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ABSTRACT This paper proposes a multi-band antenna suitable for LTE and 5G NR frequency bands.
The multi-band antenna is designed on a 60-mm x 12.5-mm FR4 substrate without requiring passive
components. The multi-band antenna uses a coupled-feed structure to reach the LTE900 frequency band,
while the rest of the working frequency bands are implemented using a monopole antenna. multi-band
antennas are implemented on electronic devices like smartphones, tablets, and laptops to form Multiple-
Input Multiple-Output (MIMO) systems. Each multi-band antenna maintains consistency in measurement
and simulation, with isolation below —10 dB, showcasing its robustness. The MIMO antenna system’s
envelope cross-correlation remains below 0.5 across various devices, indicating stable performance. The
above characteristics validate the multi-band antenna’s applicability to diverse-sized portable electronics.
Furthermore, Specific Absorption Rate (SAR), assessing radiation’s impact on humans, is considered.
Simulations of SAR for different MIMO antenna systems near the head, hand, or leg consistently meet
safety standards, ensuring that MIMO antenna systems pose no radiation threat to human health.

INDEX TERMS LTE, 5G, multi-band, MIMO antenna, coupled-feed.

I. INTRODUCTION
With the continuous advancement of modern communication
technology, fifth-generation (5G) communication technol-
ogy has been born under the social demand for the internet
and electronic communication equipment to meet the grow-
ing demand for communication transmission. In addition,
the Multiple-Input Multiple-Output (MIMO) antenna system
has the characteristics of increasing channel capacity and
spectrum efficiency. As channel capacity increases, so does
the transmission rate of the MIMO antenna system, allow-
ing it to satisfy high-throughput and high-rate transmission
requirements [1], [2], [3], [4], [5]. Therefore, MIMO antenna
technology based on multi-antenna transmission has attracted
a lot of attention [6], [7], [8], [9], [10].

The reason is that MIMO antenna technology is to set
multiple antennas in communicating electronic devices such
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as smartphones, tablets, and laptops. As the size of communi-
cation electronic equipment gradually decreases, it becomes
difficult to design antennas in the limited area of communi-
cation electronic equipment. In the same time, it is difficult
to maintain good isolation between antennas in a small space
because the antennas can interfere with each other and affect
signal transmission [11], [12], [13], [14], [15], [16].

This paper discusses some antenna design research in
recent years and lists the following issues:

1) Inrecentyears, due to the popularity of 5G communica-
tion technology, there are many antenna designs used in
Sub-6G and 5G NR frequency bands that are worthy of
reference. In [17], the H-shaped monopole antenna for
laptop was proposed. This antenna can be installed on
the laptop without an additional ground plane and uses
an ultra-thin size to reach the 5G NR band, which is a
very suitable application for modern ultra-thin laptops.
In [18], a 4 x 4 MIMO antenna system for smart-
phones was designed. The antenna is composed of four
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octagonal ring structures and is designed on a flexible
substrate. This antenna can show good antenna perfor-
mance in both WLAN and Sub-6G. At the same time,
the impact of SAR on the human body has also been
analyzed in the literature, showing the flexibility of this
antenna in smartphones. Therefore, it can be under-
stood that antennas for current portable communication
devices tend to be designed in high-frequency bands,
such as the Sub-6G or 5G NR frequency bands [2], [6],
[10], [19], [20], [21]. However, such a trend neglects
LTE and other low-frequency bands, making the appli-
cation range of antennas on communication devices
relatively simple.

2) To make the designed antenna have more transmission
frequency bands, some literature combines more than
two frequency bands into a single antenna (such as
LTE and Sub-6G) to achieve multi-band data trans-
mission [14], [15], [22], [23], [24], [25]. However, the
low-frequency bands (below 1 GHz) require longer
wavelengths, which can make the antenna structure
overly complex within limited space or necessitate pas-
sive components to achieve the LTE frequency band.
This method increases the cost and complexity of
antenna design and manufacture.

3) Currently, the design space for antennas within com-
munication devices is continuously shrinking, posing a
challenge to achieve high isolation between antennas
in MIMO antenna systems. As a solution to enhance
isolation, certain studies have proposed the simultane-
ous use of two different antenna structures to realize
a multi-band MIMO antenna system [26], [27]. This
approach takes advantage of the characteristic of a
smaller overall area for high-frequency antennas and
the requirement for a larger area for low-frequency
antennas. A MIMO antenna system is formed when
antennas of different frequency bands are placed at
different positions within the communication device.
However, achieving effective isolation becomes diffi-
cult due to the limited space in communication devices
and the close proximity of antennas.

According to the problems discussed above, it is consid-
ered that MIMO antennas currently used in mobile commu-
nication equipment should have the following characteristics:

1) Different frequency bands are concentrated in one
antenna to increase the overall practicability of the
antenna, so the antenna itself has multiple frequency
bands. Then use this antenna to configure the MIMO
antenna system for electronic devices of different sizes,
to achieve multi-band and multi-channel transmission
performance.

2) The multi-band antenna should be designed in a pla-
nar structure, and use the coupled-feed structure to
realize the LTE frequency band without using passive
components as much as possible [9], [28]. This design
method can make the antenna realize the low-frequency
band with a more straightforward structure, and the
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low-frequency band is not easily affected by the
high-frequency branch to cause frequency deviation.
In addition, the position of the frequency band on the
antenna branch can be judged more clearly, and the
antenna frequency band can be adjusted more quickly.
3) A MIMO antenna system that meets the above two
conditions can directly optimize isolation by changing
the antenna position and keeping all antennas’ isolation
below —10dB [29]. In other literature, —10dB or less
is also used as the antenna isolation standard of the
antenna [2], [4], [5], [7], [81, [12], [13], [26], [28], [29].
This paper proposes a multi-band antenna that realizes the
LTE900 frequency band through the coupled-feed structure
without using passive components. At the same time, the
antenna can also cover high-frequency bands such as Sub-6G
and WiFi 7. The simulation and measurement analysis of the
multi-band antenna has very similar results, which proves that
the stable structural characteristics of the multi-band antenna
can quickly design MIMO systems on various electronic
devices such as smartphones, tablets, and laptops. Therefore,
the isolation of the MIMO antenna system can be optimized
by changing the position of each multi-band antenna. In this
paper, MIMO antenna systems on different electronic devices
use FR-4 substrates for planar design. The manufacturing
process is easy and low-cost and will not cause radiation dam-
age to the human body. This paper will introduce the results
of the multi-band antenna structure design and evolution sim-
ulation in Section II. Section III analyzes and compares the
performance of MIMO antenna systems through simulation
and measurement. Section I'V discusses the radiation effects
of MIMO antenna systems on the human body on different
devices, and the research results of MIMO antenna systems
are compared with similar references. Finally, Section V
summarizes the results and conclusions for MIMO antenna
systems.

Il. PROPOSED MULTI-BAND ANTENNA SYSTEM DESIGN
A. PROPOSED ANTENNA DESIGN DIMENSIONS AND
BRANCH ANALYSIS

Fig. 1 depicts the design structure of the multi-band antenna
suggested in this research, and Table 1 depicts the antenna’s
precise dimensions. The multi-band antenna proposed in this
paper adopts a monopole antenna structure and is designed
on an FR4 substrate with a plane size of 12.5 mm X
60 mm x 0.8 mm (dielectric constant is 4.4 and loss tangent
is 0.02). The design of the multi-band antenna branch is
shown in Fig. 2.

The low-frequency band needs to correspond to a longer
wavelength. Therefore, in order not to complicate the
multi-band antenna structure, the low-frequency part adopts
a coupled-feed structure to radiate current to the ground
line, coupling the 860-940 MHz frequency band in this way,
as shown in Fig. 2 from point A to point B. To make the
low-frequency cover more LTE frequency bands, the fre-
quency band of 950-1060 MHz is coupled out by adjusting
the width of the branch, as shown from point A to point C
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i A : feeding point
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FIGURE 1. Proposed multi-band antenna size structure.

TABLE 1. Proposed multi-band antenna detailed dimensions table.

Parameter Value(mm) Parameter Value(mm)
W, 60 Wi 1
W, 35 L, 12.5
W; 21 L, 7.5
W, 6 L 3
Ws 10 Ly 1
We 20 Ls 7
W; 17 Lg 4
W 16 L, 2
Wo 25 Lg 1
Wi 4.5 Lio 0.5

A-B point : 860-940MHz
A-C point : 950-1060MHz
D-E point : 1550-2700Mhz

G-H point : 4270-5400MHz
D-F point : 5000-7710MHz

FIGURE 2. Analysis of the proposed multi-band antenna branch.

in Fig. 2. The Sub-6G frequency band is coupled to the
4270-5000 MHz frequency band by the L-shaped antenna
next to the feed point, as shown from point G to point H
in the figure. In addition, the short branch from point D
to point F couples out the 5000-7710 MHz frequency band
covering WiFi 7. Finally, connect the multi-band antenna to
the metal ground plane with a 50-ohm coaxial cable, as shown
at point G in the Fig.2. This is the branch analysis process of
the multi-band antenna.

B. ANTENNA EVOLUTION

This section uses antenna simulation software to simulate
and analyze the evolution steps of the designed multi-band
antenna, as shown in Fig. 3. Fig. 3(a) shows the evolution
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FIGURE 3. Evolution steps of the proposed multi-band antenna structure:
(a)steps 1 to 2, (b)steps 3 to 4 and (c)steps 5 to 6.

process of the multi-band antenna from step 1 to step 2.
In step 1 a 60 mm x 12.5 mm x 0.8mm rectangle was

VOLUME 11, 2023



M.-A. Chung et al.: Enhancing Multi-Band MIMO Antenna Stability for Various Electronic Applications

IEEE Access

designed as the FR-4 substrate to connect to the metal
ground plane of the laptop. The feed point is designed under
the FR4 substrate and in contact with the metal ground
plane of the laptop, and an L-shaped branch L; extends
from the feed point. In addition, a curved branch L, with
a total length of 57 mm is extended from 0.5 mm to the
right side of the feed point for simulation. The Si; of
the multi-band antenna in step 1 shows that the resonance
frequency bands with reflection coefficients below —6 dB
are 1.1 and 1.9 GHz. At the same time, the multi-band
antenna generates a frequency band covering the range of
5.45 to 7.34 GHz. In step 2, the resonance frequency band
of the multi-band antenna is shifted to 1.7-2.4 GHz (band-
width is about 360 MHz) when the reflection coefficient
S11 is lower than —6dB, the high frequency 5.98 GHz
generated in step 1, and is retained in the —7.11 GHz
frequency band.

Fig. 3(b) illustrates the evolutionary process from Step 3 to
Step 4. In Step 3, the width of the L, front-end is increased,
resulting in the multi-band antenna generating a resonant
frequency at 980 MHz, with the S1; reflection coefficient
meeting the standard of being below —6 dB. Meanwhile,
the frequency bands generated by the multi-band antenna’s
S11 in Steps 1-2, namely 1.7, 2.4, 5.98, and 7.11 GHz, are
still present. Step 4 involves the generation of a resonant
frequency range from 900 MHz —1.03 GHz (approximately
200 MHz bandwidth) through the use of the differently sized
curved branch, L3, on the right side. Additionally, in Step 4,
the frequency range of 1.71 and 2.4 GHz is expanded to
1.57-2.58 GHz.

Fig. 3(c) shows the evolution process from step 5 to step 6.

Step 5 adds a 3.9mm short branch L4 to the L; branch
to increase the bandwidth above 5G while retaining the
frequency bands of 860-1060 MHz and 1.58-2.58 GHz.
In step 6, in order to realize the working frequency band of
Sub-6G, add an L-shaped branch Ls at 1.5mm to the left
of the feeding point. Extend the multi-band antenna high
frequency band from 4.25-7.7 GHz. After the above adjust-
ments, the proposed multi-band antenna effectively covers
multiple operating frequency bands, including LTE, 2.4 GHz,
Sub-6 G, and WiFi 7.

C. PROPOSED CONFIGURATION OF MIMO ANTENNA
SYSTEM ARCHITECTURE

The MIMO antenna system proposed in this paper can be
applied to electronic devices such as smartphones, tablets,
and laptops, and its configuration framework is shown in
Figs. 4-5. The MIMO antenna system is designed on a
15-inch laptop with a size of 330mm x 220mm and consists
of 10 identical multi-band antennas arranged with a distance
of 20mm between antennas, as shown in Fig. 4. Addition-
ally, the dimensions of smartphones and tablets are 2 x 2
MIMO antenna systems of 70 mmx 120 mm and 10 x 10
MIMO antenna systems of 260 mmx200 mm, as shown
in Fig. 5.
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FIGURE 5. Configurations of the MIMO antenna system on different
devices: (a)smartphone and (b)tablet.

D. SURFACE CURRENT ANALYSIS OF THE MIMO
ANTENNA SYSTEM

The operational principle of an antenna relies on the current
flowing into the antenna from the feed point. The current is
distributed among different branches of the antenna, each tai-
lored to achieve impedance matching for specific frequency
bands, resulting in the generation of radiating electromag-
netic waves.

Figs. 6-8 show simulated surface current distributions for
MIMO antenna systems. When the frequency is 900 MHz of
Ant.1 in the MIMO antenna system, the current converges
in the L2 branch as shown in Fig. 6(a). In Fig. 6(b), when
the frequency is 1 GHz, the current flows to the right L3
branch to generate a resonance frequency band of 1.03 GHz.
In the antenna system, the frequency is 1.76 GHz of Ant.1
exhibits concentrated current on the L1 branch, as shown
in Fig. 6(c), while at a frequency of 2.4 GHz, the current flows
concentratedly between the two ends of L1 and L2, as shown
in Fig. 6(d). When Ant.1 is at 4.43 GHz frequency, the current
converges on the L-shaped branch on the left side of the
feeding point to generate a 4.2-4.9 GHz, as shown in Fig. 6(e).
At 4.8 GHz, the currents converge at L close to the feed point
to generate a frequency band of 6.25-7.4 GHz. The above
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FIGURE 6. Simulated surface current distribution at different frequencies
for the proposed MIMO antenna system Ant.1: (2)900 MHz, (b)1020 MHz,
(€)1760 MHz, (d)2420 MHz, (€)4430 MHz, (f)4800MHz, (g)6250 MHz and
(h)7400 MHz.
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FIGURE 7. Simulated surface current distribution at different frequencies
for the proposed MIMO antenna system Ant.2: (a)900 MHz, (b)1020 MHz,
(€)1760 MHz, (d)2420 MHz, ()4430 MHz, (f)4800MHz, ()6250 MHz and
(h)7400 MHz.
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FIGURE 8. Simulated surface current distribution at different frequencies
for the proposed MIMO antenna system Ant.7: (2)900 MHz, (b)1020 MHz,
(€)1760 MHz, (d)2420 MHz, (e)4430 MHz, (f)4800MHz, (g)6250 MHz and
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multi-band surface current analysis is consistent with the
results shown by the evolution of multi-band antennas.
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FIGURE 9. Simulated surface current distribution at different frequencies
for the proposed smartphone MIMO antenna system Ant.1: (a)900 MHz,
(b)1020 MHz, (c)1760 MHz, (d)2420 MHz, (€)4430 MHz, (f)4800MHz,
(8)6250 MHz and (h)7400 MHz.
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FIGURE 10. Simulated surface current distribution at different
frequencies for the proposed tablet MIMO antenna system Ant.1:
(a)900 MHz, (b)1020 MHz, (c)1760 MHz, (d)2420 MHz, (€)4430 MHz,
(f)4800MHz, (g)6250 MHz and (h)7400 MHz.

In Figs. 7-8, the simulated surface current distribution of
Ant.2 and Ant.7 within the MIMO antenna system closely
resembles that of Ant.1 because this similarity is due to the
fact that Ant.1, Ant.2, and Ant.7 all utilize the same structure
of the multi-band antenna. The antennas within the MIMO
antenna system exhibit symmetry or mirror relationships.
Specifically, Ant.1 and Ant.3, Ant.7 and Ant.8 are in sym-
metric relationships, while Ant.1 and Ant.4, Ant.2 and Ant.5,
Ant.7 and Ant.8, Ant.9 and Ant.10 are mirror relationships.
Therefore, the simulation results for Ant.1, Ant.2, and Ant.7
represent the simulation results for all Multi- Band antennas
in the system.

Figs.9 and 10 show the results of simulating the surface
current of the MIMO antenna system on electronic devices of
different sizes. Even if the system is applied to smartphones
and tablets, the surface current distribution presented by it
is also similar to that of the surface current distribution of a
laptop is very similar. Due to the relatively smaller grounding
area of smartphones, the surface current intensity at 900MHz
frequency is slightly weaker in simulation. However, the
overall current flow direction is the same as that of laptop
and tablet computers. The above analysis results show that the
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FIGURE 12. Results of simulation and measurement of the proposed MIMO antenna system on
different electronic devices: (a)tablet and (b)smartphone.

antenna structure in multi-band MIMO antenna can stabilize
the current flow, making the MIMO antenna system less
susceptible to equipment size changes affecting the operating
frequency band. Furthermore, this also confirms the practical-
ity of the application of the MIMO antenna system in various
electronic devices.

Ill. ANTENNA ANALYSIS
A. ANTENNA S-PARAMETER ANALYSIS
Each multi-band antenna has a symmetrical or mirror rela-
tionship with each other in the MIMO antenna system,
so these multi-band antennas show highly similar measure-
ment and simulation results. In the MIMO antenna system
configuration, whether it is a laptop, a tablet, or a smart-
phone, it is composed of the same multi-band antenna.
The only difference between these devices is that the size
of the ground plane is different. Therefore, only Ant.l,
Ant.2, and Ant.7 are needed to express the simulation and
measurement results of the reflection coefficients of all
antennas.

Fig. 11(a) is the Si; simulation and measurement
results of the laptop Ant.l. In the simulation pro-
cess, the frequency bands of Ant.1 are 820-1100 MHz
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(bandwidth is about 290 MHz), 1.44-2.67 GHz (band-
width is about 1230 MHz), and 4.27-7.82 GHz (bandwidth is
about 3010 MHz), and produces resonance points below
—6dB at 900 MHz and 1.02, 1.76, 2.42, 4.43, 6.25, 7.4 GHz.
In the process of measurement, the frequency bands of Ant.1
are 820-1100 MHz (the bandwidth is about 290 MHz),
1.44-2.67 GHz (the bandwidth is about 1230 MHz), and
4.27-7.82 GHz (the bandwidth is about 3010 MHz), and pro-
duces resonance points below —6 dB at 920 MHz and 1.06,
1.73, 2.4, 451, 5.72, 7.4 GHz. The reflection coefficients
of Ant.2 and Ant.7 are shown in Fig. 11(a) and 11(b),
respectively. It can be seen from Fig. 11(a) and 11(b) that
the reflection coefficient simulation and measurement results
of Ant.2 and Ant.7 are very similar to those of Ant.1. It is
verified that no matter how the antenna position of the MIMO
antenna system is adjusted, the frequency band change will
not be affected. Additionally, when different numbers of
multi-band antennas are deployed on smartphones and tablets
with different ground plane sizes, the measured and simulated
reflection coefficients show the same frequency band trend,
as shown in Figs. 12(a) and 12(b). The above results show
that the number of antennas configured or the size of the
ground plane does not affect the frequency band of the MIMO
antenna system.
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FIGURE 13. MIMO antenna system isolation simulation and measurement results: (a)laptop,

(b)tablet and (c)smartphone.

Fig. 13 illustrates the simulated and measured isolation
results of the MIMO antenna system on different elec-
tronic devices. In Fig. 13, the isolation levels of the MIMO
antenna system on the laptop are all below —10 dB, indi-
cating favorable antenna-to-antenna isolation performance.
Within the MIMO antenna system, it is observed that each
multi-band antenna needs to be separated by at least 20 mm
to achieve optimal isolation. Given the mirror relationships
between Ant.1-Ant.3 and Ant.4-Ant.6, as well as Ant.7-
Ant.8 and Ant.9-Ant.10, the isolation results of Ant.1-Ant.2,
Ant.1-Ant.7, and Ant.7-Ant.8 in Figs. 13(a) and 13(b) can
represent the isolation performance of all antenna combina-
tions within the MIMO antenna system.
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The antenna isolation represents as (1) and (2) [30].

dh
Iy |dB|= 22 + ZOZgT — [G1x (¢) + Gre (9)]
I, [dB] = 28 +401g (1/1)

ey
@)

As depicted in Figs. 13(a) and (b), both the laptop and tablet
exhibit very similar isolation levels at low frequency, approx-
imately —10 dB. On the other hand, the simulated results for
the MIMO antenna system in smartphones at low frequencies
only reach -5 dB. This discrepancy may be attributed to
the smaller ground plane area in the smartphones, which
reduces the antenna spacing and consequently results in a
simulated isolation level very close to —5 dB. So, the result of
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FIGURE 14. Gain results of simulation and measurement results of the MIMO antenna system for laptop: (a)Ant.1, (b)Ant.2 and (c)Ant.7.
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FIGURE 15. Efficiency results of simulation and measurement results of the laptop MIMO antenna system: (a)Ant.1, (b)Ant.2 and (c)Ant.7.

isolation is the same with (1) and (2). However, measurement
results for the MIMO antenna system in smartphones can
still achieve isolation levels below —10 dB, even approach-
ing —20 dB, as demonstrated in Fig. 13(c). It shows that,
despite the smaller ground plane area in smartphones, the
overall isolation remains below —10 dB, and in some cases,
can even approach —20 dB, as shown in Fig. 13(c).

B. ANALYSIS OF ANTENNA GAIN AND EFFICIENCY
Fig. 14(a) shows the simulated peak gain values in the
MIMO antenna system on the laptop for Ant.1 at frequencies
of 900 MHz and 1.02, 1.76,2.42, 4.43, 6.25, and 7.4 GHz are
2.7,3.2,4.7,3.7,3.3, 4.5, and 4.5 dBi, while the measured
peak gain values are 1.0, 2.5, 4.1, 2.7, 3.8, 4.0, and 4.1 dBi.

Fig. 15(a) shows the simulated efficiencies in the MIMO
antenna system on the laptop for Ant.1 at frequencies
of 900 MHz and 1.02, 1.76,2.42,4.43, 6.25, and 7.4 GHz are
77, 68,92, 81, 67, 83, 73%, respectively, while the measured
efficiencies are 62, 48, 80, 59, 64, 71, and 62%.

According to the results, the MIMO antenna system’s
highest efficiency is close to 62% at low frequencies (below
1 GHz) and about 71% at high frequencies (above 1 GHz).
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Additionally, Ant.1, Ant.2, and Ant.7 have the same antenna
structure, so the gain simulation the same structure, the
resonant modes of the antennas will have a very similar
tendency. The MIMO and measurement results demonstrate
consistent outcomes. In the same time, the gain and effi-
ciency results when the multi-band MIMO antennas are
configured on tablets and smartphones also show the same
trends as that of laptop MIMO antenna systems, as shown
in Figs. 16 and 17.

C. ANALYSIS OF ANTENNA RADIATION PATTERNS
It can be seen from Section III-A that there is a symmetrical
or mirror relationship between each multi-band antenna of
the MIMO antenna system. Each multi-band antenna has the
same antenna structure, so the resonance mode of the antenna
has a very similar trend, and the same is true for the radiation
pattern of the MIMO antenna system. As shown in Fig. 18,
the antenna system was measured based on the XYZ axis set
up in the chamber, and the same XYZ axis settings were used
for simulation in the electromagnetic simulation software.
Fig. 19 is a 2D gain radiation pattern diagram of the
MIMO antenna system on the XY, XZ and YZ planes.
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FIGURE 16. Gain results of simulation and measurement results of the MIMO antenna system:
(a)tablet Ant.1 and (b)smartphone Ant.1.
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FIGURE 17. Efficiency results of simulation and measurement results of MIMO antenna system:
(a)tablet Ant.1 and (b)smartphone Ant.1.

FIGURE 18. MIMO antenna system measurement far-field erection photos: (a)laptop, (b)tablet and (c)smartphone.

It can be seen from the radiation pattern that the sim- system at frequencies of 900 MHz and 1.02, 1.76, 2.42,
ulation and measurement results of the MIMO antenna 443, 6.25, 7.4 GHz all present similar radiation trends,
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FIGURE 19. 2D Radiation pattern of a laptop MIMO antenna system: (a)900 MHz, (b)1020 MHz, (c)1760 MHz, (d)2420 MHz, (e)4430 MHz,
(f)6250 MHz and (g)7400 MHz.

which verifies that the MIMO antenna system can sta- and the predicted and observed gain radiation patterns
bly transmit multichannel signals. Furthermore, the MIMO demonstrate an excellent omnidirectional trend, as illustrated
antenna system is configured for tablets and smartphones, in Figs. 20 and 21.
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FIGURE 19. (Continued.) 2D Radiation pattern of a laptop MIMO antenna system: (a)900 MHz, (b)1020 MHz, (c)1760 MHz, (d)2420 MHz, (e)4430 MHz,

(f)6250 MHz and (g)7400 MHz.

D. ENVELOPE CROSS-CORRELATION (ECC)

ECC is a performance metric that is used to evaluate antennas
and is often used to measure the correlation between different
antennas in an antenna array, especially in MIMO antenna
communication systems or radar systems. The simulated and
measured results of ECC for a MIMO antenna system in free
space are shown in Figure 22(a). Currently, the overall ECC
of the MIMO antenna system is below 0.5, with ECC values
slightly higher in the frequency range below 1.5 GHz com-
pared to other frequency bands. This issue can be explored
by examining the formula for calculating ECC, as presented
in (3) [31]

2
SiSi+ 578y

(1= (sl + [si)) (1 = (183l + 1s3%))

ECC = 3)
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In this paper, a compact, planar, and MIMO design approach
was adopted. Implementing any of the aforementioned
methods may potentially deviate from the original design
requirements. With the criterion for ECC consistently below
0.5 [2], [12], [13], [27], [31], the overall ECC of the
MIMO antenna system in this paper is all below 0.5. This
indicates that the MIMO antenna system in this paper pos-
sesses independent and satisfactory antenna performance.
Therefore, no further measures were taken to improve ECC
performance.

In addition, due to the mirror and symmetric relation-
ship between each multi-band antenna, the ECC anal-
ysis of Ant.1-Ant.2, Ant.1-Ant.7 and Ant.7-Ant.§ can
represent all MIMO antenna systems’ ECC results. Fur-
thermore, as observed in Figs. 22 (a) and 22(b), the
MIMO antenna system demonstrates remarkably similar
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FIGURE 20. 2D Radiation pattern of a tablet MIMO antenna system: (a)900 MHz, (b)1020 MHz, (c)1760 MHz, (d)2420 MHz,
(€)4430 MHz, (f)6250 MHz and (g)7400 MHz.

ECC results even when integrated within tablet com- antenna system’s practical usefulness in many electronic
puters or smartphones. This further verifies the MIMO gadgets.
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FIGURE 20. (Continued.) 2D Radiation pattern of a tablet MIMO antenna system: (a)900 MHz, (b)1020 MHz, (c)1760 MHz, (d)2420 MHz, (e)4430 MHz,

(f)6250 MHz and (g)7400 MHz.

Fig. 13 shows the isolation simulation and measurement
results. It can be seen that the isolation in the frequency band
below 1.5 GHz is relatively poor compared to other frequency
bands. Therefore, the ECC of 1.5 GHz is also higher than
other frequency bands. The performance of the representative
MIMO antenna system is consistent with formula (2).

Based on the above analysis results of the MIMO antenna
system, it is confirmed that the gain of the antenna is about
2.5dBi at low frequencies, and the efficiency is as high as
about 62%, while the peak gain at high frequencies reaches
about 4.1dBi, and the efficiency is as high as about 70%.
In addition, the MIMO antenna system can stably keep the
isolation between antennas below —10 dB, and the ECC is
kept below 0.5, whether it is on a laptop, tablet, or smart-
phone. performance in electronic devices.

IV. HUMAN BODY EFFECT ANALYSIS

A. HUMAN BODY MODEL

Because wireless communication must be delivered via the
antenna, electromagnetic radiation is produced in the process,
and the MIMO antenna system is an electronic product used
close to the human body, so it is important to investigate
whether the MIMO antenna system has radiation hazards to
the human body. In this paper, the MIMO antenna system is
placed on parts of the human body that use laptops, tablets,
and smartphones for simulation, such as the head, hands, and
legs, as shown in Figs. 23-25, to observe the impact of the
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MIMO antenna system on whether the human body has health
effects.

B. ANALYSIS OF THE IMPACT OF SAR

ON THE HUMAN BODY

Many countries have formulated relevant regulations on
the radiation value of electronic products, called Spe-
cific Absorption Rate (SAR). SAR is mainly used to
assess whether electronic equipment can cause potential
harm to the human body. In the United States (US),
SAR is regulated by the Federal Communications Com-
mission (FCC) guidelines, which stipulate that 1g SAR
must be less than 1.6W/kg. Furthermore, according to the
European Conformité Européenne (CE) rule,10g SAR must
be less than 2W/kg. The above SAR value is calculated
based on the power absorbed by a specific volume in a
specified time, and the calculation formula is expressed

in (4) [32]:
d ( dw ) d (dW )
SAR=—|—)=—— €
dt \DM dt \ pdV

Figs. 26 and 28 show the power values of 1g SAR and 10g
SAR calculated when the MIMO antenna system of a smart-
phone is 2mm away from the head. Here, the MIMO antenna
system is hidden for easy observation. Table 2 displays the
MIMO antenna system’s detailed SAR values at the follow-
ing frequencies. When the feeding power is 0.1W (20dBm),
several important frequencies 900MHz and 1.02, 1.76, 2.42,
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FIGURE 21. 2D Radiation Pattern of a smartphone MIMO Antenna System: (a)900 MHz, (b)1020 MHz, (c)1760 MHz,
(d)2420 MHz, ()4430 MHz, (f)6250 MHz and (g)7400 MHz.

4.43, 6.25, and 7.4 GHz of the MIMO antenna system are analysis of the impact of the MIMO antenna system on the
analyzed and simulated, respectively. Fig. 28 provides an power density (PD) within human body regions of 1 cm? and
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FIGURE 21. (Continued.) 2D Radiation Pattern of a smartphone MIMO Antenna System: (a)900 MHz, (b)1020 MHz, (c)1760 MHz, (d)2420 MHz,
(e)4430 MHz, (f)/6250 MHz and (g)7400 MHz.
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FIGURE 22. ECC measurement results for MIMO antenna systems: (a)laptop, (b)tablet and (c)smartphone.

FIGURE 23. Smartphone MIMO antenna system placed on a human head FIGURE 24. Smartphone MIMO antenna system placed on a human hand
model. model.

4 ¢cm? at 6.25 GHz and 7.4 GHz. Furthermore, was carried power is increased from 20 dBm (0.1W) to 26 dBm (0.4W).
out to observe the SAR values for 1g and 10g when the The results in Fig. 29(a) and (b) indicate an increase in
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(a)

FIGURE 25. The MIMO antenna system is placed on the human leg model: (a)tablet and

(b)laptop.

900 GHz

FIGURE 26. Simulated 1g SAR results of the MIMO antenna system for smartphones on the head frequencies: 900 MHz, 1.02 GHz,

1.76 GHz, 2.42 GHz and 4.43 GHz.

TABLE 2. 1G SAR and 10G SAR values of smartphone MIMO antenna system on the human head.

Frequency 1g SAR 10g SAR
900 MHz 0.235 0.134
1.02 GHz 0.277 0.168
1.76 GHz 0.332 0.202
2.42 GHz 0.708 0.476
4.43 GHz 0.412 0.294

SAR values for both 1g and 10g, but they remain within the
standard range. The SAR value at 26 dBm is 0.77 higher
for 1g and 0.47 higher for 10g compared to the 20 dBm
SAR values. Therefore, it can be concluded that SAR values
gradually increase with higher input power. After optimiza-
tion adjustments, the proposed MIMO antenna system in this
paper ensures that the SAR values for the MIMO antenna
system deployed on various electronic devices are maintained
within the standard range.

Figs. 30-38 show the SAR and PD effects of MIMO
antenna systems for tablets and laptops at the positions of the
hands and legs of the human body, and Table 3 to Table 5 are

VOLUME 11, 2023

the detailed values of all SARs of MIMO antenna systems
at the corresponding frequencies. All of the MIMO antenna
system’s SARs and PDs are within the specified range, and it
has also been proved that the MIMO antenna system has no
negative impacts on the human body.

C. COMPARISON OF PERFORMANCE WITH OTHER
ANTENNAS

Table 6 compares the MIMO antenna system proposed in
this paper with other literature, and Table 7 compares the
frequency range covered by the MIMO antenna system
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FIGURE 27. Simulated 10g SAR results of the MIMO antenna system for smartphones on the head frequencies: 900 MHz, 1.02 GHz,

1.76 GHz, 2.42 GHz and 4.43 GHz.

6.25 GHz
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FIGURE 28. Smartphone MIMO antenna system on the head PD simulation results at

4cm2: 6.25 GHz and 7.4 GHz.

20dBm(0.1W)

26dBm(0.4W)

(@)

FIGURE 29. 1g SAR and 10g SAR simulation results of smartphone MIMO antenna system at head frequency 1.76 GHz: (a) 20 dBm and (b) 26 dBm.

with the antenna coverage in other literature. The com-
parison of Table 6 and Table 7 shows that the proposed
MIMO antenna system covers many kinds of operat-
ing frequency band, including LTE900 (880-960 MHz),
LTE1700 (1710-2155 MHz), LTE1800 (1710-1880 MHz),
LTE1900 (1850-1990 MHz), LTE2100 (1920-2170 MHz),

129392

LTE2300 (2305-2360 MHz), LTE2500 (2496-2690 MHz),
LTE2600 (2500-2690 MHz), GPS (1176 MHz, 1277 MHz),
n79 (4400-5000 MHz) and WiFi 7 (6250-7150 MHz)
frequency bands, and the MIMO antenna system has
good isolation below —10dB. multi-band antenna MIMO
also has a maximum gain of up to 4.1dBi in terms
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FIGURE 30. Simulated 1g SAR results of the MIMO antenna system for smartphones on the hand frequencies: 900 MHz,
1.02 GHz, 1.76 GHz, 2.42 GHz and 4.43 GHz.
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FIGURE 31. Simulated 10g SAR results of the MIMO antenna system for smartphones on the hand frequencies: 900 MHz,
1.02 GHz, 1.76 GHz, 2.42 GHz and 4.43 GHz.
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FIGURE 32. Smartphone MIMO antenna system on the hand PD simulation results
at 4cm?2: 6.25 GHz and 7.4 GHz.

of performance, and the highest efficiency value is 71%, as smartphones, tablets, and laptops. The antennas designed
so it can be used in various electronic devices such in [5], [8], [15], [16], [19], and [27] mainly the Sub-6G or
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FIGURE 33. Simulated 1g SAR results of the MIMO antenna system for tablet on the leg frequencies: 900 MHz, 1.02 GHz,
1.76 GHz, 2.42 GHz and 4.43 GHz.

900 GHz

FIGURE 34. Simulated 10g SAR results of the MIMO antenna system for tablet on the leg frequencies: 900 MHz, 1.02 GHz,
1.76 GHz, 2.42 GHz and 4.43 GHz.

FIGURE 35. Tablet MIMO antenna system on the leg PD simulation results at 4cm?2:
6.25 GHz and 7.4 GHz.

5G frequency band and are usually only applicable to a antennas proposed in [9] and [17] have the working fre-
specific single electronic device. In addition, although the quency band of LTE and WLAN 2.4 GHz, none of these
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FIGURE 36. Simulated 1g SAR results of the MIMO antenna system for laptop on the leg frequencies: 900 MHz, 1.02 GHz,
1.76 GHz, 2.42 GHz and 4.43 GHz.

900 GHz

IEEE/IEC627!
9

FIGURE 37. Simulated 10g SAR results of the MIMO antenna system for laptop on the leg frequencies: 900 MHz, 1.02 GHz,
1.76 GHz, 2.42 GHz and 4.43 GHz.

6.25 GHz 7.4GHz

FIGURE 38. Laptop MIMO antenna system on the leg PD simulation results at 4cm?:
6.25 GHz and 7.4 GHz.

antenna designs can cover the frequency bands of Sub-6G such as LTE Both require the use of passive components
and WiFi 7 at the same time, and in lower frequency bands to achieve. On the contrary, MIMO antenna systems can
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TABLE 3. 1G SAR and 10G SAR values of smartphone MIMO antenna system in the human hand.

Frequency 1g SAR 10g SAR
900 MHz 1.84 0.499
1.02 GHz 1.66 0.41
1.76 GHz 0.839 0.285
2.42 GHz 1.19 0.588
4.43 GHz 243 0.71
TABLE 4. 1G SAR and 10G SAR values of tablet MIMO antenna system on a human leg.
Frequency 1g SAR 10g SAR
900 MHz 0.308 0.156
1.02 GHz 0.268 0.203
1.76 GHz 0.324 0.246
2.42 GHz 0.227 0.152
4.43 GHz 0.23 0.138
TABLE 5. 1G SAR and 10G SAR values of the laptop MIMO antenna system on a human leg.
Frequency 1g SAR 10g SAR
900 MHz 0..0039 0.0025
1.02 GHz 0.0039 0.0106
1.76 GHz 0.991 0.732
2.42 GHz 0.478 0.298
4.43 GHz 2 0.903
TABLE 6. Performance comparison of the proposed MIMO antenna system with antennas in the literature.
Size . Operating Band Efficiency Isolation Gain
Ref. (mm) Applied to (MHz) %) (dB) (dBi) MIMO
[10] 150x75x0.8 Smartphone 3200-7300 =61 -12 - 8x8
[4] 4x19%0.8 Smartphone 3400-3600 =41 -12 - 8x8
4800-5000 =38 -15
[5] 21.8x7x2 Smartphone 3300-3600 =71 -24 - 8x8
4400-5000 =68 -26
[13] 15x3x0.4 Laptop 3400-3800 =42 -10 - 4x4
4800-5000
[14] 130x3x0.4 Laptop 700-900 40-65 -15 0.5-1.9 2x2
1800-250 51-73 1.8-3.8
[19] 22.3x3.5x Laptop 2400-2485 =78 - 4.6 -
04 4740-7260
[21] 13.9x7x0.8 Smartphone 3100-6000 41-69 -10 - 8x8
[29] 150x80x0.8 Smartphone 3400-3600 62-76 -17.5 - 8x8
Proposed antenna 12.5%x60x0.8 Smartphone 880-960 =62 -17 2.5 2x2
Tablet 1710-2690 =80 -18 44 10x10
Laptop 4400-5000 >64 -18 2.7
6250-7150 =71 -18 4.1

TABLE 7. Comparison of the covered frequency bands between the proposed MIMO antenna system and the antennas in the literature.

Ref LTE LTE WLAN Sub-6G WiFi-6E
’ 880-960 MHz 1700-2600 MHz 2400-2462 MHz 4400-500 MHz 6250-7150 MHz

[10] - - - Supported Supported

[4] - - - Supported -

[5] - - - Supported -

[13] - - - Supported -

[14] Supported Supported - - -

[19] - - Supported - Supported

[21] - - - - -

[29] - - - Supported -
Proposed antenna Supported Supported Supported Supported Supported

simultaneously implement multiple frequency bands from
LTE to Sub-6G and WiFi 7 without any passive components

to achieve the required frequency bands. The MIMO antenna
system shows ideal results in terms of frequency coverage,
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isolation, and antenna performance, and is versatile enough
to be adapted to different electronic devices without affecting
antenna performance.

V. CONCLUSION

This paper proposes a MIMO antenna system that applies
to various electronic devices such as laptops, tablets, and
smartphones, covers multiple frequency bands at the same
time, and the antenna also complies with the SAR and PD
standards and does not affect human health. Through the
simple coupled-feed structure, the multi-band antenna real-
izes the LTE frequency band at the same time without using
any passive components, and realizes the Sub-6G and WiFi
7 working frequency bands by the monopole antenna struc-
ture, while stably maintaining the isolation below —10dB
degree and good antenna performance. The MIMO antenna
system has shown good efficiency and gained results in
measurement. To reduce costs and make the adjustment of
the proposed antenna simpler, no passive components are
added to the design. Because the antenna cannot cover all
LTE frequency bands in a limited space. However, with-
out considering the cost factor, there are ways to make
the antenna include lower frequency bands by appropriately
adding passive components and adjusting them. When the
MIMO antenna system is configured on electronic devices
of different sizes, it can still retain all expected frequency
bands and antenna performance, showing excellence and sta-
bility. Finally, the MIMO antenna system proposed in this
paper can be applied to various electronic devices with a
simple structure, to adapt to ever-changing portable devices
in the future and greatly improve the practical performance
of mobile communication.
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