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Abstract

This study presents a self-decoupled and highly integrated multiple-input

multiple-output (MIMO) antenna pair for the 3.5 GHz (3.4–3.6 GHz) and

5 GHz (4.8–5 GHz) frequency bands, where a loop-type antenna and a dipole-

type antenna are assembled into the front and backside of a compact modular

board. A tuning inductor and a tuning capacitor are employed in the loop-type

antenna and the dipole-type antenna, respectively, for higher mode resonance

control, such that the dominant mode and higher mode of each antenna ele-

ment are excited to achieve dual-band operation. Herein, the dominant modes

of the loop-type antenna and the dipole-type antenna are orthogonal to each

other, contributing to the self-decoupling effect in the lower band. Otherwise,

the modal orthogonality of the higher modes of the two antennas is responsi-

ble for the high-isolated performance of the higher band. In this way, the pro-

posed dual-band MIMO antenna module obtains a high spatial utilization

ratio, even though they are disposed of in the same volume. The MIMO

antenna module can produce impedance bandwidths above 200 MHz at both

frequency bands, and the isolation within the lower and higher bands is above

16.5 and 13.5 dB, respectively. Additionally, an 8 � 8 MIMO antenna array is

further constructed and measured. In measurement, the total efficiencies are

higher than 60%, and the envelope correlation coefficient values are all below

0.1. Therefore, it is demonstrated that the proposed technique can be promis-

ingly applied in large-scale MIMO antenna systems for current and future ter-

minal devices, having advantages in multiband operation, high integration,

and inherent isolation.
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1 | INTRODUCTION

The next-generation communication (5G) is now drawing
much attention due to an avalanche of wireless traffic
from increasing user numbers and more powerful

cellular devices demanding high-quality, low latency
video, and multimedia applications. This tremendous
demand for mobile data rates brings extraordinary chal-
lenges for wireless service providers to overcome a global
bandwidth shortage since the current frequency
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spectrum is intensively limited to the range below 3 GHz.
For this reason, the sub-6 GHz band is deployed to
address a compromise between capacity and coverage.1,2

Meanwhile, large-scale multiple-input multiple-output
(MIMO) antenna elements are required in both base sta-
tions and terminal devices to achieve ultra-fast speeds,
low latency, and excellent reliability.3

Nevertheless, large-scale MIMO antennas with high
isolation and low correlation have always been challeng-
ing issues, especially in crowded terminal devices where
compactness must be addressed. In the literature, various
solutions have been presented, offering important fea-
tures such as large scale and integration.4–12 Although
large-scale antenna elements can be possibly allocated to
the volume-constraint terminals, the required antenna
distance is still large, and the integration level is not high
enough. More importantly, most of the aforementioned
techniques are only in narrow-band or single-band
operation.

Herein, candidate solutions to wideband and multi-
band MIMO antennas for 5G applications were studied
in References 13–30. However, vast distances and large
footprints are required in13–16 because the antenna ele-
ments are spatially distributed in the system ground
plane. Various decoupling structures17–21 and neutraliza-
tion lines or components22–26 are introduced to enhance
the isolation performance and reduce the distance
between antenna elements. The main drawback of these
solutions is their complicated tuning process, low integra-
tion level, and large-sized implementation volume. In
References 27–30, self-decoupled MIMO antennas based
on pattern diversity and modal orthogonality are pro-
posed, in which way, close antenna distance, and high
integration level are obtained. However, difficult match-
ing networks are required in References 27,28, and both
the upper and lower sides of the system ground plane are
inevitably occupied in References 29,30, which may be
undesired in practical scenarios.

To circumvent the abovementioned disadvantages, a
dual-band MIMO module is presented in a simple and
straightforward method, free of decoupling structures,
complicated matching components, or specific construc-
tion processes. In this study, a loop-type antenna and a
dipole-type antenna are printed on the front side and
backside of a modular board. Meanwhile, the dominant
mode and the higher mode of each antenna element are
simultaneously excited to operate at the 3.5 GHz (3.4–
3.6 GHz) and 5 GHz (4.8–5 GHz) bands, respectively. In
Reference 31, a similar dipole-type antenna was used to
form a MIMO antenna pair, but only a single band was
obtained, and its integration level is not high. Accord-
ingly, the main contribution of this study is that a dual-
band dual-antenna pair is successfully integrated into a

modular board by merely utilizing lumped elements. Par-
ticularly, in the low band, the half-wavelength dipole
mode and the half-wavelength loop mode are self-iso-
lated; in the high band, the one-wavelength dipole mode
and the one-wavelength loop mode also have polarization
orthogonality. This particular feature of the proposed
technique is reported as the first of its kind.

The rest of this manuscript is organized as follows. In
Section 2, the proposed dual-band MIMO antenna mod-
ule is described, and its operation mechanism is
explained. In Section 3, the fabrication of an 8 � 8 MIMO
antenna array was conducted to demonstrate the practi-
cality of the proposed technique for 5G applications.

2 | DUAL-BAND MIMO ANTENNA
MODULE

2.1 | Antenna configuration

Figure 1 depicts the configurations of the proposed dual-
band MIMO antenna module, where a loop-type antenna
(Antenna-1) and a dipole-type antenna (Antenna-2) are
printed on the front side and backside of the module,
respectively. Different from the antenna designs in the
literature, the proposed modular board includes two
independent antenna elements overlapping each other,
such that high integration level is accomplished. The
module has a dimension of 4.5 mm � 22.6 mm � 1 mm
and is vertically installed along the edge of a
70 mm � 140 mm ground plane. The FR4 substrate
(εr = 4.4, tan δ = 0.02) with a thickness of 1 mm is used
to model the modular board and the ground plane.
Meanwhile, 1-mm ground clearance is reserved at the
edge side of the ground plane for the simple installation
of the modules, so the overall dimension of the substrate
is 71 mm � 140 mm. It is noted that the dimension of
the platform is chosen as a case study of a popularly used
smartphone. Detailed information on the proposed dual-
band MIMO antenna module can be found by referring
to Figure 1B–D.

In Figure 1, the loop-type antenna is symmetrically
printed at the front side of the module (yellow solid
trace), which is directly fed by a voltage source at one
end and shorted to the ground plane at the other end. A
tuning inductor (L) is loaded at the center of the upper
trace of the loop-type antenna for higher mode control
without affecting the dominant mode. In this way, dual-
band operation can be obtained by merely utilizing a
single loop structure. The loop-type antenna has a
folded structure to adjust the input impedance so that
good impedance matching can be simultaneously
obtained at both operation bands. It is noted that the
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overall dimension of the loop-type antenna is
4.5 mm � 18.8 mm, and the optimized value of L is 2.5
nH. Besides, the width of the conductor traces is set
as 0.5 mm.

The dipole-type antenna is printed at the backside of
the modular board (blue dash trace), overlapping partly
with the loop-type antenna. It consists of a suspended
line, a tuning branch, a tuning capacitor C, and a feeding

FIGURE 1 Configurations

of the proposed dual-band

multiple-input multiple-output

antenna module: (A) perspective

view, (B) implementation of the

modular board, (C) zoomed view

of the modular board, and

(D) zoomed view of the ground

plane
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branch. The suspended line is dominantly responsible for
radiation, whose dominant mode and higher mode can
be easily controlled by the tuning branch at the right
edge and the tuning capacitor at the center, respectively.
A connection line A1, printed on the ground clearance, is
used to connect the tuning branch and the ground plane
so that the tuning branch operates as a capacitive load to
the suspended line, responsible for resonance control
without modifying the dimension of the suspended line.
A connection line A2 is also printed on the ground clear-
ance so that the tuning capacitor C is loaded between the
ground plane and the center of the suspended line to
selectively control the higher mode resonance. Moreover,
the feeding branch is connected to the CPW line through
the connection line A3 so that the RF signal from a volt-
age source is fed into the feeding branch. In this way, the
feeding branch capacitively excites the suspended line
and controls the antenna's input impedance. It is noted
that the dipole-type antenna occupies an overall dimen-
sion of 2 mm � 22.6 mm, and the optimized capacitor
value of C is 0.4 pF.

2.2 | Simulation results and operation
mechanism

The simulated scattering parameters (S-parameters) of
the proposed MIMO antenna module are presented in
Figure 2, where dual-band operation can be observed. At
the 3.5 GHz band, the 3:1 VSWR bandwidths for
Antenna-1 and Antenna-2 are 440 MHz (from 3.28 to
3.72 GHz) and 280 MHz (from 3.35 to 3.63 GHz), respec-
tively; the bandwidths at the 5 GHz band are 530 MHz
(from 4.61 to 5.14 GHz) and 390 MHz (from 4.72 to
5.11 GHz). As observed in the S12 curve, the isolation

within the lower and higher frequency bands are above
16.5 and 13.5 dB, respectively, indicating that the pro-
posed MIMO antenna pair can achieve self-decoupled
performance in both operation bands.

To further understand the operation mechanism of
the proposed technique, simulated surface current distri-
butions at 3.5 and 5 GHz are plotted in Figure 3. It is
noted that the simulated current distributions are
obtained when one port is excited while the other is 50 Ω
terminated.

The current distributions at 3.5 GHz of the loop-type
antenna (Port-1) and the dipole-type antenna (Port-2) are
illustrated in Figure 3A,B, respectively. In Figure 3A, the
loop-type antenna has current nulls at the center of the
upper trace, which resembles a half-wavelength reso-
nance (the dominant mode of the loop-type antenna). As
can be observed from Figure 3B, the dipole-type antenna
produces in-phase current flows along the suspended
line, which resembles a half-wavelength resonance (the
dominant mode of the dipole-type antenna). In the
3.5 GHz band, accordingly, the current modes of both
antenna elements are intrinsically orthogonal, and this
feature determines the fact that extremely weak currents
are induced from one port to another.

The current distributions at 5 GHz of the loop-type
antenna (Port-1) and the dipole-type antenna (Port-2) are
shown in Figure 3C,D, respectively. In Figure 3C, it can
be seen that the loop-type antenna generates two current
nulls, indicating the one-wavelength mode resonance
(the higher mode of the loop-type antenna) is operating.
For the loop-type antenna, it is worthy to note that the
tuning inductor L is located at the current maximum
positions of the higher mode and the current nulls posi-
tions of the dominant mode, thereby selectively control-
ling the one-wavelength resonance without affecting the
half-wavelength resonance. In Figure 3D, it is apparent
that the dipole-type antenna produces current nulls at
the center of the suspended line, resembling a one-
wavelength resonance (the higher mode of the dipole-
type antenna). For the dipole-type antenna, since the tun-
ing capacitor C is located at the current maximum posi-
tions of the dominant mode and the current null
positions of the higher mode, the tuning capacitor
C selectively controls the one-wavelength resonance
without affecting its half-wavelength resonance. Accord-
ingly, the higher modes of the two antenna elements also
have modal orthogonality, which determines their high
isolation property in the higher band.

Schematic structures are demonstrated in Figure 4 for
a better understanding of the construction process of the
proposed dual-band MIMO antenna module. Figure 4A
presents the integration process of the MIMO antenna
pair at the lower band. The dominant mode of the loop-

FIGURE 2 Simulated S-parameters of the proposed dual-band

multiple-input multiple-output antennas
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type antenna in Design I and the dominant mode of the
dipole-type antenna in Design II are orthogonal to each
other and can be assembled as Design III, where the two
antenna elements are placed at the upper and lower sides
of the ground plane. Though a similar implementation
method utilizing a dipole-type antenna and a T-monopole
antenna was presented in,31 a combination of a loop-type
antenna32 and a dipole-type antenna31 has not been
reported in the literature. Finally, Design III is further

transformed into Design IV, exploiting only one side of
the ground plane and reusing the space of the modular
board. In this way, a higher integration level than29–31 is
accomplished.

Similarly, Figure 4B demonstrates the integration pro-
cess of the MIMO antenna pair at the higher band. The
higher mode of the loop-type antenna in Design I and the
higher mode of the dipole-type antenna in Design II, hav-
ing modal orthogonality, can be integrated as shown in

FIGURE 3 Simulated

surface current distributions:

(A) Port 1 excited at 3.5 GHz,

(B) Port 2 excited at 3.5 GHz,

(C) Port 1 excited at 5 GHz, and

(D) Port 2 excited at 5 GHz

QU AND PIAO 5 of 10

 1099047x, 2022, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

m
ce.23408 by U

niversity T
ow

n O
f Shenzhen, W

iley O
nline L

ibrary on [21/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Design III. Design IV achieves a higher spatial utilization
ratio by fully exploiting the front and backside of the
modular board. Accordingly, a self-decoupled dual-band
MIMO antenna module, having a high integration level
and spatial utilization ratio, can be obtained by utilizing
modal orthogonality and higher mode control.

FIGURE 4 Schematic of the proposed self-decoupled dual-

band multiple-input multiple-output antenna pair: (A) at the lower

band and (B) at the higher band

FIGURE 5 8 � 8 multiple-input multiple-output antenna

array: (A) simulation model, (B) fabricated modular board before

assembly, and (C) fabrication after assembly

FIGURE 6 Measured S-parameters: (A) S-parameters and

(B) transmission coefficients

FIGURE 7 Measured total radiation efficiencies

6 of 10 QU AND PIAO
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According to the aforementioned description, the
orthogonality in both the dominant mode and the
higher mode is the critical factor to guarantee dual-
band operation and high isolation properties. Mean-
while, it is important to design symmetrical structures
to accessibly realize current symmetry and modal
orthogonality. Besides, there are many other feasible
alternatives to the proposed technique. For example,
the loop-type antenna is popularly adopted because of
its freedom in structural implementation and imped-
ance adjustment.32 Therefore, the loop-type antenna
can be designed in different structures and have varied
impedances, in which case, the tuning inductor
L should be varied for the control of the higher mode
resonance. Following the procedure in Figure 4, dual-
band operation and high isolation can be easily
accessed. It is worthy to note that the feeding methods
are the least factors that should be considered in
antenna design because the orthogonality in the

antenna structures is merely affected by the feeding
methods when exciting the antenna elements.

3 | DEMONSTRATION OF 8 � 8
MIMO ANTENNA ARRAY

3.1 | Antenna array configuration

In this section, a large-scale MIMO antenna array is dem-
onstrated by duplicating the aforementioned antenna
module, intended for current and future 5G terminal
devices. For this purpose, an 8 � 8 MIMO antenna sys-
tem is established in Figure 5 as a case study, where four
modular boards are allocated along the long sides of the
ground plane. Detailed information can be found by
referring to Figure 5A. Moreover, the fabricated proto-
types of the assembled fabrication are pictured in
Figure 5B,C.

FIGURE 8 Simulated and

measured radiation patterns:

(A) at 3.5 GHz and (B) at 5 GHz
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3.2 | Simulation and measurement

In this subsection, the fabrication was tested using a net-
work analyzer and measured in a 6 m � 3 m � 3 m
three-dimensional (3D) CTIA OTA anechoic chamber.
The simulated and measured S-parameters of the pro-
posed 8 � 8 MIMO antennas are given in Figure 6. As
can be observed, the S11 and S22 curves fully cover the
3.5 GHz band and the 5 GHz band for 5G applications. It
can be observed that the measurement data agree well
with the simulation one only with a minor discrepancy,
which may be attributed to the fabrication error, imple-
mentation accuracy, and the cable effect. Furthermore, it
is seen that the isolation between any two antenna ports
at the lower band and the higher band is over 18 and
16 dB, respectively, satisfying the engineering require-
ment in practical scenarios.

Additionally, the measured total radiation efficiencies
are plotted in Figure 7, where it can be confirmed that
both antennas can produce efficiencies over 60% in the
dual operation bands. To verify the diversity performance
of the proposed MIMO antenna module, the produced
radiation patterns are displayed in the xz- and yz-planes,
as shown in Figure 8. In both the lower band and higher
band, it is seen that the maximum gains of Antenna-1
and Antenna-2 direct against each other, and their radia-
tion patterns are approximately complementary, indicat-
ing the polarization diversity of the proposed MIMO
antenna module.

3.3 | Diversity performance

Herein, correlation is an important figure of merit to
measure the diversity performance of a MIMO antenna
system. Accordingly, the envelope correlation coefficient
(ECC) ρe is plotted in Figure 9, which is calculated from
the vector properties (amplitude, phase, and polarization)
of the complex 3D far-field radiation patterns.33 It can be
confirmed that the ECC values are all below 0.1, far
lower than the acceptance criterion for mobile communi-
cations (ρe < 0.5).

Moreover, mean effective gain (MEG) is an important
parameter to quantify the ability of the diversity antennas
to receive electromagnetic power. The simulated MEGs
of Antenna-1 and Antenna-2 are plotted in Figure 10. It
can be seen that the MEG difference between the two
antennas is less than 1 dB. For each antenna, the varia-
tion within the overall operation bands is also small (less
than 1 dB). This property makes the proposed antennas a
good MIMO antenna system with improved diversity

FIGURE 9 Measured ECC values of the fabricated 8 � 8

MIMO antenna array. ECC, envelope correlation coefficient;

MIMO, multiple-input multiple-output

FIGURE 10 Calculated MEGs of the proposed MIMO

antennas. MIMO, multiple-input multiple-output

8 of 10 QU AND PIAO
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performance. It is noted that the results of other antennas
are omitted here for brevity because of the symmetry of
the MIMO antenna array.

3.4 | Discussion on user's hand effect

The user's hand effect is further considered here to verify
the feasibility of the proposed antennas in terminal

applications. Figure 11A presents the simulation model of
the proposed MIMO antennas under the right-hand mode.
Since Module-2 (Port 3 and Port 4) is closest to the human
hand and has the severest degradation, the radiation perfor-
mance of Module-2 only is investigated here for simplicity.
As shown in Figure 11B, the S-parameters produced by
Module-2 have a slight perturbation (when compared to
Figure 7A) due to proximity to the human hand. Neverthe-
less, dual operation bands can still be covered, and the iso-
lation between Port 3 and Port 4 is high enough.
Furthermore, the simulated total efficiencies with and with-
out the user's hand are plotted in Figure 10C. As can be
observed, the total efficiencies decreased approximately by
3 dB due to the power absorption by the user's hand, which
is comparable with those in References 14–16,19,21,25,29.

4 | CONCLUSION

A dual-band MIMO antenna module, consisting of a loop-
type antenna and a dipole-type antenna, is proposed in this
study. Each antenna element can achieve dual-band appli-
cations by effectively utilizing its dominant mode and
higher mode resonances. The modal orthogonality at each
operation band ensures the high isolation performance
between the two antenna ports without adopting any com-
plicated decoupling structures or matching networks. Fur-
thermore, the structural compatibility allows the two
antenna elements integrated into the front side and back-
side of a singular modular board. An 8 � 8 MIMO antenna
array was simulated and measured. It is shown that the iso-
lation between each two antenna element is higher than
16 dB, and the radiation efficiency of each antenna is over
65%. Moreover, the ECC values between each two antenna
ports are below 0.1. In conclusion, the proposed technique
has the advantages of high integration, multiband opera-
tion, high isolation, and low correlation, which can be a
promising candidate for 5G MIMO applications.
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