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ABSTRACT An embeddable decoupling structure is proposed for massive multiple-input-multiple-output
(M-MIMO) antennas in this paper. The embeddable decoupling structure is made up of an end-folded metal
strip and a pair of C-shaped metal strips. By introducing the embeddable decoupling structure near two
closely spaced dipole antennas, additional coupling can be generated to counterbalance the original mutual
coupling between the dipole antennas. The decoupling structure is firstly designed for a 1×2MIMO antenna,
which can provide a reduction of about 5 dB for the mutual coupling. Then, an evolutional decoupling
structure is designed, which is composed of a pair of inverted U-shaped metal strips and two parallel
reversed C-shaped metal strips. The evolutional decoupling structure is employed in a 3× 3 MIMO antenna
operating in 5G bands to demonstrate its capability of decoupling. An average reduction of about 10 dB on
mutual coupling is obtained over 3.3-4.5 GHz (30.8%). Moreover, it is found that the deteriorated radiation
patterns due to the mutual coupling are improved. The decoupling structure can be totally embedded in a
M-MIMO antenna, which has no increase in the antenna volume. The proposed decoupling structure exhibits
advantages of radiation pattern distortion alleviation, wideband, embeddable, and dual-polarized capabilities
for M-MIMO applications.

INDEX TERMS Decoupling method, M-MIMO antenna, decoupling structure, dual-polarized antenna.

I. INTRODUCTION
Due to the advantages in high spectral efficiency and large
system capacity, the massive multiple-input-multiple- output
(M-MIMO) is a key technology for the fifth generation and
beyond (5G & B5G) in mobile communications. M-MIMO
antennas with the capability of beamforming play an impor-
tant role for the realization of a data rate 20 times faster and
a latency about 30 times lower than those of the 4G LTE
cellular technology. As it is well known that the more anten-
nas the transmitters/receivers are equipped with, the more
signal channels can be provided, thus there would probably
be tens to hundreds of antenna elements accommodated in a
M-MIMO antenna. From the viewpoint of wide-angle beam
scanning, system miniaturization and space saving, closely
spaced antenna elements are placed in a constrained space.
Strong mutual coupling would occur among the antenna ele-
ments, whichmay cause severe harms to the wireless commu-
nication systems. It has been demonstrated in several previous
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articles that a M-MIMO system can provide high spectral
efficiency and large capacity only with low mutual coupling
among antenna elements [1]–[3]. Therefore, reducing the
mutual coupling has become a critical issue for M-MIMO
antennas.

An investigation of the effect of mutual coupling on data
throughput shows that a quasi-saturation point of mutual
coupling between a pair of MIMO antenna is −20 dB [4].
It is demonstrated that the active voltage standing-wave
ratio (VSWR) may be more than 2 at the mutual coupling
level of −20 dB. An even less mutual coupling level is
required for VSWR lower than 2. Therefore, the mutual
coupling level for M-MIMO antennas should be no higher
than −20 dB.
A lot of efforts have been devoted to reducing the mutual

coupling in M-MIMO antennas. The previous decoupling
structures can be roughly divided into four categories. The
first is the metamaterial structures, such as inserting a
metasurface shield [5], [6], a polarization rotator wall [7],
a 3D meta-structure resonator [8] or a metasurface wall [9]
between antenna elements. However, those metamaterial
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structures are made up of periodical metallic cells, leading
to a large size, which may not be suitable for M-MIMO
antennas. Metasurfaces for decoupling are usually applied
above antenna elements [10]–[12]. The metasurfaces achieve
suppressions of mutual coupling over a bandwidth less than
16%, which is not wide enough for 5G bands. The second cat-
egory is employing decoupling networks [13]–[20] between
the input ports of antenna elements. But those elaborately
designed decoupling networks may be hard to be imple-
mented on a large scalewithin a limited volume. The third cat-
egory is introducing resonating metal decoupling structures
between antenna elements, such as asymmetrical coplanar
strip wall [21], H-shaped conducting wall [22], and near-field
resonator [23]. However, those decoupling structures cannot
be employed for dual-polarized antennas. Recently, a decou-
pling ground is proposed for reducing the coupling caused by
coupling currents flowing on the shared ground [24], which
can be regarded as the fourth category. The decoupling is
achieved by adjusting the shape of the ground under each
antenna element to make the mutual coupling from the free
space and the ground out of phase. Still, it is not easy for the
decoupling ground to achieve wideband operation. Besides,
most of the decoupling structures fail to alleviate the deterio-
ration in radiation patterns, which is even more challenging.
Therefore, it is desirable to develop a decoupling structure
for M-MIMO antenna for the purpose of reducing mutual
couplings between antenna ports as well as radiation patterns
improvement without increasing any extra antenna volume.

In this paper, a theoretical analysis on the decoupling
for two side-by-side or end-to-end dipoles with a parallel
parasitic dipole has been carried out. It is revealed that the
mutual coupling between dipole antennas can be reduced by
introducing a parasitic dipole in parallel with them. For dual-
polarized dipole-type MIMO antennas, the parasitic decou-
pling dipoles for side-by-side dipoles and end-to-end dipoles
are combined to form embeddable decoupling structures to
reduce the mutual coupling. Theoretical analysis is shown in
Section II. The embeddable decoupling structure is developed
in Section III. An evolutional embeddable decoupling struc-
ture is designed and accommodated for a 3×3MIMOantenna
in Section IV. Experimental results about the 3 × 3 MIMO
antenna are displayed in Section V. Finally, a conclusion is
drawn out in Section VI.

II. OPERATION PRINCIPLE
A. DECOUPLING FOR TWO SIDE-BY-SIDE DIPOLES
Two side-by-side dipoles with a half-wave length (λ/2) and
separated by a distance d , namely Dip 1 and Dip 2, can be
considered as a two-port network. The arrangement is shown
in Figure. 1. The voltage-current relations can be expressed
as [

V1
V2

]
=

[
Z11 Z12
Z21 Z22

] [
I1
I2

]
(1)

where V1, V2, I1, and I2 denote the voltages and currents on
Dip 1 and Dip 2, respectively.

FIGURE 1. Two side-by-side coupled dipoles.

When the Dip 1 is driven with a voltage V1 and the Dip 2 is
short-circuited (i.e. V2 = 0), the coupling current on Dip 2 is

I12 = I2|V2=0 = −
Z21
Z22

I1. (2)

Due to the reciprocity for antennas, the mutual impedance
Z12 is equal to Z21, which is given in [25] as

Z21 = j30
∫ L

0

{
exp(−jβ

√
d2 + z2)

√
d2 + z2

}
sin(βz)dz

+ j30
∫ L

0

exp
(
−jβ

√
d2 + (L − z)2

)
√
d2 + (L − z)2

 sin(βz)dz

(3)

with β = 2π/λ. The input impedance of a λ/2 thin dipole is

Z22 = 73+ j42.5(�). (4)

Combining Equations (3) and (4) into Equation (2), the mag-
nitude ratio and phase difference 1θ between I1 and I2 are
obtained as ∣∣∣∣ I12I1

∣∣∣∣ = ∣∣∣∣−Z21Z22

∣∣∣∣ (5a)

and

1θ = |6 I1 − 6 I2| = |6 −
Z21
Z22
|. (5b)

From the above derivation, both the magnitude ratio
and phase difference vary with the separation distance d .
Figure 2 shows the phase difference 1θ varying with the
distance d , which is obtained by calculation according to

FIGURE 2. The phase difference of current I1 and I2.
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FIGURE 3. Two side-by-side coupled dipoles with the parasitic dipole.

the formulas (2)-(5) with the software Matrix Laboratory
(Matlab) v. 2016a. (Figure 4, Figure 5, Figure 8 and
Figure 9 are obtained in the same way.) Seen in Figure 2,
the phase difference gradually decreases from about 180◦ to
below 0◦ with the increase of the distance. The phase differ-
ence is 180◦ when the two dipoles are very close. This enables
us to introduce a parasitic dipole at a different distance to
counterbalance the original coupling effect.

The parasitic dipole Dip 3 is introduced in the middle of
Dips 1 and 2 and moves along the perpendicular bisector. The
distance between Dip 3 and Dip 1 or 2 is d1. An additional
coupling path from Dip 1 to Dip 2 is bridged by Dip 3.
As shown in Figure 3(b), when the Dip 1 is driven, it causes
direct coupling currents I12 and I13 on Dip 2 and Dip 3. The
phase difference between I1 and I12 is 1θ and that between
I1 and I13 is 1α. Relayed by Dip 3, another coupling cur-
rent I32 is also induced on Dip 2. Due to geometric symmetry,
the phase difference between I13 and I32 is also 1α. It is
easy to extrapolate that the direct coupling on Dip 2 from
Dip 1 can be cancelled out by the indirect coupling bridged
by Dip 3 when I32 is out of phase with I12. In other words,
the parasitic dipole serves as a decoupling structure when

21α −1θ=180◦. (6)

The phase differences can be optimized by changing the dis-
tance d1. Figure 4 displays the phase difference (21α−1θ )
varying with the distance d1. The value of (21α − 1θ) is
found to be about 180◦ when d1 is 0.27λ.
Due to the twice coupling, the indirect coupling path can be

regarded as a cascade network, which is the two-port network
of Dip 1 and 3 in cascade with the two-port network of Dip
3 and 2. Then, we have

I32 = −
Z23
Z22
· I13 (6a)

and

I13 = −
Z31
Z33
· I1. (6b)

From the Equations (1) and (6), the magnitude ratio of I32 and
I12 can be expressed as∣∣∣∣ I32I12

∣∣∣∣ = ∣∣∣∣Z23Z22
·
Z31
Z33
·
Z22
Z21

∣∣∣∣ . (7)

The Zij (i = 1, 2, 3 and j = 1, 2, 3) are the Z parameters
of each two-port network. The magnitude ratio of I32 and I12

FIGURE 4. The variation of the value of
(
21α −1θ

)
with different d1.

FIGURE 5. The ratio of the magnitude of I32 and I12 with the variation
of d1.

varying with distance d1 is shown in Figure 5. It is 0.85 when
d1 is 0.27λ, which indicates that most of the direct mutual
coupling between the two dipoles is cancelled by the indirect
coupling from the parasitic dipole.

To verify the theoretical analysis, an investigation on the
S parameters of the two half-wave dipoles with and without
the parasitic dipole has been carried out. All the simulations
were carried out with the software Ansoft High Frequency
Structure Simulator (HFSS) v. 15. The S parameter |S21| is
displayed in Figure 6. It is shown that there is a maximum
improvement of more than 15 dB at the operation frequency
when d1 is 0.27λ. Note that when d1 is greater than 0.43λ,
the |S21| is almost the same with that without the parasitic
dipole. This is because the value of (21α −1θ) is less than
90◦ where the current I12 and I32 tends to be in phase.

B. DECOUPLING FOR TWO END-TO-END DIPOLES
Rearrange the two half-wave dipoles to be end-to-end and
separated by 0.6λ, which is shown in Figure 7. Similarly,
a parasitic dipole is introduced along the perpendicular bisec-
tor between them at a distance d2 to provide an additional cou-
pling path for the purpose of decoupling. The three dipoles go
through the same analysis process presented in Part A except
that the mutual impedances between each pair of the dipoles
are different with those for the dipoles in Figure 1. Themutual
impedances between Dips 1&2, Dips 1&3 and Dips 2&3 are
also given in [25] (See Appendix).
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FIGURE 6. The S parameter |S21| of Dip 1 and Dip 2 with the variation of
the distance d1.

FIGURE 7. Two end-to-end coupled dipoles with the parasitic dipole.

When the Dip 1 is driven, it causes direct coupling currents
I12 and I13 on Dip 2 and Dip 3, respectively. Relayed by
Dip 3, there appears coupling current I32 on Dip 2. The phase
difference between I1 and I12 is 1θ ′. The phase difference
between I1 and I13 is 1ϕ, which is the same with the phase
difference between I13 and I32. The magnitude and the phase
of the coupling currents are determined by the distance d2.
Therefore, by optimizing the distance d2, the dipole Dip 3 can
be placed in a proper position to function as a decoupling
structure, where the induced coupling current I32 is out of
phase with I12. Figure 8 displays the phase difference varying
with the distance d2. The value of

(
21ϕ −1θ ′

)
is found to be

about 180◦ when d2 is 0.17λ. The magnitude ratio of I32 and
I12 varying with different distance d1 is shown in Figure 9.
When distance d2 is 0.17λ, the magnitude ratio is about 1.35.
Figure 10 displays the S parameter |S21| of Dip 1 and Dip 2
without andwith Dip 3. The best isolation is found to be about
30 dB at the operation frequency, which is 13 dB better than
that without the Dip 3.

Therefore, a qualitative knowledge about reducing mutual
coupling between two closely spaced parallel dipoles by
introducing a parasitic dipole in parallel with them in a proper
distance can be established.

III. THE EMBEDDABLE DECOUPLING STRUCTURE
A two-element MIMO antenna is developed, which is made
up of two dual-polarized bowtie dipole antennas. The bowtie
dipole antenna is redesigned from the dual-polarized antenna
presented in our previous publication [26]. The element space
is 0.56λ0, where λ0 is the free space wavelength at 3.9 GHz.
The MIMO antenna has a bandwidth of 3.3-4.5 GHz (30.8%)
to cover the frequency bands of 3.3-3.6 GHz and 4.4-4.5 GHz
for 5G applications in China and the 5G band of 3.6-4.2 GHz

FIGURE 8. The variation of the value of
(
21ϕ −1θ ′

)
with different d2.

FIGURE 9. The ratio of the magnitude of I32 and I12 with the variation
of d2.

FIGURE 10. The effects of the distance d2 on the S parameter |S21| of
Dip 1 and Dip 2.

in Japan. The decoupling structure is illustrated in Figure 11.
An end-folded metal strip is inserted between the dual-
polarized bowtie dipole antennas as a transformation of the
parasitic dipole introduced around two side-by-side dipoles.
Two C-shaped strips is used to replace the parasitic dipole
for the end-to-end dipoles. Both the bowtie dipole antennas
and the strips are printed on a Rogers 4350B substrate with
relative permittivity of 3.45 and a thickness of 0.508 mm.
The end-folded and the C-shaped metal strips own a total
length of 50 mm and 48 mm, respectively, which are about
0.65λ0. The end-folded metal strip is placed 0.09λ0 beneath
the array and about 0.29λ0 away from each dipole antenna.
The C-shaped metal strip is positioned 0.1λ0 under the dipole
antennas.

The decoupling effects of the proposed decoupling struc-
ture on the S parameters of the two-element MIMO antenna
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FIGURE 11. Geometry of the decoupling structure embedded within two
dual-polarized bowtie dipole antennas. The optimized parameter values
are as follows: l1 = 29 mm, l2 = 5.5 mm, l3 = 8 mm, l4 = 42mm,
ld1 = 16 mm, H1 = 16.5 mm, H2 = 23 mm, w1 = 2 mm, w2 = 3.8 mm,
r1 = 3 mm, and d = 43.5mm.

are displayed in Figure 12. As shown in Figure 12(a), with
either end-folded strip or the two C-shaped strips, the mutual
coupling can be reduced by about 3 dB for two parallel
bowtie dipoles with the same polarization (co-pol. coupling).
By introducing both the end-folded strip and two C-shaped
strips, the mutual coupling is reduced by about 5 dB. In addi-
tion, the decoupling structure also contributes to the suppres-
sion of the mutual coupling between two orthogonal bowtie
dipoles (x-pol. coupling). Seen in Figure 12(b), the x-pol.
coupling is reduced by about 10 dB from about −15 dB
to lower than −25 dB. Note that the proposed decoupling
structure has slight influence on the return loss and isola-
tion of each dual-polarized bowtie antenna. As shown in
Figure 13, the 15-dB return losses (−|S11| or −|S22|) with
or without the decoupling structure cover the same frequency
band of 3.3-4.5 GHz; the isolation, i.e.−|S21| or−|S43|, are
about 30 dB.

The current distributions on the two-element MIMO
antenna with the end-folded metal strip or the C-shaped metal
strip are exhibited in Figure 14. One of the bowtie dipoles is
excited and the others are terminated with 50-� broadband
loads. It is found that the currents on the end-folded metal
strip and the C-shaped metal strip flow in the same way
with the current on a dipole. The ends of the metal strips are
folded for the purpose of miniaturization. At the folded ends,
the currents are weak and flow in opposite directions.

The current distributions on the dual-polarized bowtie
dipole antennas with the whole decoupling structure are
plotted in Figure 15 in comparison with those without the
decoupling structure. The coupling current on the unexcited
dipoles is noticeably reduced due to the decoupling struc-
ture. It is verified that decoupling structure provides addi-
tional coupling path for counterbalancing the original mutual
coupling between the two antennas.

IV. DUAL-POLARIZED MIMO ANTENNA WITH THE
EMBEDDABLE DECOUPLING STRUCTURES
In aM-MIMO antenna, there are dozens of antenna elements.
Each of the antenna elements at the corner only has two
neighboring antenna elements. Each of the antenna elements

FIGURE 12. The effects of the end-folded metal strip, the C-shaped strips,
and the proposed decoupling structure on the (a) co-pol. coupling and
(b) x-pol. coupling.

FIGURE 13. Simulated S parameters of the each dual-polarized bowtie
dipole antenna with and without the decoupling structure.

on the edge has up to five neighboring antenna elements.
Except the antenna elements at the corner or on the edges,
each antenna element in a M-MIMO antenna is surrounded
by eight other antenna elements and receives the strongest
mutual coupling. The mutual coupling problem of the center
antenna element of a 3 × 3 MIMO array is a typical mutual
coupling issue in a M-MIMO antenna. In order to conduct
an estimation on the effects of the decoupling structures,
the decoupling structure is embedded in a nine-element
MIMO antenna. As illustrated in Figure 16, nine wideband
dual-polarized bowtie dipole antennas are arranged in a 3×3
MIMO array with an element spacing of 0.56λ0. The original
decoupling structure presented in Section III is applied in the
MIMO antenna at first. For every two adjacent antenna ele-
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FIGURE 14. The current distributions on the two-element MIMO antenna
and decoupling structures at 3.3 GHz: (a) with the end-folded metal strip
and (b) with the C-shaped metal strip.

FIGURE 15. The current distributions on the two-element MIMO antenna
and decoupling structures at: (a) 3.3 GHz, (b) 3.9GHz, and (c) 4.5GHz.

ments, there are C-shaped strips at each side. Between every
two antenna elements, there is an end-folded metal strip.
However, the original decoupling structure does not achieve
a good performance as in a two-element MIMO antenna. It is
understandable that the mutual coupling is more complex
and severe in the nine-element MIMO antenna than that in
the two-element MIMO antenna. An evolutional decoupling
structure is then proposed for better suppression of mutual
couplings both on S parameters and radiation patterns.

The evolutional decoupling structure is also shown in
Figure 16. Between every two adjacent antenna elements,
another metal strip is added beside the original end-folded
metal strip, so that a much stronger additional coupling can

FIGURE 16. The configuration of the nine-element MIMO antenna with
the original decoupling structures or the evolutional decoupling
structures.

be provided to better counterbalance the mutual coupling
between antenna elements. Each metal strip is folded to have
a U shape, so that the evolutional decoupling structure can be
easily embedded in the MIMO antenna.

The simulated results for the S parameters of the
nine-element MIMO antenna without the decoupling struc-
ture, with the original decoupling structure or with the evolu-
tional decoupling structure are presented in Figure 17. Due
to symmetric geometry, there is no need to present all the
S parameters for every antenna element in the M-MIMO
antenna. The S parameters for the center element, one corner
element and one element on the edge are plotted. The S
parameters and radiation patterns of the center element are
of important values for reference.

The co-pol. mutual coupling between the center element
and its adjacent element, i.e. |S13| and |S24|, are plotted
in Figure 17 (a). The co-pol. mutual coupling is up to−13 dB
at about 3.9 GHz without the decoupling structures. After
the original decoupling structure is introduced, the co-pol.
mutual couplings at the frequency band of 3.3-4.0 GHz are
still higher than −20 dB. The evolutional decoupling struc-
ture brings out a suppression of mutual coupling of 5 to 20 dB
over the frequency band of 3.3-4.5 GHz. The x-pol. mutual
coupling between the center element and its adjacent element,
i.e. |S14| or |S23|, are plotted in Figure 17(b). A decrease of
up to 10 dB for the x-pol. mutual coupling appears around
3.3 GHz, which is attributed to the evolutional decoupling
structure. Seen in Figure 16 (c) & (d), the dual-polarized
bowtie antenna has a bandwidth over 3.3-4.5 GHz for |S11|
or |S22| <−15 dB. The original decoupling structure has
little help on impedance matching. After the evolutional
decoupling structure is employed, the impedance bandwidth
maintains covering 3.3-4.5GHz. The isolation, i.e.,−|S21|, is
better than 30 dB with and without the decoupling structures.

The evolutional decoupling structure also exhibits attrac-
tive features in alleviating the distortion in radiation pat-
terns. The simulated radiation patterns and antenna gains
with and without the evolutional decoupling structure are
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FIGURE 17. Simulated S parameters of the nine-element MIMO antenna
without the decoupling structure, with the original decoupling structures
or with the evolutional decoupling structures: (a) |S13| and |S24|,
(b) |S14| and |S23|, (c) |S11| and |S22| for the center element, and
(d) |S21| for the center element.

shown in Figure 18 and Figure 19, respectively. Note that
the radiation patterns for the center antenna element in −45◦

polarization are the same with those for +45◦ polarization
because of symmetric geometry. Only the radiation patterns

FIGURE 18. Simulated radiation patterns of the center antenna element
with or without the evolutional decoupling structures at: (a) 3.3GHz,
(b) 3.6 GHz, and (c) 3.9 GHz.

FIGURE 19. Simulated gain of the center antenna in the MIMO antenna.

for the +45◦ polarization of the center antenna element are
provided. Without the evolutional decoupling structure, there
is an obvious dent in the main beam of the radiation patterns,
see in Figure 18 (a) and (b). The dent in the main beam
also leads to low antenna gain over the lower half of the
operation band. With the evolutional decoupling structures,
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the distortion of the radiation pattern is restored; the radia-
tion patterns become symmetric and stable; and the antenna
gain has risen to around 7 dBi. It is also found that the
cross-polarization is improved to be around −15 dB by a
maximum enhancement of 10 dB. The front-to-back (F/B)
ratios with and without the evolutional decoupling structure
are almost the same. It is well demonstrated that the evolu-
tional decoupling structure can effectively reduce the mutual
coupling for dual-polarized dipole-type M-MIMO antennas.

V. MEASUREMENT OF THE MIMO ANTENNA WITH THE
DECOUPLING STRUCTURES
The nine-element MIMO antenna with the evolutional
decoupling structures has been fabricated and measured. The
prototype of the MIMO antenna is shown in Figure 20.
The measurement for S parameters has been carried out
using Keysight PNA-L network analyzer N5230A. The radi-
ation patterns and antenna gains are measured with a
SG-64 SATIMO system. The measured S parameters for the
center element are shown in Figure 21 in comparison with
the simulated results. Agreements are observed between the
simulated and measured results. As shown in Figure 21(a),
the impedance bandwidth for |S11| or |S22| < −15 dB
covers the frequency band 3.3-4.5 GHz. The isolation, i.e.,
−|S21|, is shown in Figure 21(b), which is higher than 30 dB.
As plotted in Figure 21(c)-(d), the co-pol. mutual coupling,
i.e., |S13| or |S15|, is lower than −20 dB; the x-pol. mutual
coupling, i.e., |S14|, is lower than −25 dB, the mutual cou-
pling between two collinear dipoles, i.e., |S26|, remain lower
than −20 dB. The measured radiation patterns for the center
element are shown in Figure 22, which are in good agreement
with the simulation. Stable unidirectional radiation patterns
are achieved. It is shown in Figure 23 that the measured
antenna gain is about 6.5 dBi for both ±45◦ polarizations.
There is about a discrepancy about 0.3 dB between the
measured and simulated results. This is due to the coaxial
lines and the SMA connectors which have not been taken
into consideration during the simulation. Figure 24 shows
the measured efficiency of the center antenna element with
the evolutional decoupling structure, which is about 80%.
It is demonstrated that the evolutional decoupling structure
can effectively reduce the mutual coupling for dual-polarized
dipole-type M-MIMO antennas. The decoupling structure

FIGURE 20. The fabricated 3× 3 MIMO antenna.
FIGURE 21. The measured S-parameters of the fabricated 3× 3 MIMO
antenna: (a) |S11|&|S22|, (b) |S21|, (c) |S13|&|S15|, (d) |S14|, and (e) |S26|.
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TABLE 1. The comparison of the proposed decupling structure with other art-of-the-state decoupling structure.

FIGURE 22. Measured radiation patterns of the center antenna element
of the MIMO antenna at: (a) 3.3 GHz, (b) 3.9 GHz, and (c) 4.5 GHz.

can be well embedded in the MIMO antenna, which causes
no extra increase in the antenna volume.

FIGURE 23. Gain of the center antenna element of the MIMO antenna.

FIGURE 24. Efficiency of the center antenna element of the MIMO
antenna.

Investigations on the decoupling structures presented in
recent publications have been carried out. There are roughly
four kinds of decoupling methods that can be applied
in M-MIMO antennas, which are metamaterial structures
(Type I), decoupling networks (Type II), resonating metal
decoupling structures (Type III) and decoupling ground
(Type IV). Those decoupling structures have been compared
in terms of array configuration (Array Config.), bandwidth
for |S11| < −10 dB or <−15 dB (BW), dual-polarization
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or not (Pol.), co-pol. mutual coupling (Co-pol.), cross-pol.
mutual coupling (X-pol.), the element spacing, whether radia-
tion pattern distortion alleviated (RPDA) or not, and whether
embeddable or not (Embeddable). The comparison is listed
in Table 1. Because a metasurface is usually made up of num-
bers of metallic cells, occupying a large space, the employ-
ment of metasurfaces may cause size increase in M-MIMO
antennas. For decoupling networks, it is not easy to achieve
good decoupling performance over a wide band [16], [18].
Besides, the implementation of the decoupling networks
could be complicated and may not be adequate to be installed
on a large scale in a M-MIMO antenna. The resonating metal
decoupling structures may have large size and thus cannot be
directly used for dual-polarized MIMO antenna. To the best
of the authors’ knowledge, only the decoupling structures
presented in [10], [18] and [25] claim M-MIMO antenna
applications. However, they can only afford a bandwidth less
than 16%, which is not wide enough for 5G applications. It is
found that the proposed decoupling structure can operate over
a bandwidth of 30.8%. For the perspective view of practical
applications, in addition to wide bandwidth, the compact con-
figuration is essentially important. Our decoupling structure
can be totally embedded in the M-MIMO antenna within a
compact element spacing of 0.56λc, causing no increase in the
antenna volume. The proposed decoupling structure exhibits
advantages of wide bandwidth, radiation pattern distortion
alleviation, embeddable capability, and dual-polarization for
M-MIMO applications.

VI. CONCLUSION
This paper proposes an embeddable decoupling structure
for reducing the mutual couplings for M-MIMO antennas.
By introducing parasitic metal strips around the antenna ele-
ments, additional couplings are provided to counterbalance
the original mutual coupling between antenna elements in a
M-MIMO antenna. The proposed decoupling structure fea-
tures a simple configuration that can be easily embedded in
a compact M-MIMO antenna, avoiding any volume increase.
A 3 × 3 MIMO antenna for the 5G bands from 3.3-4.5 GHz
is developed using the proposed decoupling structure. It is
shown that the decoupling structure can effectively reduce the
mutual coupling and alleviate the deterioration on radiation
patterns, which is suitable for sub-6 GHz massive MIMO
antenna applications.

APPENDIX
The mutual impedance of Dip 1 and Dip 2 is given in [12] as
following:

Z12 = Z21 = R21 + X21i (A1)

where

R21 = −15 cosβd

 −2Ci2βd + Ci2β(d − L)

+Ci2β(d + L)− ln
(
d2 − L2

d2

)
+ 15 sinβd[2Si2βd−Si2(d−L)− Si2β(d+L)](�)

(A2)

X21 = −15 cosβd
[
2Siβd − Si2β(d − L)
− Si2β(d + L)

]

+ (15 sinβd)

 2Ci2βd − Ci2β (d − L)

−Ci2β(d+L)− ln
(
d2−L2

d2

) (�)

(A3)

with

CiA =
∫ A

0

cos t
t

dt

SiA =
∫ A

0

sin t
t
dt (A4)

The mutual impedance of Dip 1 (or Dip 2) and Dip 3 is
given in [12] as following:

Z13 = Z31 = Z32 = Z23 = R31 + X31i (A5)

where

R31 = −15 cosβd
(
−2CiA− 2CiA′ + CiB
+CiB′ + CiC + CiC ′

)
+ 15 sinβd

(
2SiA− 2SiA′ − SiB
+ SiB′ − SiC + SiC ′

)
(�) (A6)

X31 = −15 cosβd
(

2SiA+ SiA′ − SiB
− SiB′ − SiC − SiC ′

)
+ 15 sinβd

×

(
2CiA− 2CiA′ − CiB
+CiB′ − CiC + CiC ′

)
(�) (A7)

with

A = β
(√

d22 + h
2 + h

)
A′ = β

(√
d22 + h

2 − h
)

B = β
[√

d22 + (h− L)
2
+ (h− L)

]
B′ = β

[√
d22 + (h− L)

2
− (h− L)

]
C = β

[√
d22 + (h+ L)

2
+ (h+ L)

]
C ′ = β

[√
d22 + (h+ L)

2
− (h+ L)

]
(A8)
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