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ABSTRACT A hybrid topology optimization (HTO) method is adopted to reduce the mutual coupling
of a £45° dual-polarized closely spaced MIMO antenna. In order to shorten the optimization time,
only the isolation structure region of the two-element MIMO antenna is selected for optimization. More
importantly, by exploiting the symmetry of both the MIMO antenna and the isolation structure, only a
quarter of the isolation structure needs to be optimized to achieve good antenna performance. In this way,
not only the optimization variables, but also the optimization sub-objectives are greatly reduced, and the
optimization time is further diminished. The performance of the dual-polarized MIMO antenna with the
optimized isolation structure (OIS) is validated by both simulation and measurement. The OIS resonates in
both polarizations, thus lowering the mutual coupling between co-polarization ports (|S31| and |S42|) and
between cross-polarization ports (|S41| and |S32|) simultaneously. With the center distance of only 0.35X,
the measured mutual coupling between different ports are reduced by 6~11 dB within the 10-dB impedance
bandwidth (Reflection coefficients < —10 dB) by adding the OIS, and the highest mutual coupling between
different ports is reduced from —15 to —21 dB. Besides, the antenna maintains a low profile (0.0261¢), low
cross-polarization and excellent radiation pattern performance.

INDEX TERMS Mutual coupling, dual-polarized antenna, MIMO antenna, isolation structure, hybrid

topology optimization (HTO).

I. INTRODUCTION

Dual-polarized antennas have been widely used in base sta-
tions to reduce the impact of multipath fading and increase
channel capacity by polarization diversity and polarization
multiplexing [1]-[4]. Moreover, by using dual-polarized
antennas, the number, size and overall cost of base sta-
tion antennas can be greatly reduced. Multiple-input and
multiple-output (MIMO) technology has grown up to be
one of the crucial parts of the upcoming fifth-generation
(5G) communications. There is an urgent need to design
dual-polarized MIMO antennas for the 5G communications
systems.

The associate editor coordinating the review of this manuscript and

approving it for publication was Sotirios Goudos

VOLUME 8, 2020

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/

Due to the limited space for antenna installation, with
the increase of the number of antennas, the size of antenna
elements and the spacing between them must be reduced.
However, reducing the element size will reduce its gain and
bandwidth, which is not conducive to the channel capacity
improvement. Therefore, it is better to reduce the spacing
between antenna elements. When the antenna elements get
closer to each other, stronger mutual coupling will be gener-
ated between antenna elements, which will seriously degrade
the overall performance of the system [5]. Therefore, reduc-
ing mutual coupling between MIMO antenna elements is a
significant challenge.

A variety of solutions have been suggested to reduce
mutual coupling of MIMO antennas [5]-[15]. By using neu-
tralization lines [5], electromagnetic bandgap structures [6],
decoupling networks [7], resonant structures [8], etc., good
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decoupling effects have been achieved for single-polarized
MIMO antennas, even for those with spacing less than 0.51¢
(%o is the free space wavelength). While with the use of
cutting slots [9], decoupling branches [10], baffles [11], metal
cavities [12], coupled metamaterial slabs [13], resonant meta-
structures [14], decoupling surfaces [15], etc., mutual cou-
pling levels of dual-polarized MIMO antennas have been
reduced. For example, in [12], a pair of metal cavities and
an artificial periodic structure were utilized to reduce mutual
coupling between dual-polarized antenna elements. With a
center distance of 1.31p, mutual coupling levels between
the co-polarization ports were reduced by 6~8 dB within
the 10-dB impedance bandwidth (Reflection coefficients of
all the ports < —10 dB). In [14], two types of resonant
meta-structures were applied simultaneously to achieve the
decoupling of a dual-polarized MIMO antenna. At the center
distance of 0.63A¢, mutual coupling levels of both polariza-
tions were reduced by 3~13 dB in the whole operating band.
In [15], an array-antenna decoupling surface was exploited to
achieve 2~11 dB mutual coupling reduction between differ-
ent antenna ports with the center distance of 0.53¢.

From the literature, there is little research on the decou-
pling of dual-polarized MIMO antennas with center distance
less than 0.51¢. As we know that decoupling between antenna
elements is a very complex problem involving the match-
ing, isolation, polarization purity and radiation pattern of
the antenna elements. For MIMO antennas, the smaller the
element spacing, the more the influence of the decoupling
structure on the antenna, and the more the difficulty of its
design. Accordingly, it is extremely difficult to effectively
reduce mutual coupling of a dual-polarized closely spaced
MIMO antenna with element spacing less than 0.51¢.

For reducing mutual coupling of MIMO antennas,
various optimization methods have also been used, includ-
ing optimizing both antenna elements [16] and isolation
structures [17]-[20]. In [17] and [18], fragment-type isola-
tion structures were optimized by multi-objective evolution-
ary algorithm based on decomposition for single-polarized
MIMO antenna and orthogonally polarized MIMO antenna.
In [20], a dual-layer isolation structure was optimized for a
single-polarized MIMO antenna by a hybrid topology opti-
mization method. Except for the work in [20], in almost all the
other works, only the S-parameters (return loss and isolation)
of antennas were optimized, but the radiation characteris-
tics (pattern and polarization) were not optimized simul-
taneously. Therefore, although the isolation performance
of all the antennas was improved, the back radiation and
cross-polarization characteristics of several antennas became
WOrse.

In this work, we adopt the hybrid topology optimiza-
tion (HTO) method firstly proposed in [21] to optimize a
445° dual-polarized closely spaced MIMO patch antenna
to achieve mutual coupling reduction as well as maintain
good impedance matching, low cross-polarization and low
back radiation. This HTO combines the scalar isotropic mate-
rial with penalization (SIMP), which is a kind of material
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FIGURE 1. Geometries of +45° dual-polarized antennas. (a) Single-
element antenna. (b) Two-element antenna. LG = 70 mm, WG = 70 mm,
W = 25.65 mm, L =25.65 mm, h =3 mm, and D = 8.4 mm.

distribution methods, and the level set method (LSM)
[20]-[23]. In order to shorten the optimization time, only the
isolation structure region of the MIMO antenna is selected
for optimization. By exploiting the symmetry of both the
MIMO antenna and the isolation structure, only a quarter
of the isolation structure needs to be optimized. In this
way, not only the optimization variables, but also the opti-
mization sub-objectives are greatly reduced, and the opti-
mization time is further diminished. For the dual-polarized
MIMO antenna with a center distance of only 0.351¢, owing
to the topology optimization, the mutual coupling levels
between different ports are reduced by 6~11 dB within the
10-dB impedance bandwidth (2.58-2.64 GHz), and the high-
est mutual coupling between different ports is reduced from
—15 to —21 dB. Moreover, the good impedance matching,
low cross-polarization, low back radiation characteristics as
well as low profile of the antenna element are maintained.

Il. DESIGN OF ISOLATION STRUCTURE

A. MIMO ANTENNA GEOMETRY

The microstrip patch antenna can be analyzed by the trans-
mission line model or the cavity model. The dimensions of
antenna as well as its feeding position at a specific resonance
frequency can be calculated by the formula in [24]. On the
basis, with a square patch, the dual-polarized antenna can be
realized by using orthogonal feedings.

As shown in Fig. 1(a), a dual-polarized patch antenna
is designed. The resonance frequency of the antenna is set
as 2.6 GHz, one of the time division-long term evolution
(TD-LTE) frequency bands and 5G frequency bands, and
the structural parameters of the antenna are indicated
in Fig. 1. The single-element antenna is fabricated on a square
grounded F4BTM-2 substrate (¢, = 4.4, tan § = 0.0015)
with dimensions of 70 x 70 x 3 mm?>. The radiation patch
with a size of 25.65 x 25.65 mm? is printed on the top of
substrate, and it is rotated 45° relative to the substrate. The
patch is fed by two coaxial probes that are located symmet-
rically with respect to the diagonal of the patch to excite
+45° dual-polarized electromagnetic waves.
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FIGURE 2. The performance of the single-element and two-element
dual-polarized antennas. (a) S-parameters. (b) Radiation patterns.

TABLE 1. The performance of different antennas at 2.6 GHz.

Antenna Single-element Two-element Dual-polarized
dual-polarized dual-polarized antenna with
performance antenna MIMO XSS
|S11] (dB) -16.8 -16.8 -14.8
|$22| (dB) —-16.8 -15.9 —-16.1
|S21] (dB) —47.6 -26.4 -24.4
|S31] (dB) - -15.2 -15.8
|S41| (dB) - -14.7 -9.7
|S32| (dB) - -14.8 -9.3
Efficiency (Port 1) 95% 89% 81%
Efficiency (Port 2) 95% 89% 81%
Gain (Port 1) (dBi) 6.9 5.0 4.0
Gain (Port 2) (dBi) 6.9 4.8 4.1
C"’sli“:e"l'?;g;‘""" ~46.9 229 -10

Based on this antenna element, a +45° dual-polarized
closely spaced two-element MIMO antenna is designed,
whose dimensions are 110.3 x 70 x 3 mm3, as shown
in Fig. 1(b). The two vertices of antenna elements are very
close to each other, the distance between the nearest vertices
is only 4.03 mm (0.035A¢, where X is the free-space wave-
length at 2.6 GHz), and the distance between the center of
two patches is only 40.3 mm (0.35X).

The performance of the single-element and the two-
element dual-polarized antennas is shown in Fig. 2, and
that at 2.6 GHz is listed in Table 1. It can be seen that
the single-element antenna has good impedance matching,
low mutual coupling and low cross-polarization. In addition,
the two-element antenna also has good impedance match-
ing. However, the two-element antenna has stronger mutual
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FIGURE 3. Geometry of the dual-polarized MIMO antenna with XSS.
s=1.4mm,d =3.18 mm, Wp = 10 mm, Lp = 25.53 mm.

Quarter

coupling and higher cross-polarization under the influence of
the adjacent antenna element. The cross-polarization level is
increased from —46.9 dB for the single-element antenna to
—22.9 dB for the two-element antenna. The mutual coupling
between two ports of the same element (|S21]) is increased
from —47.6 dB for the single-element antenna to —26.4 dB
for the two-element antenna. Besides, the mutual coupling
between the cross-polarization ports (|S41]) is the strongest,
with a maximum of —14.7 dB. Due to the stronger mutual
coupling effects, the gain and efficiency of the two-element
antenna are ~5.0 dB and 89%, respectively, lower than those
of the single-element antenna.

Adding resonant structures [8], [12], [14] or modifying
ground planes [5], [9] can reduce mutual coupling. Inserting
an optimized isolation structure between antenna elements,
the mutual coupling between them can be reduced by gener-
ating resonance or disturbing surface current. Consequently,
atwo-layer symmetrical X-shaped structure (XSS) is inserted
between the elements of the two-element antenna to reduce
mutual coupling [6], [20], as shown in Fig. 3. The upper layer
of the XSS is an X-shaped patch located at the same plane
as the radiation patches, and the lower layer is an X-shaped
area of the ground plane, just beneath the upper X-shaped
area. The upper and lower layers have the same size, and the
structural parameters are indicated in Fig. 3. The two-layer
XSS can be divided into four parts, named XSS-1, XSS-2,
XSS-3 and XSS-4, and they are symmetrical with respect to
the X-axis and Y-axis, respectively.

The performance of the dual-polarized MIMO antenna
with XSS is shown in Fig. 4, and its performance at the
operating frequency of 2.6 GHz is listed in Table 1. It can
be seen that the antenna has good impedance matching,
but there is strong mutual coupling between the elements.
The coupling between two cross-polarization ports (|S32]) is
the strongest, with a maximum of —9.3 dB. Besides, in the
0° radiation direction, the realized gain of the antenna
is ~4.0 dBi and the cross-polarization level is —10 dB, show-
ing low gain and poor polarization characteristics.

Next, the HTO is adopted to optimize the dual-polarized
MIMO antenna with XSS to reduce mutual coupling as well
as maintain good impedance matching and radiation char-
acteristics. In order to shorten the optimization time in this
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FIGURE 4. The performance of the dual-polarized MIMO antenna
with XSS. (a) S-parameters. (b) Radiation patterns.

work, only the XSS region is selected for optimization, while
the rest structures of the MIMO antenna are fixed. Through
optimization, holes appear in the XSS region, thus changing
its topology.

The symmetry of the whole antenna structure ensures
that the performance of symmetrical ports is identical when
excited separately. If the symmetry of the antenna can be
maintained in the optimization, the number of optimization
variables can be reduced by half. When one part of the XSS
(e.g. XSS-1) is optimized, the other parts can be obtained
according to the symmetrical relationship. Consequently, this
ensures that Port 1 (Port 2) and Port 4 (Port 3) have exactly the
same performance. Hence, we have the following relations:

[S11] = |S44l, (1)
[S22] = [S33], 2
[S21] = 15341, 3
[S31] = [S24]. “4)

It should be noted that, when only Port 1 is excited and
all the other ports are matched, the current distribution on
the feeding patch is —45° polarized, with stronger current
along two edges, Edge-1 and Edge-3. Similarly, when only
Port 2 is excited, the current distribution on this patch is
+45° polarized, with stronger current along edges Edge-2
and Edge-4. Since XSS-1 is closer to Edge-1, it significantly
affects the antenna performance when Port 1 is excited.
Similarly, XSS-2 greatly impacts the antenna performance
when Port 2 is excited. In order to ensure that XSS-1 and
XSS-2 have a similar effect on the antenna when Port 1
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and Port 2 are excited, respectively, XSS-1 and XSS-2 should
be symmetrical. Consequently, only a quarter of the XSS
should be optimized. Since the performance of antenna when
Port 1 or Port 2 fed is similar, the reflection coefficients |Sq1 |
and |S2»| are nearly the same, and the mutual coupling |S4; |
and |S3,| are similar as well.

In order to reduce the numbers of optimization vari-
ables and sub-objectives, due to the symmetry of the XSS,
if XSS-1 is selected for optimization, only the parameters
related to Port 1 need to be optimized. To improve both the
impedance matching and isolation of the antenna, the sub-
objective functions contain |Sy1], |S21], |S31| and |S41|. Mean-
while, to ensure good pattern and polarization characteristics,
co-polarization and cross-polarization radiation power den-
sities in specified angular ranges are taken as sub-objective
functions as well. Besides, for suppressing the back radiation,
the total radiation power density in the back direction (within
a certain angular range) is taken as another sub-objective
function. Consequently, a total of four S-parameters,
co-polarization, cross-polarization and total radiated powers,
are taken as the sub-objective functions and combined into a
single objective function, as shown below

feods +wn fexds + w3
6 <6, 0<6, 0>63

+wa IS11 14 ws 1521 > +we IS31 12 +w7 1Sa1 12, (5)

min z = w Srotaids

where foo, fox and fiora are the co-polarization, cross-
polarization and total power densities of the radiated field
in the far field, respectively [21]. The integral region is on
the observation sphere of the far field, and 6 is the zenith
angle. The co-polarization field of the antenna is expected
to be as high as possible in the range of 8; = 60°, and the
cross-polarization field as low as possible in a wider range
(62 = 90°), while the total radiation power is suppressed in
the back direction (out of the 63 = 120° range). Besides, w;
(i =1,...,7) is the weighting factor, which is determined
based on experimental optimizations.

B. OPTIMIZATION METHOD

The HTO method is adopted to optimize the XSS with the
aim of reducing mutual coupling, while maintaining good
matching and radiation characteristics of the MIMO antenna.
The optimization process of the HTO in this work includes
two stages, SIMP and LSM stages, similar to that in [21],
and the optimization flowchart as well as the diagrams of
two stages are shown in Fig. 5. The initial model is firstly
optimized by the SIMP, and a rough structure with serrated
boundary is obtained. Subsequently, the rough structure is
further optimized by the LSM, and the final structure with
smooth boundary can be obtained.

The theories of SIMP and LSM were introduced in detail
in [21]. For brevity, the relevant contents won’t be repeated
here. As shown in Fig. 5(b), the SIMP is used to optimize the
material properties in the optimization area. The optimization
variable, which corresponds to the material properties of the
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FIGURE 5. The HTO method. (a) Flowchart of the HTO process.
(b) Optimization diagrams of SIMP, and (c) LSM.
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FIGURE 6. The variations of a quarter of the XSS. (a) Initial structure. (b) In
the SIMP iteration. Optimized structure obtained by (c) SIMP and (d) LSM.

optimization area, can be any number between 0 and 1, where
“0” stands for air (white), “1” stands for metal (black), and
the number between 0 and 1 stands for lossy material (gray).
At the end of optimization, all the optimization variables are
either O or 1. In the LSM stage, the structure is optimized by
varying its boundary, as shown in Fig. 5(c). The optimization
variable is the position of each point on the structure bound-
ary. Both SIMP and LSM methods are based on the gradient
optimization, so the convergence rate is fast. Finally, a local
optimal solution is obtained.

C. ISOLATION STRUCTURE OPTIMIZATION

In the optimization process, only a quarter of the XSS is
optimized, while the rest structures of the antenna are fixed.
The variations of XSS-1 are illustrated in Fig. 6. In each
sub-graph, the left side shows the upper layer structure and
the right side shows the lower one. In the SIMP optimiza-
tion stage, the initial states of all materials in the optimiza-
tion area are set as lossy materials (0.5, gray), as shown
in Fig. 6(a). As the iteration proceeds, the lossy material
gradually changes into air or metal, as illustrated in Fig. 6(b).
Since SIMP uses a fixed mesh, a structure with rough bound-
ary is finally obtained, as shown in Fig. 6(c).

The edge of the resulted structure is serrated, which is not
conducive to fabricating and may lead to inaccurate calcu-
lation results. Therefore, LSM is further used to optimize
the rough structure obtained in the first stage. In the second
stage, the structure mesh is refined in each iteration. Hence,
the boundary of optimized structure can be very smooth,
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FIGURE 7. Structure of the MIMO antenna with OIS. (a) Simulation.
(b) Fabrication. (c) In the test.

as depicted in Fig. 6(d), making the numerical calculation
results accurate enough, and the structure easy to process.

The optimization is performed on a desktop computer with
32 GB memory and an Intel Core i7-7700 CPU at 4.2 GHz.
A homemade electromagnetic simulation program that based
on the finite-element method is called to evaluate the objec-
tive function. In the SIMP stage, the antenna has a total
of 39867 tetrahedra meshes, and the total number of optimiza-
tion variables is 2816. Each iteration takes ~189 seconds,
and the SIMP optimization can be completed through a total
of 140 iterations (~7.4 hours). In the LSM stage, the antenna
consists of about 43000 tetrahedra meshes. Each iteration
takes ~420 seconds, and a good optimization result can be
obtained after 7 iterations (~0.8 hours).

IIl. ANTENNA RESULTS AND DISCUSSION
A. PERFORMANCE OF THE DUAL-POLARIZED
MIMO ANTENNA
In the optimization process, the determination of weighting
factor is very important. By adjusting weighting factors, sat-
isfactory results can be achieved. After several experimen-
tal optimizations, an appropriate combination of weighting
factors is determined. In this work, w; (i = 1,...,7) is
finally setas (—1, 0.5, 1, 2, 4, 4, 4). The final structure of the
MIMO antenna with an optimized isolation structure (OIS)
is shown in Fig. 7(a). In order to verify the optimization
effect, the MIMO antenna with OIS is simulated, fabricated
and measured. The S-parameters are measured by an Agilent
E3861A vector network analyzer in an open lab environment,
and the radiation patterns are measured in a SATIMO antenna
measurement system in an anechoic chamber, as shown
in Fig. 7(c).

The simulated (and measured) S-parameters of the MIMO
antennas without and with the OIS are shown in Fig. 8, and
those at the optimization frequency of 2.6 GHz are listed
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FIGURE 8. S-parameters of MIMO antennas without and with OIS.
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in Table 2. From the simulated results, it can be seen that
the MIMO antennas without and with the OIS have 10-dB
impedance bandwidth of 2.5% (2.572-2.636 GHz) and 2.2%
(2.584-2.640 GHz), respectively, and within the respective
bands, the isolation is higher than 15 and 20 dB, respectively.
It can be seen from Table 2, with the OIS, the simulated |S1|
and |S22| at 2.6 GHz are both lower than —16 dB.

Besides, as can be seen from Fig. 8 and Table 2,
for the +£45° dual-polarized MIMO antenna without
OIS, the mutual coupling between cross-polarization ports
(|1S41] and |S32]) is slightly stronger than that between
co-polarization ports (|S31] and [Ssz]). Therefore, it is
more necessary to reduce the mutual coupling between

29094

TABLE 2. The performance of different MIMO antennas at 2.6 GHz.

Antenna ‘W/o the OIS With the OIS With the OIS
performance (Sim.) (Sim.) (Meas.)
|S1| (dB) -16.8 -16.3 —-16.4
|S22| (dB) -15.9 —18.8 —20.4
|S$21] (dB) —26.4 -23.2 -24.8
|831] (dB) -15.2 -20.9 -22.4
|S41| (dB) -14.7 -26.4 —26.6
|S32| (dB) —14.8 -33.7 —353
Efficiency (Port 1) 89% 92% 83%
Efficiency (Port 2) 89% 93% 84%
Gain (Port 1) (dBi) 5.0 4.6 4.4
Gain (Port 2) (dBi) 4.8 4.9 45

cross-polarization ports effectively. With the OIS, the highest
mutual coupling level between cross-polarization ports (]S4 |
and |53;]) is decreased from —14.7 to —26.4 dB, and the
mutual coupling between co-polarization ports (|S31] and
|S42]) is reduced from —15.2 to —20.9 dB. The highest
simulated mutual coupling between different ports is reduced
from —14.7 to —20.9 dB, witnessing a 6.2-dB reduction.
However, under the influence of the adjacent antenna element
and the OIS, some energy would be reflected back into the
driven antenna element and absorbed by the unexcited port,
so the mutual coupling between the two ports of the same
element (]S> ) is increased slightly, from —26.4 to —23.2 dB.

The measured and simulated S-parameters of the MIMO
antenna with the OIS are in good agreement. Both the sim-
ulated and measured 10-dB impedance bandwidths are 2.2%
(2.584-2.640 GHz and 2.581-2.637 GHz, respectively), and
the simulated and measured isolation levels are higher than
20 dB and 21 dB within the respective bands, respectively.

When one port is excited and the other ports are impedance
matched, the simulated (and measured) patterns of MIMO
antennas without and with the OIS at 2.6 GHz are shown
in Fig. 9. It can be seen that, whether Port 1 or Port 2 is
excited, the patterns without and with the OIS remain essen-
tially the same. That means the addition of the OIS neither
distorts the antenna’s radiation pattern, nor generates extra
back radiation.

In addition, the measured and simulated radiation patterns
of the MIMO antenna with the OIS agree with each other
very well. In the maximum radiation direction, the cross-
polarization ratio of the antenna reaches more than 20 dB in
both simulation and measurement, showing good polarization
characteristics.

The efficiencies and realized gains of the MIMO anten-
nas without and with the OIS are depicted in Fig. 10.
The simulated maximum radiation efficiency with the OIS
increases, and the simulated gain decreases when Port 1 is
fed while increases when Port 2 is fed, as listed in Table 2.
For the antenna with the OIS, the simulated/measured radi-
ation efficiency is more than 92%/83%, and the simu-
lated/measured realized gain in the 0° direction is greater than
4.6 dBi/4.4 dBi. Due to the materials losses and the machining
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FIGURE 10. Realized gains in the 0° direction and efficiencies of MIMO
antennas without and with the OIS.

and testing errors, the measured gain and efficiency of the
antenna with the OIS are slightly lower than the simulated
results.

Before optimization, the dual-polarized MIMO antenna
with XSS has strong mutual coupling, low gain and high
cross-polarization level, as shown in Table 1. After opti-
mization, the highest mutual coupling of the dual-polarized
MIMO antenna with OIS between different ports is reduced
from —9 to —21 dB, the gain in the 0° radiation direction
is increased from 4 to 4.9 dBi and the radiation efficiency is
increased from 81% to 93%. Apparently, by using HTO to
optimize the isolation structure of the dual-polarized MIMO
antenna, the performance has been improved.

B. STUDY OF MUTUAL COUPLING REDUCTION
To explain the mechanism of mutual coupling reduction,
the current distributions of the MIMO antennas without
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and with the OIS are studied. The current distributions
with the co-polarization ports excited are analyzed [14].
When the two co-polarization ports are excited in phase
and the other two ports are terminated by 50-2 loads,
the surface current distributions on the radiation patches and
grounds of the antenna without and with the OIS are plotted
in Figs. 11 and 12, respectively.

From Figs. 11 and 12, we can see when any two co-
polarization ports are excited in phase, very strong currents
are induced in the OIS area, which means, the OIS is in
resonance in both polarizations. As we know, the mutual cou-
pling between antenna elements can be availably reduced by
adding resonant structures [8], [12], [14] or modifying ground
planes [5], [9]. The OIS can resonate in both polarizations,
thus the mutual coupling levels between co-polarization ports
(1831] and |S42|) and between cross-polarization ports (|S41|
and |S3;]) are reduced simultaneously. Besides, the slots of
the lower OIS perturb the surface current on the ground to
reduce the mutual coupling. Meanwhile, adding the OIS,
the surface current distribution on the radiation patch basi-
cally remains unchanged.

In addition, in order to demonstrate the mutual coupling
reduction effect of the upper or lower OIS, the antenna
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with only the upper or lower OIS are studied by simula-
tion. The S-parameters of the antenna without OIS, with
only the upper or lower OIS are shown in Fig. 13, and
those at 2.6 GHz are indicated in Table 3. With only the
upper OIS, the mutual coupling between cross-polarization
ports, |S41|/|S32], is decreased from —14.7/—14.8 to —21.2
dB/—18.0 dB. Consequently, the addition of the upper OIS
can reduce mutual coupling.

As shown in Table 3, with only the lower OIS,
although the isolation between antenna elements is not
improved, the |S11]/|S22| is decreased from —16.8/—15.9 to
—30.3 dB/—23.3 dB. When with only the upper OIS, the
|S11] is increased from —16.8 to —13.8 dB. After adding the
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TABLE 3. S-parameters of different MIMO antennas (unit: dB).

S-parameters |S11] S22 [ 821] |831] |Sa1] |S32]
Without the OIS -16.8 -15.9 -264 | —-15.2 -14.7 -14.8
Only the upper OIS | -13.8 —-19.1 -15.9 -15.3 -21.2 —-18.0
Only the lower OIS -30.3 -23.3 -20.5 -14.8 -13.3 -13.5
With the OIS -16.3 —-18.8 -23.2 -20.9 -264 | -33.7

Realized gain (dBi)
I
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FIGURE 14. Patterns of the MIMO antenna at 2.6 GHz in the phi = +45°
plane excited by Port 1. (a) With only the upper OIS. (b) With the
entire OIS.

lower OIS, i.e., with the entire OIS, the |S1;]| is decreased
from —13.8 to —16.3 dB. Therefore, the addition of the lower
OIS can availably adjust matching.

Besides, the patterns of the MIMO antenna with only
the upper OIS or with the entire OIS are compared
in Fig. 14. It can be seen that, with only the upper OIS, the
cross-polarization component of antenna will be increased.
However, after adding the lower OIS, the cross-polarization
component can be suppressed [19]. In a word, due to the
enhanced resonance and complementary advantages of the
upper and lower OIS, the mutual coupling between antenna
elements is significantly reduced by the entire OIS.

C. THE RESULTS OF A LEFT-RIGHT SYMMETRICAL
ISOLATION STRUCTURE

If the isolation structure to be optimized is only a left-right
symmetrical structure, let’s see what the optimization effect
will be. As shown in Fig. 3, the XSS to be optimized is divided
into the left and right parts. Next, a half of the XSS, not
a quarter, is selected for the optimization. The optimization
objective and process are the same as before, and the final
optimized isolation structure will be a left-right symmetrical
one. The MIMO antenna with the optimized left-right sym-
metrical isolation structure, and its S-parameters are shown
in Figs. 15(a) and (b), respectively. It can be seen that opti-
mizing only |S11| (|S41]) cannot guarantee that |S22| (|S321)
also has good performance. The values of |S11| and |S22],
as well as |S41| and |S3,| are different. Therefore, in this case,
we need to optimize not only |Sy1| and |S41], but also |S22|
and |S3»|, which means that, we must increase the number of
optimization sub-objectives.

If the number of optimization sub-objectives is increased,
the optimization time will increase accordingly. Besides,
if we optimize a half instead of a quarter of the isolation struc-
ture, the optimization variables will be doubled. Apparently,
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TABLE 4. Performance of the proposed OIS and other structures.

Center Mutual
Ref. Technique . Profile coupling
distance .
reduction
9] Cutting slots 0.7540/1.22 24 0.1440 7 (|S21]) dB
[10] Decoupling branches 0.760/1.59 44 0.067 40 10 (|S21]) dB
[11] Baffles 0.5840/1.221 0.3140 7 (1S31]) dB
Cavities and artificial
[12] periodic structure 1.320/2.73 24 0.182 6~8 dB
[14] Meta-structures 0.6310/1.56 44 0.28 4 3~13 dB
[15] Amray-antenna 0.5340/0.862; 03040 2-11dB
decoupling surface
This Topology 03500734, 0.02640 6~11dB
work optimization

by exploiting the symmetry of both the MIMO antenna and
the isolation structure, only a quarter of the XSS is selected
for optimization, the optimization time is diminished signif-
icantly. In short, for the decoupling of +45° dual-polarized
MIMO antennas, it is better to adopt an isolation structure
with both left-right symmetry and up-down symmetry.

D. COMPARISON

Finally, the performance of the OIS is compared with that
of the other dual-polarized MIMO antenna decoupling struc-
tures, as listed in Table 4, where A, is the guide wavelength in
substrate. For the antennas in [9] and [10], since antenna ele-
ments are fed by a feeding network, mutual coupling between
different elements does not need be considered. From the
table, it is evident that, for the center distance between the
antenna elements, the antenna in this work has the minimum
value, only 0.354¢ (0.73A;). In the case of such small ele-
ment spacing, the mutual coupling between the ports of the
optimized antenna is reduced by 6~11 dB, indicating that
the optimized isolation structure achieves a good decoupling
effect. Besides, the antenna in this work has the lowest profile
and is easy to process and integrate.

IV. CONCLUSION

Mutual coupling of a +45° dual-polarized closely spaced
MIMO antenna has been reduced effectively by a topology
optimized two-layer isolation structure. By exploiting the
symmetry of the antenna and the isolation structure, the
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optimization has been accelerated greatly and good optimiza-
tion results have been achieved. With the optimized isolation
structure, mutual coupling of the dual-polarized MIMO with
a center distance of 0.351¢ has been reduced from —15 to
—21 dB at the center frequency. Besides, the antenna main-
tains good impedance matching, low cross-polarization and
low back radiation. This method can be further applied to the
optimization of Massive MIMO antennas.
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