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Abstract: Multiple-input multiple-output (MIMO) wireless system is a hot research topic in 5th
generation mobile communication technology (5G), which can increase the channel capacity of
the antenna system to meet new communication demands without changing the bandwidth and
transmission power. However, adding the number of antenna elements in a limited space size can
lead to mutual coupling effects and impair the communication quality. Therefore, it is significant
to design a compact MIMO wireless system using decoupling techniques. Several studies on the
reduction of mutual coupling effects have been proposed. However, a concrete overview of the
features and resemblances of these decoupling techniques is lacking. In this review, we provide a
brief description of the research background on the mutual coupling effect of MIMO. Then, various
decoupling techniques worthy of reference are classified and outlined. We further summarize the
additional impacts due to the existence of different decoupling structures, and the possible usability
and defects of these techniques are revealed clearly in this paper. Finally, a future outlook on the
development direction of decoupling techniques for MIMO wireless systems is also concluded
and discussed.

Keywords: 5G mobile communications; MIMO wireless systems; decoupling techniques

1. Introduction

Currently, the field of mobile communication technology is in the transition phase
from 4G to 5G technology. The explosive growth of mobile data is driving the users’
demands for higher wireless communication services. Communication systems need to
achieve timely and fast access to information, higher transmission efficiency, and better
system security. As a result, 4G is starting to gradually fail to meet the new communication
needs and the shortcomings are coming to the fore. From 2020, 5G took the stage of
commercialization, which marked it was gradually becoming the mainstream technology
in modern mobile communication. Its frequency band covers sub-6 GHz (450 MHz–6 GHz)
and mm-Wave band (24.25–54.6 GHz). The salient features of 5G are high-speed data
transfer, and reliable connectivity with zero percent latency [1]. Additionally, the good
user’s Quality of Experience (QoE) in the 5G era requires excellent antenna diversity and
larger channel capacity support.

To overcome the signal fading due to multipath effects, diversity systems with two
receivers were developed, which was the beginning of the evolution of MIMO [2,3]. Existing
studies [4,5] have shown that, compared to simple input simple output (SISO) systems with
a simple structure, MIMO systems have multiple additional paths, and the multipath effect,
delay, and packet loss can be reduced to enhance the communication modes. Moreover,
according to Shannon’s theorem, the channel capacity depends on the channel bandwidth
and signal-noise ratio (SNR). Additionally, MIMO systems have demonstrated the potential
for increasing the data throughput multiple times with a fixed bandwidth and transmission
power by virtue of the multi-port design [6,7]. Therefore, the study of MIMO systems is an
important part of developing 5G communication systems.
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MIMO systems applied to 5G devices are a hot research topic in the field of antenna
design recently, so many related papers have been published, and they are compared in
Table 1. The eight-port MIMO system composed of I-shaped slot antennas was proposed by
Li et al. [8]. To ensure the system isolation of this dual-band MIMO system, four antenna
elements are arranged along each side of the ground plane. Each antenna element is kept at
a distance of more than 15 mm, and the isolation is better than 11 dB. The tri-band antenna
was designed by Qin et al. [9], which consisted of eight inverted F-shaped antennas. The
antenna elements were evenly distributed along both sides of the ground plane to obtain
isolation higher than 10 dB. In Li et al. [10], a 12-port MIMO system consisting of an
inverted π-shaped antenna was proposed. To ensure the isolation higher than 12 dB, the
antenna element spacing was not less than 10 mm. It can be observed from Table 1, that
although these antenna systems can meet the practical requirements, their average isolation
is only around 11 dB while the average distance between antenna elements is more than
15 mm. This is because the limitation of physical size leads to the mutual coupling effect
between antenna elements, which can impair the isolation of MIMO systems. Therefore, it
is not a recommended method to obtain satisfactory isolation by just adjusting the antenna
element position, and some effective techniques are needed to reduce the mutual coupling.

Table 1. Comparison among the referenced techniques of distance optimization.

Type of Antenna
Element

System Aize
(mm2)

Element
Distance (mm)

Isolation
(dB) ECC * MIMO

Order

I-shaped slot
antenna [8] 140 × 70 15.8/21.3 >11 <0.1 8

Inverted
F-shaped antenna [9] 136 × 68.8 14/29 >10 - 8

Inverted
π-shaped antenna [8] 150 × 80 10/13.5/17.5/18 >12 <0.15/<0.1 12

* Envelope correlation coefficient: the independence between antennas on radiation pattern and polarization
is evaluated.

In this paper, our investigation focuses on decoupling techniques for MIMO systems.
We review some excellent MIMO decoupling schemes of the last five years and discuss the
potential works it faces. These decoupling techniques are divided into two types, including
external decoupling techniques and internal decoupling techniques. External decoupling
techniques rely on adding additional structures to counteract the mutual coupling, which
are further classified into neutralization lines (NL), grounding branch structures, parasitic
decoupling elements (PDE), defective ground structures (DGS), metamaterial techniques,
etc. Internal decoupling techniques are related to polarization diversity, where orthogonal
polarization and multi-polarization are commonly used. The rest of this paper is as follows.
The second part emphasizes the causes of mutual coupling and its negative effects on
MIMO systems. The third part briefly describes how to evaluate the degree of mutual
coupling by performance parameters. Part four discusses some decoupling schemes for
MIMO wireless systems applicable in 5G devices. The fifth part is a detailed analysis of the
advantages and disadvantages of each decoupling technique. Finally, it is conclusion and
envisages the future development direction of decoupling techniques.

2. Mutual Coupling Issue of MIMO Systems
2.1. Causes of Mutual Coupling

The information theoretical capacity grows linearly with the number of elements in
the MIMO systems [7]. Later, Wallace and Jensen [11] pointed out that the linear increase
of channel capacity was not unconditional, which was achieved by arranging antenna
elements with wide spacing (more than several wavelengths). However, it is unrealistic
for modern mobile users because most 5G applications, especially portable devices, are
composed of integrated circuits and the spacing of each antenna element is not allowed
to exceed one wavelength. In this narrow space, the electromagnetic interference existing
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between antenna elements is known as the mutual coupling effect, which is an unavoidable
issue in MIMO systems.

Probing the causes of mutual coupling, the focus is on analyzing the effect of current.
As regardless of the form of the antennas, the working principle of the antennas is based
on the common mechanism of radiation generated by variable speed charges [12]. There
are three sources of mutual coupling effects in MIMO systems, as follows.

1. Near field coupling. When antennas are closely spaced, they are in near field zone
of another antennas and the effect from near field EM waves is dominant [13]. This
fields decay follow distance as ρ−2 or ρ−3 [14];

2. Surface-wave coupling. This coupling often occurs in microstrip antennas, due to
sharing the same ground plane [15]. 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. This is because in the process of radiating electromagnetic (EM)
waves outward from the excitation element, part of the energy will be coupled on
the adjacent antennas and excite the adjacent antennas to generate new currents. In
general, the contribution to the mutual coupling of the surface wave is smaller than
the space wave due to the fields of surface wave decay as ρ−1/2, which is slower than
ρ−1 dependence of space wave coupling [14,16].

2.2. Negative Effects of Mutual Coupling

The impact of mutual coupling on MIMO systems is like a coin with two sides,
containing both beneficial and detrimental aspects. Of these, detrimental impacts are the
focus of this paper. Firstly, the mutual coupling has a significant effect on the average
bit error ratio (BER) of MIMO systems, especially at separations 0.3–0.5 wavelength of
antenna elements [17]. Additionally, in terms of radiation pattern [18–20], a distortion of
radiation pattern occurs in MIMO antennas compared to the isolated radiation pattern of
each element. Additionally, in terms of direction-of-arrival (DOA) [21–23], the estimation
accuracy of DOA may degrade substantially, especially when the MIMO systems operate
at high frequency or very high frequency because the array manifold is often affected by
mutual coupling. Lastly, the high capacity of MIMO can be estimated with bias if various
coupling receivers are in the terminal [24–26]. When the receivers spacing is around
0.35–0.5 wavelength, the received SNR is dropped by the effect of mutual coupling, which
leads to the actual channel capacity being lower than expected.

To sum up, the influences of mutual coupling on MIMO systems can be recognized
from the following two aspects. As for output terminals, the desired EM field is generated
by the currents with a particular frequency. Due to the tight distance, the transmitting
antennas are easily affected by EM fields which are generated by their currents and adjacent
antennas. Thus, the phase and amplitude of the original current are changed by the
superposition of different EM fields. As for input terminals, when the input signals are
transmitted to the receiving port, the current is not only induced, but also radiated again.
Therefore, the essence of the signal obtained at the receiving port is the vector sum of the
EM wave, which is generated by output terminals and the re-radiated fields. We can see that
it is necessary to overcome the detrimental effects of mutual coupling in MIMO systems.

3. Evaluation Parameters of Mutual Coupling

There are many parameters to judge the behavior of MIMO systems, including perfor-
mance parameters, such as operating band, matched impedance, channel capacity, etc., and
diversity performance parameters, like envelop correlation coefficient (ECC), diversity gain
(DG), total active reflection coefficient and mean effective gain (MEG). The evaluation of
the degree of mutual coupling between antenna elements is usually characterized by the
S-parameter and ECC. These two parameters are briefly introduced in the following section
to set the stage for the analysis of MIMO decoupling techniques later.
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3.1. S-Parameters

Viewing an array of n antenna elements as a network with n-port. Assuming that
the incident waves of the n-port network are a1, a2, . . . , an, and the outgoing waves are
b1, b2, . . . , bn, the relationship between the outgoing and incoming waves can be expressed
by Equation (1): 

b1 = S11a1 + S12a2 + . . . + S1nan
b2 = S21a1 + S22a2 + . . . + S2nan

. . .
bn = Sn1a1 + Sn2a2 + . . . + Snnan

, (1)

Expressed in matrix form, Equation (1) is as follows:

b = Sa, (2)

Of which:
a = [a1, a2, . . . , an]

T , (3)

b = [b1, b2, . . . , bn]
T , (4)

S =


S11 S12 . . . S1n
S21 S22 . . . S2n
. . . . . . . . . . . .
Sn1 Sn1 . . . Snn

, (5)

Among them, Sii is called “reflection coefficient”. It indicates the voltage reflection
of the port i when other ports are connected to the matching load. As we all know, the
operation bandwidth of a MIMO system is decided by its impedance matching situation.
Adding any decoupled structures will change the radiation impedance of the proposed
antenna arrays. Thus, Sii needs to be referenced when we consider decoupling design
because it represents impedance match indirectly. By adjusting Sii, desired operation
bandwidth can be attained. Sij is called “transmission coefficient”. It represents the voltage
transmission from port j to port i when the i element is connected to the matching load.
The mutual coupling degree of two ports is measured by Sij. Additionally, the preferred
isolation is achieved by modifying Sij. The unit of these parameters is usually expressed in
“dB”. To ensure that the RF element is in a normal working state, it is generally required Sii
be less than −6 dB and Sij be less than −10 dB.

Taking the two-port network as an example, assume that 1 is the feed port and 2 is the
coupling port. The S-parameters of the two-port network are given in Equation (6):

S =

[
S11 S12
S21 S22

]
, (6)

where S11 is the input reflection coefficient, or input return loss; S22 is the output reflection
coefficient, or output return loss; S12 is the reverse transmission coefficient or isolation; and
S21 is the forward transmission coefficient, or gain.

Assuming that the power of port 1 is P1 and the power of port 2 is P2, the isolation of
the ports can be given by Equation (7):

S12(dB) = 20lg|S21| = 10lg
P2

P1
, (7)

The degree of mutual coupling of the antenna element is inversely related to the
absolute value of the transmission coefficient. Therefore, the larger the absolute value of
the transmission coefficient, the smaller the degree of mutual coupling of the antenna.
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3.2. Envelope Correlation Coefficient (ECC)

A good diversity effect is a key to ensuring the communication quality of MIMO
systems. The effect of diversity depends on the correlation of antenna signals. The envelope
correlation coefficient, as a measurement parameter, is used to measure the degree of
similarity between different signals and can also be used as a basis for judging the mutual
coupling of different ports.

The most accurate ECC calculation method is based on the far-field pattern function.
it can be given by Equation (8):

ECC(i, j) =

∣∣∣∣s4π

[→
F1(θ, ϕ)·

→
F∗2 (θ, ϕ)

]
dΩ
∣∣∣∣2

s
4π

∣∣∣∣→F1(θ, ϕ)

∣∣∣∣2dΩ
s

4π

∣∣∣∣→F2(θ, ϕ)

∣∣∣∣2dΩ

(8)

→
F i(θ, ϕ) is a function of the radiation pattern of the field when port i is excited, and

the other ports are matched under the condition of Z0 = 50Ω, “·” represents the Hermite
product. However, due to the complex measurement process and the limitation of available
pattern characterization tools, this method is time-consuming.

Boris et al. [27] showed how to compute the ECC from the S-parameter description of
the two-antenna system. The equation has been derived using the law of energy conserva-
tion, which has the advantage that it does not require the computation or the measurement
of the radiation pattern of the antenna system. It is given by Equation (9):

ECC(1, 2) =

∣∣S∗11S12 + S∗21S22
∣∣2{

1−
(
|S11|2 + |S21|2

)}{
1−

(
|S22|2 + |S12|2

)} (9)

Further, Thaysen and Jakobsen [28] deduced that in a MIMO system consisting of
N × N antenna elements, the ECC between antenna elements and antenna elements can be
expressed by Equation (10):

ECC(i, j, N) =

∣∣∣∑N
n=1 S∗inSnj

∣∣∣2∣∣∣∏k=i,j

[
1−∑N

n=1 S∗k,nSn,k

]∣∣∣ (10)

However, Equation (10) is only applicable to the ideal case where the antenna is
loss-free. In practical applications, the realistic power losses of the antenna structures
should be taken into account. Dama et al. [29] proposed a modification of the S-parameter
method which included the antenna losses. It is expressed in the two-antenna system as
Equation (11):

ECC(1, 2) =

∣∣−(S∗11S12 + S∗21S22
)
−
(

L′12 + L′′12
)∣∣2{

1−
(
|S11|2 + |S21|2

)
−
(

L′11 + L′′11
)}{

1−
(
|S22|2 + |S12|2

)
−
(

L′22 + L′′22
)} (11)

The elements L′ij and L′′ij are obtained from the power loss calculation.
In addition, a modification of the S-parameter method that took into account the

effects of the radiation efficiency was proposed in [30]. However, instead of giving the
exact value, it gave an upper bound for ECC. It is expressed by Equation (12):

ECC(i, j, N) =
−∑N

n=1 S∗niSnj√
(1−∑N

n=1|Sni|2)(1−∑N
n=1

∣∣∣Snj

∣∣∣2)ηrad,iηrad,j

+

√√√√( 1
ηrad,i

− 1
)(

1
ηrad,j

− 1

)
(12)

where ηrad,i and ηrad, j are the radiation efficiency of antenna elements i and j, respectively.
Additionally, once the efficiency goes below 60%, the errors start increasing dramatically.
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The smaller the value of ECC, the lower the mutual coupling effect. When ECC = 0, it
means that the relationship between the two ports is completely independent. It is usually
considered that MIMO systems with ECC below 0.5 can run normally. When calculating
ECC, the above equations can be flexibly selected.

4. The Methods of Decoupling

In recent years, many decoupling solutions have been proposed to make the MIMO
systems either meet isolation requirements or improve the channel capacity, which can be
initially divided into external decoupling techniques and internal decoupling techniques
according to the decoupling principle.

4.1. External Decoupling

The external decoupling is based on adding additional structures between adjacent
antenna elements. According to different mutual coupling suppression mechanisms, two
categories can be further classified. Some introduce a new coupling path to offset the origi-
nal coupling, such as adding the structure of neutralization lines (NL), parasitic decoupling
elements (PGE), etc. Others are to control or reduce the flow of surface currents, such as
defective ground structures (DGS), grounding branches, metamaterials techniques, etc.

4.1.1. NL Technique

The principle of NL techniques is based on conducting an out-phase current path to
offset the original coupling between two antenna elements. The physical structure of NL is
vital to the decoupling effect, which the length determines the inductance and the width
represents the capacitance. Selecting the proper location of NLs is a design art. Although
research [31] pointed out that the strip linked the feeding or the shorting line of plane
inverted-F antennas (PIFAs) was an effective decoupling method, there is no common
theory for arranging NLs available now.

The neutralization line structure was used in compact MIMO systems with elements
spacing of no more than one wavelength. To save space, a meandering NL was used in [32].
It can be observed from the surface current distribution that added NL prevented the
current from flowing to other elements and the isolation was better than 16 dB. Moreover,
as shown in Figure 1a, the multi-NLs structure can also be applied to multi-band MIMO [33].
The two U-shaped lines corresponding to different frequency decoupling was proposed. As
shown in the comparison without and with decoupling structure in Figure 1b, the proposed
new paths can effectively resist the mutual interference between antenna elements, and the
isolation of tri-band MIMO can achieve better than 18 dB.

Figure 1. MIMO antenna with NLs: (a) fabricated MIMO antenna; and (b) comparison of current
distributions without and with grounding NLs (Results from Liu et al. [33]).

Since the NL can be conformal with the radiation elements, it can be often found in
portable devices’ MIMO systems. In [34], the eight-port MIMO for 5G smartphones was
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designed. Each antenna element consisted of a meandering monopole and a gap-coupled
loop branch and was placed on a bezel with a height of 6 mm. The adjacent antenna
elements were spaced only 10 mm apart, and NL was connected to the loop branch. The
isolation was better than 11 dB. A meandering NL was used in the dual-port MIMO system
applicable in 5G laptops [35]. Its isolation was enhanced by up to 8 dB.

4.1.2. PDE Technique

Parasitic decoupling elements as decoupling structures can be placed flexibly, such
as above, below, or indirectly in contact with the antenna element. They help to induce
reverse coupling, which prevents the currents flow to neighboring elements.

A hybrid PDE structure composed of a circular patch and four L-shaped strips was
printed on the upper surface of the four-port MIMO system in Figure 2 [36]. Due to the
surface current on the decoupling patches, not only the isolation was improved to 15.4 dB,
but also the impedance bandwidth was widened. The C-shaped patch was added as PDE
near the circular radiation element [37]. Compared with the original design without the
decoupling method, the isolation was increased by 9 dB, and bandwidth was extended by
250 MHz in the compact MIMO with the element spacing of 0.32 wavelength. The quad-
element ultra wide band (UWB) MIMO with PDE placed on the backside was designed [38].
In order to meet the wideband characteristic of the proposed antenna array, the parasitic
element with different features was adopted to cover the whole band decoupling. More
than 20 dB isolation can be obtained.

Figure 2. MIMO antenna with PDE: (a) front view; and (b) back view. (Results from Yang and
Zhou, [36]).

Antenna decoupling surface (ADS) as a deformed PDE was firstly proposed in
2017 [39]. ADS is a thin substrate loaded with a series of small metal patches. The
function of ADS is to cancel the coupling wave with the help of the reflecting wave from
the ADS [40]. The hybrid decoupling scheme constituted of ADS and DGS was applied in
the MIMO system with element spacing of only 1 mm [41]. Those metal reflectors consisted
of two groups ADS. One was formed by window-shaped sheets as a main reflected element.
The other was three cross-shaped sheets to fill the leak. The isolation improvement mainly
depended on the distance above the patch and ADS and the results more than 20 dB in
1 GB bandwidth can realize.

4.1.3. DGS Technique

By etching periodic or non-periodic slots on the antenna frame, the ground current
on the antenna arrays can be effectively suppressed. The location is usually selected on
the opposite sides to antenna elements, which are under the patch or in the middle of two
elements. The behaviors of DGS act as the bandstop filter to ensure high isolation of ports
placed closely.

The decoupling method by combining DGS with complementary split-ring resonator
(CSRR) was used in a two-port MIMO for vehicular communication as depicted in Figure 3a [42].
For realizing acquired isolation, five slots were etched with split ring as DGS on the ground
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plane. The current density as shown in Figure 3b, which was found higher in radiation
patches and a little in the ground plane with DGS determined effective isolation of >15 dB
was achieved. A ten-port MIMO for 5 G mobile terminals was proposed [43]. The function
of the proposed DGS was analyzed by CMA. It can be observed that the current was
mainly concentrated on the slot with DGS rather than the entire frame. Thus, the isolation
became higher and was better than 10 dB. The best location for placing DGS pointed by
Liu et al. [44] was the part with disordered currents to guide the current flow to the DGS
slot. In order to get high isolation, hybrid decoupling structures were adopted, in which
DGS decoupling slots on the back were combined with two EBG structures on the front. The
decoupling results indicated that two decoupled structures played different roles, where
EBG worked as high impedance blocked wave propagation and DGS guided currents flow
along with the slots. The isolation was better than 20 dB.

Figure 3. MIMO antenna with DGS and CSRR: (a) geometry of proposed MIMO; and (b) the current
distributions with hybrid decoupling structures (Results from [42]).

Moreover, different shapes of DGS slots can work together to improve isolation and
bandwidth at the resonance frequency. The DGS with two zigzag grooves was arranged
between two radiation patches on the opposite side to reduce coupling currents [45]. The
grounding plane with rectangular, circular, and zigzag-shaped slots was designed [46].
From the consequence, the bandwidth and isolation (>17 dB) of the four-port mm-wave
MIMO were enhanced at the same time.

4.1.4. Grounding Branch Technique

The grounding branch blocks the surface current by inserting the metal strip between
two compact elements for coupling reduction. The larger the physical dimensions of added
grounding branches mean the stronger the introduced inductance, which can create the
mutual coupling effect minima.

By sharing a common rectangular grounding branch between two neighboring antenna
elements, a self-decoupled four-port MIMO system was established [47]. As shown in
the current distribution diagram, the characteristic of the grounding branch structure
can be observed clearly. The current almost did not spread from one antenna element to
another, although there was a 1.2 mm distance between them only. The MIMO system
was optimized at a working frequency of 3.5 GHz, and isolation was better than 17 dB.
Furthermore, the author upgraded this system to a dual-band system as shown in Figure 4,
and the common ground branch was lengthened accordingly [48]. This design can provide
isolation of better than 17.5 dB. A multi-branch T-shaped grounding branch was inserted in
the ground plane to realize the decoupling of a UWB MIMO [49]. With adding the branches
of the decoupling structure, the input impedance increased and the isolation improved to
>15 dB. The T-shaped grounding branches were placed on the opposite side from antenna
elements in Yu et al. [50]. More than 15 dB isolation was obtained between the eight-port
MIMO. The two meandering grounding branches were introduced between two antenna
pairs [51]. Additionally, the optimized length of the proposed decoupling structure was
one-quarter wavelength at the resonance frequency. The isolation was achieved at more
than 12 dB in this ten-port MIMO.
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Figure 4. MIMO antenna with grounding branches: (a) geometry of proposed MIMO; and (b) the
current distributions with DGS (Results from [48]).

4.1.5. Metamaterials Technique

Metamaterials are a kind of artificial structure to achieve mutual coupling reduction
by affecting EM wave transmission. In metamaterial structures design, the negative perme-
ability or permittivity can be constructed depending on requirements, which was described
fully by Smith et al. [52]. Thus, the propagation of EM waves can be altered in these
structures with negative refractive indexes, which is opposite to the dielectric in nature.
The electromagnetic band gap (EBG), split-ring resonator (SRR) and CSRR are commonly
used types of metamaterials.

The EBG and SRR can be equated to a resonator circuit, in which the microstrip lines
are represented for inductance and the thin gap between them acts as capacitance. A four
EBG array was inserted between two antenna elements as in Figure 5a [53]. Multiple stop
bands were exhibited by the EBG array. The performance that EBG effectively suppresses
the undesired surface waves excited in the E-plane was shown in Figure 5b and E-plane
coupling was suppressed (>18 dB). A ten CSRR array was etched from the ground plane
between two elements [54]. Additionally, the improvement of isolation about 41.26 dB can
be observed by introducing CSRR.

Figure 5. MIMO antenna with EBG: (a) geometry of proposed MIMO; and (b) current distributions
(Results from [53]).

A metamaterial based on SRR was introduced and acceptable isolation can be at-
tained [55–57]. The surface current distribution showed that the SRR structures placed
on the bottom of each antenna element tended to increase the current density and the
current boundaries were established [55]. Thus, the coupling effect was controlled with
isolation better than 20 dB. A near-field resonator (NFR) consisting of five split rings was
proposed [56]. It was observed from E-field distributions with decoupled arrays, the NFRs
were attached above each patch element and acted as coupling-mode transformation. The
two neighboring elements with NFRs performed orthogonal modes. Therefore, the isola-
tion was further improved to more than 20 dB. In [57], an additional SRR structure was
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placed on the top layer. The third resonance frequency at 5.1 GHz was compared without
SRR and isolation better than 14 dB.

4.2. Internal Decoupling

The internal decoupling provides good solutions to isolation improvement relies on
antenna diversity, such as pattern diversity, spatial diversity, and polarized diversity. The
relationship between antenna diversity and mutual coupling was recognized in [27]. The
isolation enhancement was achieved by constituting some radiation elements with different
polarization characteristics, which can be of any type of antenna, such as patch, slot and
substrate integrated waveguide. Thus, additional decoupling structures are not needed.
Among them, the focus in the open literature was orthogonal polarization.

4.2.1. Orthogonal Polarization Technique

Constructing a dual orthogonal polarization antenna module is a general approach
to internal decoupling. The four-antenna MIMO suitable for 5 G smartphones was de-
signed [58]. The proposed antenna pair was composed of a split on the metallic bezel and a
slot on the ground. Additionally, the currents around the slot were in-phase to produce
y-axis polarization while the currents besides the split are out-phase, producing x-axis
polarization. Therefore, two orthogonal modes within the same antenna area were excited,
and more than dB isolation was obtained. Furthermore, the author modified the above
MIMO system [59]. A T-shaped monopole was inserted in the slot on the long ground edge
to constitute the CPW-fed dual antenna pair. Feeding from two ports, the two orthogonally
polarized radiation can be generated by monopole and slot, respectively. Good isolation of
better than 20 dB can be obtained. The 8 × 8 MIMO for a metal-rimmed smartphone with
two sets of orthogonal characteristic modes was designed in [60]. The antenna element
with polarized diversity consisted of T-shaped monopole and coupling-fed dipole, slot
and split. In consequence, even though dual-antenna pairs shared a common radiator, the
isolation in the lower and higher bands can be better than 12 dB. Based on conventional
dual-port feeding patch antenna, a modified square loop antenna with two coupled feeding
strips was proposed as shown in Figure 6 [61]. Due to this structure, the feature that two
orthogonal modes share one common radiation element can be kept and the bandwidth
was further improved. The isolation of more than 11.4 dB can be obtained in its eight-port
MIMO system.

Figure 6. MIMO antenna with orthogonal polarization: (a) geometry of proposed MIMO; and
(b) antenna element with dual-polarized modes (Results from [61]).

Further, the triple orthogonal polarization modes are also applied in the decoupling
scheme of the MIMO system. The twelve-port MIMO in Li et al. [62] provided tri-polarized
modes for 5 G smartphones. The orthogonal polarization bloke was formed by two slot
radiation elements and a quarter mode substrate integrated waveguide antenna whose
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radiation apertures were mutually orthogonal, so we were able to attain tri-polarized
modes and good isolation of more than 12.5 dB.

A MIMO system with tri-polarized antennas applied in the vehicle to everything
(V2X) communications was designed [63]. The tri-polarization element consisted of two-
directional loop dipoles and an omnidirectional monopole, which the two dipoles generated
±45◦ dual polarization waves and monopoles in the second radiating element generated
vertical line polarization waves. The isolation was better than 48 dB.

4.2.2. Characteristic Modes Analysis

The characteristic modes analysis (CMA) was first proposed by Garbacz [64] in 1965.
Then, its field of use expanded from PEC to dielectric or magnetic material objects. Now,
CMA can be carried out in most commercial EM simulation software as a tool to guide
antenna decoupling design. With the help of CMA, the characteristic modes of arbitrary
conductive structures are revealed, and the best location with good isolation of radiators
can be found easily.

The research [65] excited two different characteristic modes to realize pattern diversity
based on CMA. A monopole element acted as an electric source, which was placed on the
maximum point of one mode E-field maximum points to excite it. Similarly, a loop element
acted as a magnetic source placed on the other mode H-field maximum point, and it was
generated successfully. It can be observed from radiation pattern that the modes on the
two antennas were orthogonal. Therefore, an orthogonal polarized MIMO was established
with isolation better than 20 dB.

The CMA also can be used to find feed points to obtain desired resonant frequency [66,67].
Moreover, on the optimization of structures, a parametric analysis can be performed based
on CMA [68,69]. In [68], a twelve-port MIMO system with dual-band depicted in Figure 7
was proposed. The characteristic current distributions of each radiation branch were shown
by CMA. Thus, the isolation enhancement was achieved by adjusting the length of the
relevant branches, and it was better than 12.5 dB. The eight-port MIMO was placed on the
bezel in [69]. Its wide band was generated by coupled feeding and CMA optimization,
which was applied for 5G mobile devices. According to characteristic current distributions,
a patch branch with a weak current was chosen to modify. After optimization, the number of
characteristic modes became more, which bandwidth was expended and isolation realized
better than 15 dB between eight elements.

Figure 7. MIMO system based on CMA: (a) top view; and (b) back view (Results from [68]).

5. Additional Effects of Decoupling Techniques
5.1. Analysis of External Decoupling

The external decoupling technique is the most commonly used method for isolation en-
hancement. Although it has an excellent performance in decoupling, it can be observed the
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additional effects and differences between various types of structures from the comparisons
in Table 2.

Table 2. Comparison among the referenced techniques of external decoupling.

Decoupling
Techniques Decoupling Shape Frequency (GHZ) Isolation (dB) ECC MIMO Order

Neutralization
lines

meandering NL [32] 2.3–2.5/3.2–
3.6/5.0–6.7 >16 <0.005 2

Two U-shaped NL and
symmetrical distribution [33]

2.2–2.4/3.3–
4.5/5.6–5.7 >18/>32/>24 <0.02 2

Strip NL [34] 3.4–3.6/4.8–5.1 >11 <0.08/<0.05 8
meandering NL [35] 3.4–3.6 >12 <0.15 4

Parasitic
decoupling

elements

PDE [36] 4.58–6.12 >15.4 <0.15 4
PDE [37] 15.5–17 >30 <0.14 2
PDE [38] 3.1–10.6 >20 - 4

ADS and DGS [41] 5.1–6.2 >20 - 2

Defective ground
structures

Circular DGS and CSRR [42] 26.5–38.2 >15 <0.005 2
Rectangular DGS [43] 3.3–3.6/4.8–5 >10.7 - 10

DGS and hybrid EBG [44] 4.5–8 >20 <0.002 2
Two zigzag–shaped DGS [45] 5.8 28.8 - 2

Rectangular, circular and
zigzag shaped DGS and

polarization diversity [46]
25.5–29.6 >17 <0.01 4

Grounding branch
structures

Rectangular grounding
branch [47] 3.4–3.6 >17 - 4

Rectangular grounding
branch [47] 3.4–3.6/4.8–5.0 >17.5/>20 - 4

Multi-branch T-shaped
grounding branch [49] 3–11 >15 <0.3 2

T-shaped grounding
branch [50] 3.3–5.6 >15 <0.03 8

meandering grounding
branch and NLs [51] 3.4–3.6/4.8–5.0 >12 <0.15 10

Metamaterials

Four-EBG array [53] 3.6–17.6 >18 <0.015 2
Ten-CSRR array [54] 2.51 58.36 0.005 2

SRR [55] 2.73–3.12/4.33–4.68 >20 <0.04 8
NFR consists of five split rings

[56] 2.38–2.49 >20 - 8

SRR and slot [57] 2.4/3.5/5.3 >14 - 4

The techniques mentioned above regarding external decoupling are summarized in
Table 2. From Table 2, we can analyze the following four points to pay attention to when
adopting external decoupling.

1. The NLs and grounding branches maintain the compact MIMO size without destroying
the completeness of the antenna substrate. The additional decoupling structures can
be co-formed with antenna elements to demand the insufficient matching impedance
and improve the effective length of the antenna. The height of the MIMO system is
not increased by those metal lines with a low profile. However, it is displayed from
simulation results that the bandwidth will become narrow due to the introduction of
decoupling lines. This can be explained by the fact that decoupling lines can be equal
to capacitance and inductance, which lead to a rise in resonant Q-value;

2. To resist mutual coupling, the design of the PDE shape is innovative and versatile.
In the role of added metal patches, the impedance mismatch of antenna arrays can
be solved and the impedance bandwidth can be extended. Moreover, the antenna
elements loaded parasitic patches typically exhibit good gain, which is attributed to
the effective suppression of the currents flow by the decoupling structure. To obtain a
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strong decoupling effect, the ADS composed of parasitic patches is indirectly placed
above the substrate, which will lead to an increase in the height of the antenna systems;

3. The DGS can be etched with simple crafts and a low profile. Due to expanding the
length of the current path by added slots, it can be seen the improvement of efficient
bandwidth. The introduced slots with inductance will act as the resonator circuits at
the operating frequency, so another resonance frequency will appear. Additionally,
the matching impedance had almost no influence by the DGS of the background.
Moreover, it has heat dissipation and is friendly to high power MIMO systems such
as mm-wave arrays. However, the radiation patterns display a negative effect for the
DGS that it will create undesired back radiation due to its defected shape. Additionally,
the phenomenon of DGS simulation that the central frequency will shift to the lower
point under the impact of the bandgap effect should be noticed;

4. As for metamaterials, they can be found with more significant coupling reduction
effects than other techniques due to the effective control of EM wave transmission
by those human-made left-hand materials. The metamaterial array is also benefi-
cial for gain enhancement. Some 3D structures are often adopted in metamaterials
construction, which is complex and takes up more space for realizing the desirable
refractive indices, such as the common mushroom shape of EBG. Moreover, a chal-
lenge in metamaterials design is overcoming the state of narrow bandwidth and high
transmission power, so they and slots [70] or other structures are often combined for
antenna performance improvement in practical applications.

As we can see, the advantages of external decoupling consist simplicity of conception
and efficiency of completion. The properties of these decoupling techniques dictate that it
is well suitable for planer MIMO systems. However, high isolation of the antenna array
was achieved by adjusting the shape and position of the decoupling structure. Yet, there is
a lack of a general and systematic approach to structural optimization, which makes the
process of applying external decoupling time-consuming.

5.2. Analysis of Internal Decoupling

The internal decoupling techniques have also been well-established recently. The re-
search focus on internal decoupling was concentrated on polarization diversity. Constructing
orthogonal modes was a favored selection to ensure minimal correlation of different signals.
The performances of these self-decoupling MIMO systems are given in Table 3.

Table 3. Comparison among the referenced techniques of internal decoupling.

Decoupling
Techniques Decoupling Scheme Frequency

(GHz)
Isolation

(dB) ECC MIMO
Order

Orthogonal
polarization

technique

Dual orthogonal
polarization [58] 3.4–3.6 >12.7 <0.13 8

Dual orthogonal
polarization [59] 2.2–2.4 >20 0.04 8

Dual orthogonal
polarization [60] 3.5–5.0 >12 <0.11 8 × 8

Dual orthogonal
polarization [61] 2.55–2.65 >11.4 <0.1 8

Triple orthogonal
polarization and NLs [62] 3.4–3.6 >12.5 <0.2 12

Triple orthogonal
polarization [63] 2.8–2.9/4.5–5.4 >48 - 3

Characteristic
modes

analysis

CMA optimization and
dual orthogonal
polarization [65]

2–9.5 >20 <0.03 2

CMA optimization [68] 3.4–3.6/4.8–5.0 >12.5 <0.5 12
CMA optimization and

DGS [69] 3.3–5.95 >15 <0.11 8
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There are four additional effects brought by the internal decoupling application that
deserve our attention:

1. Due to polarization diversity, the internal decoupling can further increase the isolation
level within a common radiation element. In addition to the significant decoupling
result, multipath effects and fading can be effectively mitigated by polarization di-
versity. Thus, these self-decoupling MIMO systems exhibit strong multi-directional
robustness compared to single-polarized systems in some scattering propagation
environments [71], demonstrating it has great potential to deploy in massive MIMO
for large scale wireless communication devices;

2. Due to the absence of extra decoupling structures, on the one hand, the MIMO
systems using internal decoupling can be allowed for smaller volume, which makes
the integration with the communication devices frame become easy to realize, and
space utilization is enhanced again. On the other hand, this approach that generating
uncorrelated polarization modes by elaborately arranging antenna elements to ensure
low isolation will not change the excepted radiation characteristics of the MIMO
antenna array;

3. It can be noticed that the popular polarization selection is to produce linear polar-
ization (LP) waves in the exciting literature on internal decoupling. Although LP
waves have better diversity characteristics, which benefit the directional propaga-
tion of the signal, the direction of the LP wave is easily deflected when reflections
are encountered. Compared to the LP antenna, the received signals using circular
polarization (CP) waves are more stable regardless of the antenna orientation [72].
The MIMO arrays with orthogonal circular polarization can be considered when the
signal transmission environment is complicated, such as [73].

4. The antenna element with different polarized radiation often works as a compact
block. Thus, the potential of building multiple antenna arrays is exhibited. It is
well known that the increase in the number of antenna array elements leads to the
expansion of the ergodic channel capacity. By briefly copying antenna blocks having
polarization diversity, the multi-antenna arrays are convenient to be obtained, which
facilitates modular design during the construction of MIMO systems. Although
the polarization diversity is sufficient for isolation enhancement, the surface current
cannot be suppressed. Therefore, only selecting internal decoupling is not enough for
MIMO systems.

It can be seen that the solutions of internal decoupling are more complicated compared
to external decoupling in order to achieve the preferred decoupling effect in the application.
The implementation of the diversity function on the common antenna element is the
innovation point of this technique, so its antenna module with abundant components.
However, the MIMO systems using internal decoupling have excellent performance in
terms of integrity and compactness, which shows it is possible to develop in the MIMO
decoupling field.

6. Conclusions and Discussion

Numerous investigations regarding isolation enhancement have been proposed. How-
ever, the properties and similarities between these decoupling techniques are in lack a
specific analysis. In this review paper, a methodical and comprehensive summary about a
variety of decoupling designs is presented. Some background knowledge about the mutual
coupling effect is briefly reviewed in the former part of the article to provide a preparation
for the technical analysis. Then, the state of the art used for coupling reduction is discussed
in detail. Along with the discussed methods above, several additional effects brought by
the adoption of decoupling techniques are concluded. Hence, the potential benefits and
weaknesses of these techniques are revealed visually in an attempt to provide ideas for the
future design of MIMO wireless systems in the field of 5G applications.
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Although much work has been done to improve the isolation of MIMO antenna
systems, the decoupling design of MIMO systems that combine high isolation and compact
size still presents new challenges, and the potential work is as follows:

1. Hybrid decoupling structures
To solve coupling effects, several decoupling techniques were proposed. The various

decoupling techniques mentioned above have different characteristics. Some are effective
in suppressing the transmission of space waves, and some play a role in cutting off the
flow of surface waves. However, the origin of the mutual coupling effect is not due to
a single reason, which is the consequence of the combined action of multiple sources of
radiation elements interference. Thus, the hybrid decoupling schemes that cooperate with
decoupling techniques aimed at a wide range of interference paths can be considered
for further isolation enhancement research. However, in the process of adopting hybrid
deco upling schemes, it is hard to guarantee the stability of system complexity and power
consumption. Consequently, it is prospective to try hybrid decoupling structures to attain
decoupling breakthroughs while maintaining favorable MIMO performance.

2. Low complexity
It is a barrier that constructive complexity limits the practical application of decoupling

techniques. To cover a wider bandwidth and enable high-isolation, coupling reduction
designs are no longer satisfied with the basic forms of the decoupling structures, expanding
to multiple branches or arranging decoupling elements into arrays. Nevertheless, the more
decoupling structures integrated with the MIMO systems, the more complicated the device
structures will be. Over the long term, it is not advisable to sacrifice physical space for
a good degree of isolation. Other breakthroughs can be found, such as the use of new
substrate materials. It was pointed out that the substrate dielectric constant and thickness
also affect mutual coupling [74]. Besides the traditional ways in structure to suppress
interactions, materials with low dielectric constants can be exploited to compensate for the
spatial limitations on decoupling. In addition, it is notable for us that the application of
MIMO in 5G portable devices. Modern portable devices aim for a large screen size percent-
age, metallic bezel carrying antenna system, and unreserved ground clearance. That means
requirements of narrow metal bezel effect and extremely small volume of antenna elements
should be considered, like literature [59–61]. Thus, keeping a balance between physical
dimensions and decoupling performances of MIMO systems deserves investigating.

3. Systematic optimization procedure
Viewing conventional coupling reduction methods, most of these solutions strongly

rely on the experience that engineers already had. Both the selection of the optimal
decoupling point and the parameter adjustment of the decoupling structure have a lack
general optimization procedures for the MIMO system. Nevertheless, shortcomings have
been improving. For instance, the application of the CMA technique in decoupled design is
mentioned above. These methods used for MIMO as a tool to solve for current characteristic
modes and desired isolated radiation patterns can be calculated fast. In addition, some
decoupling researches are also combined with algorithm optimization, which is also worthy
of reference in the search for the optimal solutions of decoupling, such as MIMO isolation
performance improvement based on genetic algorithm [75], optimization of ground length
based on particle swarm algorithm (PSA) [76], optimization of antenna parameters and
synthesizing beam patterns based on hybrid gravitational search algorithm and PSA [77].
Adopting these objective methods, the time consumed for decoupling optimization work
can be substantially reduced compared to traditional operations. In the future, realizing
the goal of automation and high efficiency during the decoupling optimization procedure
is also the potential work for us.

It can be well defined that the development target of the MIMO decoupling issue:
to achieve the highest isolation possible within a compact physical space. Although the
experimental results of the above decoupling methods are satisfactory, the decision of
decoupling schemes should be judged according to the features of MIMO systems and the
transmission environment of the signal in reality. The realization of MIMO decoupling
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is not only an art of electronic design, but also a never-ending pursuit of high system
performance of the current antenna field, and many possibilities and potentials are waiting
to be explored. We hope that the analysis and discussion of MIMO decoupling techniques
in this paper will inspire new thinking and look forward to more innovative and insightful
approaches emerging in future 5G applications.
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