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In this paper, a wideband eight-element multiple-input multiple-output (MIMO) antenna array for 5G smartphone applications is
presented. Each antenna is composed of a dual-arm tortuous monopole radiating element with a double-stub tuner and an open
slot on the ground plane. Tuning stub microstrip lines are utilized to improve impedance matching. The operating bandwidth of
the single antenna element is from 3200 to 6000 MHz with three resonant frequencies. The operating bandwidth covers the 5G
new radio (NR) bands (n77/n78/n79) and the WLAN-5GHz band. The isolation of the proposed MIMO antenna array is above
10 dB in the entire operating band without any isolation elements. Furthermore, the proposed MIMO array was manufactured and
measured. The measured results validate that the MIMO antenna array has a wide 6-dB impedance bandwidth from 3.2 to 6 GHz
and the isolations are all more than 10 dB. The total efficiency ranges from 38% to 83%. The above results show that this MIMO
antenna array can support 5G applications in smartphones.

1. Introduction

In recent years, people have pursued higher access rates and
lower latency in the wireless network experience. Because
the 4G LTE is no longer satisfied with current users, the 5G
NR is proposed and rapidly expanding. The 3rd Generation
Partnership Project (3GPP) has released some frequency
bands, named n77 (3300-4200 MHz), n78
(3300-3800 MHz), and n79 (4400-5000 MHz) in its new
specification for 5G NR. However, different countries have
their own 5G frequency bands, but the selected frequency
bands are always within those three mentioned frequency
bands. Therefore, it is a good approach to design a wideband
antenna that covers all 5G NR bands to comply with the
specifications in the different countries.

MIMO technology is adopted to improve the access rate
of mobile devices. The MIMO technology is widely used in
5G communication, and the access rate has been signifi-
cantly improved by increasing the number of antenna array
elements at the transmitting and receiving ends. It is easier to
increase the number of antennas on the base station but is

not in the smartphone. Because of the limited volume size of
the smartphone, it is not easy to achieve high isolation of
adjacent antennas without using any isolation elements and
increasing the number of antennas simultaneously.

Some literature shows that the antenna itself is small but
the distances between adjacent antennas are not close.
Therefore, the isolation can reach more than 10dB [1-8].
Some common techniques such as the neutralization line
[9-11], self-isolated [12], polarization diversity [13], and
decoupling by adding parasitic branches [9] or slots [14, 15]
have been proposed and applied. Until now, many MIMO
antenna array designs have been reported [1-16], and most
of these papers proposed between 8 and 12 antenna elements
array. It is not easy to obtain a wide-frequency bandwidth
antenna with only one resonant mode to cover all 5G NR
bands. Several articles have presented wideband antennas
using multiple resonant modes [4-8, 15, 16]. For example,
some papers present a wideband antenna composed of
several individual elements which generated multiple and
close resonant frequencies [4, 5, 7, 8]. In [6], this article
presents a wideband loop antenna with creates a new
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FIGURE 1: (a) The configuration of the MIMO antenna array and (b) the detailed parameters of the single antenna element.

resonant mode between the fundamental mode and the
second harmonic mode. Therefore, this antenna creates
three resonant modes which are 0.5, 0.75A, and 1.04,
respectively, to obtain a wide frequency band. Creating
different current paths on a single antenna element generates
different resonant modes, such as the PIFA mode, the loop
mode, and the slot mode, to compose a wide frequency band
[16]. Most of the above studies fully cover the 5G NR bands
(n77/n78/n79) and agree with the specification of 5G
communications in different countries.

This article presents a wideband eight-element MIMO
array with a simple structure for 5G NR smartphone ap-
plications. A dual-arm tortuous monopole antenna with an
open slot to obtain a wide frequency bandwidth ranging
from 3.3 to 5.95 GHz covers the 5G NR frequency bands and
the WLAN-5GHz band. The MIMO antenna array has
isolation over 10 dB and is without any isolation elements or
techniques.

2. Antenna Geometry and Design Steps

2.1. The Geometry of the Single Antenna Element. As shown
in Figure 1(a), an eight-element antenna array is printed on
the inner surface of two side edges of the smartphone with
150 x 75 x 7.8 mm>. The antenna array is designed on a
0.8 mm thick FR4 substrate (relative permittivity 4.4 and loss

tangent 0.02). The ground plane is installed on the bottom
side of the smartphone substrate. The geometry and detail
parameters of the single antenna element are depicted in
Figure 1(b). The single antenna element includes two major
parts, a dual-arm tortuous monopole element and an open
slot on the ground plane, as shown in Figure 1(b). The single
antenna element is fed by a 50 Q microstrip line and the
three-dimensional size of the proposed single antenna is
12.7 x 6.4 x 2.7 mm?>. The distances of each antenna are also
depicted in Figure 1(a).

2.2. Design Steps of the Proposed Antenna Element. The
design steps of this antenna and its corresponding S pa-
rameters are shown in Figure 2. Reference antenna 1 (Ref. 1)
in Figure 2(a) is a tortuous monopole structure fed by a 50 Q
microstrip line, and it has one resonant frequency at ap-
proximately 3.8 GHz as the blue line shown in Figure 2(b).
Worse impedance matching can be observed on the resonant
frequency excited by the tortuous monopole structure.
Therefore, Ref. 1 with loading a double-stub tuner on the
feeding line to improve impedance matching, which forms
reference antenna 2 (Ref. 2). The impedance matching of the
resonant frequency at 3.8 GHz of Ref. 2 is greatly improved
as the green line shown in Figure 2(b). Next, a dual-arm
monopole structure is proposed in reference antenna 3 (Ref.
3) by etching an inverted-L slot on the tortuous monopole in
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FIGURE 2: (a) The design steps and (b) its corresponding S parameters of the proposed antenna element.

Ref. 2. This introduces an additional resonant frequency at
5.9GHz as the purple line in Figure 2(b). The resonant
frequency at 3.8 GHz will shift to the lower frequency of
approximately 3.4 GHz due to the lengthened electrical path
caused by the inverted-L slot. Finally, the addition of an open
slot on the ground plane forms the proposed antenna. An
additional resonant frequency at 4.5 GHz is excited as the
red line shown in Figure 2(b). The 6-dB impedance band-
width of the proposed antenna is from 3200 to 6000 MHz
and fully covers the required triple band.

To identify the excitation path of the resonant modes, the
surface current distributions at 3.5, 4.5, and 5.7 GHz are
shown in Figures 3 and 4. As shown in Figure 3(a), the
current path ABCDEF (28.6 mm) of the dual-arm monopole
structure excited at 3.5 GHz is approximately one-quarter
wavelength long. However, the current distribution at
5.7GHz consists of two current paths, as shown in
Figure 3(b). The first one is the path ABCDFGH (28.6 mm)
and two maximum currents with one current null can be
observed on the path. The one-half-wavelength excitation
can be inferred. The second one is the path ABCDE
(19.1 mm), approximately one-quarter wavelength long.
Because one maximum current on the path and a weak point
at the end of the path can be observed. From the current path
mentioned above, the resonant frequency at 3.5GHz is
generated by the longer arm of the dual-arm monopole
structure. The resonant frequency at 5.7 GHz is collabora-
tively excited by the longer arm and the shorter arm of the
dual-arm monopole structure. Next, the electric field and the
current distribution of the open slot excited at 4.5 GHz are
shown in Figures 4(a) and 4(b), respectively. There have
some features that are worth mentioning. First, the direction
of the electric field is perpendicular to the open slot path
ABC, as shown in Figure 4(a). Second, the intensity of the
electric field gradually decreases from the opening section to
the closed section, and the current distribution gradually

increases from the opening section to the closed section
conversely, as shown in Figures 4(a) and 4(b). From those
two features mentioned above, we can infer that the resonant
frequency at 4.5GHz is excited by the open slot on the
ground plane.

2.3. Parametric Studies. To validate that the dual-arm
monopole structure is responsible for the excitation of the
resonant frequencies at 3.5 and 5.7 GHz and the open slot is
responsible for the excitation of the resonant frequency at
4.5 GHz, parametric studies on L, (length of the longer arm),
W, (width of the longer arm), L, (length of the shorter arm)
and L; (length of the open slot) are investigated here. The
corresponding location of the parameters is shown in
Figure 5(a). Tuning L, will only affect the center frequency of
the resonant frequency (f) at 3.5 GHz, which decreasing L,
from 9.9 to 8.9 mm and the f, will shift from approximately
3.4 to 3.6 GHz, as shown in Figure 5(b). The optimum L, is
chosen to be 9.4 mm because it can achieve a wide enough
impedance bandwidth to cover the n77/78 bands and a good
impedance matching (S;, reaches —15 dB) at the same time.

As shown in Figure 5(c), tuning W, will affect the f, and
the resonant frequency (f;) at 5.7 GHz simultaneously.
When W, decreased from 1.5 to 0.5 mm, the f, and the f;
will shift to the lower frequency without affecting the res-
onant frequency ( f,) at 4.5 GHz. The optimum W is chosen
to be 1 mm because the impedance bandwidth can fully
cover the desired bands with the optimum performance both
on bandwidth and impedance matching. If the W, is chosen
to be 1.5 mm, then those resonant frequencies f, and f; are
shifting to higher frequency but cannot cover the n77/78
bands.

Figure 5(d) shows that tuning L, will only affect the f;
without affecting other resonant frequencies. When the L,
increases from 5.3 to 6.1 mm, the resonant frequency f, will
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FIGure 3: Current distributions of the dual-arm monopole structure at (a) 3.5 GHz and (b) 5.7 GHz.

shift from approximately 5.9 to 5.6 GHz. The optimum L, is
chosen to be 5.8 mm because the bandwidth of the antenna is
already wide enough to cover all the desired bands and it also
shows that the proposed antenna has good frequency tun-
able performance.

From the studies mentioned above, we can verify that the
f, is excited by the longer arm of the dual-arm monopole
structure independently and the f; is excited by the longer

arm and the shorter arm of the dual-arm monopole
structure simultaneously. Finally, tuning L, will only affect
the f, and without affecting those frequencies of the f, and
f5 as shown in Figure 5(e). When the L, increases from 8.5
to 9.5mm, the f, will shift from approximately 4.6 to
4.2 GHz. The optimum L; is chosen to be 9mm because
there has the best reflection coefficient of these three results
in all desired bands and 6-dB impedance bandwidth can
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FIGURE 4: (a) The electric field intensity and (b) the current distribution of the open slot at 4.5 GHz.

fully cover the desired bands. Based on the result of the L,,
we can validate that the open slot is responsible for the f,
independently.

3. Results and Discussion

The arrangement of the proposed eight-element antenna
array is placed on the two side edges of the device as shown
in Figure 6(a). The three-dimensional size of the device is
150 x 75 x 7.8 mm>. In this case, Ant. 1-4 are the mirror of
Ant. 5-8. Both the distances between Ant. 1 and Ant. 2, and
between Ant. 3 and Ant. 4 are 29.8 mm. The distance be-
tween Ant. 2 and Ant. 3 is 30 mm. The photograph of the
fabricated antenna array is shown in Figure 6(b). In this
project, the simulations were performed by using Ansys
HESS.

The simulated and measured reflection coefficients and
transmission coefficients of the proposed MIMO antenna
array are shown in Figures 7 and 8, respectively. Good
agreement between the simulated and measured results can
be observed in these two figures. Figure 7 shows that the
proposed MIMO antenna array has a wide 6-dB impedance
bandwidth from approximately 3.2 to 6 GHz. The simulated
transmission coefficients are all less than —12.6 dB across the

desired bands, as shown in Figure 8. Furthermore, the
measured results of the manufactured MIMO antenna array
are also plotted in Figures 7 and 8. The measured results of
the reflection coefficient validated that the proposed MIMO
antenna array can cover the desired bands with a 6-dB
impedance bandwidth of approximately 3.25 to over 6 GHz,
and the transmission coefficients are all less than -10dB
without any isolation structure. The above results show that
the proposed MIMO antenna array can support 5G
smartphone applications in the 5G NR n77/n78/n79 and
WLANS5-GHz bands.

The simulated and measured 2D radiation patterns of
those Ant. 1-4 across different frequencies (3.7, 4.7, and
5.5GHz) at the xy-plane are plotted in Figure 9. Because
those Ant. 5-8 are symmetric to those Ant. 1-4, the radiation
patterns of those Ant. 5-8 are not plotted, for brevity. One
can see that the measured radiation patterns are highly
consistent with the simulated results and each antenna has a
unique radiation pattern with the orientation of the maxi-
mum gain pointing in different directions. However, the
Ant. 1-4 at 4.7 and 5.5 GHz are mainly scattering toward the
—y-direction and away from the system ground can be
observed, which means that the antenna array has good
MIMO performance and good isolation between the
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FI1GURE 6: (a) The configuration of the MIMO antenna array and (b) the photograph of the fabricated MIMO antenna array.

opposite of the antennas at 4.7 and 5.5 GHz. Furthermore,
the measured total efficiency of the proposed antenna ranges
from 38% to 83% across the desired bands as shown in
Figure 10.

To validate the MIMO performance of the proposed
antenna array, the simulated ECCs and diversity gains are
shown in Figure 11. The simulated ECCs of Ant. 1 and Ant. 2,
Ant. 2 and Ant. 3, Ant. 1 and Ant. 5, and Ant. 2 and Ant. 6 are
plotted in Figure 11(a). We chose these antenna pairs because
they are the closest of the other antenna pairs and because of
the symmetrical structure, the other antenna pairs are not
included for brevity. The results of simulated ECCs show that
most of those antenna pairs have ECC values less than 0.1
except the antenna pair of Ant. 1 and Ant. 5, but overall the
ECCs of the proposed MIMO antenna array can still achieve
less than 0.31 across the desired bands. The diversity gains
[17, 18] of the proposed antenna array are shown in
Figure 11(b) and for brevity, only a relatively close antenna
pair has been plotted. According to industry standards, the
DG values should be kept around 10 dB. One can see that all

the values in the required bands are lies around the 10 dB line,
except the result of Ant.l and Ant. 5 at around 3.4 GHz is
slightly deviating from the 10dB line due to the isolation a
little bit lower than the others and relatively high ECC value.

To validate the performance of the proposed antenna
array, Table 1 shows the comparison of the performance
between the antennas in the previously published literature
and the proposed one. Here, the proposed antenna shows a
very wide operating bandwidth from 3.3 to 6 GHz that can
cover the 5G NR n77/78/79 and WLAN-5GHz bands.
Moreover, the isolation and efliciency are also comparable
to the references. The isolation of the proposed antenna
array can reach 12.6 dB without any decoupling element
and the efficiency can reach up to 83%. Even though the
proposed antenna may have shown a slightly higher ECC
value than the other references, but it just happens in the
antenna pair of Ant. 1 and Ant. 5 in the frequency range of
3.3 to 3.5 GHz. In conclusion, the proposed antenna array
has superior bandwidth performance compared to the
other references.
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TaBLE 1: Comparison with previously published literature.
Ref. Bandwidth (6-dB/GHz) Decoupling element  Efficiency (%) Isolation (dB) MIMO order ECC
(1]  3.3-38, 4.8-5.0, 5.15-5.925 No 43-73 >10.5 8 <0.12
[2]  3.4-3.6, 5.725-5.825 (10-dB) No 41-59 >10 12 <0.2
3] 3.4-3.6 (10-dB) No 40-52 >10 8 <0.15
5] 3.3-5.8 (10-dB) No 55-87 >15 4 <0.03
(6] 33-5.0 No 46-76 >14.5 8 <0.1
(7] 3.3-71 No 47-70 >11 8 <0.09
8] 3.25-5.93 (10-dB) No 41-69 >10 8 <0.1
9] 3.3-3.6, 4.8-5.0 Yes 45-78 >12 10 <0.15
[10] 33-36 Yes 45-60 >15 8 <0.15
[11] 3.4-3.6, 4.8-5.1 Yes 41-72 >11.5 8 <0.08
[12] 34-36 No 60-68 >19.1 8 <0.0125
[13] 34-36 No 38-64 >12.7 4 <0.13
[14] 3.38-3.82, 4.8-5.6 Yes 40-85 >15.5 8 <0.07
[15] 3.3-6.0 Yes 40-90 >18 8 <0.05
[16] 3.3-7.5 No 40-78 >10 4 <0.05
Pro. 3.3-6.0 No 38-83 >12.6 8 <0.31 (Ant. 1 and 5)

<0.1 (others)
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4. Conclusions

A wideband and simple structure MIMO antenna array for
5G smartphone application is presented in this paper. The
proposed MIMO antenna array fully covers the entire 5G
NR n77/n78/n79 and WLAN-5GHz bands with a 6-dB
impedance bandwidth range from 3.2 to 6 GHz, and the
isolations are all more than 10dB without any isolation
structure or techniques. To validate the design concept, the
proposed MIMO antenna array was fabricated and mea-
sured. Good agreement of the reflection coefficients, the
isolations, and the 2D radiation patterns are obtained be-
tween the simulated and measured results. Furthermore, the
total efficiency of the antenna ranges from 38 to 83%. The
simulated ECCs are all less than 0.31. Therefore, the above
experimental results validate that the proposed MIMO
antenna array can support 5G smartphone applications.
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