
Citation: Zhang, C.; Chen, Z.; Shi, X.;

Yang, Q.; Dong, G.; Wei, X.; Liu, G. A

Dual-Band Eight-Element MIMO

Antenna Array for Future Ultrathin

Mobile Terminals. Micromachines

2022, 13, 1267. https://doi.org/

10.3390/mi13081267

Academic Editors: Lu Zhang, Xiaodan

Pang and Prakash Pitchappa

Received: 10 July 2022

Accepted: 1 August 2022

Published: 6 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

micromachines

Article

A Dual-Band Eight-Element MIMO Antenna Array for Future
Ultrathin Mobile Terminals
Chuanba Zhang, Zhuoni Chen, Xiaojing Shi, Qichao Yang, Guiting Dong, Xuanhe Wei and Gui Liu *

College of Electrical and Electronic Engineering, Wenzhou University, Wenzhou 325035, China
* Correspondence: gliu@wzu.edu.cn

Abstract: An ultrathin dual-band eight-element multiple input–multiple output (MIMO) antenna
operating in fifth-generation (5G) 3.4–3.6 GHz and 4.8–5 GHz frequency bands for future ultra-
thin smartphones is proposed in this paper. The size of a single antenna unit is 9 × 4.2 mm2

(0.105 λ × 0.05 λ, λ equals the free-space wavelength of 3.5 GHz). Eight antenna units are structured
symmetrically along with two sideboards. Two decoupling branches (DB1 and DB2) are employed to
weaken the mutual coupling between Ant. 1 and Ant. 2 and between Ant. 2 and Ant. 3, respectively.
The measured −10 dB impedance bands are 3.38–3.82 GHz and 4.75–5.13 GHz, which can entirely
contain the desired bands. Measured isolation larger than 14.5 dB and 15 dB is obtained in the
first and second resonant modes, respectively. Remarkable consistency between the simulated and
measured results can be achieved. Several indicators, such as the envelope correlation coefficient
(ECC), diversity gain (DG), total active reflection coefficient (TARC), and multiplexing efficiency
(ME), have been presented to assess the MIMO performance of the designed antenna.

Keywords: 5G; multiple input–multiple output (MIMO); ultrathin; smartphone; dual-band

1. Introduction

Fifth-generation (5G) communication is burgeoning, demanding wireless devices with
a transmission data rate as high as possible. Multiple input–multiple output (MIMO)
technology possesses promising application prospects in improving the data rate. Recently,
many sub-6 GHz 5G smartphone MIMO antennas have been developed [1–16], such as
four-element MIMO antennas [2–5], eight-port smartphone antennas [6–10], and even
twelve-element MIMO antennas [11,12]. One nonnegligible challenge encountered during
the design process is the method to effectively weaken the mutual electromagnetic coupling
between antenna elements in a MIMO antenna array. However, numerous decoupling
mechanisms have been put forward, such as polarization diversity [9], defected ground
structure (DGS) [12,13], decoupling branches [14], neutralization lines [15], and orthogonal
mode [16]. More attention still needs to be focused on the decoupling design in the MIMO
antenna array.

The usual height of the lateral side frame of a conventional smartphone’s antenna [2,3,6,7]
is 7 mm, which is not conducive to implementing future ultrathin smartphones. Some
low-profile MIMO antennas for the 5G handsets have been proposed recently. In [17], a
compact four-element MIMO antenna pair for 5G mobile was presented, integrating two
antenna elements at a close distance of 1.2 mm. The designed antenna pair resonated
precisely at 3.5 GHz. One more worthy mention is that the overall volume of the MIMO
system was 150 × 73 × 6 mm3, which realized a 1 mm reduction in the height of the
lateral side frame. Another self-decoupled four-element antenna pair [18] functioning in
the 3.5 GHz band (3.4–3.6 GHz) with the same height of 6 mm has been presented, and
the mutual coupling of the antenna pair was decreased to 16.5 dB. In [19], a low-profile,
high-isolation eight-port MIMO antenna for the 5G handset was presented, and the height
of the lateral sideboard was 5.3 mm.
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This paper presents an ultrathin eight-port MIMO antenna working at 5G 3.4–3.6 GHz
and 4.8–5 GHz frequency bands. The integral volume of the proposed antenna is only
145 × 70 × 5 mm3, which is thinner than other published 5G smartphone antennas. Eight
antenna elements are manufactured along the inner face of two sideboards. Two decoupling
branches (DB1 and DB2) are employed to attenuate the mutual coupling. The proposed an-
tenna is fabricated and measured. The measured−10 dB impedance bands are 3.38–3.82 GHz
and 4.75–5.13 GHz, which can fully contain two target bands. A measured lowest isola-
tion (14.5 dB) emerged in S23 around 3.5 GHz. DHM mode is provided to assess practical
application ability. ECC, DG, TARC, and ME are calculated to evaluate diversity performance.

2. Antenna Structure

The overall view and lateral perspective of the proposed antenna array are shown in
Figure 1. Eight antenna elements are printed along the inner side of two sideboards with a
size of 145 × 4.2 × 0.8 mm3, which are constructed perpendicularly to the system board.
The size of the system board is 145 × 70 × 0.8 mm3. The sideboards and system board
substrate are an FR4 substrate with loss tangent = 0.02 and relative permittivity = 4.4. The
height of the whole smartphone is only 5 mm, since the sideboards are placed on the system
board. A 2 mm-wide microstrip line feeds each element through an SMA connector via the
hole from the bottom of the system board. The designed DBs are separately printed on the
inner face and upper side of the sideboard and system board, which are welded together.
A ground plane (145 × 70 mm2) with two rectangular ground clearances (145 × 3.5 mm2)
is fabricated on the bottom of the system board. The dimensions of DB1(2) and the detailed
construction of a fundamental antenna element are illustrated in Figure 1c,d. Parameters
that affect antenna performance are described as variables rather than a fixed value. Notably,
the values of S1 of DB1 and DB2 are 11 mm and 9 mm, respectively.

Micromachines 2022, 13, 1267 2 of 13 
 

 

the mutual coupling of the antenna pair was decreased to 16.5 dB. In [19], a low-profile, 
high-isolation eight-port MIMO antenna for the 5G handset was presented, and the 
height of the lateral sideboard was 5.3 mm. 

This paper presents an ultrathin eight-port MIMO antenna working at 5G 3.4–3.6 
GHz and 4.8–5 GHz frequency bands. The integral volume of the proposed antenna is 
only 145 × 70 × 5 mm3, which is thinner than other published 5G smartphone antennas. 
Eight antenna elements are manufactured along the inner face of two sideboards. Two 
decoupling branches (DB1 and DB2) are employed to attenuate the mutual coupling. The 
proposed antenna is fabricated and measured. The measured −10 dB impedance bands 
are 3.38–3.82 GHz and 4.75–5.13 GHz, which can fully contain two target bands. A 
measured lowest isolation (14.5 dB) emerged in S23 around 3.5 GHz. DHM mode is pro-
vided to assess practical application ability. ECC, DG, TARC, and ME are calculated to 
evaluate diversity performance. 

2. Antenna Structure 
The overall view and lateral perspective of the proposed antenna array are shown in 

Figure 1. Eight antenna elements are printed along the inner side of two sideboards with 
a size of 145 × 4.2 × 0.8 mm3, which are constructed perpendicularly to the system board. 
The size of the system board is 145 × 70 × 0.8 mm3. The sideboards and system board 
substrate are an FR4 substrate with loss tangent = 0.02 and relative permittivity = 4.4. The 
height of the whole smartphone is only 5 mm, since the sideboards are placed on the 
system board. A 2 mm-wide microstrip line feeds each element through an SMA con-
nector via the hole from the bottom of the system board. The designed DBs are separately 
printed on the inner face and upper side of the sideboard and system board, which are 
welded together. A ground plane (145 × 70 mm2) with two rectangular ground clearances 
(145 × 3.5 mm2) is fabricated on the bottom of the system board. The dimensions of 
DB1(2) and the detailed construction of a fundamental antenna element are illustrated in 
Figure 1c,d. Parameters that affect antenna performance are described as variables rather 
than a fixed value. Notably, the values of S1 of DB1 and DB2 are 11 mm and 9 mm, re-
spectively. 

5

3.5

X
Y

Z

 
(a) 

X

Z55721
145

SMA connector  
(b) 

Micromachines 2022, 13, 1267 3 of 13 
 

 

3.5
5.5

2.1
1.1

1.1

1

1.2  

9
0.6

0.8

L2 1.6

2.2

L1

1

2

W1
6

1.1

0.8

 
(c) (d) 

Figure 1. Perspectives of the proposed antenna. (a) Overall view, (b) side view, (c) dimensions of 
DB1 and DB2, and (d) detailed structure of an antenna element. (All values are in millimeters). 
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3. Working Mechanism and Application Scenario

In this section, the design evolution steps are first presented to understand the operat-
ing mechanism better. Consequently, the role of the DBs is analyzed. The third part shows
the current vector distribution of the proposed antenna at 3.5 GHz and 4.9 GHz when DB1
is utilized or not, and some variables are selected to be analyzed. The last portion of this
section provides a scenario where this device is held in dual-hand mode (DHM).

3.1. Design Procedure

This section presents a precise design evaluation of the proposed antenna. Figure 2a
gives the four structures during the design process. The first structure is a single rectan-
gular plane with a small open-ended L-shaped slot. It can be seen from Figure 2c that an
obvious resonant mode around 4.3 GHz of Ant. 1 and Ant. 2 is obtained. However, the
port impedance matching needs to be optimized. As shown in Figure 2b, the simulated
normalized port impedance curve is far away from the center point of the Smith chart. An-
other small rectangular slot and ground clearance (145× 3.5 mm2) are cut from the antenna
element and grounding plane in the second structure. A T-shaped strip is introduced to
diminish the mutual coupling between Ant. 1 and Ant. 2. It can be distinctly observed
from Figure 2c that two resonant modes (around 3.6 GHz and 5.5 GHz) are excited. Little
frequency offset between S11 and S22 occurs because of the two elements’ different locations.
The mutual coupling S12 of the second structure is 10 dB and 13 dB in the lower and higher
bands, respectively.
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C-shaped strips are added to the upper terminals of the aforementioned T-shaped decou-
pling branch. The simulated S22 obtains a good matching condition at 3.53 GHz. The
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lowest isolation of 8 dB occurs at 3.53 GHz, and little isolation promotion at 5.5 GHz is
realized. The final antenna element structure is produced by cutting a small rectangular
slot in the feedline side of the lowest rectangular strip and reconnecting it on the other side.
At the same time, another newly introduced horizontal T-shaped branch is connected to the
existing decoupling branch as the third structure. The final design of an antenna element
and DB1 are generated in Figure 2a. The simulated S11 and S22 can entirely contain the
target bands, and the isolation S21 is also lifted to 15 dB and 18 dB across 3.4–3.6 GHz and
4.8–5 GHz, respectively. Table 1 lists the simulated normalized impedance at each design
stage at 3.5 GHz and 4.9 GHz. The final structure obtains better impedance matching
performance than the former three design stages.

Table 1. The simulated normalized impedance at two resonant frequencies of each design stage.

Design Evolution 3.5 GHz 4.9 GHz

1st structure 0.094 + 0.518i 0.2946 + 0.9528i

2nd structure 0.5085 + 0.0955i 0.3626 + 0.2061i

3rd structure 0.6245 + 0.0824i 0.3102 + 0.2382i

Final structure 1.08–0.3846i (3.35 GHz)
0.7507–0.3014i (3.5 GHz) 1.3667 + 0.0222i

3.2. Study of the Role of the DBs

This section presents the simulated results with/without DBs. As shown in Figure 3a,
when there is no DB1, the simulated S11 and S22 can still cover the desired bands. However,
the first resonant frequency of Ant. 1 moves to 3.6 GHz, while the other operation band
causes little influence. Figure 3b illustrates the simulated isolation curves S12 and S23
with/without DB1 and DB2. The utilization of the DBs can effectively attenuate the mutual
coupling at 3.5 GHz, while there is little impact on the mutual coupling at 4.9 GHz, as
shown in Figure 4. The worst simulated isolation (14 dB) appeared at S12. Figure 3c portrays
the simulated S23 with various values of S1. Relatively low isolation (8 dB) at 3.5 GHz
was obtained when no DB was used. After the DB1 is constructed between Ant. 2 and
Ant. 3, a distinctly improving trend occurred to S23, as depicted in Figure 3c, but it was still
insufficient. By adjusting the length of S1, isolation performance can be improved. When
the value of S1 is 9 mm, the simulated S23 satisfies the requirement of 15 dB within the
desired bands at 3.5 GHz. When the value of S1 decreases to 7 mm, some deterioration
happens to S23, as shown in Figure 3c. The final optimized value of S1 is 9 mm.

3.3. Current Distribution and Parametric Analysis

The simulated current distribution of Ant. 1 and Ant. 2 at two operating frequencies
when the DB1 is adopted or not are portrayed in Figure 4. When Ant. 1 is excited at 3.5 GHz,
the strongest current density is allocated over the upper L-shaped slot of Ant. 1 and the
inner edges of slots of the lateral section of DB1. The introduction of DB1 significantly
decreases the current density coupled in Ant. 2 when Ant. 1 is excited at 3.5 GHz. When
Ant. 2 is excited at 4.9 GHz, the maximum current spread around the middle rectangular
slot of Ant. 2. There is no significant difference in the coupling current of distribution of
Ant. 1 when DB1 is applied or not. The utilization of DB1 powerfully absorbs the mutual
magnetic coupling existing between Ant. 1 and Ant. 2 at 3.5 GHz, hence enhancing the
isolation. The slight improvement resulting from the DB1 is realized upon S12 at 4.9 GHz,
which is also consistent with the simulated curves in Figure 3b.
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According to the current distribution, numerous parameters are selected to make a
parametric analysis, as shown in Figure 5. Little resonant frequency offset of the latter
band arises with the increase in L1, and almost no impact is caused on the first operating
band. The final value of L1 is 5.4 mm. As illustrated in Figure 5b, the variation in L2
affects all three resonant points. With the increase in L2, the impedance matching condition
at 3.5 GHz deteriorates, the middle resonant mode around 3.7 GHz shifts to the higher
frequency, and the ultimately optimized length of L2 is 0.8 mm. Without influencing the
first resonant mode of Ant. 1, the addition of the value of W1 contributes a lot to the
movement of the other two resonant modes. As illustrated in Figure 5c, the second resonant
mode moves to 4 GHz when the value of W1 is 2.2 mm, and the final impedance band is
not satisfied. The ultimately modified value of W1 is 2.8 mm. Parameter L3 mainly affects
the decoupling performance. A significant difference in the isolation at 3.5 GHz occurs
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with the varying of L3. When the value of L3 equals 0.6 mm, the simulated S21 is separately
larger than 15 dB and 14 dB at 3.5 GHz and 4.9 GHz, respectively.
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3.4. Application Scenario

An application scenario of the presented antenna held in dual-hand mode (DHM)
is studied to identify the robustness and practicability of the proposed MIMO antenna
array. Figure 6 plots the simulated S-parameters in DHM and the −10 dB bandwidth of
Ant. 5, with Ant. 8 not being able cover two target bands. The −10 dB impedance matched
bandwidth of Ant. 2, Ant. 3, Ant. 6, and Ant. 7 can contain 5G 3.6–3.8 GHz and 4.8–5 GHz
frequency bands. The simulated S11 and S44 can still wholly cover the two desired bands.
Figure 6b provides the total radiated power (TRP) of the proposed antenna when Ant. 1,
Ant. 2, Ant. 5, and Ant. 6 are separately excited with 1 W input power. The radiating
ability of four inner elements (Ant. 2, Ant. 3, Ant. 6, and Ant. 7) are generally better than
the other four elements constructed in the corners of the system substrate, which have
the closest distance to the hand tissue compared with the inner four elements. Figure 7
presents the proposed antenna’s simulated three-dimension (3D) and two-dimension (2D)
radiation patterns when Ant. 8 and Ant. 7 are independently excited at 3.5 GHz and
4.9 GHz, respectively. The simulated specific absorption rate (SAR) distribution when
Ant. 8 and Ant. 7 are separately excited with 100 mW input power at two resonant modes,
as shown in Figure 8. A maximum SAR value of 1.45 W/kg and 1.22 W/kg is acquired
at 3.5 GHz and 4.9 GHz, respectively. Both SAR values are lower than the European and
American requirements of 2.0 W/kg and 1.6 W/kg.
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4. Experimental Results

A prototype of the explored antenna was printed and measured to validate the simu-
lated results. Figure 9 presents the photograph of the prototype and test scenarios using
a vector network analyzer (VNA: N5224A) and anechoic chamber. In Figure 9a, when
Ant. 2 and Ant. 3 are excited, two distinctly resonant modes around 3.5 GHz and 4.9 GHz
can be obtained, and excellent uniformity between S22 and S33 can be observed. Little
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frequency offset occurs because of the soldering process of the SMA connectors. Figure 9b
illustrates the measuring environment of the 2D radiating patterns. Figure 10a,b compare
the simulated and measured S-parameters (Sii and Sij, respectively). A slight frequency
shift exists between the simulated and measured results, but the measurement can still
completely cover the target bands. Measured worst isolation (14.5 dB) of S23 appears at
around 3.5 GHz. Figure 10c,d present the measured S-parameters of the proposed antenna.
All the tested input return loss curves of eight ports can contain the desired bands, and
the measured mutual coupling is separately larger than 14.5 dB and 15 dB at 3.5 GHz and
4.9 GHz. Figure 11 provides the simulated and measured gain and radiating efficiency
of Ant. 1 and Ant. 2. As shown in Figure 11a, maximum gains of 5 dBi and 4.8 dBi are
achieved during the former and latter operating bands, respectively. Radiating efficiency of
approximately 60% and 70% is obtained separately at 3.5 GHz and 4.9 GHz, as shown in
Figure 11b. The measured and simulated 2D radiating patterns of the proposed antenna
are illustrated in Figure 12. The discrepancies between the simulated and measured curves
are caused by the soldering process and the installation angle of the antenna when it is
tested in the anechoic chamber.
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Figure 9. Photograph of the manufactured model of the proposed antenna and the experimental
environment (a) measured by the VNA and (b) measured in the anechoic chamber.

Numerous indicators, including ECC, DG, TARC, and ME, were computed to assess
the MIMO performance of the designed MIMO antenna. Figure 13 . The largest measured
ECCs of 0.004 and 0.008 are realized across the former and the latter operating modes,
respectively. The ECCs are computed from the radiating results based on Formula (1) [18].
The computed DGs, calculated from Formula (2) [19], are better than 9.99 dB and 9.978 dB
within the two target bands, respectively. TARC is the definition of the square root of the
ratio of total reflected radio-frequency (RF) power to the total incident power. As shown
in Figure 14, the TARC curves are calculated by Equation (3) [20], which are well below
the −10 dB level within the two desired bands. ME is defined as the power loss of a
realistic antenna in achieving a given power capacity compared with an ideal antenna with
total percentage radiation efficiency. ME can be expressed by Equation (4) [21]. Figure 15
compares the simulated and measured ME results between Ant. 1 and Ant. 2, and between
Ant. 2 and Ant. 3, respectively. Measured ME values of approximately 70% and 75%
are obtained at 3.5 GHz and 4.9 GHz, respectively. Remarkable consistency between the
simulated and measured ME curves was observed.

ECC =

∣∣∣S∗iiSij+S∗jiSjj

∣∣∣2
(1− |Sii|2 −

∣∣Sji
∣∣2)(1− ∣∣Sjj

∣∣2 − ∣∣Sij
∣∣2) (1)

DG = 10×
√

1− ECC2 (2)

TARC =

√
(S 11+S12)

2+(S 22+S21)2

2
(3)
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ME =

√
η1η2(1 − ECC2

12

)
(4)

where η1 and η2 represent the total efficiency of Ant. 1 and Ant. 2, respectively.
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Figure 11. Simulated and measured (a) gain and (b) radiating efficiency of Ant. 1 and Ant. 2. 
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Figure 12. Measured and simulated 2D radiating patterns. (a) Ant. 1 is excited at 3.5 GHz, XOY 
plane, (b) Ant. 1 is excited at 3.5 GHz, XOZ plane, (c) Ant. 2 is excited at 4.9 GHz, XOY plane, (d) 
Ant. 2 is excited at 4.9 GHz, XOZ plane. 
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Figure 12. Measured and simulated 2D radiating patterns. (a) Ant. 1 is excited at 3.5 GHz, XOY 
plane, (b) Ant. 1 is excited at 3.5 GHz, XOZ plane, (c) Ant. 2 is excited at 4.9 GHz, XOY plane, (d) 
Ant. 2 is excited at 4.9 GHz, XOZ plane. 

Figure 11. Simulated and measured (a) gain and (b) radiating efficiency of Ant. 1 and Ant. 2.
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Figure 12. Measured and simulated 2D radiating patterns. (a) Ant. 1 is excited at 3.5 GHz, XOY 
plane, (b) Ant. 1 is excited at 3.5 GHz, XOZ plane, (c) Ant. 2 is excited at 4.9 GHz, XOY plane, (d) 
Ant. 2 is excited at 4.9 GHz, XOZ plane. 

Figure 12. Measured and simulated 2D radiating patterns. (a) Ant. 1 is excited at 3.5 GHz, XOY plane,
(b) Ant. 1 is excited at 3.5 GHz, XOZ plane, (c) Ant. 2 is excited at 4.9 GHz, XOY plane, (d) Ant. 2 is
excited at 4.9 GHz, XOZ plane.
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Table 2 presents a performance contrast between the presented antenna and other 5G
smartphone antennas exploited in recent years. The primary highlights of the proposed
antenna are the lowest lateral sideboard, superior isolation performance, and lower ECCs.

Table 2. Performance contrast between this work and other reported 5G smartphone antennas.

Design Working Band
(GHz) Total Size (mm3)

Dimension of A
Single Element (mm3)

Decoupling
Method

Isolation
(dB) ECC

[14] 3.4–3.6
4.8–5 (−6 dB) 150 × 75 × 7 14.8 × 7 × 0.8 Decoupling

structure
15.5
19

0.07
0.06

[15] 3.4–3.6
4.8–5 (−6 dB) 150 × 75 × 7 15 × 7 × 0.8 Neutralization

line 11.5 0.08

[16] 3.4–3.6
(−10 dB) 150 × 73 × 6 12 × 4.2 × 0.8 Orthogonal

Mode 17 0.06

[22] 3.4–3.6
4.8–5 (−10 dB) 150 × 75 × 6 17.4 × 6 × 0.8 Self-isolated 19.1 0.0125

[23] 3.3–3.6
4.8–5 (−10 dB) 150 × 73 × 7 15.5 × 7 × 0.8 Self-isolated 11 0.15

[24] 4.4–5
(−6 dB) 150 × 80 × 0.787 50 × 30 × 0.787 Shorting pins 18 0.24

[25] 3.4–3.6
(−10 dB) 150 × 75 × 5.3 16.1 × 4.5 Self-isolated 20 0.4

This work 3.4–3.6
4.8–5 (−10 dB) 145 × 70 × 5 9 × 4.2 × 0.8 DBs 14.5

15
0.004
0.008

5. Conclusions

An ultrathin eight-port MIMO antenna functioning in 5G 3.4–3.6 GHz and 4.8–5 GHz
is presented in this paper. The explored antenna element obtained a minimized dimension
of 9 × 4.2 mm2, and the overall volume of the MIMO system was only 145 × 70 × 5 mm3.
Two kinds of DBs were employed to attenuate the mutual coupling at 3.5 GHz. Besides the
design stages of the proposed antenna, the role performed by the DBs were also studied
to gain profound understanding of the decoupling mechanism. An application scenario of
DHM was given to evaluate the robustness and practicability of the presented antenna. The
measured−10 dB impedance band is able to contain the target bands entirely. The measured
worst mutual coupling (14.5 dB) appeared in S23 around 3.5 GHz. Maximum radiating
efficiency of 60% and 75% were obtained within the first and second bands, respectively.
The computed results of indicators, such as the ECC (0.008), DG (9.978), TARC (10 dB), and
ME (70%), have proved the excellent MIMO performance of the proposed antenna.



Micromachines 2022, 13, 1267 12 of 13

Author Contributions: Conceptualization, C.Z.; methodology, Z.C. and G.D.; investigation, Q.Y.
and X.W.; writing—original draft preparation, C.Z.; writing—review and editing, X.S. and G.L.;
supervision and funding acquisition, G.L. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was partly supported by the National Natural Science Foundation of China
under grant 61671330, the Science and Technology Department of Zhejiang Province under grant
LGG19F010009, and Wenzhou Municipal Science and Technology Program under grants C20170005
and 2018ZG019.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Liu, D.; Luo, H.; Zhang, M.; Wen, H.; Wang, B.; Wang, J. An Extremely Low-Profile Wideband MIMO Antenna for 5G Smartphones.

IEEE Trans. Antennas Propag. 2019, 67, 5772–5780. [CrossRef]
2. Huang, J.; Dong, G.; Cai, Q.; Chen, Z.; Li, L.; Liu, G. Dual-Band MIMO Antenna for 5G/WLAN Mobile Terminals. Micromachines

2021, 12, 489. [CrossRef] [PubMed]
3. Huang, J.; Dong, G.; Cai, J.; Li, H.; Liu, G. A Quad-Port Dual-Band MIMO Antenna Array for 5G Smartphone Applications.

Electronics 2021, 10, 542. [CrossRef]
4. Ren, Z.; Zhao, A. Dual-Band MIMO Antenna with Compact Self-Decoupled Antenna Pairs for 5G Mobile Applications. IEEE

Access 2019, 7, 82288–82296. [CrossRef]
5. Moses, A.; Moses, N. Compact Self Decoupled MIMO Antenna Pairs Covering 3.4–3.6 GHz Band for 5G Handheld Device

Applications. AEU Int. J. Electron. Commun. 2021, 141, 153971. [CrossRef]
6. Sun, L.; Li, Y.; Zhang, Z. Wideband Decoupling of Integrated Slot Antenna Pairs for 5G Smartphones. IEEE Trans. Antennas

Propag. 2021, 69, 2386–2391. [CrossRef]
7. Wong, K.; Tsai, C.; Lu, J. Two Asymmetrically Mirrored Gap-Coupled Loop Antennas as a Compact Building Block for Eight-

Antenna MIMO Array in the Future Smartphone. IEEE Trans. Antennas Propag. 2017, 65, 1765–1778. [CrossRef]
8. Huang, J.; He, T.; Xi, S.; Yang, Q.; Shi, X.; Liu, G. Eight-port high-isolation antenna array for 3.3–6 GHz handset applications. AEU

Int. J. Electron. Commun. 2022, 154, 154333. [CrossRef]
9. Li, Y.; Sim, C.; Luo, Y.; Yang, G. High-Isolation 3.5 GHz Eight-Antenna MIMO Array Using Balanced Open-Slot Antenna Element

for 5G Smartphones. IEEE Trans. Antennas Propag. 2019, 67, 3820–3830. [CrossRef]
10. Jiang, W.; Liu, B.; Cui, Y.; Hu, W. High-Isolation Eight-Element MIMO Array for 5G Smartphone Applications. IEEE Access 2019,

7, 34104–34112. [CrossRef]
11. Dong, J.; Wang, S.; Mo, J. Design of a Twelve-Port MIMO Antenna System for Multi-Mode 4G/5G Smartphone Applications

Based on Characteristic Mode Analysis. IEEE Access 2020, 8, 90751–90759. [CrossRef]
12. Yuan, X.; He, W.; Hong, K.; Han, C.; Chen, Z.; Yuan, T. Ultra-Wideband MIMO Antenna System with High Element-Isolation for

5G Smartphone Application. IEEE Access 2020, 8, 56281–56289. [CrossRef]
13. Dong, G.; Huang, J.; Chen, Z.; Liu, G. A Compact Planar Dual Band Two-Port MIMO Antenna with High Isolation and Efficiency.

Int. J. RF Microw. Comput. Aided Eng. 2022, 32, e23245. [CrossRef]
14. Hu, W. Dual-Band Eight-Element MIMO Array Using Multi-Slot Decoupling Technique for 5G Terminals. IEEE Access 2019, 7,

153910–153920. [CrossRef]
15. Guo, J.; Cui, L.; Li, C.; Sun, B. Side-Edge Frame Printed Eight-Port Dual-Band Antenna Array for 5G Smartphone Applications.

IEEE Trans. Antennas Propag. 2018, 66, 7412–7417. [CrossRef]
16. Sun, L.; Feng, H.; Li, Y.; Zhang, Z. Compact 5G MIMO Mobile Phone Antennas with Tightly Arranged Orthogonal-Mode Pairs.

IEEE Trans. Antennas Propag. 2019, 66, 6364–6369. [CrossRef]
17. Ren, Z.; Zhao, A.; Wu, S. MIMO Antenna with Compact Decoupled Antenna Pairs for 5G Mobile Terminals. IEEE Antennas Wirel.

Propag. Lett. 2019, 18, 1367–1371. [CrossRef]
18. Moses, A.; Moses, N.; Janapala, D. An Electrically Small 4-Port Self-Decoupled MIMO Antenna Pairs Operating in n78 5G NR

Band for Smartphone Applications. AEU Int. J. Electron. Commun. 2022, 145, 154082.
19. Huang, J.; Chen, Z.; Cai, Q.; Loh, T.H.; Liu, G. Minimized Triple-Band Eight-Element Antenna Array for 5G Metal-frame

Smartphone Applications. Micromachines 2022, 13, 136. [CrossRef]
20. Chandel, R.; Gautam, A.K.; Rambabu, K. Design and Packaging of an Eye-Shaped Multiple-Input–Multiple-Output Antenna

with High Isolation for Wireless UWB Applications. IEEE Trans. Comp. Pack. Man. Technol. 2018, 8, 635–642. [CrossRef]
21. Nandiwardhana, S.; Chung, J. Trade-Off Analysis of Mutual Coupling Effect on MIMO Antenna Multiplexing Efficiency in

Three-Dimensional Space. IEEE Access 2018, 6, 47092–47101. [CrossRef]

http://doi.org/10.1109/TAP.2019.2908261
http://doi.org/10.3390/mi12050489
http://www.ncbi.nlm.nih.gov/pubmed/33926118
http://doi.org/10.3390/electronics10050542
http://doi.org/10.1109/ACCESS.2019.2923666
http://doi.org/10.1016/j.aeue.2021.153971
http://doi.org/10.1109/TAP.2020.3021785
http://doi.org/10.1109/TAP.2017.2670534
http://doi.org/10.1016/j.aeue.2022.154333
http://doi.org/10.1109/TAP.2019.2902751
http://doi.org/10.1109/ACCESS.2019.2904647
http://doi.org/10.1109/ACCESS.2020.2994068
http://doi.org/10.1109/ACCESS.2020.2982036
http://doi.org/10.1002/mmce.23245
http://doi.org/10.1109/ACCESS.2019.2948639
http://doi.org/10.1109/TAP.2018.2872130
http://doi.org/10.1109/TAP.2018.2864674
http://doi.org/10.1109/LAWP.2019.2916738
http://doi.org/10.3390/mi13010136
http://doi.org/10.1109/TCPMT.2018.2806562
http://doi.org/10.1109/ACCESS.2018.2866427


Micromachines 2022, 13, 1267 13 of 13

22. Zhao, A.; Ren, Z. Size Reduction of Self-Isolated MIMO Antenna System for 5G Mobile Phone Applications. IEEE Antennas Wirel.
Propag. Lett. 2019, 18, 152–156. [CrossRef]

23. Zhang, X.; Li, Y.; Wang, W.; Shen, W. Ultra-Wideband 8-Port MIMO Antenna Array for 5G Metal-Frame Smartphones. IEEE
Access 2019, 7, 72273–72282. [CrossRef]

24. Cheng, B.; Du, Z. A Wideband Low-Profile Microstrip MIMO Antenna for 5G Mobile Phones. IEEE Trans. Antennas Propag. 2022,
70, 1476–1481. [CrossRef]

25. Li, R.; Mo, Z.; Sun, H.; Sun, X.; Du, G. A Low-Profile and High-isolated MIMO Antenna for 5G Mobile Terminal. Micromachines
2020, 11, 360. [CrossRef]

http://doi.org/10.1109/LAWP.2018.2883428
http://doi.org/10.1109/ACCESS.2019.2919622
http://doi.org/10.1109/TAP.2021.3111330
http://doi.org/10.3390/mi11040360

	Introduction 
	Antenna Structure 
	Working Mechanism and Application Scenario 
	Design Procedure 
	Study of the Role of the DBs 
	Current Distribution and Parametric Analysis 
	Application Scenario 

	Experimental Results 
	Conclusions 
	References

