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Abstract

In this study, we developed a co-located and space-shared multiple-input

multiple-output (MIMO) antenna module with a modular design and high

integration level. The proposed antenna pair includes a half-wavelength

loop antenna and a dipole-type antenna printed on the front and back

sides of a compact modular board. Owing to their modal orthogonality,

these two independent antenna elements are highly self-isolated and free

of additional decoupling components, even though they are assembled at

the same location and within the same space. Thus, the proposed antenna

is attractive in 5G MIMO systems. Furthermore, the proposed co-located

and space-shared MIMO antenna module was employed in a 5G smart-

phone to verify their radiation and diversity performances. A 12 � 12

MIMO antenna system was simulated and fabricated using the proposed

module. Based on the results, the proposed module can be employed in

large-scale MIMO antenna systems for current and future terminal devices

owing to its high integration, compactness, simple implementation, and

inherent isolation.
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1 | INTRODUCTION

Multiple-input multiple-output (MIMO) is a key technol-
ogy that can remarkably increase the channel capacity
and provide ultrahigh data rates for 5G applications
[1–3]. By employing large-scale antenna elements in 5G
devices, ultrahigh speed (up to multiple gigabits per sec-
ond with a minimum user experienced data rate of one
gigabit per second), low latency, and excellent reliability
can be supported. Therefore, simple and feasible methods

for the implementation of 5G MIMO technologies in
wireless devices would promote the commercialization of
veritable 5G services.

Within the 5G new radio spectrum, the sub-6-GHz
band can achieve a better compromise between
capacity and coverage than millimeter-wave bands.
Thus, sub-6-GHz MIMO antenna systems in space-
scarce terminal devices have attracted considerable
attention since the allocation of the 3.5-GHz (3.4
GHz–3.6 GHz) band for 5G mobile communication [4].
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However, compact designs with high isolation (i.e., low
mutual coupling) and low correlation have always
been challenging issues, and the integration of large-
scale antenna elements into the crowd terminal devices
is of great interest. In the literature, decoupling and
decorrelating techniques for MIMO antennas can be
categorized into decoupling-component-based MIMO
(neutralization lines, decoupling networks, parasitic
elements, etc.) [5–14] and self-decoupled MIMO
[15–29].

In decoupling-component-based MIMO, additional
coupling paths created from decoupling components can-
cel out the original coupling path between antenna ele-
ments. However, extra occupation and complicated
tuning efforts are often required to introduce these
decoupling components; thus, compactness and integra-
tion are usually difficult to achieve. For example, using a
closed-loop as the decoupling structure, two small
ground-radiation antennas have been successfully
decoupled, even though their edge-to-edge distance is
only 1 mm [11]. However, the main disadvantage is their
large clearance area, which limits their applications.

In self-decoupled MIMO, however, spatial distribu-
tion and polarization or pattern control are employed,
preventing the time-consuming and case-by-case optimi-
zation efforts in the former technique. Although accept-
able performance can be obtained through the spatial
distribution of antenna elements, vast distances and large
space areas are required [15–18]. Otherwise, polarization
or radiation pattern control with self-decoupled perfor-
mance is preferable. Related studies on this technique
can be categorized into two. In the first category, two
antenna elements are allocated, either edge-to-edge or
connected [20,23,26–29]. In this way, a much closer dis-
tance and a tighter space have been achieved. The second
category employs a shared radiator or shared space to
achieve spatial reuse [19,21,22,24,25].

Herein, we assemble two independent antenna
elements (a half-wavelength loop and a dipole-type
antenna) into a singular modular board. One antenna
element reuses the space the other one has occupied;
thus, the two antenna elements overlap. Therefore, the
two independent antenna elements have a shared
space. Compared with previous reports [20,23,26–29],
the proposed antenna requires less lateral space and
occupies only one side of the ground plane. Compared
with antennas that use a shared radiator [19,21,22],
the proposed antenna can be controlled and con-
structed using a simpler method, and compared with
those that employ shared space [24,25], the proposed
antenna can achieve modular design without a large
clearance area. Table 1 compares the proposed and

state-of-the-art antennas to verify the novelty of the
proposed technique.

The developed technique is simple and effective for
co-located and space-shared MIMO antenna pairs, and its
applications in MIMO systems were verified. The main
contribution of this study is that two independent
antenna elements are successfully assembled onto a
compact and singular modular board without decoupling
components, complicated excitation techniques, or
specific construction processes.

The rest of this manuscript is organized as follows:
Section 2 describes the proposed co-located and space-
shared MIMO antenna module and its operation
mechanism and presents various implementation cases
to validate the feasibility and versatility of the proposed
technique; Section 3 presents experiments and simula-
tions on a 12 � 12 MIMO antenna array to demonstrate
the feasibility of the proposed technique for 5G
applications.

2 | CO-LOCATED AND SPACE-
SHARED MIMO ANTENNA MODULE

2.1 | Antenna configuration

Figure 1 depicts the configuration of the proposed
co-located and space-shared MIMO antenna module. A
half-wavelength loop antenna (Antenna-1) and a
dipole-type antenna (Antenna-2) are printed on the
front and back sides of a modular board, respectively.
Thus, two independent antenna elements are deployed
in a singular and compact modular board, sharing the
same space. The modular board has dimensions of
4 mm � 22 mm � 1 mm (0.047 λ � 0.257 λ � 0.012 λ)
and is vertically installed along the edge of a
140 mm � 70 mm ground plane. Both the modular
board and the ground plane are fabricated using a
1-mm-thick FR4 substrate (εr = 4.4, tan δ = 0.02). Nota-
bly, 1-mm ground clearance is reserved at the edge of
the ground plane for easy installation of the modular
board.

Antenna-1 is a widely used half-wavelength loop
antenna and is printed on the front side of the modular
board (yellow trace on the modular board). It is directly
fed by a voltage source at one end and shorted to the
ground plane at the other end. It has a symmetrically
folded structure with an overall dimension of
4 mm � 18.8 mm (0.047 λ � 0.219 λ). Notably, half-
wavelength loop antennas are widely used in various
wireless devices owing to their simple structures, easy
integration, and adjustable input impedance [30].
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Antenna-2 is a dipole-type antenna and is printed at
the backside of the modular board (blue trace on the
modular board). It consists of a suspended line for radia-
tion, a feeding branch for impedance matching, and a
tuning branch for easy resonance control. A feeding stub
is printed on the ground clearance and connected to the
feeding branch so that radiofrequency (RF) signals from
a voltage source are fed into the suspended line. Thus,
the feeding branch can capacitively excite the suspended
line and control the input impedance of the antenna.
Additionally, a tuning stub is printed on the ground
clearance, connecting the ground plane and the tuning
branch so that the tuning branch operates as a capacitive
load to the suspended line, which enables resonance
control without modifying the dimensions of the
suspended line. Antenna-2 has overall dimensions of
1.5 mm � 22 mm � 1 mm (0.017 λ � 0.257 λ � 0.012 λ)
and reuses the space behind Antenna-1, efficiently utiliz-
ing the limited volume of the modular board.

Schematic structures and the design process for the
co-located and space-shared MIMO antenna pair are
shown in Figure 2. The dominant current mode of
Antenna-1 has current maxima at the two ends and cur-
rent nulls at its center, equivalent to a vertically installed
half-wavelength loop mode (Figure 2A), which is

different from the one wavelength loop reported in [25].
Accordingly, the total electrical length L of Antenna-1
can be predetermined from the following equation:

f r ¼
1

2L
ffiffiffiffi

εr
p , ð1Þ

where fr is the center operating frequency of the antenna
and εr is the effective dielectric constant of the substrate.
Therefore, the variables can be fine-tuned to further
optimize Antenna-1. On the other hand, Antenna-2 is
parallelly aligned with the ground plane and has current
nulls at the two ends and current maxima at the center
of the suspended line, resembling a horizontal dipole-
type current mode (Figure 2B). The total electric length
of the suspended line is one wavelength and can be
designed using (1) to determine the initial length. Also,
a tuning branch can be adopted for fine-tuning and
optimization. A similar antenna was reported in [28].
The modal orthogonality enables the assembly of these
two antenna elements on the upper and lower sides of
the ground plane, sharing the same location (Figure 2C).
This is similar to the report in [28], where both the front
and back sides of the ground plane are occupied. Herein,
however, owing to the structural compatibility of the

F I GURE 1 Configuration of the proposed MIMO antenna

module: (A) perspective and (B) zoomed views of the modular

board

F I GURE 2 Schematic of the co-located and space-shared

antenna pair with modal orthogonality: (A) loop-type current in

Antenna-1; (B) dipole-type current in Antenna-2; (C) assembly

method; (D) final assembly
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two antenna elements, the two independent antenna
elements can be stacked together (Figure 2C), sharing
the same location and space on the modular board.

2.2 | Simulation results and operation
mechanism

Figure 3 shows the simulated scattering parameters
(S-parameters) for the proposed antenna pair. Wideband
impedance bandwidths and high isolation properties
were obtained. As shown in the S11 and S22 curves, the
3:1 VSWR bandwidths of Antenna-1 and Antenna-2 are
370 MHz (from 3.3 GHz to 3.67 GHz) and 290 MHz
(from 3.36 GHz to 3.65 GHz), respectively, fully covering
the 3.5-GHz operating band. As observed in the S12 curve,
the isolation within the target frequency band is higher
than 16 dB, indicating that the proposed co-located and

space-shared MIMO antenna module is highly self-
isolated without the need for decoupling components,
complex excitation techniques, or special manufacturing
processes.

The simulated surface current distributions at
3.5 GHz are shown in Figure 4 to further verify the opera-
tion mechanism of the proposed technique. When
Antenna-1 is excited (Figure 4A), strong currents flow at
the two ends of the antenna structure and spread into the
ground plane, whereas current nulls are produced at the
center of the antenna structure. As shown in Figure 4B,
when Antenna-2 is excited, a dipole-type current mode is
generated in the suspended line, whereas inverse current
flows are distributed along the edge of the ground plane.
Even when the dipole-type antenna is quite close to the
ground plane, the current distribution over the ground
plane is weak, which promotes antenna radiation perfor-
mance. Accordingly, not only the current modes in the
two antenna elements but also the current distributions
over the ground plane are orthogonal to each other.
Thus, extremely weak currents are induced from one port
to another, resulting in their high port-to-port isolation
property.

2.3 | Further study and discussion

Herein, we discuss alternative implementation cases for
the proposed technique, as shown in Figure 5.

The proposed antenna pair (Figure 1) is derived from
Case 1 (Figure 5A), where a simple center-fed external
dipole antenna (dashed trace) is placed behind the half-
wavelength loop antenna. The S-parameters show that
the external dipole antenna is not perfectly impedance-
matched because it is too closely arranged along the edge
of the ground plane, resulting in a low impedance char-
acteristic. Nevertheless, there is high isolation between
the two antenna elements. To confirm this behavior in
Case 1, the center-fed external dipole antenna was
impedance-matched by adopting a feeding line, as shown
in Case 2 (Figure 5B). In this way, both antenna elements
become impedance-matched and highly isolated.

The external dipole antennas in Cases 1 and 2 may
not be easily fed by a voltage source from the ground
plane (i.e., the main board of the wireless devices). There-
fore, we developed alternative excitation methods, such
as the capacitive coupling method in Figure 1 and the
inductive coupling method in Figure 5C (Case 3), for
practical application scenarios. In Case 3, a loop-type
feeding structure, located at the current maxima of the
suspended line, is formed by connecting a voltage source
at one end and the ground plane at the other end to
magnetically excite the suspended line as a dipole-type

F I GURE 3 Simulated scattering parameters (S-parameters)

for the proposed MIMO antenna module

F I GURE 4 Simulated surface current distributions with the

excitation of (A) Port 1 and (B) Port 2

QU ET AL. 207
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antenna. The results of Case 3 are similar to those in
Figure 3 and Case 2. Therefore, the proposed technique is
a simple method that can achieve full integration and
inherent isolation simultaneously, regardless of the exci-
tation method.

3 | 12 � 12 MIMO ANTENNA
SYSTEM

In this section, a large-scale MIMO antenna system is
demonstrated by employing the developed MIMO
antenna module to show its applicability in terminal
devices. A popularly used smartphone is used as a
platform for 5G scenarios, and a 12 � 12 MIMO antenna
system is established as a case study.

3.1 | MIMO antenna configurations

Figure 6A shows a 140 mm � 70 mm ground plane used
to model a currently used 5G smartphone. In the indus-
try, 3G/4G antenna systems will coexist with 5G systems
for a long time and are usually imposed at the upper and
lower ends of smartphones. Therefore, we allocated the
proposed 12 � 12 MIMO antennas for 5G applications
along the long sides of the ground plane to simulate the
practical scenarios. Accordingly, six sets of the proposed
MIMO antenna module were used to construct a 12 � 12
MIMO antenna system (Figure 6A,B).

3.2 | Simulation and measurement
results

This subsection presents the simulated and measured
results of the proposed 12 � 12 MIMO antennas to verify

F I GURE 5 Various implementation cases for the proposed

MIMO antenna pair: (A) Case 1, (B) Case 2, and (C) Case 3

F I GURE 6 12 � 12 MIMO antenna system for 5G

applications: (A) simulation model and (B) fabricated system

208 QU ET AL.

 22337326, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.4218/etrij.2021-0471 by U

niversity T
ow

n O
f Shenzhen, W

iley O
nline L

ibrary on [03/05/2023]. 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



the feasibility of the proposed technique. The simulation
model was built in HFSS 19, and the fabrication was
tested using a network analyzer and measured in a
6 m � 3 m � 3 m three-dimensional (3D) CTIA OTA
anechoic chamber.

Figure 7 shows the simulated and measured
S-parameters for the proposed 12 � 12 MIMO antennas.
As shown in Figure 7A, the S11 and S22 curves fully cover
the 3.5-GHz operation band for 5G applications, and the
mutual coupling between them (S12) is lower than
�17 dB. The measurement results agree well with the
simulation with only a minor discrepancy, which is
attributed to the fabrication errors and implementation
accuracy. Meanwhile, the isolation between any two

antenna elements is more than 16 dB, as shown by the
measured transmission coefficients in Figure 7B,C. This
satisfies the engineering requirements for industrial
applications.

The measured total efficiencies are shown in
Figure 8. Both Antenna-1 and Antenna-2 showed high
efficiencies greater than 60% within the operation band,
indicating high radiation performance and their feasibil-
ity in practical applications. The antenna elements in all
six modules (Figure 6B) showed similar radiation effi-
ciencies; thus, only the efficiency curves of Antenna-1
and Antenna-2 in Module-1 are shown herein for

F I GURE 7 Simulated and measured results: (A) S-parameters;

(B) and (C) measured transmission coefficients

F I GURE 8 Measured total efficiencies

F I GURE 9 (A) Simulated and (B) measured radiation patterns

at 3.5 GHz
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simplicity. Figure 9 shows the radiation patterns obtained
at 3.5 GHz in xz-, yz-, and xy-planes. Antenna-1 and
Antenna-2 showed approximately complementary radia-
tion patterns, and their maximum gains oppose each
other, which is desired for signal reception. Correlation is
a critical parameter to evaluate the diversity of MIMO
antennas and is calculated from the vector properties
(amplitude, phase, and polarization) of the complex 3D
far-field radiation patterns [31]. Accordingly, herein,
envelope correlation coefficients (ECCs) ρe were derived
(Figure 10), and their values are all below 0.1, which is
way lower than the acceptable limit (0.5) in mobile com-
munications. In conclusion, the proposed technique is a
simple yet efficient method with high inherent isolation,
extraordinary diversity performance, extremely high inte-
gration, and very simple implementation, making it suit-
able for 5G MIMO applications in current and future
terminal devices.

The specific absorption rate (SAR) is an important
parameter for evaluating human exposure to electromag-
netic waves during data transceiving and should be as
low as possible [32]. Herein, we developed a SAR

simulation model based on a user’s right-hand phantom
using a full-wave simulator (Figure 11). At 3.5 GHz, the
peak SAR was 1.29 W/kg, which is lower than the SAR
limit (1.6 W/kg) for 1 g of tissue.

4 | CONCLUSION

In this study, we developed a co-located and space-
shared MIMO antenna module by fully integrating two
independent antenna elements in a compact and
singular modular board. The advantages of the pro-
posed technique include the modular design and high
integration level owing to the spatial reuse, which is
attributed to the modal orthogonality and structural
compatibility of the half-wavelength loop and dipole-
type antennas. Thus, inherent isolation and diversity
performance are achieved even when these two inde-
pendent antenna elements are integrated within a
shared volume. A 12 � 12 MIMO antenna system with
six sets of modular boards was simulated and fabri-
cated to verify the feasibility of the proposed technique
in large-scale MIMO applications for current and
future terminal devices. High isolation (>16 dB), high
radiation efficiency (>60%), and low ECC (<0.1) were
measured. In our future studies, we shall investigate
spatial-reused wideband and multiband antenna pairs.
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