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Chapter

Techniques for Compact Planar
MIMO Antennas
Yiying Wang

Abstract

MIMO Technology has promoted the developments of various antennas, then the
planar antenna will be one of the main directions to satisfy the future compact
requirement of the 5G+/6G communications. This chapter introduces different types
of the planar antenna and summarizes the implicit compact techniques, where the
related techniques like the diversity and the reconfigurable are not included owing to
they are the inherent properties of the MIMO antennas. These antennas contain the
patch antenna, slot antenna, dipole/monopole antenna, loop antenna, cavity antenna,
Yagi-Uda antenna, fractal antenna, UWB antenna, PIFA etc., and their deformations
to the specific purposes. On the contrary, the implicit compact techniques are not so
explicit as the antenna configurations, but they are classified to be the close-spacing
structure without decoupling, owing to the decoupling is not the necessary require-
ment of MIMO application, decoupling technique of spacing reduction, meandered
line technique, multi-element method, co-radiator/co-location design, fractal
antenna, and radiator-cutting antenna. Besides, the corresponding techniques for the
compact design are also concluded, including the mode-cutting method, fractal
technique, characteristic mode analysis, and the optimization algorithms.

Keywords: MIMO, 5G+/6G, planar antennas, compact techniques, integration

1. Introduction

Owing to the prominent advantages compared with the conventional single-input
single-out (SISO) system, the MIMO technology has been extensively applied to many
scenarios, in which the antenna with beamforming is one of the key features in order to
realize the multiple path communications. Consequently, the multi-beam, the multi-
polarization, or the related diversity or the reconfigurable techniques are the inherent
properties of the MIMO antennas. To satisfy the requirement of MIMO communication,
many antenna types have been employed, including the high-profile 3D antennas, such
as the dielectric resonator antenna (DRA) [1–3], helix antenna [4], structure-loaded
antenna [3, 5–7] or multi-element antenna [8, 9], and the other common 2D planar
antennas. On the other hand, the 5G+/6G technology puts forwards the new compact,
easy-fabricated and easy-integrated requirements for the antenna development
resulting in the planar antennas will be one of the main directions in the future.
Therefore, the focus of this chapter is on the introduction of planar antennas and
especially the implicit techniques on how to design the compact structure.
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Many planar antenna types have been proposed for the MIMO applications, but
not all of them will be discussed in this chapter considering the related compact
techniques. The planar antennas involved are patch antenna [10–22], slot antenna
[23–30], dipole/monopole antenna [31–48], loop antenna [49–58], ultrawideband
(UWB) antenna [59–71], Yagi-Uda antenna [72–77], cavity antenna [78–82], fractal
antenna [83–90], and the planar inverted-F antenna (PIFA) [91–104]. These antennas
do not appear in isolation, they often combine with other types for the specific
purpose, such as, both the patch antenna and the dipole antenna were used to realize
the linear and circular polarization design [11], the slot antenna [28] and the fractal
antenna [83] also belong to the UWB antenna, and the radiator of UWB antennas [59–
62] is monopole. However, we distinguish them according to their explicit features in
this chapter as the above categories, and the relatively simple antenna structures are
picked up from the similar works. Additionally, though these are planar structures,
they can be used in the 3D situations [27, 43, 102] like in the mobile application. All
selected types are the printed antennas, they will be good candidates for the future 5G
+/6G applications from the view of easy fabrication and integration.

The compact design is always the research focus of MIMO antennas, many tech-
niques have been employed to compress the volume of structure. However, we face a
common problem that the antenna performance is affected because of coupling when
they are close to each other. There are two general ways to solve this problem, one is
that we need not care about the coupling but put them closer if the coupling is not too
significant, which is because the MIMO antenna technique does not require the ele-
ments to work at the same time, the coupling will not affect the work status of MIMO
system; the other is using the decoupling technique to realize the compact design, even
so the antenna performance is also affected when the elements are close enough.

In addition to the above close-spacing compact techniques, changing the antenna
shape is another conventional way to realize the compact design, such as, using
meander line for the dipole/monopole or the slot antenna to save the spacing, and by
the combinations with different antennas to change the shape, like the electric and
magnetic dipoles, the patch and slot, the PIFA and slot etc. Besides, the fractal tech-
nique and the optimization algorithm with constraints are often implemented to
change the antenna shape. And we can physically reduce the antenna size by
performing the corresponding cutting based on the related modes.

In this chapter, we will focus on the introduction of the corresponding compact
techniques of the planar antennas, including the close-spacing and the shape change
methods. Therefore, the rest is organized as follows. Section 2 introduces the
corresponding general compact methods implicit in different antenna types, including
the close-spacing no-decoupling design, decoupling design, meander line method,
multiple antenna structure, co-radiator/co-location design, fractal antenna, and the
mode-cutting technique. The fundamentals for compact designs, including mode-
cutting method, fractal technique, characteristic mode analysis (CMA), and optimi-
zation algorithm, are summarized in Section 3, which will be helpful to the future
compact researches owing to the physical reduction of antenna size. Then, the
conclusions are shown in Section 4.

2. Compact antenna techniques

Though different antenna types have been designed for the compact purpose
depending on the present development trend, the compact techniques are similar
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accompanied by the types. We summarize the corresponding compact techniques in
this section.

2.1 No-decoupling compact designs

The purpose of MIMO antenna is using the multiple path transmissions to realize
the high-efficiency and high-capacity communication, which means the antenna may
not work simultaneously and then the coupling is not a main concerned focus. In other
words, we need not care about the mutual couplings among elements so seriously in
some cases when we want to realize the compact design but put them closer. More-
over, the coupling can be reduced by properly arranging the positions of elements to
form the orthogonal polarization etc.

In [101], even the cross line connected with four elements exists to improve the
isolation, the minimum isolation is up to 9.7 dB. The similar phenomenon happens in
[36, 80] where no-decoupling structures were used. The four-element 90 degrees
rotated structure of [36] is shown in Figure 1, from which we know the coupling is
significant and the authors gave that of about 12 dB. The shorting pins and the 90
degrees rotation also do not reduce the mutual coupling seriously at some frequencies
in [80], which is about 13.3 dB, the corresponding configuration is shown in right
subfigure.

When the spacings become larger, the coupling will be smaller [29, 35] where the
orthogonal polarization techniques were employed as well. Using the shorting pins
[78] or slot [81] to stop the current flowing to the neighbor element in the cavity
antenna is an efficient way to reduce the coupling. And we can obtain the lower
coupling by exciting the neighbor elements with the differential modes instead of
additional decoupling structure [14, 46, 88].

2.2 Compact decoupling techniques

Generally, we should consider the mutual couplings in the MIMO antenna design
which decreases the consequent undesirable problems of the related system. Except
the above differential mode method, we often reduce the mutual coupling for the
close-spacing elements from two aspects, one is from the source and the other in the
transmission process. The decoupling techniques of patch antenna can illustrate these
well [15–18]. When the spacing is large enough, the surface current on the ground
plane affects the mutual coupling rarely so that a proper metamaterial absorber put
between the patch is enough to stop the surface and the radiated waves in the
decoupling process [17]. As the spacing becomes closer, the surface current on the

Figure 1.
No-decoupling MIMO antennas: [36] (left) and [80] (right).
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ground plane diffuses to the neighbor element, and the near-field coupling to the
other patch generates, so the defected ground structure (DGS) and/or resonator
techniques between patches can reduce the couplings significantly [15, 16, 18].
Figure 2 shows the simple decoupling structure in [15], in which the slot through the
substrate and ground plane was curved. The surface current on the ground was cut off
and the resonator was form between patches resulting in the reduction of mutual
coupling. In order to reduce the mutual coupling of patches, literature [18] used
another way, where the parasitic elements are put closer than the spacing between
patches so as to induce the power to the parasitic metal rather than the neighbor
patch. Figure 3 shows the current distributions on the top layer of patch antenna
before and after using parasitic technique. It is clear that the coupling to the neighbor
element is suppressed.

The ideas were implemented into the PIFA antenna [92, 93, 96], loop antenna
[49, 52, 53], slot antenna [69, 70], and UWB antenna [60, 62, 69, 70] and so on.
Figure 4 shows the corresponding antenna and the decoupling structures. Both the
PIFA and the UWB suppress the coupling in the wave propagation process, and the
other two cuts off the surface currents.

The neutral line technique is another normal method to reduce the coupling in the
monopole [45] and UWB [60] antennas. It does not destroy the structure of ground
plane but introduce the neutral line between elements. The decoupling structure of
[60] is shown in Figure 5, where the circular disc of neutral line allows several

Figure 2.
DGS and resonator techniques to reduce the coupling [15].

Figure 3.
The comparisons of current distributions on the top layer [18].
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decoupling paths to cancel the coupling current on the ground so that the UWB
decoupling is realized, and with the help of slot in the circular disc, the highest
decoupling frequency can be tuned to 5 GHz.

If the cavity is cut properly, the antenna can realize the self-isolation without any
additional structure. Such as in [81], the authors cut a slot symmetrically for the
quarter cavity, the consequent 1/8 mode cavity antennas have good isolation. This
self-isolated technique is also applied in the loop antenna, and the size is reduced by
means of the introduction of two vertical stubs in the loop [53].

2.3 Meander line antennas

It is the conventional way to restrict an antenna to a fixed area by meandering the
radiator. It is often adopted in the dipole/monopole, slot, and loop antennas, where the
corresponding method is relatively simple, that is, we just adjust the meandered sections
to resonate at the desired frequency as the straight one. We can find many meander line
techniques employed in the MIMO antenna designs [25, 36, 38–40, 42, 47, 49, 56, 57, 67].

The dual-band is realized by two different length slots, the authors meandered the
longer slot which makes the two slots have the similar length in the horizontal direc-
tion [25]. The arms of dipole/monopole are meandered as well for the compact design
[36, 38–40, 42, 47, 67]. For the loop antenna, the authors put two loops on the
different layers and the smaller one is embedded into the bigger one [49], while the
loops meandered inward are implemented for the rectangular [57] and the Alford [56]
loops, respectively.

2.4 Multiple antenna structures

Multiple antenna structure, or the hybrid structure with different antenna types,
also can obtain the compact design for the MIMO antenna application. This

Figure 4.
The antennas and decoupling structures (from left to right): PIFA [96], loop [52], slot [69], and UWB [62].

Figure 5.
The antennas and the neutral line decoupling structures of [60].
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combination not only saves the spacing, but also suits for the realization of multi-band
or multi-polarization.

In [11], the patch antenna combines with the dipole antenna to realize the polari-
zation diversity design, where the chamfered-edge square patch with an offset feed is
used to obtain the circular polarization and the two dipoles are responsible for the
linearly polarized radiation. Literature [32] also shows the combination of both patch
antenna and the monopole antenna with the same ground, but the patch antenna is
fed by the electromagnetic coupling.

Two pairs of slot antennas are etched in the patch to realize the dual-polarized
radiation, and good isolation is obtained due to the proper feeding positions [19]. The
authors put the IFA and the slot antenna together for different LTE bands in the
mobile application [104]; and two slots with different lengths are put close for the
dual-band radiation [25].

2.5 Co-radiator/co-location antennas

To some extent the co-radiator and the co-location antennas resemble the multiple
antenna structure. For the co-radiator MIMO antenna, there exists one common
radiator but excited by different ports, while the co-location antenna assembles dif-
ferent antennas in the fixed area. These two types are similar to some diversity
antennas of one radiator but different feeds and the multi-band antenna with one
radiator, respectively. In other words, the co-radiator/co-location antennas are not so
unfamiliar things but they just have the common property for a kind of antennas.

The antenna of [105] shown in Figure 6 explain the co-radiator antenna clear,
where four ports excite the common radiator and the slot of ground plane is used to
improve the isolation. The configuration of [106] resembles to this work, but use two
ports to excite the co-radiator, the isolation is improved by means of the T-shape slot
and the irregular stub extended from the ground plane.

Figure 6.
Co-radiator antenna of [105]: (a) Geometry and (b) prototype.
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The circular co-radiated patch is employed in [107], the configuration is shown in
Figure 7. The authors analyzed the two close modes TM02 and TM11 with the
monopole-like and patch-like radiations, respectively, and put several vias around the
center to make sure the resonant frequencies are the same. Then, they used the center
port to obtain the monopole-like radiation, the other two ports excite two orthogonal
patch-like patterns.

The application of the co-radiator technique in the mobile terminal was investi-
gated in [108], we repeat the configuration in Figure 8. The loop is the co-radiator of
port 1 and port 2 as shown in Figure 8c. The two ports are put at the center of loop,
and port 1 feeds the loop directly while port 2 feeds the loop by a microstrip line.
Owing to the odd and even modes appear by the two ports, the high isolation is
achieved in the design.

Figure 8.
Co-radiator antenna applied in mobile terminal [108]: (A) front view, (B) back view, (C) details of the upper
structure, and (D) details of the lower structure.

Figure 7.
Circular co-radiator antenna of [107].
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The co-location antenna is the same as the co-radiator antenna in a way as in [107],
where different radiation patterns are generated by the different ports at different
positions but the radiator is not changed. However, we differentiate them in this
section by introducing the co-location antenna with different radiators [30]. The
corresponding antenna configuration and the current distributions at different fre-
quencies are shown in Figure 9, where the two ports are placed on the top and left
sides. When the lower frequency is excited at any port, the square-ring slot works, the
edge branch radiates for the higher frequency.

2.6 Fractal antennas

The fractal technique is helpful to reduce the antenna size owing to the self-similar
and space filling properties, thus it is used to design the MIMO antenna for the
compact purpose.

In [83, 86, 88], the Koch fractal technique were adopted to design the MIMO
antenna. The iteration process of [83] is shown in Figure 10. The initial shape is the
octagon of Figure 10a, the fractal shape after first iteration is shown in Figure 10b,
and the second iteration has satisfied the requirement of the UWB band. The
corresponding MIMO antenna is shown in Figure 11. The C-shape slot is sliced on the

Figure 9.
Antenna configuration (left: (a) Top view and (b) cross-sectional view) and current distributions at different
frequencies (right: (a) Port 1 excited at 3.4 GHz, (b) Port 2 excited at 3.4 GHz, (c) Port 1 excited at 3.8 GHz,
and (d) Port 2 excited at 3.8 GHz) of [30].

Figure 10.
Iteration process of Koch fractal [83]: (a) initiator, (b) first iteration, and (c) second iteration.
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fractal octagon to realize the rejection band, the orthogonal arrangement and a
L-shape stub connected with the ground plane are used to increase the isolation.

The hybrid fractal technique is also used to design the UWB antenna [85], where
both the Sierpinski and Koch fractal were applied, and a U-shape slot etched in the
radiating element to notch the WLAN band. For the MIMO antenna design, the two
antennas are put parallel, but the isolation is increased by both the stepped ground
plane and the reflecting ground stub in between.

Using the similar idea as in [85], the authors in [87] combine the Koch and the
Minkowski to get the dual-bandMIMO antenna. The corresponding hybrid fractal idea
and theMIMOantenna are shown inFigure 12. There is an initiator and a generator for the
Minkowski fractal technique as shown in the left subfigure of Figure 13. This structure
meets the dual-band requirements of 1.65–1.90 GHz and 2.68–6.25 GHz, and the high
isolation is achievedwith the help of the T-shape stub connected to the ground plane.

In contrast, the hybrid Quadric–Koch fractal antenna was designed in [89] for the
multi-band requirement where the circular polarizations were obtained for the bands
of 3.66–3.7 GHz and 5.93–6.13 GHz and the rest five bands are linear polarization. No
additional structure was used in the MIMO antenna, where two elements are put
symmetrically, and the isolation is better than 17 dB over the entire bands.

Figure 12.
Hybrid fractal MIMO antenna of [85].

Figure 11.
Fractal MIMO antenna of [83].
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The Hilbert fractal technique was employed in [90] to realize the dual-band prop-
erty, the correlation coefficients lower than 0.1 when the two orthogonal-arranged
antennas are put close.

2.7 Radiator-cutting antennas

Though the fractal technique reduces the antenna size significantly in physical,
there is another way to reduce the antenna size physically, that is, by cutting the
original antenna into a small piece. This method is suitable for the antenna with the
symmetrical structure or the cavity antenna who has the symmetrical modes.

In theworks of [109, 110], the radiator is cut into two pieces and leave one for the
radiation. The corresponding element structures of theMIMO antennas are shown in
Figure 13. It is clear that the antennas have no complete structures. It is the quasi-self-
complementarymonopole in [109] owing to themonopole has the semi-circle patchwhile
the slot in the ground is not complete half-complementary structure. This cutting struc-
ture keeps theUWBproperty as that of the completemonopole. Through the symmetrical
arrangement of two elements, theMIMO antenna has high isolationwithout any addi-
tional structure due to the asymmetry structure.While in [110], the rectangularmonopole
is not only cut into two pieces, but also a semi-circle slot is etched in the half-monopole to
improve the optical transparency.However, the groundplane ismodified by etching a slot
and adding staircase stubs resulting in the improvement of the impedance bandwidth.

The non-integer order mode cutting technique is also adopted to reduce the antenna
size physically. It is the same as the radiator-cutting method. That is because the
complete structure has the integer mode, if we want to use its non-integer mode we
have to cut the structure. In other words, the structure cutting means the mode cutting.

The non-integer mode structure of rectangular cavity in [80] has been shown in
Section 2.1, where the length of the patch is half of the complete one so that the
TM1=2,0 mode etc. form. The same idea appears in [82], but one 1/8 mode is used for

the circular cavity. While the semi-taper slot is etched on the top lay of the cavity in
[111] in order to radiate the related power, where the four CPW-fed MIMO antenna is
shown in Figure 14. The metallic vias are set to form five cavities, the outer four with
the semi-taper slots are responsible for the radiation. The half mode of TM110 will
generate by the proper feeding, and this MIMO antenna has high isolation owing to
the orthogonal arrangement and the existence of the metallic vias.

Figure 13.
The elements of MIMO antennas in [109] (left) and [110] (right).
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3. Fundamentals of compact design

Section 2 has discussed the specific antennas and the corresponding compact
techniques implicit in the design, but there are some methods leading to the compact
design not only suit for one fixed structure, but also will be used into other types in
the future. Thus, we discuss their applications in MIMO antennas and the related
techniques in this section, including the detailed explanation of mode-cutting method,
the fractal technique, the theory of characteristic mode, and the optimization
algorithms.

3.1 Mode-antenna analyses

In Subsection 2.7, the mode-cutting methods for different antenna types has been
shown, however, the cited references did not discuss the detailed modes so clear. Now
we discuss the mode distributions according to the specific antenna types which have
been studied in the MIMO antenna.

Figure 15.
Current distributions of complete slot of [112]: (a) without CSR, (b) CSR at position 1, (c) CSR at position 2,
and (d) CSR at position 3.

Figure 14.
MIMO antenna of [111]: (A) geometry and (B) unit.
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If the mode-cutting method is implemented, the corresponding antenna has at
least one integral modes, or we can say that the cutting method suits to the integral
order mode of the related structures.

For the cutting of the semi-circle slot antenna, the authors in [112] discussed the
current distribution of the complete slot as shown in Figure 15. Whether the comple-
mentary slot reflector exists or not, the current distributions are symmetrical. By
optimizing the size and position of CSR, the cutting method can be implemented to
get the half-loop slot, and the corresponding performances are affected rarely. Then,
the two-element MIMO antenna is formed by symmetrical arrangement whose isola-
tion less than 12 dB is achieved without any additional decoupling structure.

The literature [113] provides another way to design the cavity MIMO antenna
which excites each sub-mode generated by the different shape cavities. The authors
started the analysis for the closed circular cavity, then analyzed the characteristic
modes for the open and sector cavities, and consequently obtained the methodology
that the whole cavity can be divided into N sub-cavities. If a T-shape monopole is put
at the proper position for each sub-cavity, the N-port MIMO antenna forms and high
isolation is obtained. They took the 4-port circular open cavity as an example and
fabricated an antenna prototype shown in Figure 16, whose measurements agree well
with those of simulations. Thus, they continue discuss the related design for other
shape cavity antennas.

3.2 Fractal techniques

The fractal technique has been employed in the MIMO antennas as in subsection
2.6 owing to it can reduce the size for the compact design. As we know the fractal
technique needs several iterations, it is effective to reduce the size in finite iterations,
but when the iteration reaches to a certain number, the size reduction will not so
obvious until it does not work. That’s because as the iteration increases, the length of
fractal shape will become smaller and can not be comparable with the wavelength.
Therefore, we have to consider the iteration number depending on the specific
requirement. In this subsection, we introduce two common simple fractal techniques,
the Koch and the Sierpiński fractals [114, 115].

1.Koch Fractal

Figure 16.
4-Port MIMO antenna of [113].
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The Figure 12 has presented the 2nd iteration process for the line segment, we do
not repeat here. The detailed iteration method is, (1) the line segment is selected
as the initiator, (2) divide the segment into three equal portions, then rotate the
middle portion �60 degrees to form another two new subsegments, and (3)
repeat the process of last step. The length will increase 1/3 times for each
iteration.

2.Sierpiński Fractal

The Sierpiński iteration process of isosceles triangle is shown in Figure 17 [114].
The coordinates for the next iteration can be obtained by
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This iteration process described by formulas (1)–(3) can be summarized as, find
the midpoint of each segment and connect them to form four same isosceles triangles,
then remove the middle triangle, we will get the final iteration shape.

3.3 Characteristic mode analysis

The CMA permits the researcher to know the antenna performance at the initial
stage without considering the specific excitations so that the user can have an insight
into the radiation essence, which is extensively used in the application of mobile
handset antenna where the large metal chassis exists [116]. And the MIMO antennas
are also extensively investigated for the mobile terminal application, there are a lot of
works using the CMA [47, 117, 118].

In [47], a meandered dipole working at 3.5 GHz was studied by using the CMA.
The first 10 modes are compared and the symmetrical reverse modal currents are

Figure 17.
Iteration process of Sierpiński fractal [114]: left is initiator and right is the 1st iteration.
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excited to get the low SAR, and the isolation of 16 dB is achieved. On the contrary, the
CMA is implemented on both the ground plane and the antenna in [117], but only on
the chassis ground plane in [118]. The first four modes of [118] are shown in
Figure 18. With the help of the current distributions, the antennas are put intensity-
weak position of the corners for the MIMO antenna design.

Depending on the extensive application in MIMO antenna designs, we simply
introduce the corresponding theory of the electric-field boundary conditions as fol-
lows [116, 117].

The related scattering field expression satisfy:

L Jð Þ½ �tan ¼ Ei
tan rð Þ, r∈ S (4)

where L ∙ð Þ is the intetro-differential operator.
Owing to L ∙ð Þ features with the impedance property, thus the formula (4) is

rewritten as:

Z Jð Þ ¼ L Jð Þ½ �tan (5)

where Z ∙ð Þ represent the tangential component of electric field related with J.
The impedance matrix Z has the real and imaginary parts, we get the following

related formulas:

Z ¼ Rþ jX (6)

R ¼ Z þ Z ∗ð Þ=2 (7)

X ¼ Z � Z ∗ð Þ=2j (8)

By means of Poynting’s theorem, we get the straightforward relation for R andX,
which has clear physical meaning, as

XJn ¼ λnRJn (9)

where Jn and λn are the real eigenvector and eigenvalue of nth mode, respectively.
The orthogonality of modal currents is defined by:

< Jm,R∙Jn > ¼ < J ∗m,R∙Jn > ¼ δmn (10)

< Jm,X∙Jn > ¼ < J ∗m,X∙Jn > ¼ λnδmn (11)

Figure 18.
First four modes at 2.2 GHz of [118].
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< Jm,Z∙Jn > ¼ < J ∗m ,Z∙Jn > ¼ 1þ jλnð Þδmn (12)

where δmn ¼ 1,m ¼ n or δmn ¼ 0,m 6¼ n.
Depending on the theory of characteristic mode, we get the induced currents on

the PEC body and the resultant fields:

J ¼
X

n

αnJn (13)

By using the Z impedance operator, formula (13) becomes:

X

n

αnZ Jnð Þ ¼ Ei
tan rð Þ (14)

Taking the inner product by the current Jm for (14), we have:

X

n

αn <Z Jnð Þ, Jm > ¼ <Ei
tan rð Þ, Jm > (15)

Applying the orthogonality of currents, we will get under the condition of m = n:

αn 1þ jλnð Þ ¼ <Ei
tan rð Þ, Jm > (16)

so we know:

αn ¼
<Ei

tan rð Þ, Jm >
1þ jλn

(17)

where <Ei
tan rð Þ, Jm > is called the modal excitation coefficient and the modal

significance MS is defined as:

MS ¼ 1

1þ jλn

�
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�

�

�

�

�

(18)

3.4 Optimization algorithms

The optimization algorithms are often used to reduce the antenna size, but for the
MIMO antenna it becomes a multi-objective optimization problem due to we have to
consider other parameters, like the effect of mutual coupling and the related position
change etc. of antenna element. If we use the single optimization algorithm to optimize
the MIMO antenna, it will take more time, so the hybrid algorithms are employed to
process the complicated discrete and continuous mixed parameters [119–121].

In [119], both the antenna shape and the decoupling structure were considered,
thus the hybrid algorithm of both the multiobjective evolutionary algorithm based on
decomposition combined with differential evolution (MOEA/D-DE) and MOEA/D
combined with genetic operator (MOEA/D-GO) were used, where the MOEA/D-DE
is adopted to optimize the radiator while the MOEA/D-GO optimizes the isolated area
shown in Figure 19. They divided the circle into 8 areas of the same size, each has the
45 degrees angle and divided into several small pieces. In the optimization process, “1”
represents the existence of metal while “0” not. Literature [120] Integrates the particle
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swarm optimization (PSO) and binary PSO into multi-objective evolutionary algo-
rithm based on decomposition (MOEA/D) to realize the optimization of antenna size
and isolation, while the surrogate-based optimization was employed in [121].

Though different algorithms have been proposed to improve the optimization
result, the corresponding optimization process is similar as in [119].

The optimized problem can be expressed as:

min F Xð Þ ¼ f 1 Xð Þ, f 2 Xð Þ, … , f n Xð Þ
� �

s:t:X ∈Ω (19)

where f i Xð Þ i ¼ 1, 2, … , nð Þ indicates the corresponding optimized objective, X is a
decision variable, and Ω is the design space.

The authors of [119] presented three optimized objectives due to the four-port
MIMO antenna so that they have to consider the mutual coupling of different ports.
We can simplify the optimized objectives by two ports, they are:

f 1 Xð Þ ¼ max Q1 � min S11ð ÞdB
�

�

�

�, 0
� �

ω∈ ω1,ω2½ � (20)

f 2 Xð Þ ¼ max Q2 � min S12ð ÞdB
�

�

�

�, 0
� �

ω∈ ω1,ω2½ � (21)

where ω1,ω2½ � indicates the frequency band, Q1 is the desired minimum of return
loss, which is set to be 10 dB, and Q2 desired minimum isolation.

With these optimized objectives and the constraints, the iteration process can be
implemented by the hybrid utilization of EM simulator and the proposed algorithm.

4. Conclusions

Depending on the development trend of 5G+/6G, we focused on the summaries of
the planar MIMO antennas and the related compact techniques in this chapter owing to
they are easily fabricated and integrated into a system. These planar antennas contain
several common antenna types, including the patch, dipole/monopole, slot etc. Even so,
they still can be designed into the 3D structure and there are specific applications like in
the mobile terminal. The compact techniques implicit in the designs are dug up and
summarized into seven categories, including the no-decoupling and the decoupling
designs, multiple antenna structure, meander line technique, co-radiator design, and
the fractal and radiator-cutting antennas. Then, in Section 3, we discussed the related
fundamentals for the compact designs though the antenna types are conventional, and

Figure 19.
Fragment-type isolation of [119]: (a) split method, (b) discretization and assignment of “0” or “1”, and (c)
frqgment-type structure.
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showed the corresponding simple design methods, they are mode analyses, fractal
techniques, characteristic analysis, and the optimization algorithms.
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