideband (UWB) MIMO antennas, synthetic aperture radar (SAR) sys-
tems, and compact MIMO arrays that require multiple radiation patterns
and polarizations. However, it may require additional surface current
suppression to achieve optimal isolation. Careful design is essential to
prevent any negative impacts on the MIMO array’s radiation

11

characteristics.

Application - Metamaterials effectively decouple closely-spaced an-
tenna elements in MIMO systems, even when the inter-element spacing
is less than 0.02)0. This method is particularly promising for vast MIMO
arrays with dozens or hundreds of elements, capitalizing on the periodic
structure of metamaterials. Additionally, metamaterial-based decou-
pling improves antenna arrays’ efficiency, gain, and reduces mutual
coupling by leveraging its focusing capabilities [91,92].

Bandwidth - Metamaterial-based decoupling techniques provide
wide decoupling and matching bandwidths, eliminating the necessity
for supplementary matching measures. Integrating a metamaterial sur-
face can significantly improve antenna arrays’ envelope correlation
coefficient (ECC), reducing it from 0.25 to below 0.08. This enhance-
ment increases channel capacity and diversity gain. Unlike conventional
methods, metamaterial-based decoupling does not jeopardize the
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matching bandwidth; instead, it has the potential to expand it even
further [91-93].

4.1.1. Decoupling structure/defected ground structure (DGS)

Ground currents in the antenna arrays are effectively reduced by the
periodic or non-periodic etched slots that are positioned properly on the
antenna frame. By maximizing efficiency, decreasing mutual coupling,
and expanding bandwidth, this technique methodically consolidates
slots or openings in the ground plane, improving antenna performance.
In a structured manner, the DGS is implemented to serves as a bandstop
filter, separating nearby ports and assisting in the accurate adjustment of
antenna performance parameters [94]. By incorporating a discrete
element or transmission line, the cross-admittance of the decoupling
network is optimized. This technique minimizes mutual coupling using a
planar decoupling network that simulates a resonator.

Defected Ground Structures (DGS) substantially reduce mutual
coupling, thereby improving MIMO performance. They provide design
flexibility with various shapes and configurations, enhancing selectivity,
gain, and bandwidth, particularly in compact wireless devices. How-
ever, designing DGS can be complex, necessitating precise optimization

12

to prevent increased losses and unwanted resonances. While effective in
enhancing isolation, their advantages may be restricted in wideband
applications unless specifically designed. DGS is advantageous in mi-
crowave filters and amplifiers, wireless communication devices, and
MIMO antenna arrays, as it regulates objectionable frequencies and re-
duces interference.

Defected Ground Structure (DGS) and partial ground planes are
techniques used to improve antenna performance by altering the ground
plane. DGS involves creating specific patterns or defects in the ground
plane to enhance bandwidth, improve radiation patterns, and reduce
unwanted back lobes. These defects can be shapes like slots or patches
and are designed for better efficiency and size reduction, especially in
microstrip antennas. On the other hand, a partial ground plane does not
cover the entire area beneath the antenna and affects performance by
changing impedance and radiation characteristics. This simpler design
helps achieve specific bandwidths and gain levels without the intricate
modifications of DGS. In summary, DGS uses specific defects for
enhanced performance, while a partial ground plane simplifies the
design by reducing the ground area.

Application - DGS-based decoupling techniques have proven
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Fig. 16. Provides a comprehensive analysis of the antenna’s performance, including multiple critical parameters. It includes: (a) the geometry of the antenna,
showing both measured and simulated configurations; (b) the return loss, depicting the antenna’s efficiency in reflecting signal power; (c) the Envelope Correlation
Coefficient (ECC), indicating the level of correlation between the antenna elements; (d) the Diversity Gain (DG), measuring the improvement in signal reception due
to diversity techniques; (e) the Total Active Reflection Coefficient (TARC), representing the overall reflection coefficient when all ports are active; and (f) the
simulated Specific Absorption Rate (SAR), assessing the safety of the antenna in terms of electromagnetic exposure to the human body [133].
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effective across a broad frequency spectrum, ranging from 3 GHz to
millimeter-wave frequencies of approximately 60-75 GHz. Various DGS
structures, including circular, rectangular, dumbbell-shaped, and
zigzag-shaped designs, have been implemented to facilitate MIMO an-
tenna decoupling. Furthermore, DGS can be enhanced by synergistically
combining techniques such as electromagnetic bandgap (EBG) struc-
tures and grounding branches to further improve overall decoupling
performance [95,96].

Bandwidth - Decoupling based on DGS provides a wide decoupling
and matching bandwidth, often exceeding 15-20 %. For instance, a
rectangular DGS achieved >10.7 dB isolation in the 3.3-3.6 GHz and
4.8-5 GHz bands, while a circular DGS and CSRR provided >15 dB
isolation in the 26.5-38.2 GHz band. Integrating DGS with techniques
like hybrid EBG can increase the decoupling bandwidth to over 20 %.
Importantly, the overall antenna matching bandwidth is not substan-
tially compromised by the additional decoupling structures introduced
by DGS [95].

A dual-port MIMO antenna has recently been developed by re-
searchers operating across different frequencies, as evident in Refs.
[97-104]. In Ref. [97], researchers describe a two band MIMO antenna
that operates between 2 and 3.71 GHz and 5.9 and 7.54 GHz. The an-
tenna has two isolated elements over 20 dB and has a maximal gain of
7.5 dBi. A novel dual-band 28/38 GHz MIMO antenna for 5G mobile
applications is introduced in Ref. [98]. This antenna achieves a
maximum gain of 7.581 dBi and an approximate 27 dB isolation. Ac-
cording to Ref. [99], an additional 2-element antenna intended for 28
GHz function to obtains a maximal gain of 9 dBi and 71.9 dB isolation.
Furthermore, reference [100] introduces a circular patch MIMO antenna
that is dual-band reconfigurable and equipped with EBG. This antenna
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can operate at 3.5 GHz and 5.2 GHz and is designed to serve industrial,
scientific, and medicinal applications, as well as 5G. The dual-frequency
band 3.5 GHz and 4.85 GHz slot MIMO antenna with dual port, which
boasts an isolation of over 30.7 dB, is emphasized in Ref. [101]. A
dual-band two-port antenna that operates at 2.32 GHz and 5.2 GHz, with
a maximal gain of 1.21 dBi and 46 dB isolation, is described in
Ref. [102]. Reference [103] illustrates a UWB antenna that operates
within the frequency range of 1.5 GHz-12 GHz and achieves a maximal
gain of 4.55 dBi. Finally [104], introduces a compact 28 GHz frequency
spectrum antenna with a maximum gain of 4.2 dBi.

Notable studies have been made in the implementation of four-port
MIMO antennas, as [105-118] indicates. In Ref. [105], researchers
investigate a 4 elments antenna operate at 28 GHz. Additionally [106],
introduces a dual-frequency 28/38 GHz MIMO antenna with four ele-
ments, achieving isolation greater than 30 dB. A 4-port dual-band 28/37
GHz antenna is reported in Ref. [107] with a maximal gain exceeding
13.7 dBi and more than 30 dB isolation. In Ref. [108], researchers
effectively developed a four-patch MIMO antenna that operated at 26
GHz, attaining a predicted gain of 8.72 dBi and an isolation level of 23.2
dB. Reference [109] investigates four-patch MIMO/array antenna
operating in ultra-wideband mode from 25 to 50 GHz, achieving high
simulated isolation. Reference [110] presents a quad-port antenna
designed for a wideband frequency range from 24.8 to 27.6 GHz,
demonstrating maximal gain exceeding 9 dBi. Additionally [111], de-
tails a four port antenna, providing isolation of around 40 dB and a peak
gain of 12 dBi, while [112] introduces a high-gain four elements MIMO
antenna functioning at 2.02, 5.87, and 11.19 GHz. In Ref. [113], re-
searchers successfully design a compact four-element dual-band MIMO
antenna operating at 2.74 and 5.25 GHz, achieving isolation levels of 34
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Table 1
Comparison with related works using DGS structures.
Ref. Years  Size of MIMO No. of Antenna Operating Efficiency ECC Isolation Gain DG (dB) TARC SAR (W/
Antenna (mm°®) Element Frequency (GHz) (%) (dB) (dB) kg)
[971 2024 126 x 63 x 1.52 2 2.1-3.6,5.9-7.4 - 0.0002 20 7.5 dBi 9.991 -10 -
[102] 2024 56 x 48 x 1.6 2 2.32 - <0.001 -21 -1.21 9.99 - -
5.2 —44.84 dBi
-1.15
dBi
[127] 2024 48 x 45 x 1.6 2 5.83 - 0.005 —-59 - 9.97 <0.4 -
[100] 2022 26 x 31 x 1.6 2 3.5/5.2 - 0.015 > -25 3.5 dBi 9.992 - -
[104] 2022 12.8 x 8.1 x 1.6 2 28 - 0.013 -25 4.2 dB 9.99 - -
[99] 2021 34.7 x 31.1 x 2 28 81.9 0.00015 32.7 9 dBi 9.99 - -
1.31
[101] 2021 38.6 x 56.4 x 2 3.5 - 0.005 29 2.45 dBi - - -
1.524 4.85 41.4 4.56 dBi
[103] 2021 40 x 36.67 x 1.6 2 1.5-12 - - - 4.55 dBi - - 0.188
0.070
[98] 2019 55 x 110 x 0.508 2 28 89.89 88.25 1.36 x —28.32 7.88 dBi - - -
38 10°° —26.27 9.49 dBi
3.86 x
10°°
[115] 2024 46 x 46 x 1.6 4 4.72-5.24 >60 <0.006 - 2.73 dB 10 - -
[129] 2024 17.76 x 17.76 x 4 28 91 <3x107° < -39 9 dBi 9.9998 < -25 0.00684
1.52 38 < —60
[106] 2023 60 x 60 x 0.508 4 28 99.5 <0.0035 >30 8.14 dB >9.982 0.702
38 70 8.04 dB 0.622
[108] 2023 25 x 25 x 0.787 4 26 - <0.0015 23.2 8.72 dBi 8.3 —26 -
[109] 2023 33 x 33 x 0.233 4 25-50 80-92 <0.005 - - 10 < -10 -
[112] 2023 78 x 50 x 1.6 4 2.02/5.87/11.19 - 0.05 - 10.03 10 —-14 -
dBi
[114] 2023 80 x 0.25 mm? 4 30 85 - - 7.5 dBi 10 - -
[117] 2023 22 x 22 x 0.79 4 28 - <0.001 21.59 5.65 dB 10 < -10 -
39 5.53dB
[118] 2023 40 x 40 x 1.6 4 3.33-3.66 - <0.01 < -17.5 2.045 >9.99 -10 -
dB
[128] 2023 28.3 x 28.3 x 4 28 96 0.00001 40 11 dBi 9.999 —-29 -
0.787
[107] 2022 43.611 x 43.611 4 28 - <2.5x1074 >20 7.9dB <3.5 x -15 -
x 0.4 38 >30 13.7 dB 1074 —14
>10
[111] 2022 30 x 35 x 0.787 4 28 85 <0.0003 >40 12 dBi >9.9 - -
[113] 2022 60 x 60 x 1.6 4 2.74 74 <0.05 34 2.8 dBi - - -
5.25 75 26 4.91 dBi
[116] 2022 40 x 40 x 1.6 4 3.2-5.75 91 <0.05 22 9 dBi >9.9 < -30 -
[110] 2021 23.75 x 42.5 x 4 26 87 <0.002 25 9 dBi 9.9 - -
0.508
[105] 2020 30 x 35 x 0.76 4 28 80 <0.01 17 8.3dB >9.96 - -
[130] 2023 0.60 1p x 1.324¢ 6 4.8 86 <0.029 < —48.068 6.45 dB 9.89 - 1.167
x 0.0244¢
[120] 2022 71 x 95 x 1.6 6 2.9-11 - <0.075 >20 8 dBi 10 < -10 -
[119] 2021 134 x 75 x 0.8 6 3-5 86 <0.006 < -15 1.9dB 10 <=7 <2
[122] 2024 150 x 75 x 0.8 8 3.29-6.61 52.9-85.7 <0.057 >16.6 4.53 dBi >9.98 6 0.5
[124] 2024 150 x 75 x 0.8 8 3.4-3.6/4.8-5.8 40-60 0.04 18 5.8 dBi - - 1.31
[132] 2024 150 x 75 x 0.8 8 3.26-4.48 60-85 <0.03 >14.5 4.8 dBi >9.95 - 1.27
[123] 2023 150 x 75 x 7 8 3.5/5.5 58-72 <0.024 >15 7.4 dB 9.99 <20 -
[126] 2023 116 x 60 x 6 8 3.45 57.23 0.01 17 3.5dB - - -
[131] 2023 140 x 70 x 6 8 3.5 68 0.018 20 2.8 dBi 9.9 -11 0.809
5.5 78 0.001 23 3.2 dBi 9.9 -18 1.05
[133] 2023 150 x 75 x 1.6 8 3.3-4.1 80-85 <0.001 >30 4.1 dB >9.5 < -30 0.4
1.8
[121] 2021 75 x 37.5 x 0.8 8 3.3-5.95 47-78 <0.11 >15 - - - -
[134] 2021 150 x 75 x 1.6 8 3.4-3.6 63-69 <0.1 14 3.1dBi - - 1.4
5.4-5.6 52-58 1.12
[125] 2017 80 x 80 x 0.76 8 2.4 76.1 <0.1 >10 3.09 dBi - - -

ECC - Envelope Correlation Coefficient DG — Diversity GainTARC - Total active reflection coefficientSAR - Specific Absorption Rate.

dB and 26 dB, respectively. Next [114], presents MIMO antenna that
operates around 30 GHz four elements and predicted gain greater than
7.5 dBi. In Ref. [115], the author proposed a four rectangular elements
antenna for WLAN, Wi-Fi, 5G, and Wi-Max applications, demonstrates a
peak gain exceeding 2.73 dB. In Ref. [116], the author details a
streamlined four-port MIMO antenna operating across frequencies from
3.2to 5.75 GHz, providing 22 dB isolation and an average gain of 9 dBi.
Reference [117] introduces a four-port MIMO antenna that operates at
28/39 GHz and is dual-band with isolation below 21.59 dB and a peak
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gain of 5.53 dB. Finally [118], presents an innovative compact vivaldi
MIMO antenna with four elements, specifically engineered for 5G
wireless devices., achieving a gain of 2.405 dB.

There are several research have been made in the implementation of
six-port MIMO antennas as depicted in Refs. [119,120]. In Ref. [119],
researchers explain a 6-element MIMO antenna frequency band from 3
to 5 GHz and reach the maximum isolation of 15 dB. In Ref. [120], the
author introduced an Ultra-Wideband (UWB) MIMO antenna operating
between 2.9 and 11 GHz, demonstrating a maximal gain of over 8 dBi
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and an isolation level of approximately 20 dB.

Considerable research endeavors have also been focused on
deploying 8-port MIMO antenna as documented in Refs. [121-126]. In
Ref. [121], the authors present a MIMO antenna operating at 3.3-5.95
GHz, featuring 8 elements that achieve isolation surpassing 15 dB.
Moreover [122], describes a MIMO antenna operating below 7 GHz with
8 ports, utilizing a differential-fed open-end slot antenna (OESA)
method, achieving a peak gain exceeding 4.53 dBi. Additionally [123],
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introduces a dual-band 3.5/5.5 GHz antenna with 8 elements and an
isolation of 15 dB. In Ref. [124], researchers have developed a compact
eight ports MIMO antenna operating at 3.5 and 5.3 GHz, achieving 18 dB
isolation and a peak gain of 5.8 dBi. Furthermore [125], presents a
planar 8-port MIMO antenna operating at 2.4 GHz, achieving a
maximum gain of 3.09 dBi. Lastly, reference [126] introduces a compact
rectangular antenna array operating at 3.45 GHz, enhancing isolation up
to 17 dB.
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In [127], Kumar et al. proposed compact, wideband MIMO antenna
proposed for S-band applications aims to achieve significant isolation
between closely spaced antenna elements. This is achieved through the
implementation of a Defected Ground Structure (DGS) technique. To
further reduce antenna size and improve isolation, researchers incor-
porated three rectangular openings and two L-shaped extensions to
restrict surface wave propagation. The results, as shown in Fig. 10, are
promising: Diversity Gain (DG) exceeds 9.97 dB, Envelope Correlation
Coefficient (ECC) is below 0.05, Mean Effective Gain (MEG) is < —3 dB,
Total Active Reflection Coefficient (TARC) is below 0.4, and Channel
Capacity Loss (CCL) is less than 0.3.

In [128], Ghosh et al. proposed a high-gain, four-port mm-wave
broadband MIMO communication solution is designed for 5G applica-
tions. The antenna is compact and low-profile, featuring two
quarter-wavelength square-shaped CSRRs on the ground plane
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interconnected via a corporate feed network. Additionally, the design
incorporates two rectangular patches. The overall dimensions of the
four-port orthogonal MIMO configuration are 28.3 mm x 28.3 mm X
0.508 mm. Operating within the 5G frequency range of 26.5 GHz-30.4
GHz, the antenna demonstrates exceptional diversity performance,
supported by various metrics including an Envelope Correlation Coef-
ficient (ECC) below 0.0001, DG exceeding 9.999 dB, CCL below 0.12
bits/s/Hz, TARC and MEG are both less than —3 dB, as illustrated in
Fig. 11.

In [129], Rania & Ahmed proposed a highly compact, 4-port
dual-band MIMO antenna with a defected ground structure (DGS) has
been developed. This design effectively minimizes mutual coupling
across a wide frequency spectrum. Fabricated on a Rogers TMM4 sub-
strate measuring 17.76 x 17.76 mm?, the antenna comprises four planar
patch antennas are positioned perpendicularly at the corners. Each
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Table 2
A comparative analysis of related works utilizing EBG structures.
Ref. Years  Size of MIMO No. of Antenna Operating Efficiency ECC Isolation Gain DG TARC SAR (W/
Antenna (mm°®) Element Frequency (GHz) (%) (dB) (dB) (dB) kg)
[140] 2024 51 x 30 x 1.6 2 28/38 91 <1.8 x 90 11.5 10 < =30 -
1074 dBi
[141] 2023 18 x 9.2 x 0.787 2 3.69-10.99 - 19 10.4 - - -
dBi
[157] 2023 185 x 111 x 4.21 2 2.34-2.46 - <0.5 15 6.59 - - 0.088
3.66-6.00 dBi 0.07
11.6
dBi
[158] 2022 31 x 26 x 1.6 2 3.5/5.2 - - 25 2.51 10 - -
dBi
[142] 2021 42.2 x 21.6 x 1.6 2 4.2-5.2 - <0.025 50 - 10 < -10 -
[143] 2021 50 x 50 x 0.8 2 3.05 - <0.03 - - - - -
3.75
[144] 2021 26 x 31 x 0.8 2 3.1-11 80 <0.01 >25 5.67 >9.99 - -
dB
[145] 2021 23 x 18 x 0.35 2 26 61 - - 8.65 - - 0.096
dBi 0.32
[146] 2020 38.2 x 95.94 x 1.6 2 2.43-2.5 58.53 0.0087 24.67 4.68 9.995 - -
dBi
[147] 2020 70 x 40 x 3 2 3.25 - - - 4.9 - - -
dBi
[148] 2020 50 x 50 x 1.6 2 2-11 - <0.01 25 5.5 10 < -10 -
dBi
[149] 2019 95 x 49.7 x 1.6 2 3.45 - <0.03 >26 4.83 >9.8 - -
dBi
[159] 2024 17.76 x 17.76 x 4 28 93 <3x107° 68 8.9 10 < =30 0.00576
1.52 38 90 dBi 0.00332
[150] 2024 64 x 64 x 1.6 4 3.5/4.65 63 0.01 42 5.6 - - 0.94
dBi
[151] 2023 - 4 4.2 95 - 50 - - - -
[152] 2023 48 x 48 x 1.6 4 3.3-3.7 77 0.0002 10.5 - >9.99 <0.29 -
[153] 2022 40 x 40 x 1.6 4 3.2-5.75 91 <0.05 22 9 dBi >9.9 < -20 -
[154] 2021 145 x 75 x 0.51 4 2.81-7.23 96 <0.0029 21.1 6.59 9.9853 - 0.887641
dBi
[155] 2022 134 x 75 x 0.8 6 3-5 86 <0.005 20 - 10 < -8 0.6
[156] 2023 27.2 x 27.2 x 1.6 8 21-34 - <0.36 28 17 dB 9.9 —-27.5 -

antenna operates at 28/38 GHz and incorporates four rectangular slots
and a full ground plane. The patches are spaced 0.5 Lo apart. The DGS
further minimizes mutual coupling. Both simulations and measurements
demonstrate a notable reduction in mutual coupling (-39 to —60 dB),
enhancing ECC, TARC, MEG, and DG performance as depicted in Fig. 12.

In [130], Akhilesh et al. proposed a six-port MIMO antenna that is
intended for mid-band operation at a resonant frequency of 4.8 GHz has
dimensions of 0.60 49 x 1.321¢ x 0.0241y, where Ay denotes the free
space wavelength at 4.8 GHz. The antenna includes design elements
such as a circular cutting ground plane, inset feeding, a slotted partial
ring ground, a planar rectangular patch, and six-port electromagnetic
wave components. To enhance isolation, I-shaped stumps and a slotted
ring ground have been integrated. The antenna achieves an impedance
bandwidth of —10 dB from 3.92 GHz to 5.2 GHz and exhibits isolation
levels exceeding 15 dB between all terminals. Fig. 13 illustrates the
performance metrics, including a peak gain of 6.45 dB, radiation effi-
ciency of 86 %, envelope correlation coefficients below 0.002, diversity
gain of 9.98, channel capacity loss below 0.014 bits/sec/Hz, and branch
power ratio less than —1 dB.

In [101], Khan et al. introduced a dual-band 8 x 8 MIMO antenna
designed to operate at 3.5 GHz and 5.5 GHz frequencies for 5G smart-
phone applications. A modified F-shaped radiator is present in each
antenna element, positioned at the edge of a smartphone PCB measuring
140 x 70 mm? The dimensions of each element are 4.5 x 11 mm?
(0.05X, x 0.16),, with A, being the free-space wavelength at 3.5 GHz).
The design achieves mutual couplings below —20 dB at the lower band
and —22 dB at the higher band. The envelope correlation coefficient for
all antenna elements is under 0.11 as presented in Fig. 14.

In [132], Kiani et al. proposed an eight-element slotted wideband
MIMO antenna system is designed specifically for the N77 (3.2-4.2 GHz)
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frequency band. Printed on a 0.8-mm-thick FR-4 substrate measuring
150 x 75 mm? these MIMO antennas enhance signal reception by
providing pattern and polarization diversity across multiple device
orientations. Utilizing an inverted C-slotted stub and a T-slot enables
wideband coverage from 3.25 to 4.49 GHz. The antennas exhibit radi-
ation and total efficiencies exceeding 60 % for all elements. To enhance
isolation between elements positioned along the width of the PCB, a slit
is implemented, achieving 14.5 dB isolation. This results in a diversity
gain (DG) exceeding 9.95 dB and an envelope correlation coefficient
(ECC) below 0.025. Compliance with safety standards is confirmed
through SAR analysis when the antenna system is used near humans, as
depicted in Fig. 15.

In [133], Yasir et al. proposed a high-performance, dual-polarized,
eight-element MIMO antenna has been developed for 5G smartphones,
incorporating four dual-polarized microstrip diamond-ring slot antennas
positioned at the corners of the PCB. The use of a defected ground
structure offers advantages such as simplified fabrication, compact di-
mensions, and improved efficiency compared to other techniques. The
design achieves MC of less than 30 dB and an impedance bandwidth of
—10 dB spanning 700 MHz for all radiating elements, covering fre-
quencies from 3.3 GHz to 4.1 GHz. Each dual-polarized element attains
an average gain of over 3.8 dBi and an average radiation efficiency of
over 80 %. The antenna provides complete radiation coverage on all
sides. Key MIMO antenna characteristics such as DG, ECC, TARC, and
channel capacity have been calculated and meet the required standards,
as depicted in Fig. 16.

In [134], Haider et al. proposed a new dual-band antenna has been
developed for operation within 5G frequency ranges. The antenna in-
tegrates inverted L-shaped sensors and a rectangular defected ground
structure, effectively covering the 3.4-3.6 GHz and 5.4-5.6 GHz bands.
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Fig. 23. (a) The antenna’s geometry, (b) Simulated and measured return loss, and (c) Simulated and measured envelope correlation coefficients [144].

In the proposed MIMO system, the antenna achieves a maximum gain of
3.1 dBi and efficiency ranging from 52 % to 69 %. The system ensures a
minimum isolation of 13 dB and an envelope correlation coefficient
(ECC) of less than 0.05 between radiating elements. Furthermore, the
channel capacity is 38 and 39.5 at both resonant bands with a 20 dB
signal-to-noise ratio (SNR), and the mean practical gains and diversity
meet acceptable parameters. The radiation characteristics demonstrate
exceptional diversity performance, and SAR values confirm user safety,
as depicted in Fig. 17.

Table 1 compares MIMO antennas with DGS structures, highlighting
their size diversity ranging from 17.76 x 17.76 mm? to 150 x 75 mm?,
element counts of 2-8, and operating frequencies from 2 GHz to over 11
GHz. They typically exhibit low ECC below 0.01, high efficiencies up to
91 %, isolation above 15 dB, gains up to 8.72 dBi, negative TARC
indicating good performance, and a consistent DG around 10 dB. SAR
values are within safety limits, with figures like 0.702 W/kg. However,
challenges include missing SAR and efficiency data, along with gaps in
ECC and isolation metrics, which complicate consistent safety and per-
formance assessments. Variability in gain and operating frequencies
impacts design consistency and application versatility, while differences
in size and element counts further complicate direct comparisons.

4.1.2. Electromagnetic band gap (EBG)

In the field of antenna engineering, EBG structures are essential for
decreasing the amount of surface waves and optimizing antenna per-
formance. Periodic structures known as Electromagnetic Band Gap
(EBG) structures feature a band gap that prevents the propagation of
electromagnetic radiation within a specific frequency range. Higher
antenna effectiveness and gain can be achieved by utilizing them as
ground planes or reflectors to reduce surface waves. To achieve optimal
performance, it is essential to ensure that the EBG unit cell parameters
and the spacing between the antenna and EBG are designed correctly.
EBGs enable antennas to be positioned closer to the ground plane to
facilitate more compact designs. However, designing EBGs with prac-
tical capacities for lower microwave frequencies and achieving wide-
band performance continues to take work [135-137].
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The ability of Electromagnetic Bandgap (EBG) structures to achieve
high isolation levels, frequently exceeding 25 dB, is a significant
advantage. This capability reduces interference and improves overall
performance. Additionally, EBG structures can enhance radiation pat-
terns and be customized in size and shape to suit specific applications,
making them suitable for compact devices such as smartphones and IoT
products. However, developing effective EBG structures can be time-
consuming and complex, with the potential for increased losses and
bandwidth limitations. EBG is especially advantageous in MIMO sys-
tems, wireless communication devices, medical imaging, and satellite
communication, where high isolation and reliable performance are
crucial.

Application - EBG-based decoupling techniques have been imple-
mented across a wide frequency range, from sub-6 GHz to millimeter-
wave frequencies, typically ranging from 28 to 38 GHz. Various EBG
designs such as mushroom-type, corrugated, and strip-type have been
employed for MIMO antenna decoupling. Additionally, EBG can com-
plement other techniques like defected ground structures (DGS) to
enhance overall decoupling performance [95,138,139].

Bandwidth - The decoupling and matching bandwidths of EBG-based
techniques typically exceed 15-20 %. For example, a mushroom-type
EBG achieved >10 dB isolation across the 3.3-3.6 GHz and 4.8-5 GHz
ranges, while combining EBG with DGS demonstrated >20 dB isolation
in the 4.5-8 GHz range. Optimizing the size and number of EBG unit
cells allows precise control over the decoupling bandwidth. Importantly,
integrating the EBG structure does not significantly reduce the overall
antenna matching bandwidth, which is crucial [95,138].

Recent research has focused on a dual-port MIMO antenna designed
to operate across multiple frequencies, as indicated by a series of studies
[140-149]. A high-isolation Orthogonal Printed Elliptical Slot Antenna
(OPESA) array with MIMO is introduced in a study [140]. This antenna
has a maximal gain exceeding 11.51 dBi and an isolation level of
approximately 90 dB. A planar MIMO antenna using a modified EBG
structure to increase bandwidth is presented in another study [141],
which achieves a maximal gain of 10.4 dBi. Furthermore, researchers
[142] have developed a MIMO CPW-Fed slot antenna for sub-6 GHz 5G
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Fig. 24. (a) The geometry of the antenna, (b) Measured S11, (¢) Measured envelope correlation coefficients and (d) Simulated SAR [179].

applications that achieves an isolation level of 50 dB. Next, a study [143]
describes a novel variable band gap center frequency and dual band gap
stacked electromagnetic band gap structure for MIMO antenna system
that achieves an isolation of over 16.16 dB. Another innovative design
[144] demonstrates a 25 dB isolation and includes a compact, uni-planer
wide band MIMO antenna. In addition, a 5G MIMO antenna [145] that
operates at 26 GHz is described, boasting a maximal gain of 8.65 dBi. A
compact and high-isolation MIMO antenna system demonstrates a
maximal gain of 4.68 dBi and an isolation of 24.67 dB discuss in
Ref. [146] that operate at 2.43-2.5 GHz. Consequently, a MIMO antenna
[147] that operates at a frequency of approximately 3.25 GHz generates
a gain that surpasses 4.9 dBi. In another study [148], a cognitive radio
(CR) based MIMO antenna is engineered to operate at 2-11 GHz,
resulting in a 25 dB isolation level. Lastly, a wideband circularly
polarized (CP) MIMO dielectric resonator antenna [149] that operates at
3.3-3.8 GHz based on a two-element MIMO antenna boasts a maximal
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gain of 4.83 dBi.

As demonstrated by numerous studies [150-154], significant
research has been focused on the development of four-port MIMO an-
tennas. A reconfigurable Multiple-Input Multiple-Output (MIMO) an-
tenna array optimized for 5G portable devices is proposed in one
investigation [150]. Another study focuses on a MIMO antenna with
four elements and more than 50 dB isolation [151]. Additionally, a
report details a compact four-port MIMO antenna featuring a G slot,
achieving a peak gain exceeding 2.5 dB and an isolation exceeding 10.5
dB [152]. Researchers in a separate study have developed a compact
four-port MIMO antenna operating from 3.2 to 5.75 GHz, with a gain of
9 dBi and isolation of 65 dB [153]. Finally, a four port MIMO antenna
specifically designed for 5G devices operates within a wideband fre-
quency range of 2.81-7.23 GHz, achieving a peak gain exceeding 6.59
dBi and an isolation level of approximately 21.1 dB [154].

There are also researches on six and eight port MIMO antenna. For
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Fig. 25. (a) The geometry of the antenna, (b) Simulated return loss, (¢) Simulated ECC, (d) Simulated DG and (e) Simulated SAR [180].

six port, reference [155] presents a novel EBG structure MIMO antenna
with an isolation level of 28 dB. Lastly, reference [156] presents a
compact MIMO antenna with high gain achieves a peak gain of 2.73 dBi
and an isolation level of 20 dB.

In [157], Kumkhet et al. proposed a wearable ultra-wideband MIMO
antenna, crafted from conductor and polyester fiber fabrics, measures
115 x 70 mm?. Its flexibility allows installation on curved surfaces. With
a frequency range from 2 GHz to 30 GHz, it offers an average gain of
3.75 dBi and a correlation coefficient of 0.5, suitable for 5G (2.6 GHz
and 26 GHz) and WBAN (2.4 GHz, 5.2 GHz, and 3.1 GHz-10.6 GHz)
applications. Researchers developed an electromagnetic band gap (EBG)
structure, reducing specific absorption rates (SAR) to 0.088 W/kg at 2.4
GHz and 0.070 W/kg at 5.2 GHz. This design, with gains of 6.59 dBi and
11.6 dBi respectively, exceeds the conventional SAR limit of 2.0 W/kg at
10 g as shown in Fig. 18.

In [158], Nikam et al. presented a dual-band multi-
ple-input-multiple-output (MIMO) antenna (RDMA) that can be recon-
figured has been created for fifth-generation (5G) networks. This
antenna operates at 3.5 GHz and in the industrial, scientific, and medical
(ISM) bands at 5.2 GHz. In order to facilitate dual-band functionality,
this antenna implements the partial ground plane DGS technique and
pin diode integrated branch lines. By modifying the design parameters
of the DGS and BLs, the antenna can be tailored to operate at alternative
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frequencies. Reconfigurable antennas offer several key advantages,
including the ability to switch between multiple frequency bands, adjust
their radiation patterns dynamically, and adapt their polarization,
making them suitable for various wireless applications and reducing the
need for multiple antennas in a device. As wireless technologies evolve,
reconfigurable antennas can be adapted to meet new requirements,
making them suitable for emerging applications in areas like IoT and 5G.
Furthermore, a dispersion diagram has been employed to design and
characterise a novel dual-band electronics bandgap structure inspired by
mushrooms. As illustrated in Fig. 19, to obtain isolation greater than
—25 dB between closely spaced antenna elements (at A5G/17.14), this
EBG structure is positioned between RDMA elements.

In [159], Elabd and Ahmed presented a metamaterial-inspired EBG
approach is integrated into a highly compact 4-port dual-band MIMO
antenna. This innovative design effectively reduces MC across a wide
frequency range. The antenna measures 17.76 x 17.76 mm? and is
fabricated on a Rogers TMM4 substrate. Each antenna element features a
rectangular patch with four slots and a complete ground plane, oper-
ating in multi band mode at 28/38 GHz. An EBG structure is placed to
further minimize MC between elements, with a spacing of 0.5\0. This
enhancement significantly improves metrics such as ECC, TARC, MEG,
and DG. The antenna’s radiation efficiency is validated through
comprehensive time-domain analysis. Furthermore, Fig. 20 illustrates
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Table 3
A comparative review of related studies using SRR structures.
Ref. Years  Size of MIMO No. of Antenna Operating Efficiency ECC Isolation Gain DG TARC SAR (W/
Antenna (mm°®) Element Frequency (GHz) (%) (dB) (dB) (dB) kg)
[166] 2024 10 x 5 x 0.4 2 23.2-30.64 >89 <0.01 >20 6.97 9.999 - -
37.5-43.75 dB
[167] 2024 18 x 9.2 x 0.787 2 28 - 0.0001 30 7.8 dB 9.99 - -
38 28 6 dB
[177] 2024 50 x 30 x 0.8 2 2.4 - <0.01 25 1.02 - < -10 -
3.5 18 dB
5.8 32 1.89
dB
1.43
dB
[168] 2023 18 x 38 x 0.8 2 28 88 <0.005 64 8.75 >9.9 <0.4 0.409
dB
[169] 2023 26 x 14.5 x 0.508 2 28 - 0.0001 -39 5.2dB 9.99 —22 -
38 -38 5.5 dB
[170] 2021 50 x 40 x 1.6 2 3.4-3.8 - - >18 4.1 dB - - -
[171] 2021 48 x 35 x 1.6 2 2-18 89 <0.07 27 8 dBi >9 - -
[178] 2020 150 x 85 x 1.57 2 5.2 95 <0.06 30 7 dBi - - 1.07
[172] 2023 70 x 70 x 1.6 4 2.5,3.3,35,47,52 - <0.5 >28 1.74 10 < -10 -
dB
[173] 2022 42 x 42 x 0.787 4 2.5-4 - 0.03 38 2.2 dB - < -10 -
[174] 2021 40 x 40 x 1.6 4 2.4 - - 14 - - - -
[175] 2023 12 x 45.6 x 0.254 8 25-29.5 75 - —20 20.5 0.9999 - -
dBi
[176] 2023 150 x 75 x 7 8 3.3-5 40-82 <0.12 >12 6 dB - - -
[145] 2021 100 x 60 x 0.254 8 3.8 94 0.009 <40 13.5 - - 0.391
5.2 dBi 1.121
8 1.991
[180] 2024 150 x 80 x 7.5 14 5.2-5.8 70-90 <0.01 - - 10 - <0.288

the antenna’s suitability for 5G cellular devices, confirmed by specific
absorption rate (SAR) analysis.

Table 2 summarizes the comparison of MIMO antennas using EBG
structures. Antennas vary in size from 18 x 9.2 x 0.787 mm®/pm? to
185 x 111 x 4.21 mm®/pm?, with 2-8 elements operating from 2.34
GHz to 21.34 GHz. Efficiency ranges from 53 % to 95 %, and ECC is
predominantly below 0.05, with isolation often exceeding 15 dB (up to
50 dB). Gains range from 2.51 dBi to 17.9 dBi, and Diversity Gain (DG) is
typically around 10 dB. TARC values are negative, indicating good
performance, and SAR values are mostly within safety limits, e.g., 0.088
and 0.94 W/kg. Challenges include missing SAR data critical for safety
assessments, varying ECC and isolation metrics hindering interference
comparisons, and inconsistent performance across designs due to fre-
quency range limitations.

4.1.3. Split ring resonator (SRR)/complementary SRR

Split Ring Resonators (SRRs) are essential components of antenna
engineering, as they enable the development of practical yet compact
antenna configurations. By generating a resonant effect, they facilitate
precise frequency calibration and increase the performance of the an-
tenna. SRRs find applications in various antenna designs due to their
magnetic resonance properties and unique interaction with electro-
magnetic radiation. Fabrication is typically completed using printed
circuit board methodologies, and critical design considerations include
parameters such as ring width, gap size, and substrate material selection.
In scenarios where spatial constraints are present, the utilization of SRRs
results in antennas distinguished by their expanded multiband capa-
bilities, improved operational performance, and reduced footprint. This
is an invaluable quality. Nevertheless, the resonant frequency may
exhibit sensitivity to environmental factors, and their design intricacies
and fabrication procedures can present challenges [160-163].

One of the primary advantages of SRRs is their ability to provide
substantial isolation between closely spaced antennas, which is crucial
for reducing mutual coupling and improving MIMO system efficiency.
They can also be tailored to specific frequencies, allowing for custom-
ized performance across various applications, and can be integrated into
compact designs without significantly enlarging the footprint. However,
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SRR technology has some drawbacks. The design and production of
SRRs can be complex and require precise manufacturing techniques,
such as laser cutting or CNC machining, which may lead to higher
production costs and longer lead times. Additionally, while SRRs offer
excellent isolation, their effectiveness may be limited to certain fre-
quency bands, which can restrict their use in wideband applications.
SRRs are particularly advantageous in wireless communication systems,
where they enhance signal integrity and reduce interference, thereby
improving overall antenna performance.

Application - To optimize wireless communication performance
across a broad frequency spectrum, from sub-6 GHz to millimeter-wave
frequencies (28-38 GHz), employing SRR and CSRR decoupling tech-
niques is essential. These techniques reduce mutual coupling between
closely spaced antenna elements in MIMO systems. In MIMO antennas,
these structures are widely applied, achieving mutual coupling of less
than —18 dB across frequencies such as 2.4/5.8 GHz WLAN, LTE, and
3.5 GHz 5G. Additionally, SRR structures enable the development of
compact antenna designs without compromising performance, exem-
plified by a symmetrical antenna operating at 5.0 GHz with —27 dB
return loss [164,165].

Bandwidth - SRR and CSRR structures provide wide decoupling
bandwidths, often exceeding 15-20 %. For example, in the 4.5-8 GHz
range, a combination of SRR and CSRR achieved over 20 dB isolation.
Importantly, integrating SRR and CSRR structures does not compromise
the overall antenna matching bandwidth, crucial for maintaining an-
tenna performance across a wide frequency range [164,165].

In recent times, researchers have developed a two elements MIMO
antenna capable of operating across various frequencies, as evidenced in
Refs. [166-171]. Reference [166] illustrates a multi-band MIMO an-
tenna operating within the frequency ranges of 23.2-30.64 GHz and
37.5-43.75 GHz. The antenna features two elements with isolation
levels exceeding 20 dB. In Ref. [167], the author details a two band 5G
MIMO antenna operates at 28 and 38 GHz, achieving a peak gain of 7.8
dB and 30 dB isolation. Reference [168] describes a two-port MIMO
antenna system operating within the 27-29 GHz frequency band.
Reference [169] introduces a dual-band MIMO antenna with high
isolation for 5G millimeter-wave networks, achieving a maximum gain
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Fig. 26. (a) The geometry of the antenna, (b) Measured and Simulated reflection coefficient, (c) Calculated envelope correlation coefficients, (d) Calculated diversity

gain and (e) Calculated TARC [188].

of 5.5 dB and isolation of 38 dB. Reference [170] discusses a straight-
forward MIMO antenna operating within the frequency from 3.4 to 3.8
GHz, with a peak gain over 4.1 dBi and isolation of approximately 39 dB.
Lastly, reference [171] presents a two-element ultra-wideband (UWB)
MIMO antenna designed for optimal performance and miniaturization
with antennas placed very close together.

Considerable research has focused on the utilization of four-port
MIMO antennas, as indicated by Refs. [172-174]. Firstly, reference
[172] introduced frequency reconfigurable multiband MIMO antenna
for 5G communication systems and exhibits a maximal gain of over 1.74
dB and an isolation of over 28 dB. In Ref. [173], the author discusses a
four-port antenna functioning from 2.5 to 4 GHz, achieving 38 dB
isolation and a peak gain of 2.2 dB. Reference [174] discuss a multiband
MIMO antenna with four elements shows additional resonance at 5.1
GHz and achieves an isolation level of 14 dB.

Significant investigation has been directed towards the usage of
eight-port MIMO antennas, as suggested by the citations provided in
Refs. [175,176]. In Ref. [175], the author presents an eight-element
UWB MIMO antenna operates from 3.1 to 10.6 GHz, exhibiting a 20
dB isolation level and a maximum gain of 7 dBi. In Ref. [176], the author
describes a miniature eight-port MIMO antenna array 5G sub-6 GHz
handset applications operating within the range of 3.3-5 GHz, achieving
a maximal gain of 3 dB and exhibiting an isolation of 12 dB.
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In [177], Christina et al. proposed a method to reduce MC between
two tri-band antennas designed for LTE, WLAN, and 5G applications
involves several steps. Initially, a monopole is optimized for operation at
3.5 GHz, with modifications made to the partial ground plane to achieve
resonance at the other two frequencies. This approach establishes a
MIMO antenna system using two tri-band monopoles. Low-band reso-
nators are strategically placed to minimize mutual coupling in the
higher frequency bands by attenuating surface wave propagation.
Additional reduction in coupling at the low band is achieved using aSRR.
The resulting MIMO antenna covers WLAN, 5G, and LTE frequencies
spanning the 2.4, 3.5, and 5.8 GHz bands. It exhibits maximum return
loss values of —22 dB, —35 dB, and —38 dB respectively, with mutual
coupling levels of —25 dB, —18 dB, and —32 dB. Additionally, the en-
velope correlation coefficient is less than 0.01, and the total active
reflection coefficient is below —10 dB, as depicted in Fig. 21, meeting
acceptable standards.

In [178], Zhang et al. proposed a compact wearable multi-antenna
system designed to function effectively under bending conditions is
examined. Two conventional methods for passive mutual coupling
suppression, utilizing electromagnetic bandgap structures and defected
ground structures (DGS), are evaluated for their performance when
subjected to bending or deformation. The introduction of a novel
isolator inspired by metamaterials is essential to overcome the
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TARC [173].

limitations of conventional isolators in on-body applications. This
innovative design integrates DGS with modified split ring resonators
(SRR) to ensure consistent isolation performance and broad coverage, as
depicted in Fig. 22, even under challenging bending conditions.
Importantly, it maintains the compact structure of a linear array.
Implementing this isolator ensures a low envelope correlation coeffi-
cient between the two on-body antennas, which is critical for enhancing
transmission efficiency in MIMO systems.

In [144], Lutful et al. introduced a MIMO antenna system optimized
for 5G applications, inspired by metamaterials (MMs), is developed with
radiation pattern deflection capability. The MM structure enhances gain
and provides broad angular coverage to minimize attenuation in elec-
tromagnetic wave propagation. Strong isolation within the MIMO an-
tenna system is ensured. Across all three deflection configurations, the
antenna increases gain by 2-3 dBi and achieves a —10 dB impedance
bandwidth of 3.4 GHz (27.5-30.9 GHz). As depicted in Fig. 23, this
deflection mechanism significantly improves isolation between MIMO
elements to below —10 dB and augments gain within the 27.5-30.9 GHz
operating frequency range.

In [179], Saeidi et al. proposed a high-isolation, compact
dual-polarized MIMO antenna has been developed to meet the
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specifications of sub-6 GHz 5G and X-band communications in devices.
Capable of operating within three frequency bands—3.8 GHz, 5.2 GHz,
and 8.0 GHz—the antenna achieves isolation levels exceeding 20 dB
without additional decoupling techniques, thanks to the incorporation
of metamaterial elements. The proposed triple-band antenna boasts an
impressive radiation efficiency of 98 % at 3.8 GHz, a bandwidth of 1.6
GHz (2.9 GHz-4.5 GHz), and a gain of 13.5 dBi. Fig. 24 illustrates that
performance evaluation encompasses the analysis of S parameters, ra-
diation characteristics, ECC, and SAR.

In [146], Ennajih et al. introduced a fourteen-element massive MIMO
compact antenna system with a low SAR designed for 5G and future
terminals. The antennas target the sub-6 GHz LTE-band 46 (5.1-5.8
GHz) for long-term evolution 5G wireless communication. The antenna
system, constructed on an FR-4 substrate with a dielectric constant of
4.3, comprises a main board and four sideboards, with overall di-
mensions of 150 x 80 x 7.5 mm?®. The results show excellent impedance
matching, isolation among antennas, and good gain. Furthermore, SAR
analysis at the 5.5 GHz operating frequency indicates that the antenna
system complies with safety standards for human exposure, as depicted
in Fig. 25.

Table 3 compares MIMO antennas with SRR structures, highlighting
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Fig. 28. (a) The geometry of the antenna, (b) Measured simulated reflection coefficient, (c) Simulated envelope correlation coefficients, (d) the antenna efficiencies
of the MIMO array with a single hand model as well as (e) the antenna efficiencies of the MIMO array with a single hand and head model [210].

size variations from 10 x 5 x 0.4 mm? to 150 x 80 x 7.5 mm? and
element counts from 2 to 14. These antennas achieve up to 90 % effi-
ciency, operate from 2.3 GHz to 58 GHz, and have low ECC values under
0.01, suggesting minimal correlation. Gains range from 1.89 dBi to 13.5
dBi, isolation from 9 dB to over 40 dB, TARC values below 0 dB, and DG
around 9-10 dB, with SAR within safe limits of 0.288 W/kg to 1.991 W/
kg. However, more efficiency and SAR data are needed to ensure safety
and performance assessments. Gain variability indicates inconsistent
performance, while gaps in ECC and isolation data challenge compre-
hensive comparisons. Uniform DG values imply limited innovation,
frequency range limitations affect versatility, and size and element
count variations complicate direct performance comparisons.

4.2. Neutralization lines

The method of neutralization lines involves incorporating metallic
slits or lumped elements, such as capacitors and inductors to establish a
supplementary route for electromagnetic waves between antenna ele-
ments. This added pathway effectively mitigates mutual coupling,
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enhancing the isolation between antennas. Fine-tuning the position or
characteristics of these neutralization lines enables precise control over
the impedance and bandwidth of the MIMO antenna system. This
adaptability facilitates the optimization of performance tailored to the
requirements of specific applications [181,182].

Its primary advantages are cost-effectiveness and simplicity, allow-
ing for easy integration into existing antenna designs without requiring
significant space. Furthermore, NLs offer comprehensive efficacy across
various frequencies. However, optimizing their design can be complex
and may not substantially improve other performance metrics, such as
radiation patterns. NLs are a valuable asset in modern antenna design,
with typical applications including MIMO antenna arrays, wireless
communication devices, miniaturized antennas for wearables, and tri-
band systems.

Application - Using the neutralization line structure in compact
MIMO systems with element spacing of no more than one wavelength
helps conserve space. Acting as band-stop filters, neutralization lines
enhance diversity gain, reduce mutual coupling, and lower the envelope
correlation coefficient, thereby improving MIMO performance overall.
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Additionally, they enhance isolation at specific frequencies [95,183].

Bandwidth - Neutralization lines provide extensive decoupling
bandwidths. For example, a wideband neutralization line effectively
reduced mutual coupling across an ultra-wideband (UWB) frequency
range. The design of neutralization lines can be optimized to achieve
either a reduced antenna separation distance or a broader decoupling
bandwidth, while maintaining low design complexity. In tri-band MIMO
antennas, symmetrical distribution layouts and U-shaped neutralization
lines have been implemented to decouple various frequency bands,
including low, intermediate, and high frequencies [183,184].

As described in a number of references [185-199], recent research
has produced a dual-port MIMO antenna that is capable of operating
across a variety of frequencies. A compact CoPlanar Waveguide MIMO
antenna that was specifically designed for Ultra-Wideband (UWB) ap-
plications was introduced in Ref. [185], it has an isolation level of
approximately 16.5 dB A co-axial feed, a compact antenna with
dual-band operating bands covering 5G is described in Ref. [186], which
achieves a maximal gain of 3 dB and an isolation level of 15 dB. The
metamaterial-inspired antenna was devised in Ref. [187] for dual-band,
with an isolation level that exceeds 22 dB. A two-port, compact, and
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multiband MIMO antenna is detailed in Ref. [188]. This antenna fea-
tures a maximal gain exceeding 6.2 dBi and an isolation greater than 18
dB. Additionally, reference [189] introduces a dual-port, high-isolation
MIMO antenna designed in the shape of a trident for 5G applications,
achieving 25 dB isolation. Reference [190] describes a MIMO antenna
with circular polarization operating at 3.25 GHz, boasting a maximal
gain of 3.3 dB and 22 dB isolation. A single-band, two-element MIMO
antenna for future 5G wireless applications at 5 GHz is detailed in
Ref. [191], with a maximal gain of 1.95 dBi and 21.3 dB isolation.
Reference [192] discusses a Fractal H-Vicsek MIMO antenna developed
for 5G applications in the 3.3-3.7 GHz band, achieving over 16 dB
isolation. In Ref. [193] a compact CPW-fed triple-band MIMO antenna is
designed, attaining 16 dB isolation and a maximum gain of 4.5 dB.
Reference [194] introduces a semi-circular MIMO antenna with an
isolation level surpassing 40 dB. Lastly, reference [195] escribes a
low-profile dual-band MIMO antenna operating at 2.4 GHz, 5.2 GHz,
and 5.8 GHz for WLAN applications, achieving isolation levels of 15 dB.
A novel wideband decoupling technique to improve the performance of
MIMO antenna is described in Ref. [196]. This antenna boasts an
isolation level of approximately 15 dB. A pair of tri-band MIMO
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Table 4
A comparative analysis of prior research utilizing the Neutralization Lines technique.
Ref. Years  Size of MIMO No. of Antenna Operating Frequency Efficiency ECC Isolation Gain DG TARC SAR (W/
Antenna (mm°®) Element (GHz) (%) (dB) (dB) (dB) kg)
[185] 2023 46 x 46 x 1.6 2 3.1-11.7 59 <0.057 16.5 - >9.78 < -10 -
[186] 2023 30 x 30 x 0.8 2 3.7-3.9 78 <0.4 13 3dB 10 < -10 -
5.6-5.9
[187] 2023 30 x 35 x 0.8 2 3.82-4 80 <0.02 22 - 10 < -10 -
5.62-5.92 15.5
[188] 2022 30 x 20 x 1.6 2 0.67-7.29 70-93 <0.008 >18 3.62 10 < =30 -
8.07-12.11 dBi
14.07-15.41
16.04-22
[189] 2022 62 x 25.6 x 1.524 2 2.99-3.61 80.24 <0.002 < -16 3.14 10 < -10 -
4.53-4.92 84.64 dBi
3.84
dBi
[190] 2022 100 x 50 x 0.8 2 3.25 95 <0.001 >22 2.5dB >9.9 - -
[191] 2022 30 x 6.75 x 0.254 2 4.9-5.06 79.5 <0.05 -21.3 1.95 10 - -
dBi
[209] 2022 26 x 32 x 1.5 2 2.35-2.5 76 <0.35 < =27 1.26 - - -
3.25-3.85 dBi
4.4-6.2
[192] 2021 12.5 x 37 x 0.8 2 3.3-3.7 >40 0.009 >16 - >10 - -
[193] 2021 56 x 30 x 1.6 2 2.38-2.52 <0.005 18.2 4.5 dB >9.99 < -10 -
3.28-3.63 16.3
5.05-6.77 17.1
[194] 2021 50 x 25 mm? 2 3-10 98 <0.02 < —40 4.4 dBi 10 - -
[195] 2020 36 x 33.5 x 1.6 2 2.4-2.7 <0.1 >15 - >9.99 < -10 -
4.4-6.7
[196] 2020 32 x 36 x 0.5 2 3.5-6 - - 15 - - - -
[197] 2020 48 x 49 x 2 2.3 - <0.02 18.2 - 10 - -
3.5 32.4
5.7 24.3
[198] 2019 35 x33x0.8 2 3-6.5 - - - 3.8dB - - -
[199] 2019 135 x 67 x 0.8 2 4-5.95 - <0.04 34 - - - -
[200] 2022 64 x 64 x 1.5 4 5.05-5.43 >70 0.14 25 7.93 - - -
dBi
[201] 2022 13.75 x 13.75 x 4 35 85 <0.5 30 5dB 9.6 < -10 -
0.787
[202] 2021 150 x 75 x 0.8 4 3.6 40 <0.1 18.5 - - <=5 -
[203] 2020 100 x 100 mm? 4 1.88-3.15 65 <0.04 >30 6 dB - - -
[204] 2020 120 x 60 x 0.8 4 3.4-3.6 - - 16 - - <=5 -
[205] 2019 48 x 34 x 1.6 4 3.52-10.08 79.87 <0.039 23 2.91 9.59 - -
dB
[206] 2019 18 x 30 x 0.5 4 3.36-3.68 52 <0.025 >20 2.8dB - - -
[207] 2020 150 x 73 x 0.8 8 3.3-5.6 80 0.1 15 - - - -
[208] 2020 150 x 70 x 0.8 8 3.1-6 75 <0.039 12.5 - - - 0.852
[210] 2019 124 x 74 x 6 8 3.3-3.6 60 <0.15 >15 4.8 dBi - - -
[211] 2019 150 x 70 x 0.8 10 3.3-3.6 >45 <0.15 >12 - - - -
4.8-5.0

antennas with high isolation and projecting an isolation level of 11.5 dB
is the subject of reference [197]. A UWB MIMO antenna modified with a
wideband neutralization line is described in Ref. [198] and achieves a
maximal gain of 3.8 dB. Finally [199], introduces MIMO array with
T-shaped neutralization line and is based on a two-element MIMO an-
tenna, it has an isolation level of approximately 20 dB.

The applicability of four-port MIMO antennas has been the subject of
significant research study, as demonstrated by the citations [200-206].
The authors provide further details a miniaturized MIMO antenna that
operates within the frequency range of 5.05-5.43 GHz in Ref. [200].
This antenna, which consists of four elements, obtains a maximal gain of
10.09 dBi and an isolation that exceeds 19.2 dB. A low-profile planar
MIMO antenna with a peak gain exceeding 5 dB and a notable isolation
level at a centre frequency of 35 GHz is introduced in Ref. [201]. This
array is specifically designed for 5G mobile applications. As specified in
Ref. [202], a four-element MIMO antenna that is intended for 3.5 GHz
operation achieves an 18.5 dB isolation. Furthermore, reference [203]
illustrates an antenna array formed by four PIFA elements that operates
at 1.88-3.15 GHz and is designed for accesss-point MIMO systems. Next,
reference [204] introduces a novel compact MIMO antenna at 3.4-3.6
GHz with an isolation of over 16 dB. A compact and small size MIMO

antenna designed for ultra-wideband applications with a maximal gain
of 2.91 dB is described in Ref. [205] for operation within the frequency
range of 3.52-10.08 GHz. Consequently, reference [206] introduces a
4x4 inverted L-monopole antenna that operates at 3.36-3.68 GHz and
has a maximal gain of 2.8 dB.

There are several researches have been made in the implementation
of eight port MIMO antennas as depicted in Refs. [207,208]. In
Ref. [207], researchers explain an eight-element ultra-wideband MIMO
antenna frequency band from 3.3 to 5.6 GHz and reach the maximum
isolation of 15 dB. In Ref. [208], the author proposed a dual-band MIMO
antenna that functioning at the range of 3.1-6 GHz exhibits an isolation
level of approximately 12.5 dB.

In [188], Wang et al. proposed a compact, multiband two-port MIMO
antenna is designed for diverse wireless transmission networks,
featuring an overall size of just 30 x 20 x 1.6 mm?>. This MIMO antenna
design features two radiating patches, each composed of a semicircle
and a semi-regular hexagon, with surface-etched C-slots and U-slots to
optimize the antenna’s return loss characteristics. A cross-shaped aper-
ture is positioned at the center of the ground to further enhance the
isolation between the radiation elements, while a neutralization line is
integrated to restrict current transmission across the ground plane. The
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Fig. 30. (a) The geometry of the antenna, (b) Simulated and measured S11, (c) Simulated and measured ECC, (d) Simulated and measured DG and (e) Simulated

TARC [255].

results indicate that the antenna operates effectively across various
frequency ranges: 0.67-7.29 GHz, 8.07-12.11 GHz, 14.07-15.41 GHz,
and 16.04-22 GHz (with S11<—10 dB). Additionally, the antenna
achieves an RF isolation of more than 18 dB between its two terminals.
Finally, Fig. 26 illustrates that the diversity metrics, including ECC, DG,
TARC, CCL, and MEG, all show satisfactory performance.

In [209], Cao et al. proposed a tri-band MIMO antenna is meticu-
lously designed using characteristic mode analysis as a guiding princi-
ple. The design process begins by incorporating rectangular
spiral-shaped segments and L-shaped openings at strategic points to
modify the characteristic modes of a basic rectangular microstrip an-
tenna, resulting in a tri-band antenna unit. Subsequent analysis of modal
significance and current distributions identifies the mode responsible for
mutual coupling in the initial two-port MIMO antenna configuration.
This insight guides the development of a meandering neutralization line
connecting two adjacent edges and a rectangular opening at the center
of the shared ground plane, serving as decoupling mechanisms. These
enhancements successfully increase isolation to over 18 dB between two
units spaced 7.4 mm apart. Empirical validation supports the effec-
tiveness and feasibility of this systematic design approach for the MIMO
antenna. The final design is notably compact (32 mm x 26 mm),
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achieves a peak gain exceeding 1.26 dBi, an ECC below 0.35, and a ra-
diation efficiency exceeding 76 % across all three targeted frequency
bands (0.15 GHz, 0.6 GHz, and 1.8 GHz), as depicted in Fig. 27.

In [210], Jiang et al. proposed a novel eight-element MIMO array is
proposed for 5G smartphone systems that operate within the 3.45-GHz
band (3.3-3.6 GHz). The array is strategically distributed symmetri-
cally within the smartphone frame and consists of two kinds of
four-antenna arrays: U-shaped and L-shaped coupled-fed loop elements.
The frequency band from 3.3 to 3.6 GHz is effectively covered by all
components, as demonstrated through simulation, prototype fabrica-
tion, and testing, achieving a —6 dB impedance bandwidth. The inte-
gration of inverted-I ground positions and a neutralization line (NL)
structure significantly enhances isolation to 15 dB. Additionally, the
envelope correlation coefficient (ECC) between any pair of elements is
below 0.15, as shown in Fig. 28, indicating independent elements with
favorable far-field radiation characteristics. The measured efficiencies of
the elements within the operational frequency band exceed 40 %.
Moreover, using the correlation matrix method and assuming a 20 dB
signal-to-noise ratio, the ergodic channel capacity of the array is esti-
mated to be approximately 35 bps/Hz.

In [211], Wei et al. dual-mode inverted-F antennas (IFAs) are



N.H. Jemaludin et al.

[0 =
[J ] Roh

Results in Engineering 23 (2024) 102712

@@}
S|}

lo/o/c/o0/0/0 00

- 11 (Sivadared) MIMO=FSS (ST)= = 511 (Measured) VIMO=FSS (3T)
——512 {Sirelated) MIMOFSS (ST)— = 512 (Maasured) VINO+F8S (2T)
4 §, =571 {Simelaied) MIMOHFES (ST)== = 521 (Maasured) VIMOAFSS (5T)

Q———s;z {Simutmed] MIMOSFES (5T)== « 522 (Measured) MIMOFSE |:§I]{/r
71

N -

S-Parameters (dB)

Frequency (GHz)
(b)

100

5.8 CTr—— el

i

mn
o
Coumeary i iy

L T T Y

Diversity Gain {(dB)
o
a

p—
— (Simulated) DG from Farfield
— (Simulated) DG from S-Parameters
= (Measured) DG from S-Farameters
=] r -

3 4 5 8

Frequency (GHz)

(d)

9.2

Oooocoaaoaq)
(a)

010

—— Simulated ECC from Farfiled
0.09 —— Simulated ECC from S-Parameters
s} — — Measured ECC from S-Parameters
0.07
0.06 -]
§ 0,054
0,04
0.03
0.02 -
0.01
o0 ey : . SIS
4 5
Frequency (GHz)
(c)
04
ry
A0
R I | ==
=z
g o
g

—Phase=9' ---

—FPhase = 30"

——Phase = 60"

= Phase = 50"

s Phase = 130"

=—Fhase = 150" = = = Page = 150"

=——Phase = 160" = = = Phase = 160"

-40 T T T T
2 3 4 5 [} T

Frequency {GHz)

(e)

Phase =07
Phasa = 30" W
Prase = 40"
Prase = 30"
Phase = 130"

Fig. 31. (a) Antenna geometry, (b) Simulated and measured reflection coefficients, (c) Simulated and measured envelope correlation coefficients, (d) Simulated and

measured diversity gain, and (e) Simulated and measured TARC [[256].

integrated into a ten-element MIMO array designed for 5G terminal
applications to enhance dual-band functionality. The innovative
dual-mode IFA design features two radiators positioned on the exterior
and interior of the side border frame. The inner radiator activates a
second one-quarter-wavelength mode at 4.9 GHz, while the outer radi-
ator initiates a low-order mode at 3.5 GHz. Neutralization line archi-
tectures and decoupling branches are skillfully incorporated into the
design to achieve superior isolation between components. To validate
the design concept, a ten-element MIMO array prototype was meticu-
lously developed, constructed, and subjected to rigorous testing. Fig. 29
illustrates empirical measurements confirming the antenna’s capability
to cover the 3.3-3.6 GHz and 4.8-5.0 GHz bands with exceptional ef-
ficiency and commendable isolation.

Table 4 contrasts MIMO antennas with a Neutralization Lines
structure. The antennas vary from very small (12.5 x 37 x 0.8 mm?) to
larger (120 x 60 x 1.6 mm?) designs, mostly with 2 or 4 elements. Ef-
ficiency ranges from 40 % to 98 %, and operating frequencies span
0.67-9.99 GHz. ECC values are typically low, indicating good signal
correlation. Antenna gains range from 1.26 dBi to 7.93 dBi, while
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isolation ranges from 8.5 dB to over 22 dB. DG values, when specified,
are around 10 dB. Not all studies provide TARC values, but those that do
show values below 0. Only a few studies report SAR values, all below the
safety limit. The table highlights several limitations: inconsistent
reporting, significant efficiency variability, narrow focus on specific
frequency bands, isolation variations, and a wide range of antenna gains.
Many studies do not report TARC and SAR values, which are crucial for
understanding overall performance and safety.

4.3. Parasitic elements or slots

In MIMO systems, parasitic elements are strategically placed to
improve antenna characteristics such as gain, directivity, and imped-
ance matching. It enhances the impedance bandwidth by employing
coupling mechanisms in the ground plane or the radiation patch. The
slot antenna offers wide bandwidth, high gain, increased efficiency, and
substantial mutual coupling values.

This technique achieves high isolation levels, often surpassing 20 dB,
by strategically placing parasitic elements or openings near active
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antennas. Its simple design can be easily integrated into existing struc-
tures without requiring significant additional space. Moreover, it is
versatile and effective across a broad range of frequencies. However,
optimizing the size and placement of the parasitic elements can be
challenging, and it may not significantly enhance other performance
metrics, such as gain or radiation patterns, despite improving isolation.
This approach is commonly used in slot antennas, wireless communi-
cation devices, MIMO antenna arrays, and compact designs for wearable
technology, highlighting its importance in modern antenna engineering.

Application - Parasitic elements are versatile in antenna design, used
to compensate for resistive and reactive components, thereby improving
impedance matching and reducing mutual coupling. Rectangular
openings in the patch enable multi-band operation, functioning simi-
larly to a bandpass filter. This method facilitates antenna miniaturiza-
tion while maintaining effectiveness. For example, a compact and

()

Fig. 32. (a) The geometry of the antenna, Measured and Simulated (b) Return loss, (¢) ECC, (d) DG and (e) TARC and (f) Simulated SAR at 28 GHz & 38 GHz [257].
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symmetrical antenna utilizing parasitic elements achieved a —27 dB
return loss at 5.0 GHz [212-214].

Bandwidth - The parasitic element-based decoupling technique has
been employed to achieve mutual coupling reduction across an ultra-
wideband (UWB) frequency range, showcasing its capability to pro-
vide wide decoupling bandwidths. Optimization of the parasitic ele-
ments’ design allows for reducing antenna separation distances or
expanding decoupling bandwidths, all while maintaining a low level of
design complexity. In tri-band MIMO antennas, symmetrical distribu-
tion layouts further enhance decoupling performance across various
frequency bands, including low, intermediate, and high frequencies
[212-214].

Researchers have recently made advancements in the design of a
dual-port MIMO antenna capable of functioning at multiple frequencies,
as illustrated in Refs. [215-233]. A concise, multiband MIMO antenna
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Fig. 33. (a) The geometry of the antenna, Measured and Simulated (b) S11, (c) ECC, (d) DG and (e) TARC [258].

design is introduced in the specified reference [215] for WLAN appli-
cations. This antenna achieves a maximum gain exceeding 3.1 dBi and
an isolation level of approximately 27 dB. The dual-band MIMO antenna
with low mutual coupling described in Ref. [216] provides effective
isolation for 5G millimeter-wave networks, attaining a maximal gain of
2.65 dBi and an isolation of 15 dB. The manuscript in Ref. [217] rep-
resents the exceptional 1 x 2 MIMO antenna structure, which has a
maximal gain exceeding 8.72 dBi. Documented in Ref. [218] is a
compact MIMO UWB antenna that exhibits a peak gain exceeding 4.93
dBi. For 5G Antenna-in-Package Design at Millimeter-Wave Frequencies,
reference [219] describes a two-element antenna that achieves 11.5 dBi
of peak gain. A C-shaped parasitic structure MIMO antenna with a
maximal gain of 7.69 dBi and 30 dB isolation is described in Ref. [220].
A compact, high-gain MIMO antenna operates at 4.5 GHz for Unmanned
Aerial Vehicle (UAV) band, achieves an isolation of 10.7 dB and a
maximal gain of 6 dBi, as described in Ref. [221]. [222] describes a UWB
MIMO antenna consisting of two elements that function in the frequency
range of 2.3-17.8 GHz, with a demonstrated gain exceeding 6.5 dBi. In
Ref. [223], a compact coradiator annular ring diversity antenna with 20
dB isolation and a maximum gain of 8 dBi is described for various
wireless applications in super  wideband. A multi-
ple-input-multiple-output (MIMO) antenna is reported for 5G frequency
range-2 (FR-2), 28 GHz bands with isolation exceeding 25 dB is
described in Ref. [224]. 18 dB isolation is achieved by a compact
dual-polarized MIMO antenna functioning at 3.5 GHz, as described in
Ref. [225]. At frequencies between 3.2 and 4 GHz, a dipole MIMO an-
tenna [226] achieving a maximum gain of over 9.2 dBi [227]. presents a
compact high-isolation UWB MIMO antenna that functions at a

32

frequency of 3.1-17.5 GHz and achieves a gain exceeding 14 dBi. A
miniaturized MIMO antenna described in Ref. [228] achieves 28 dB
isolation when operating at 3-5 GHz. Next, reference [229] describes
two-element MIMO antenna that operates at dual frequency and has a
maximum gain of 5.4 dBi. The dual-band 28 and 38 GHz antenna
described in Ref. [230] attains a maximum gain of 6.6 dBi. The paper
[231] describes a novel design of high-isolation dual-band antenna that
functions at 3.5 and 4.85 GHz, it boasts an isolation of 41.4 dB and a
maximal gain of 4.56 dBi. A low-profile dual-band MIMO patch antenna
described in Ref. [232] comprises two elements that function at the
frequency of 2.6/3.6 GHz and exhibit an isolation of 13 dB. Lastly [233],
describes a compact fractal MIMO antenna that operates between 4.7
and 5 GHz and features 18.5 dB isolation.

Significant academic research has focused on enhancing four-port
MIMO antennas, as evidenced by the sources cited [234-245]. An ex-
amination of a quad-port MIMO antenna intended for operation at 27.6
GHz is detailed in Ref. [234]. Reference [235] describes a MIMO an-
tenna with four elements, operating in the ultra-wideband (UWB)
spectrum from 3.1 to 10.6 GHz, and achieving an isolation exceeding 20
dB. In Ref. [236] a 4-port, multi-band antenna is described, with a
maximal gain exceeding 6.2 dBi and an isolation exceeding 20 dB. A
Quad-Port Dual-Band MIMO antenna functioning at 3.5 & 5 GHz was
accomplished by the researchers in Ref. [237] and the antenna achieved
an isolation of 16.5 dB. a dual-band 4 port MIMO antenna operating in
the dual frequency band range of 2.47-3.38 GHz and 4.94-7.24 GHz and
exhibiting high simulated isolation is described in Ref. [238]. A four
elements sub-6 GHz MIMO antenna to operate within a frequency range
of 1.6-4.4 GHz obtains a maximal gain in excess of 5.62 dBi and an
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Fig. 34. (a) The geometry of the antenna, Measured and Simulated (b) Reflection coefficient, (c) Envelope correlation coefficients and (d) Single hand mode & dual

hand mode [259].

isolation of approximately 40 dB, as described in Ref. [239]. Antenna
reference [240] describes a wideband MIMO antenna with four elements
and enhanced isolation, designed for 5G smartphone applications,
covering the frequency range from 1.9 GHz to 5.2 GHz with a maximum
gain in excess of 6.1 dB. The maximal gain of a four-port MIMO antenna
described in Ref. [241] is 4.4 dBi when operating at dual-band fre-
quencies. For 3.1-11.8 GHz, researchers in Ref. [242] devised a UWB
MIMO antenna that achieved isolation levels of 20 dB. Reference [243]
describes an inset-fed planar MIMO antenna operating at around 28/38
GHz, featuring four elements and an anticipated gain surpassing 5.5 dBi.
Reference [244] demonstrates that a dual-band, compact, high-gain
antenna with a simple geometry achieves a maximum gain exceeding
9.5 dBi and 11.5 dBi. Reference [245] describes a 4-port circularly
polarized (CP) MIMO antenna operating at 5.9 GHz with a maximum
gain of 7.68 dBi and an isolation of less than 34 dB.
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As references [246-254] illustrate, considerably of research goes
into the production of 8-port MIMO antennas [246]. presents a
Semi-Circular Arc MIMO antenna with 8 components that achieves
isolation above 15 dB while operating at 2.84-11 GHz. A sub-6 GHz
antenna with 8 terminals and an isolation of 14.5 dB is presented in
Ref. [247] by the 8 x 8 High-Isolation Broadband MIMO antenna.
Furthermore [248], provides details on an eight-port/four-resonator slot
antenna array with a dual-polarized function for MIMO with isolation of
more than 25 dB. Achieving 25 dB isolation and a peak gain of 6.32 dBi,
researchers successfully developed an eight-element MIMO antenna in
Ref. [249] that operated at 14-18 GHz. An inverted L-shaped monopole
eight elements MIMO antenna in Ref. [250] has a maximal gain of 4 dBi
and operates at 3.5 GHz. Next [251], presents an 8-element MIMO an-
tenna implemented for Chipless-RFID Tags (CRT) that that operates
around 3.5-10.5 GHz and predicted gain greater than 5 dB. In
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Table 5
A systematic review of previous investigations that have applied the Parasitic Elements method.
Ref. Years  Size of MIMO No. of Antenna Operating Efficiency ECC Isolation Gain DG TARC SAR
Antenna (mm3/pm3) Element Frequency (GHz) (%) (dB) (dB) (dB) (W/kg)
[218] 2024 40 x 23 x 1.6 2 3.28-17.8 95.34 0.003 < -20 4.93 9.997 - -
dBi
[221] 2024 50 x 27 x 1.6 2 4.5 - 0.02 40 6 dBi 10 - -
[222] 2024 55 x 33 x 1.52 2 2.1-18 90 0.0001 >45 6.5 dBi 9.99 - 0.72
[223] 2024 29 x 29 x 0.8 2 3-50 80-95 <0.002 <20 8 dBi >9.995 - -
[229] 2024 6.2 x 13 x 0.25 2 18 90 <0.22 20 3.5 dBi >9.6 < -10 -
28 5.4 dBi
[256] 2024 117.5 x 94.9 x 0.508 2 3-6 97 0.004 >13 7.96 >9.99 < -8 -
dBi
[216] 2023 45 x 30 x 1.6 2 2.5 70 0.02 15 2.65 9.98 - -
4.5 dBi
[217] 2023 50 x 39 x 1.6 2 5.653 - <0.1 50 21 dBi 10 —-9.7 -
[219] 2023 8.16 x 8.16 x 3.8 2 28/39 - - -16 11.5 - - -
dBi
[255] 2023 70 x 40 x 1.6 2 4.89-6.85 84 <0.002 64 6.45 10 < -10 -
dBi
[257] 2023 14.76 x 8.38 x 0.203 2 28 95 <2.5 x -35 6 dBi 9.998 < =10 1.57
38 10°° 75 10 dBi 1.36
[224] 2022 10.8 x 19.64 x 1.6 2 28 - 0.01 < -25 4.8 dBi 9.99 - -
[225] 2022 25 x 25 x 1.57 2 3.5 86 <0.06 >19.8 - >9.994 < —4 -
5.35 80 <0.11 >16.75 >9.971
[228] 2022 50 x 30 x 1.6 2 3-5 80 <0.00005 >28 - >9.999 - -
[230] 2022 7.5 x 8.8 x 0.25 2 28 - 0.04 < -20 6.6 dBi >9.8 - -
38 5.86
dBi
[220] 2021 15 x 26 x 1.57 2 16 - 0.14 > —-30 6.43 9.89 - -
dB
[232] 2020 18 x 23 x 1.6 2 2.6/3.6 - 0.015 13 - - -20 -
[215] 2019 50 x 30 x 1.59 2 2.45/5.2/5.8 63.8 <0.027 27 3.1dBi - - -
[226] 2019 150 x 150 x 0.8 2 3.6 - <0.002 >25 8 dBi - - -
[227] 2019 65 x 65 x 1.62 2 3.1-17.5 - <0.007 < -20 - >9.99 -1.4 -
[233] 2019 21 x 24 x 0.8 2 4.7-5 - 0.002 —18.5 - - - -
[241] 2024 62 x 62 x 0.6 4 2.8-8.9 82.4 <0.014 >33 4.4 dBi 9.9993 —5.4 -
[234] 2023 32 x 32 x 0.787 4 24.6-30.6 92 0.0002 >27 12.4 9.99 - -
dBi
[236] 2023 30 x 40 x 1.67 4 2-3,3.4-3.9, - 0.01 20 6.3 dBi 10 < =20 -
4.4-5.2
[238] 2023 50 x 50 x 0.8 4 2.47-3.38 80 <0.064 15 2.28 9.95 - -
4.94-7.24 dBi
5.21
dBi
[239] 2023 40 x 40 x 1.6 4 1.6-4.4 53 <0.001 —40 5.62 >9.9 - -
dBi
[242] 2023 54 x 54 x 1.52 4 3.1-11.8 0.001 20 6.35 10 - -
dBi
[244] 2022 28 x 28 x 0.79 4 28 - <0.001 -50 9.5 dBi 9.99 - -
38 11.5
dBi
[245] 2022 1.46 x 1.46 x 0.029 4 5.9 94 <0.001 —65 7.68 9.99 - -
dBi
[237] 2021 150 x 75 x 6.2 4 3.5 85 0.01 16.5 4.7 dBi - - -
5 82 5 dBi
[240] 2021 54 x 120 x 13 4 1.9-5.2 65-92 <0.05 > —16 6.1 dB - - -
[243] 2021 41.5 x 8 x 0.787 4 28/38 84 0.005 25 5.5 dBi >9.96 - -
[258] 2021 150 x 75 x 6 4 3.4-3.6 78.5-87 <0.03 >16.5 5.7 dBi >9.995 <-11 -
[235] 2019 40 x 43 x 1 4 3.1-10.6 92 <0.2 20 4 dBi >9.5 -8 -
[247] 2023 12.7 x 6.1 x 0.8 8 3.28-5.05 82 <0.01 >14.5 - - - -
[249] 2023 60 x 60 x 1.6 8 14-18 - <0.008 >25 6.32 9.96 < -10 -
dBi
[251] 2022 62.2 x 124.4 x 1.6 8 3.5-10.5 92.7 <0.008 >18 5dB - - -
[259] 2022 150 x 75 x 0.8 8 3.5 55 <0.08 >12 >2 dBi - - -
4.8 72
[246] 2021 0.61A x 0.61A x 1.6 8 2.84-11 - <0.02 >15 7.2 dBi - - -
[250] 2021 136 x 68 x 0.8 8 3.5 50-75 <0.1 >15 4 dBi - - 1.36
[253] 2021 150 x 75 x 0.8 8 3.5 76-83 <0.05 > —-17.5 5dB 10 - -
[254] 2021 75 x 37.5 x 0.8 8 3.3-5.95 47-78 <0.11 >15 - - - -
[248] 2019 75 x 150 x 1.6 8 3.6 60 <0.01 25 5dB - - -
[252] 2019 18.6 x 7 x 0.8 8 3.3-4.2 53.8-76.5 <0.1 15 - - - -
(single) 4.8-5 62.6-79.1 <0.2

34
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Ref. [252], the author proposed an 8-element dual-band MIMO antenna,
designed for operation in both the 5G New Radio band n77 (3300-4200
MHz) and the 5 GHz band (4800-5000 MHz), achieves an isolation
exceeding 12.5 dB. In Ref. [253], the author describes a compact 8-port
MIMO antenna array operate in the 3.5 GHz band, offering isolation of
17.5 dB and a peak gain of 5 dB. Finally, a wideband dual-antenna for 5G
mobile applications is described in Ref. [254], which improves isolation
by up to 15 dB.

In [216], Khan et al. proposed A circularly polarized wideband
MIMO antenna with high isolation features a square-cut square patch
design, two ports with square cuts at each corner, and parasitic elements
consisting of 9x5 periodic square metallic plates. The antenna uses an
FR4 substrate with a height of 1.6 mm and measures 40 x 70 mm?. The
parasitic elements surrounding the antenna are strategically positioned
to minimize MC and enhance circular polarization (CP). The proposed
antenna demonstrates superior performance in terms of efficiency, ECC,
DG, CCL, and TARG, as illustrated in Fig. 30.

In [256], Zeain et al. introduced a novel compact MIMO antenna
shaped like a chair, featuring two radiating elements and a single layer
of frequency-selective surface (FSS) tailored for 5G Sub-6GHz commu-
nication systems. The 1 x 2 MIMO antenna utilizes coplanar waveguide
(CPW) feeding. Additionally, an FSS array structure comprising 68
Square-shaped structures with Circular Slot (SCS) shaped cells is
implemented using a novel Surround Technique to bolster gain and
isolation between the MIMO antenna elements. Fabricated on a Rogers
4350B substrate with a thickness of 0.508 mm, the antenna undergoes
thorough evaluation based on S-parameters, radiation properties, and
MIMO characteristics. Operating within the Sub 6-GHz 5G band (3-6
GHz), the proposed MIMO antenna demonstrates exceptional perfor-
mance metrics, including ECC = 0.004, DG = 9.99 dB, CCL = 0.2
bit/s/Hz, MEG = —3.13 dBi, and TARC = > 0 dB, showcasing its ad-
vantageous antenna attributes as shown in Fig. 31.

In [257] Elabd and Ahmed introduced a two-element MIMO antenna
array that is wideband and specifically designed for mmWave 5G mobile
devices, covering the 28/38 GHz frequency bands. This antenna array
features significant improvements in isolation and gain, utilizing
dual-mode planar dipole antennas. The design is implemented on a
Rogers RT 4003 substrate with dimensions of 14.76 x 8.38 mm? and a
dielectric constant of 3.55, developed using CST Microwave Studio
2019. To improve ECC and enhance isolation between the MIMO an-
tenna elements, the element spacing, including the parasitic element
(PE), is precisely set to 0.5). Additionally, improvements are noted in
TARC, MEG, and DG. The proposed design boasts a radiation efficiency
of nearly 95 %, with measured gains ranging from 6 dBi across the entire
band to 10 dBi at 40 GHz. The antenna demonstrates robust perfor-
mance in simulations with both human head and handset models. The
study reports a safe SAR value, with a low SAR10g of approximately
0.963 W/kg at 28 GHz and 0.583 W/kg at 38 GHz, as illustrated in
Fig. 32.

In [258], Abi and Nesasudha introduced a handheld device-specific
self-decoupled four port MIMO antenna pair operates within the 3.5
GHz midband of the 5G spectrum. The previously described configura-
tion features a T-shaped parasitic structure, two monopole antennas
spaced 7 mm apart, and a segment connecting the ground plane at the
rear. Throughout the entire frequency range of 3.4-3.6 GHz, the antenna
pair achieves isolation levels exceeding —16.5 dB. Within this band-
width, every antenna demonstrates a maximal gain of no less than 5 dB
and a total efficiency surpassing 78 %. The envelope correlation coef-
ficient (ECC) among the elements of the antenna is substantially lower
than the ideal value of 0.5, falling below the worst-case value of 0.03.
The calculations and analyses of additional MIMO diversity parameters
were conducted, encompassing Mean Effective Gain (MEG), Total Active
Reflection Coefficient (TARC), Diversity Gain (DG), and Channel Ca-
pacity Loss (CCL). The outcomes of these analyses are illustrated in
Fig. 33.

In [259], Kiani et al. proposed a MIMO antenna system comprising
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eight elements has been specifically engineered to enable 5G mobile
communication, the antenna elements are composed of a ground plane
with a rectangular aperture, an L-shaped parasitic element, and an
L-shaped radiating component. This configuration allows the system to
operate within two distinct frequency ranges, 4.67-5.08 GHz and
3.34-3.7 GHz, corresponding to bandwidths of 360 MHz and 410 MHz,
respectively. Positioning the radiating elements on opposite sides of a
0.8 mm thick FR-4 substrate maintains a minimum isolation of 12 dB
between any two elements. Various MIMO performance parameters,
such as MEG, channel capacity, ECC, realized gain, far-field character-
istics, and efficiency, were evaluated, as displayed in Fig. 34.

A systematic review of previous investigations applying the Parasitic
Elements method to MIMO antennas is presented in Table 5. Antenna
sizes vary from extremely small (e.g., 0.61 x 0.61 x 0.16 mm?) to larger
dimensions (e.g., 117.5 x 94.9 x 0.508 mm®), with designs incorpo-
rating 2 to 8 elements. Their efficacy ranges from 50 % to 95.34 %, and
operating frequencies range from 0.88 to 39 GHz. ECC values are
generally extremely low, suggesting a strong correlation between sig-
nals. Antenna gains range from 2.61 dBi to 11.65 dBi, and isolation
ranges from —65 dB to 21 dB. DG values are consistently maintained at
approximately 10 dB. However, not all studies provide TARC values;
those that do demonstrate values below 0. SAR is reported in only a
handful of studies, all within the safety limit. Several limitations are
emphasized in the table, including inconsistent reporting, significant
efficiency variability, limited frequency bands despite broad coverage,
and variations in isolation and antenna gains. Furthermore, many
studies fail to report TARC and SAR values, which are essential for
comprehending overall performance and safety.

5. Challenges and future directions

Several challenges have been linked to the development of MIMO
antennas for 5G devices. Reducing MC between antenna elements is one
of the primary challenges in achieving high isolation and efficient ra-
diation patterns. In addition, the limited space available in mobile
phones requires that MIMO antennas be efficient and compact, affecting
design considerations regarding overall performance and radiation
patterns. Another significant challenge is to ensure that compact MIMO
antennas comply with the Specific Absorption Rate (SAR) safety limits.
In addition, to facilitate a variety of 5G applications, MIMO antennas
must be capable of accommodating a wide range of frequency bands,
such as FR1 and FR2, necessitating complex design methods and ma-
terials. In order to enhance the functionality of MIMO antennas, it is
crucial to optimize parameters such as isolation, efficiency, and gain to
achieve low latency and high data rates.

Advanced materials and innovative structures should be the primary
focus of future MIMO antenna designs to improve SAR compliance,
reduce size, and enhance performance. The utilization of metamaterials
and nanomaterials to develop antennas that are more compact and
efficient is among the most significant areas. The antennas should be
compatible with both mmWave and FR1 frequencies to support various
5G applications and function effectively with other technologies, such as
IoT and V2X communications. Additionally, MIMO antennas should be
adaptable to multiple smartphone designs and environments, including
foldable and wearable options, as well as being compact and flexible.
Their efficacy should be adjusted to correspond with user activity and
the environment by implementing adaptive technologies. Optimal
operation and compliance with standards should be ensured by imple-
menting real-time performance monitoring systems. Finally, future
research should aim to create technologies that enable real-time direct
SAR measurements, surpassing the limitations of current simulation
methods.

6. Conclusions

This comprehensive review provides an in-depth analysis of MIMO
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antennas for 5G smartphones, focusing on mutual coupling techniques,
performance comparisons, SAR analysis, and future directions. The re-
view identifies critical challenges that MIMO antenna designers face,
including mitigating mutual coupling, achieving compactness, ensuring
SAR compliance, covering a wide range of frequency bands, and
enhancing overall performance. Future MIMO antennas should be
designed to seamlessly integrate with other technologies, be compact
and flexible, and incorporate real-time performance monitoring. This
review highlights the importance of assessing multiple performance
metrics, including far-field gain, DG, ECC, TARC, and mean effective
gain, in the evaluation of MIMO antennas. It also emphasizes the critical
importance of SAR compliance, stressing the need to consider SAR in
antenna design. This review provides a valuable resource for researchers
and engineers engaged in MIMO antenna design for 5G smartphones. It
highlights the key challenges and future directions in this field, offering
insights into advanced solutions and design strategies necessary for
developing efficient and compliant MIMO antennas in next-generation
mobile devices.
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