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1. Introduction

Ultra-wideband (UWB) antennas play a crucial role in wireless communication networks, prompting significant
research interest. Recent research has focused on UWB communication technologies to meet the demand for high data
speed, low cost, and low power (Lim et al., n.d.). Planar antennas are becoming more popular for UWB applications since
the Federal Communications Commission (FCC) assigns UWB an unlicensed frequency range of 3.1 GHz to 10.6 GHz (S.
M. Abbas et al., 2018). Microstrip type antennas is commonly employed in UWB wireless applications because to its ease
of implementation, good frequency response, and compatibility with other equipment (Awan et al., 2021). UWB antennas
are commonly used for radar systems, X-band (Suresh et al., 2022), public security, Ku- band. UWB antennas have smart
applications such as vehicle radar systems, surveillance systems, software-defined radios, spectrum analysis, and proximity
fuses (Suresh et al., 2022). Research challenges in UWB antennas include wide impedance matching, radiation stability,
low profile, small size suitable cost, and a multipath fading (Alharbi et al, 2022).

To prevent signal fading from multipath effects, diversity systems with two receivers have been developed, which
was the beginning of the evolution of MIMO (Beverage, n.d.,1931),(Peterson, n.d.,1931). Existing research (Jensen,
2016),(Sengar, 2014) has demonstrated that, as compared to single input single output (SISO) systems with a simple
structure, MIMO systems have more additional paths, and the multipath effect, delay, and packet loss can be minimized to
improve communication modes. Furthermore, Shannon's theorem states that channel capacity is proportional to channel
bandwidth and signal-to-noise ratio.
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In this research, we study decoupling methods for MIMO systems. We demonstrated some good MIMO decoupling
techniques over the last five years and analyzed the potential challenges they face. These methods are classified into two
types: external decoupling techniques and internal decoupling techniques. External decoupling approaches use additional
structures to counteract mutual coupling, which are further classed as neutralization lines (NL), parasitic decoupling
elements (PDE), defective ground structures (DGS), metamaterial techniques, and so on. Internal decoupling approaches
are related to orthogonal and multi polarization being the most widely utilized.

The remainder of this paper is organized as follows, the second section focusses on the reasons for mutual coupling
and its negative impact on MIMO systems. The third section explores different decoupling methods in MIMO wireless
networks that are applicable to UWB. Section four provides a full examination of the benefits and drawbacks of each
decoupling strategy, also discusses the future direction of decoupling methods. In the final section this survey has
concluded.

2. Mutual Coupling Issue

The information theoretical capacity in MIMO systems increases linearly with the number of elements (Foschini,
1998). Later, Wallace and Jensen (Wallace, 2004) pointed out that the linear rise in channel capacity was not unconditional,
and it was accomplished by arranging antenna elements with broad separation (more than several wavelengths). However,
this is difficult for present mobile customers as most 5G applications, particularly portable devices, are made up of
integrated circuits with antenna elements separated by only one wavelength. In this short space, the electromagnetic
interference between antenna elements is known as the mutual coupling effect, which makes issue in MIMO systems.

2.1. Mutual Coupling Reasons

When studying the reasons for mutual coupling, the focus is on analyzing the effect of current. The working basis of
antennas, regardless of their shape, is based on the same method of radiation generated by changing speed charges (Balanis,
1992). In MIMO systems, mutual coupling effects can be caused by three different factors.
1)- Near field coupling. When the antennas are close together, they are in the same field zone as other antennas. And The
effect of near-field electromagnetic waves is dominant (Nikolic, 2005). According to (C.; L. E.; S. D. F. Wang, 2017), the
decay of this field follows a distance of p or p3.
2)- Surface-wave coupling. This coupling often occurs in microstrip antennas, due to sharing the same ground plane (Chen,
2018). During the feeding process of the antenna element at the feed point, a distributed current is generated on the ground
plane. This current will flow to nearby antenna elements, dispersing the energy and creating interference.
3)- Free-space coupling. When an excitation element generates electromagnetic waves, some of the energy is absorbed by
surrounding antennas, leading them to generate additional currents. Surface waves contribute less to mutual coupling than
space waves due to their slower fading at p*’2 compared to p™*(Khayat, 2000).

2.2. Negative Effects of Mutual Coupling

Mutual coupling has both positive and negative effects on MIMO systems. The negative impacts are the topic of this
paper. First, mutual coupling has major impacts on the average bit error ratio (BER) of MIMO systems, particularly at
antenna element separations of 0.3-0.5 wavelength, Figure 1 the BER at two different distances between the antennas, A
spacing of 0.51 (low coupling) has a negligible impact on BER as in Figure 1.(a) , 0.12 element spacing(high coupling),
the results indicate that BER is higher in case of high coupling, low correlation as in Figure 1.(b) (Abouda et al., n.d.,2006)
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Figure 1. BER at different distances between antenna elements (a) at 0.54, (b) at 0.14.

Furthermore, in terms of radiation pattern (Lee, 2021), a distortion of radiation pattern occurs in MIMO antennas when
compared to the isolated radiation pattern of each element as in(Emam et al., 2024) the authors designed a novel design for
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MIMO systems, Figure. 2 shows radiation patterns at 10.4 GHz for the MIMO antennas with and without the decoupling,
the comparison highlights some of the distortion in the coupled antennas, clearly demonstrating the impact of mutual
coupling on the system performance.

330 30

decoupling
— — —coupling

300 60

270 90

240 120

210 150
180

Figure 2. Example of radiation pattern with and without decoupling

The accuracy of estimating direction-of-arrival (DOA) in MIMO systems may decrease significantly at high frequencies
due to mutual coupling in the array manifold (Weiss, 1988). Finally, if the endpoint contains several coupling receivers,
the large capacity of MIMO can be evaluated using bias (Janaswamy, 2002). Mutual coupling reduces received signal-to-
noise ratio (SNR) at receiver spacings between 0.35-0.5 wavelengths, resulting in lower channel capacity than intended.

To summarize, mutual coupling affects MIMO systems through two aspects. As For The output terminals generate the
desired EM field using currents with a specific frequency. EM fields generated by currents and neighboring antennas can
easily affect transmitting antennas due to their close distance. Combining multiple electromagnetic fields changes the phase
and amplitude of the original current. As for input terminals, when the input signals are
transmitted to the receiving port, the current is not only induced, but also radiated again. As a result, the essence of the
signal collected at the receiving port is the vector sum of the EM wave produced by the output terminals and re-radiated
fields. We can see that it is essential to reduce the negative impacts of mutual coupling in MIMO systems.

3. Decoupling Methods:

In recent years, various decoupling solutions have been presented to meet isolation requirements or increase channel
capacity in MIMO systems. These techniques can be classified as external or internal as in Figure 3, based on the decupling
methods.
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Figure 3. Mutual Coupling Methods

3.1. External Decoupling

External decoupling requires placing structures between nearby antenna elements. Two categories can be defined based
on various mutual coupling suppression techniques. Neutralization lines (NL) and parasitic decoupling elements (PGE) are
examples of new coupling paths that offset the current one. Other methods for controlling or reducing surface current flow
include defective ground structures (DGS), metamaterials approaches, and so on.

3.1.1. Neutralization Line:

This Decoupling Technique improves isolation by attaching NL to both antenna elements. This creates the additional
current path between the MIMO antenna's two antenna elements. Its main benefits include cost-effectiveness and simplicity,
making it easy to integrate into current antenna designs without taking up much room. Furthermore, NLs provide
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comprehensive efficacy at a variety of frequencies. Optimizing its design can be complicated and may not significantly
enhance additional performance metrics, including radiation patterns. NLs are an important tool in current antenna design,
with typical applications including MIMO antenna arrays, wireless communication devices, miniature antennas for
wearables, and triband systems.

As shown in Figure 4. (a)s, the antenna element was designed in reference (Tiwari et al., 2019)by combining a modified
rectangular patch with a semi-circular patch. The NL was coupled with two antennas to increase the isolation between the
two ports. This work (Masoodi et al., 2022)The antenna is made up of RT Rogers 5880 substrates with defective ground
structure on the back and T over T shaped meander microstrip lines printed on the front that can generate a resonance mode.
An I-shaped ground slot improves isolation in the case of a two-element MIMO antenna. The 10 mm neutralization line
(NL) at both hands facilitates the mutual coupling reduction as shown in Figure 4. (b).in (Ma et al., 2023) A four-port L-
type MIMO antenna that can operate at 4.4-4.9 GHz, 5.4-6.1 GHz, and 7.0-7.4 GHz is suggested. It does this by using the
decoupling techniques of T-branch, defective ground structure, and neutralization-line as shown in Figure 4. (c). The
neutralization lines are intended to create a 180 ° phase shift at 4.5 GHz and 5.7 GHz, thereby canceling out the coupling
current from port 1 to port 3(|S31 |). This antenna provides isolation of more than 20 dB. Consequently, at 4.5 GHz and 5.7
GHz, respectively, |S31 decreased by 13 dB and 15 dB.
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Figure 4. MIMO antenna with neutralization line, (a) (Tiwari et al., 2019), (b) (Masoodi et al., 2022) and(c) (Ma et al.,

2023)

In(Dkiouak et al., 2023)the antenna is made up of two symmetrical radiators positioned next to each other on a FR-4
substrate. To obtain more than 16.5 dB of isolation between the antenna elements throughout the UWB, a vertical T-shaped
neutralization line is introduced into the ground plane. The purpose of inserting this metallic wire is to offset the
electromagnetic field that is present in the proposed structure at the UWB. This approach enhances the antenna's isolation
between its radiators, which enhances other properties of the MIMO UWB antenna.

A novel neutralization-line-incorporated decoupling network (NLDN) for wideband multielement antenna arrays is
proposed in this (Zou et al., 2023). Based on network model derivation and node analysis, the wideband antenna arrays are
well matched and isolated through the introduction of additional current path supplied by neutralization line (NL) between
antenna elements and decoupling network (DN) between feeding lines, but without extra matching network to counteract
with the original path in (Munusami & Venkatesan, 2024) a compact boat-shaped dual-band MIMO antennas improve
separation for 5G and WLAN applications. To reduce mutual coupling by -21 dB at 2.32 GHz and -44 dB at 5.2 GHz, a
ladder-shaped slot decoupling structure is first installed in the ground plane. To improve the isolation, neutralization lines
(NL) are also connected to the two radiating elements above the substrate. The diagonal arrangement of the radiating parts
causes the current flow's phases to be opposite of one another. The current flow is cancelled when the neutralization lines
are introduced because they create an extra coupling path against the radiating elements. The MIMO antenna in (Z. Wang
et al., 2022)is composed of up of two radiating patches, a semicircle and a semi-regular hexagon in each, in addition to
surface-etched C and U slots that adjust the antenna's characteristics for return loss. On the other hand, a neutralization line
is generated, which restricts the amount of current that may be transmitted on the ground plane. To enhance the isolation
between the radiation elements, a cross-shaped slit is also used in the center of the ground.

In (John et al., 2024)compact, flexible, four-element MIMO antenna designed for wearables operating at sub-6 GHz. A
unique hybrid decoupling structure that suppresses the coupling current and offers isolation greater than -24 dB across the
bandwidth is made possible by a neutralization line in the radiator and a unique defective ground structure (DGS). By
keeping the antenna's reflection coefficient constant, a special DGS has increased isolation. The increase of bandwidth is
allowed by the rectangular slots located in the ground of each individual element.

3.1.2.  Parasitic Decoupling Elements

Parasitic elements are carefully placed in MIMO systems to enhance antenna performance, including gain, directivity,
and impedance matching. It increases the impedance bandwidth by using coupling mechanisms in the ground plane or
radiation patch.

The design is basic and may be simply suited into existing structures, without any requirement of additional space
Additionally, it works well across a wide frequency range. However, adjusting the size and positioning of parasitic elements
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can be difficult, and it may not significantly improve other performance parameters, like as gain or radiation patterns,
despite improved isolation. This technology is widely utilized in slot antennas and wireless communication devices, MIMO
antenna arrays, and small wearable designs, emphasizing its significance in contemporary antenna engineering.

The authors (sim, Devana, Islam and Godi) show recent improvements in the design of a dual-port MIMO antenna that
can operate across several frequencies. The dual-band MIMO antenna with minimal mutual coupling suggested in Ref.
(Sim et al., 2023) The identical monopole radiators use a rectangular patch, inverted-E, and asymmetrical T-shaped strip
to generate 5G Sub-6 GHz and Wi-Fi 6E frequencies. A parasitic dollar-shaped structure (PDSS) is inserted between the
two monopole radiators to suppress the surface waves of each monopole, reducing the measured mutual coupling by up to
-15 dB over the working band. effectively isolates 5G millimeter-wave networks, with a maximum gain of 2.65 dBi and
isolation of 15 dB. Ref. (Devana et al., 2024) describes a compact MIMO UWB antenna with a peak gain of more than
4.93 dBi for 5G Antenna-in-Package Design at Millimeter-Wave Frequencies. The MIMO antenna uses octagonal radiators
made from tapered microstrip line-fed rectangular patches. Parasitic stubs are strategically exploited to minimize coupling
among MIMO elements, as shown in Figure 5. (a), the isolation level is less than 20 dB. According to (Islam et al., 2024),
a UWB MIMO antenna with two elements operates between 2.3-17.8 GHz and achieves a gain of over 6.5 dBi. A
meandering line shaped as in Figure 5. (b) is added to minimize the mutual coupling between closely spaced MIMO
elements to less than 25 dB. (Pradeep et al., 2024)An UWB MIMO antenna with two elements operates between 3.6-7
GHz and has a gain of more than 6.5 dBi. The design considers the slot's impact on both the ground plane and the parasitic
strip line to increase performance, isolation, and impedance matching among antennas. In(Godi et al., 2024) to reduce the
effect of coupling, a rectangular parasitic decoupler is positioned between the two elements. The results show that the
antenna resonates at 6 GHz, and coupling is reduced by 14 dB employing a parasitic decoupler. S12 and S21 produced
with a parasitic decoupler are the same at 33.06 dB.

In (Zeain et al., 2024)this research presents a novel Chair-shaped MIMO antenna with two radiating elements and a
single layer of frequency-selective surface (FSS) for 5G Sub-6GHz communication systems. They employ two methods
for isolation and gain enhancement: parasitic elements and (FSS) The 1 x 2 MIMO antenna feeds from a coplanar
waveguide (CPW). Furthermore, an FSS array structure consisting of (a 68-unit) Square-shaped structure with Circular
Slot (SCS) shaped cells is used, along with a new approach (Surround approach), to improve the gain and isolation between
the MIMO antenna elements. In (Elabd & Al-Gburi, 2023), Elabd and Ahmed developed a two-element MIMO antenna
array for MM Wave 5G mobile devices, encompassing the 28/38 GHz frequency ranges. This antenna array, which employs
dual-mode planar dipole antennas, has significantly improved isolation and gain. To enhance ECC and isolation between
MIMO antenna elements, the element spacing, including the parasitic element is precisely set at 0.5ko. Furthermore,
improvements are found in TARC, EG, and DG.

Academic research has mostly concentrated on improving four-port MIMO antennas, as the author shows (Esmail and
Abbas). In (Esmail et al., 2024), MIMO antenna for 5G millimeter-wave indoor applications is described. Each element is
composed of two connecting patches. The primary patch is connected to the inset feed, and the secondary patch is arc-
shaped and placed over the main patch, opposite the feed. The MIMO antenna has a gain that exceeds 7 dBi at both
frequencies. An array of four antennas is set orthogonally to form a MIMO system with isolation greater than 19 dB. The
isolation is further enhanced by the placement of a circular parasitic patch at the front and changes made to the ground.
According to (A. Abbas et al., 2023), each single-element antenna has a radiating patch, substrate, ground plane,
electromagnetic bandgap (EBG) structures, and split ring resonators (SRR). To achieve the desired UWB bandwidth, the
antenna patch's lower edges are cut with a quarter-circle radius. A unique parasitic decoupling structure reduces the
excessive isolation between elements. The decoupling structure is designed to eliminate mutual coupling in all passbands.

| | ]

a b
Figure 5. MIMO arStgnna with PDE, (a) (Devana et al., 2024), ((b))(lslam et al., 2024).

3.1.3. Metamaterial:

A. Electromagnetic Band Gab (EBG)

In the area of antenna engineering, EBG structures have an important role for reducing surface waves and improving
antenna performance. Periodic structures known as Electromagnetic Band Gap (EBG) structures have a band gap that
blocks electromagnetic radiation from propagating within a certain frequency range. To minimize surface waves, using
EBG as ground planes or reflectors might increase their effectiveness and gain. To achieve ideal performance, the EBG
unit cell characteristics and the spacing between the antenna and EBG must be properly designed. EBGs allow antennas to
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be placed closer to the ground plane, leading in more compact designs. However, designing EBGs with practical capacity
at lower microwave frequencies and achieving broad performance continues to be effective. Electromagnetic Bandgap
(EBG) structures provide high isolation levels, often exceeding 25 dB, which is an advantage. This capability prevents
interference while improving overall performance. Furthermore, EBG structures can improve radiation patterns and
customize in size and shape to specific applications, making them ideal for compact devices like smartphones and loT
items. Designing good EBG structures can be time-consuming and complex, with the potential for increased losses and
bandwidth limits. EBG is particularly useful in MIMO systems, wireless communication devices, medical imaging, and
satellite communication, where strong isolation and dependable performance are required.

The antenna elements in reference to (Jabire et al., 2021) have been constructed out of a partial ground with stubs and
modified circular radiators fed by microstrips. To increase bandwidth and reduce mutual coupling, a metamaterial structure
was placed around the feed line on both sides as shown in Figure 6. (a). As shown in Figure 6. (b),(Kulkarni et al., 2021)
reference by placing a "EL" slot into the radiating element and coupled two identical stubs to the partial ground
to enhance impedance matching and radiation characteristics across the band. An un-protruded multi-slot (UPMS) isolating
element was positioned between two closely spaced ports to achieve high port isolation as shown in Figure 6. (b). In (A.
Khan et al., 2021) Two radiating patches share a partial ground plane. The designed antenna has minimal mutual coupling
because of a ground stub and a single column Electromagnetic Bandgap (EBG) construction between the two radiating
patches. The mutual coupling is reduced with the addition of a ground stub. When an EBG column is added between the
two radiating elements, there is an additional decrease in mutual coupling as shown in Figure 6. (c). In (Tan et al.,
2022)there are two carefully placed mirror-symmetric dual-branch antennas. An M-EBG structure for greatly minimizing
mutual coupling between two tightly packed dual-branch antenna arrays has been provided by this design. At the resonant
frequency, the isolation has improved by 31.9 dB when compared to the reference antenna.

In (N. Kumar et al., 2023) two closely spaced multiband antenna elements are placed in the E-plane. The single MIMO
antenna element has a modified ground structure, a U-shaped radiating patch with a slot is designed to operate as a triple
band antenna on a FR4 substrate. For the frequency bands 5.38~5.73 GHz, 6.22~8.88 GHz, and 9.56~11.8 GHz, simulated
mutual coupling is reduced after applying the EBG structure, with a greatest reduction at 5.53 GHz, 6.9 GHz, and10.77,
respectively. In(Tamminaina & Manikonda, 2023) This design presents a compact, four port MIMO antenna with a G slot
for supporting 5G communication. This antenna contains an S-shaped (EBG) formed on the substrate between two adjacent
radiating patch pairs. At 3.6 GHz, the isolation of a four-port G-slot MIMO antenna with an S-shaped EBG structure is
enhanced by 10 dB, and the mutual coupling between the antennas is reduced as the S12 value falls to ~-38 dB. This
illustrates how a four port MIMO antenna constructed with an EBG provides better port isolation. In(Li et al., 2024) to
improve isolation and bandwidth in a compact UWB-MIMO antenna, a novel stepped EBG formed on the T-shaped
stepped stub is described. It works in combination with an inverted H-shaped slot etched on the ground. The combined
approach of the lower and higher EBGs to construct a stepped EBG is utilized. The MIMO achieves better behavior than
higher EBG only or lower EBG only because it has a better impedance bandwidth and isolation larger than -20 dB. The
step EBG provides an improvement in isolation and impedance bandwidth in the lower range of the operating band when

compared to the higher ones.
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Figure 6. MIMO antenna with EBG (a) to (Jabire et al., 2021),(b) (Kulkarni et al., 2021),(c) In (A. Khan et al., 2021)
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In (Babu et al., 2023)for ultrawideband (UWB) systems, a two-port disc-shaped multiple-input multiple-output (MIMO)
antenna is studied. The construction of the MIMO antenna with EBG. The antenna is constructed from a ground surface
on the back of the substrate and two identical disc-shaped monopole elements placed parallel on the upper facet of the
substrate. The decoupling structure between the MIMO antenna elements is an EBG array. It increases isolation to 22 dB
and impedance bandwidth to 120%. The design of a compact, two-element, ultra-wideband (UWB) electromagnetic band
gap (EBG) multiple-input multiple-output (MIMO) antenna with improved isolation is shown in this (Suresh Babu et al.,
2023). The unit cell consists of a square-shaped radiator that is formed by connecting an elliptical element to a rectangular
monopole, and to improve the isolation between the square-shaped radiator elements, a 1*4 sized EBG array is also
included. The EBG array suppresses surface wave effects to increase coupling between identical radiating parts, improving
isolation and impedance bandwidth. A fractional bandwidth of 114.9% (3.0-11.1 GHz), isolation of more than 24 dB, and
peak gain of roughly 9.6 dBi above UWB are all achieved by the suggested square-like MIMO radiator with EBG. In
(Saxena et al., 2021), a planar two-element super wideband MIMO antenna has been designed. In order to achieve high
isolation (<-20dB) and high diversity performance in the super wideband range, a circular ring is etched on an elliptical
patch of antenna and a complementary split ring resonator (CSRR) on the ground plane. Additionally, the EBG technique
is deployed near the microstrip feed line, yielding an ECC less than 0. 0018.

B. Split Ring Resonators (SRR)

Split Ring Resonators (SRRs) play a crucial role in antenna engineering, allowing for feasible and compact antenna
designs. They improve antenna performance by creating a resonant effect, allowing for more exact frequency calibration.

SRRs are commonly used in antenna designs due to their magnetic resonance features and unique interaction with
electromagnetic radiation. Printed circuit board fabrication requires careful consideration of design characteristics such
ring width, gap size, and substrate material. Using SRRs in space-constrained applications leads to antennas with enhanced
multiband capabilities, better operational performance, and smaller footprint. This is a valuable quality. However, the
resonance frequency may be sensitive to external conditions, and their design difficulties and fabrication techniques can
be difficult (Nornikman et al., n.d.; Zhao et al., 2011).

SRRs offer high isolation between closely placed antennas, minimizing mutual coupling and increasing MIMO system
efficiency. They may also be tuned to specific frequencies, allowing for customized performance across a variety of
applications.

Additionally, while SRRs provide great isolation, their performance may be confined to specific frequency bands,
limiting their usage in wideband applications. SRRs improve the quality of signals and reduce interference in wireless
communication systems, resulting in better antenna performance.

Researchers have recently designed a two-element MIMO antenna that can operate across multiple frequencies authors
(D. Khan and Sakli). In Ref. (D. Khan et al., 2024), the author presents a two-band 5G MIMO antenna that operates at 28
and 38 GHz, with a peak gain of 7.8 dB and 30 dB isolation as in Figure 7. (a). Reference (Sakli et al., 2021) as in Figure
7. (b)describes a two-element ultra-wideband (UWB) MIMO antenna optimized for performance and compactness by
placing antennas closely together.

Research has focused on the usage of four-port MIMO antennas. Reference (Singh et al., 2023) describes a frequency
reconfigurable multiband MIMO antenna for 5G communication systems with a maximum gain of 1.74 dB and isolation
of more than 28 dB as in Figure 7. (c). Reference (Rajeshkumar & Rajkumar, 2021) describes a multiband MIMO antenna
with four elements that exhibits additional resonance at 5.1 GHz and achieves an isolation level of 14 dB.

@

Figure 7. MIMO antenna with SRR (a) . (D. Khan et al., 2024),(b) (Sakli et al., 2021) and (c) (Singh et al., 2023)
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Research has focused on the use of eight-port MIMO antennas. Reference. (A. Khan et al., 2023), the author describes
an eight-element UWB MIMO antenna that has 20 dB isolation level and a maximum gain of 7 dBi. In Reference(Huang
et al., 2023) , the author describes a compact eight-port MIMO antenna array for 5G sub-6 GHz handset applications
working between 3.3-5 GHz, with a maximum gain of 3 dB and isolation of 12 dB.

Christina et al. (Christina et al., 2024) proposed a method to minimize MC between two tri-band antennas for LTE,
WLAN, and 5G applications, which covers several stages. Initially, a monopole is optimized for functioning at 3.5 GHz,
with modifications to the partial ground plane to produce resonance at the remaining two frequencies. This method
produces a MIMO antenna system with two tri-band monopoles. Low-band resonators are specifically located to reduce
mutual coupling in higher frequency bands through restricting surface wave propagation. A SRR reduces coupling even
further in the low band. The resulting MIMO antenna supports WLAN, 5G, and LTE frequencies in the 2.4, 3.5, and 5.8
GHz bands. The maximum return loss values are 22 dB, 35 dB, and 38 dB, respectively, with mutual coupling levels of 25
dB, 18 dB, and 32 dB.

Zhang et al. (J. Zhang, 2020)investigated a wearable multi-antenna system that can withstand bending. Two conventional
techniques for passive mutual coupling suppression, using electromagnetic bandgap structures and defective ground
structures (DGS), are tested for their performance during bending or deformation. The development of a novel isolator
inspired by metamaterials is critical for overcoming the constraints of traditional isolators in on-body applications. This
unique design combines DGS with modified split ring resonators (SRR) to provide consistent isolation performance and
extensive coverage, even under severe bending situations. Importantly, it retains the compact structure of a linear array.
Using this isolator ensures a low envelope correlation coefficient between the two on-body antennas, which is crucial for
increasing transmission efficiency in MIMO systems.

3.1.4. Decoupling Structure

The antenna in reference (Jetti & Nandanavanam, 2018) consisted of two identical rectangular radiators fed by CPW, as
shown in Figure 8. (a.) A rectangular strip was placed to the ground surface to decrease mutual coupling and increase
bandwidth. An inverted U-slot was added to the feed line in order to reject the WLAN spectrum. In (Mu et al., 2022) A
radiating element in the shape of a flower was formed by combining three elliptically shaped metal patches that were
spaced sixty degrees apart as shown in Figure 8. (b). The 4.3-15.63 GHz (relative bandwidth 113.4%) range is typically
used for multi-standard wireless applications, such as 5G N79 (4.4-5 GHz), WLAN (5.15-5.35 GHz/5.72-5.825 GHz),
5G spectrum band (5.9-6.4 GHz), X-band for satellite communication (8-12 GHz), FSS (11.45-11.7 GHz/12.5-12.75
GHz), and Ku band (12-18 GHz). The adopted ground structure improvements comprise two modified inverted L-shaped
branches and an I-shaped stub. By absorbing the current, these modifications also effectively reduce mutual coupling
between the antennas, increasing isolation to over 20 dB.

In this study (Kempanna et al., 2023) provides a compact UWB MIMO antenna in the form of a vase. The isolation
between the inter elements is improved by the special DGS decoupling structure. By placing a parasitic element on the
ground plane that resembles an inverted pendulum, the UWB MIMO antenna's isolation is improved. In the 5-13.5 GHz
operating frequency range, this modified ground plane serves as a decoupling structure and offers isolation below 21 dB.
A compact two-port MIMO antenna in (Srinubabu & Venkata Rajasekhar, 2024) that has been designed to operate in the
N78/48 band for 5G-NR FR-1 applications, A MIMO antenna with closely spaced elements just 1.5 mm, or 0.012 X is
included in the design. To improve isolation, the microstrip inserts a feeding line with a partially truncated ground, a
grounded stub, and side stubs implanted in the ground plane. As in Figure 8. (c) T-shaped decoupling components are
positioned between radiators to increase the antenna's bandwidth and enhance isolation (S21) over the band.
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Figure 8. 2 port MIMO antenna with DGS (a) (Jetti, 2018),(b) (Mu et al., 2022) and (c) (Srinubabu & Venkata
Rajasekhar, 2024)

Four identical rhombic-shaped monopole radiators placed orthogonally constructed the structure of the MIMO antenna
described in reference (S. Kumar et al., 2020b), shown in Figure 9. (a). The antenna radiators were loaded with elliptical
CSRR structures to block WLAN and Wi-MAX bands from the UWB spectrum, and a plus-shaped DS was added to
provide good isolation.

The MIMO antenna in (S. Kumar et al., 2020a) was constructed up of four antenna elements, each of which had a square-
slotted ground plane and a microstrip feed line. As shown in Figure 9. (b), a circular stub protruded from the ground plane
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strip to accomplish circular polarization. Additionally, a rectangular strip was incorporated into the antenna's ground
surface to provide high levels of antenna port isolation.

The MIMO antenna in (Jayant & Srivastava, 2023) included four monopole antenna elements with rectangular radiators
that were fed by an L-shaped microstrip line. By using a cross-shaped DS and antenna elements oriented orthogonally,
excellent isolation was achieved. By cutting two C-shaped slits from each radiator and adding an L-shaped slit in the ground
for Wi-MAX NB, the developed antenna may implement WLAN and X-band NBs.

The antenna in (Addepalli et al., 2021) consisted of a modified substrate geometry and was constructed up of a circular
arc-shaped conducting element on top. By repeating the elements orthogonally, a plus-shaped structure was established,
resulting in polarization, variety and isolation. An inverted L-shaped strip and a semi-elliptical slot covering the partially
ground comprised the modified ground plane, which benefited the antenna in achieving an expansive bandwidth.

In this work (P. Kumar et al., 2022) the outcome design is employed by using a unique decoupling structure consisting
of six symmetrical pyramidal form UWB antennas with defective ground structures dispersed with parasitic components.
The coupling effect is reduced, and the uniform current flow is disrupted by the grounded branches and modified
rectangular stubs on the ground plane, which create closed and open current distribution channels. The inter-element
coupling is reduced by the special decoupling structure formed up of parasitic elements with a rectangular layout and DGS
with grounded branches.

In this study (O. Khan et al., 2023)proposes a compact 4-port UWB MIMO antenna. The dielectric material is a low-
profile FR-4 substrate with standard thickness of 1.6 mm and dimensions of 58 * 58 mm. The impedance bandwidth of
this design is characterized as ranging from 2.8 to 12.1 GHz (124.1%). The unit cells construct a quad-port MIMO antenna
system with each unit cell oriented orthogonally as in Figure 9. (c). With a whirligig structure connecting the ground plane,
this design provides significant isolation below 15 dB in the lower frequency range and below 20 dB in the higher frequency
range. As a result, the port becomes less isolated at low frequencies. To improve the port isolation and impedance
bandwidth even, symmetrically placed cross hook-shaped strips are added between the MIMO antenna elements.

(©
Figure 9. 4 port MIMO antenna with DGS (a) (S. Kumar et al., 2020b),(b) (S. Kumar et al., 2020a) and (c) (O. Khan et
al., 2023)

3.2. Internal Decoupling (placing antenna elements in orthogonality)

In (Sultan & Abdullah, 2019) the antenna element, referred to as the quasi-self-complementary (QSC) strategy, was
constructed of a half-elliptical monopole patch on the upper side and a corresponding half-elliptical slot added to the ground
surface, as shown in Figure 10. (a). To achieve a wide bandwidth, a tapered transmission line stimulated the antenna. The
orthogonal arrangement of the AEs improved isolation in the four-port MIMO configuration. The WLAN band was
suppressed by adding a C-slot to the semi-elliptical radiator. As shown in Figure 10. (b), the antenna in paper (Naktong &
Ruengwaree, 2020)was designed using stepped etching on the ground plane and an arrow-shaped slot placed on the
radiating patch to increase bandwidth. The techniques of angular variation and homogeneous elements were utilized to
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reduce mutual coupling between antenna elements. As shown in Figure 10. (c), in(Arumugam et al., 2021) the antenna
element was constructed using modified elliptical radiators. With four elements placed orthogonally in a single plane, the
antenna element further evolved into a MIMO antenna design. In paper (Govindan et al., 2022), the MIMO antenna
consisted of four octagonal-shaped radiators with multiple slots loaded into them and placed orthogonally. The antenna
elements in (Jayant et al., 2022) was a circular patch which offers improved impedance matching across the UWB range
without the need for a feeding line. To form the MIMO antenna, the four antenna elements were placed across the four
edges of a shared square-shaped ground. A four-port MIMO antenna with high isolation is illustrated in (Pandya et al.,
2024). When vertical and horizontal conductive strips are appropriately included, a single antenna may achieve size
compactness. Furthermore, the patch geometry is pooled and formed with a diagonal radiating strip. Receiving a wide band
response and good isolation, respectively depends critically on the partial ground plane and the antenna elements placed
orthogonally. The optimum isolation of 20 dB has been received.

For ultra-wide band applications, a quad-element MIMO antenna is proposed in this (Bsrat et al., 2022). By adding slots
to the patch and defective ground constructing, the simple monopole antenna can be kept more compact and perform better.
The results of the simulation compare various placements (orientations) for both two- and four-element MIMOs. It has
been found that the quad-element MIMO antenna placed orthogonally performs better in terms of diversity and element
isolation when operating in the UWB band. A quasi-elliptical self-complementary antenna provided by a coplanar
waveguide (CPW) that shows super wideband characteristics and dual-band notches was presented in(Raheja et al., 2020)
. The MIMO antenna's four radiating components were positioned orthogonally to one another to improve inter-element
isolation and polarization variety. Every element in MIMO antenna had a slot that was a complement of a comparable
shape and an elliptical-shaped conductor patch that were both located on the same side of the substrate.
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Figure 10. MIMO antenna with orthogonal polarization, (a) (Sultan & Abdullah, 2019),(b) (Naktong & Ruengwaree,
2020) and (c) (Arumugam et al., 2021)

4. Additional Effects of Decoupling Techniques

4.1.  Analysis of External Decoupling

The external decoupling technique is the most widely utilized way for improving isolation. Although it has a great
performance in decoupling, the comparisons in Tables 1, 2, 3, and 4 show more impacts and differences between various
types of structures.

In Table 1 The NLs maintain a compact MIMO size that does not compromise the antenna substrate. Co-forming
additional decoupling structures with antenna elements can improve antenna efficiency by improving insufficient matching
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impedance. The low-profile metal lines do not raise the height of the MIMO system. Results from simulations show that
adding decoupling lines reduces bandwidth.

To resist mutual coupling, the PDE shape is designed in a unique and flexible method. The impedance mismatch of
antenna arrays can be fixed, and the impedance bandwidth increased by using extra metal patches. The decoupling structure
blocks current flow, resulting in good gain for antenna elements loaded with parasitic patches as in Table 2. To provide a
significant decoupling effect, parasitic patches are put indirectly above the substrate, increasing the height of the antenna

systems.
Table 1. Comparison of literature review in Neutralization Line
Ref Number of Dimension Band width (GHz) Isolation Peak Gian (dBi)
ports (mm2) (dB)
[20] 4 48*34 3.5-10.08 23 Not mentioned
[21] 2 14.37*6.75 4.9-5.06 21.3 2
[22] 4 50*62 4.4-49 >20 2.5-3.1
[23] 2 46*46 3.1-11.7 16.5 Not mentioned
[24] 4 72*65 4.3-5.75 >20 3
[25] 2 56*48 2.2-2.42 46 Not mentioned
[26] 2 30*20 0.67-7.29 >18 3.37-6.2
Table 2. comparison of literature review in placing parasitic elements
Ref Number of ports Dimension (mm2) Band width (GHz) Isolation (dB) Peak Gian(dBi)
[28] 2 45*30 25 15 2.65
[29] 2 40*23 3.2-17.8 20 4.93
[30] 2 55*33 2.1-18 45 6.5
[31] 2 40*50 4.3-7 28.5 6.5
[32] 2 23*45 5.9-6.1 33 -
[33] 2 114.5*94.9 3-6 13 7.96
[34] 2 14.76*8.38 28 35 6
[35] 4 28*28 38 32 7-9
[36] 4 54*54 3.1-11.8 20 6-35

In Table 3 Metamaterials can reduce coupling more effectively than other approaches due to their ability to control EM
wave transmission. The metamaterial array also helps with gain enhancement. Some 3D structures are frequently used in
metamaterials creation because they are complex and require more space to achieve the desired refractive indices, such as
the popular mushroom form of EBG. To improve antenna performance in practical applications, Metamaterials are
commonly paired with slots (Ali et al., 2018) or other structures to overcome challenges like as narrow bandwidth and high

transmission power.

Table 3. comparison of literature review in Metamaterial

Ref Number of ports | Dimension (mm2) | Band width (GHz) Isolation (dB) Peak Gian(dBi) Metamaterial
[37] 2 30*30 2.6-12 20 5.5 EBG
[38] 4 30*40 3.1-6 16 35 EBG
[39] 2 31*26 3.1-11 >25 5.76 EBG
[40] 2 55.15*48 3.1-3.8 >20 Not mentioned EBG
[41] 2 16*16 5.6-5.8 24.3 Not mentioned EBG
7.4-7.6
9.9-10.1

[42] 4 48*48 3.3-3.7 25 Not mentioned EBG
[43] 2 27*22 3.07-11.1 20 Not mentioned EBG
[44] 2 30*60 3-12 23 9 EBG
[45] 2 35*50 3-11.1 24 9.6

[46] 2 56*50 4-40 20 Not mentioned EBG
[49] 2 18%9.2 28 30 7.8 SRR
[50] 2 48*35 2-18 27 8 SRR
[51] 4 70*70 2.5,3.3,35 28 1.74 SRR
[52] 4 40*40 2.4 >14 - SRR
[53] 8 12*45.6 25-29.5 20 20.5 SRR
[55] 2 50*30 2.435 25,18 1.89 SRR
[54] 8 150*75 3.35 12 6 SRR
[56] 2 150*85 5.2 30 7 SRR

The DGS can be etched using simple methods and a low profile. It is possible to observe an improvement in efficient
bandwidth as in Table 4. The inserted inductance slots will serve as resonator circuits at the working frequency, resulting
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in a new resonance frequency. Furthermore, the background's DGS had no influence on the matching impedance.
Furthermore, it has heat dissipation and is compatible with high power MIMO systems like mm-wave arrays. However,
the radiation patterns have negative impacts on the DGS, causing it to emit undesired back radiation due to its defective
structure. External decoupling offers advantages such as simple conception and efficiency in completion. The features of
these decoupling strategies indicate that they are perfect for planar MIMO systems. However, high isolation of the antenna
array was accomplished by modifying the shape and location of the decoupling structure. Currently, there is no systematic
strategy to structural optimization, making external decoupling time-consuming.

Table 4. comparison of literature review in decoupling structure

Ref Number of ports Dimension (mm2) Band width (GHz) Isolation (dB) Peak Gian(dBi)
[57] 2 26*40 2.2-11.4 20 2.4-75
[58] 2 30*18 4.3-15.63 20 2.5-5.35
[59] 2 20*29 5-13.5 21 55

[60] 2 20*31.5 3.25-3.85 19 5.9

[61] 4 72*72 2.8-13.3 18 Not mentioned
[62] 4 45*45 3.1-11 16 3.6

[63] 4 35.9*35.9 3.2-10.8 20 4.7

[64] 8 92*92 2.8-11 15 7.2

[65] 6 71*95 2.9-11 20 8

[66] 4 58*58 2.8-12.1 20 5.96

4.2. Analysis of Internal Decoupling

Internal decoupling strategies have lately become well-established. The research on internal decoupling focused on
polarization diversity. To ensure that diverse signals correlated as little as possible, orthogonal modes were constructed.

The performance of these self-decoupling MIMO systems is observed in Table 5.
Table 5. comparison of literature review in placing antenna elements in orthogonality

Ref Number of ports | Dimension (mm2) Band width (GHz) Isolation (dB) Peak Gian(dBi)
[67] 4 37*46 2.5-12 20 4

[68] 2 80*80 2.6-11 174 3.38

[69] 4 50*50 3-12 20 5.76

[70] 4 50*50 3.1-10.6 >17 4.84

[71] 4 92*92 2-14 15 7.2

[72] 4 48*48 3.2-11.2 20 Not mentioned
[73] 4 40*40 3.2-114 20 Not mentioned
[74] 4 52*52 1.25-40 18 4-45

Polarization diversity can lead to increased isolation within a common radiation element through internal decoupling. In
addition to significant decoupling, polarization diversity can effectively prevent multipath effects and fading. Thus, these
self-decoupling MIMO systems display excellent multi-directional robustness compared to single-polarized systems in
some scattering propagation settings (Sousa De Sena et al., 2019), demonstrating their enormous potential to deploy in
massive MIMO for large-scale wireless communication devices; While polarization improves isolation, it cannot reduce
surface current. Simply choosing internal decoupling is insufficient for MIMO systems.

4.3. Future Direction Discussion
Although MIMO antenna isolation has been improved, designing decoupling systems with strong isolation and
compact size remains a problem. Potential work areas include:

1. Hybrid decoupling structures

To mitigate coupling effects, many decoupling approaches have been developed. The decoupling methods listed above
have different characteristics. Some are efficient at suppressing space waves, while others block surface waves. However,
the mutual coupling effect is caused by interference from several sources of radiation elements, rather than one reason.
Hybrid decoupling structures can be used to improve isolation by focusing on several interference paths.

2. Low Complexity

Complexity is a challenge to using decoupling approaches effectively. Coupling reduction schemes now require many
branches or arrays of decoupling components to achieve excellent isolation and cover a wider bandwidth. However, adding
more decoupling structures into MIMO systems increases device complexity. Choosing isolation over physical space is not
recommended in the long term. Further developments may include the use of novel substrate materials. Mutual coupling
is affected by substrate dielectric constant and thickness. Materials with low dielectric constants can help compensate for
limitations in decoupling, in addition to traditional decoupling methods.
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3. Systematic optimization procedure

In terms of ordinary coupling reduction strategies, most of these solutions depend heavily on engineers' previous
experience. There are no generic optimization algorithms for the MIMO system for choosing the ideal decoupling point or
adjusting the decoupling structure's parameters.

5. Conclusion

This review analyzes MIMO antennas for UWB, including mutual coupling approaches and performance comparisons.
The paper highlights key issues for MIMO antenna designers, such as minimizing mutual coupling, obtaining compactness,
covering diverse frequency bands, and improving overall performance. Future MIMO antennas should be designed to work
easily with existing technologies, be compact and adaptable, and have real-time performance monitoring. This paper
emphasizes the significance of evaluating MIMO antennas using different performance criteria, such as far-field and gain.
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