IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received 8 June 2023, accepted 1 July 2023, date of publication 5 July 2023, date of current version 11 July 2023.

Digital Object Identifier 10.1109/ACCESS.2023.3292345

== RESEARCH ARTICLE

Eight-Planar-Monopole MIMO Circular Array
Generating Eight Uncorrelated Waves for 6G
Upper Mid-Band 8 x 8 MIMO Access Points

KIN-LU WONG 12, (Fellow, IEEE), YI-RONG CHEN', (Student Member, IEEE),
AND WEI-YU L3, (Member, IEEE)

Department of Electrical Engineering, National Sun Yat-sen University, Kaohsiung 80424, Taiwan
26G Communication and Sensing Research Center, National Sun Yat-sen University, Kaohsiung 80424, Taiwan
3Information and Communications Research Laboratories, Industrial Technology Research Institute, Hsinchu 31057, Taiwan

Corresponding author: Kin-Lu Wong (wongkl @mail.nsysu.edu.tw)

This work was supported in part by the National Science and Technology Council, Taiwan, under Grant NSTC 112-2218-E-110-004.

ABSTRACT For next-generation or six-generation (6G) mobile communications, the 8 x 8 MIMO operation
is envisioned for the user. In this case, as compared to the fifth-generation (5G) mid-band 4 x 4 MIMO
operation, a much larger spectral efficiency can be expected for the user, which in turn will effectively
increase the user-experienced data throughput with a fixed carrier bandwidth. For such applications,
to transmit eight MIMO streams for the 6G 8 x 8 MIMO access point, a simple yet compact MIMO array
formed by eight planar monopoles arranged in a circular array with radial metal walls to generate eight
uncorrelated waves is presented in this study. The MIMO array operates in a wide band of 5.9-8.4 GHz,
which covers the possible new 6G mobile bands in 5.925-7.125 GHz and 7.125-8.4 GHz. The targeted new
6G mobile bands are in the upper mid-band’s lower frequency region, close to the 5G mid-band, and are
expected to show similar rich multipath scattering as the 5G 4 x 4 MIMO operation. To verify it, we apply
the proposed MIMO array to transmit eight MIMO streams for the 8 x 8§ MIMO operation in a practical
on-campus scenario and obtain a spectral efficiency of about 34 bps/Hz, which is about two times that of the
5G 4 x 4 MIMO operation. The results indicate that the proposed MIMO array is promising for applications
in the 6G 8 x 8 MIMO system.

INDEX TERMS 6G upper mid-band MIMO antennas, 6G 8 x 8 MIMO systems, 8 x 8 MIMO access
points, MIMO antennas, MIMO access-point antennas, planar monopole MIMO circular array.

I. INTRODUCTION
It is well known that for 5G mobile communications,

4 x 4 MIMO operation. For such applications, eight isolated
antennas at the transmitter or the access point to transmit eight

the 4 x 4 multi-input-multi-output (MIMO) operation in
the mid-band such as the mobile bands in 3.3-5.0 GHz
is applied [1], [2], [3], [4], [5]. It is further envisioned
that for next-generation or 6G mobile communications, the
higher-order MIMO such as the 8 x 8 MIMO system for the
mobile device will be applied [1], [2], [3]. In this case, with
the 8 x 8 MIMO operation, a much larger user-experienced
spectral efficiency can be obtained, as compared to the 5G

The associate editor coordinating the review of this manuscript and

approving it for publication was Chinmoy Saha

MIMO streams are required.

In addition, for 6G mobile communications, the new
frequency band in the upper mid-band in 7-24 GHz [1], [2]
or 6-15GHz [3], [6], [7] between the 5G mid-band
in 3.3-50 GHz and the 5G millimeter-wave band in
24-52 GHz has recently received much attention. This is
owing to the upper mid-band’s potential capability of
supporting faster speeds and wider coverage [7], especially
in its lower frequency region close to the 5G mid-band,
such as in 5.925-7.125 GHz [3] or 6.425-7.125 GHz [8],
or 7.125-8.4 GHz [2], [9]. This is because the lower the
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frequencies, the propagation path loss is generally lower and
the multipath scattering is generally richer. The former leads
to wider coverage, while the latter makes it possible to support
the higher-order or 8 x 8 MIMO operation to achieve a much
larger spectral efficiency than the 5G 4 x 4 MIMO operation,
thereby achieving a much larger data throughput with a fixed
carrier bandwidth for the user.

However, for the potential 6G 8 x 8 MIMO system,
the required MIMO antennas are two times that of the 5G
4 x 4 MIMO system. Related studies on the multiport
MIMO patch antennas backed by a ground plane have been
reported for the 5G access-point applications, including the
three-port patch antennas [10], [11], [12], [13], the four-port
patch antennas [14], [15], [16], [17], [18], and even the
six-port patch antennas [19], [20]. These multiport patch
antennas have a large ground plane so as to transmit multiple
uncorrelated waves with increased antenna gain and also
having a wide beamwidth in the front hemisphere above
the ground plane. The antenna characteristics of increased
antenna gain and wide beamwidth together can lead to
stronger signal strength received at the receiver and richer
multipath scattering in the MIMO environment between the
transmitter and receiver. In this case, it becomes possible for
the MIMO system to support higher-order MIMO operation,
thereby achieving a much larger spectral efficiency for the
user.

For such multiport patch antennas, in order to achieve
enhanced isolation of any two ports over a wide operating
band, various decoupling techniques have been applied,
especially for the four-port and six-port patch anten-
nas [14], [15], [16], [17], [18], [19], [20]. In [14], [15],
and [17], the decoupling techniques mainly include using
external complex feed networks between the multiple ports,
which however results in increased ohmic loss and decreased
antenna efficiency. In [16], [18], [19], and [20], the multiple
isolated 90°- or 60°-resonant sectors are created in the
radiating patch to radiate multiple uncorrelated waves over
a wide band.

It is also noted that the multiple (three, four, or six)
uncorrelated waves of the reported multiport patch antennas
for access-point applications are mainly with broadside
radiation patterns [10], [11], [12], [13], [14], [15], [16],
[17], [18], [19], [20]. To radiate eight MIMO streams, two
four-port patch antennas [19] were applied in an 8 x 8
MIMO system in a practical on-campus scenario [21].
Experimental results showed that the eight MIMO streams
with mainly broadside radiation support a signal modulation
of 64 Quadrate Amplitude Modulation (QAM) in a practi-
cal 8 x 8 MIMO scenario to have a spectral efficiency of
about 34.8 bps/Hz [21], which is about two times that of the
5G 4 x 4 MIMO operation [4].

In this study, different from the reported multiport patch
antennas with mainly broadside radiation [10], [11], [12],
[13], [14], [15], [16], [17], [18], [19], a simple yet compact
MIMO array formed by eight planar monopoles (PMs)
arranged in a circular array with radial metal walls to generate
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eight uncorrelated waves with monopolar-like radiation
patterns is presented for the 6G 8 x 8 MIMO access-point
application. The MIMO array covers the possible new 6G
mobile bands of 5.9-8.4 GHz (35% fractional bandwidth cov-
ering 5.925-7.125 GHz [3], [8] and 7.125-8.4 GHz [2], [9]).
The radial metal walls in the MIMO array lead to enhanced
port isolation of the eight PMs therein, thereby achieving a
compact array having a diameter of 63 mm (about 1.241 at
5.9 GHz) only.

It is worthy to note that the MIMO array generates eight
uncorrelated waves with monopolar-like radiation patterns
mainly in the front hemisphere above the array’s ground
plane, similar to the case of multiport patch antennas with
mainly broadside radiation [10], [11], [12], [13], [14], [15],
[16], [17], [18], [19]. In addition to different radiation char-
acteristics (monopole-like vs. broadside radiation patterns),
eight transmit MIMO streams in the 8§ x 8 MIMO system
requires only one proposed MIMO array, different from using
two four-port patch antennas reported in [21].

In this study, we address the operating principle and design
considerations of the eight-PM MIMO circular array, which
is also fabricated and applied as the transmit antennas in
a practical on-campus 8 x 8 MIMO operation [21], [22].
We also present the experimental results of the fabricated
MIMO array and analyze its capability of supporting the
8 x 8 MIMO operation as compared to the case of using two
four-port patch antennas to transmit eight MIMO streams in
the MIMO system [21].

II. EIGHT-PLANAR-MONOPOLE MIMO CIRCULAR ARRAY
Fig. 1(a) shows the perspective view of the simple planar
monopole MIMO circular array for 6G upper mid-band
8 x 8 MIMO access points. The corresponding top and side
views are shown in Fig. 1(b). The circular array consists
of eight planar monopoles (PM1-PM8 with Ports P1-P8) to
radiate eight uncorrelated waves over a wide band covering
5.9-8.4 GHz (35% fractional bandwidth with respect to
the center frequency at about 7.1 GHz). The eight planar
monopoles have a same simple rectangular shape (10 mm x
12 mm) and are made of a 0.2 mm thick copper plate in this
study.

Through a feed gap of 0.7 mm, each planar monopole is
excited at the center of its bottom edge by a probe feed,
which is connected to a 50 2 SMA connector placed behind
the ground plane. The total antenna height of the planar
monopole above the ground plane is thus 10.7 mm (about
0.254 at 7.1 GHz), thereby generating a resonant mode at
about the desired center frequency. The relatively larger width
(12 mm) of the planar monopole is for achieving a wide
operating band to cover the desired operating band.

Note that the eight planar monopoles are placed along the
array circle, with each one facing toward the array center.
The circular array can also be divided into eight sectors of
a45-degree flare angle, with each sector accommodating one
planar monopole. To obtain a compact array size for the eight
planar monopoles having decreased coupling over the wide
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FIGURE 1. Geometry of the simple planar monopole MIMO circular array
(PM1-PM8 with Ports P1-P8) for 6G upper mid-band 8 x 8 MIMO access
points. (a) Perspective view. (b) Top and side views.

band, each 45-degree sector is chosen to have an arc length
no larger than one-half wavelength at the lowest operating
frequency (5.9 GHz in this study). That is, the array circle
is considered to require no larger than four wavelengths at
5.9 GHz. Based on this array size consideration, the array
circle is selected to have a diameter of 63 mm (about 1.244
at 5.9 GHz), which has a length of about 198 mm or 3.9 at
5.9 GHz.

Also, since the circular array is backed by a large ground
plane of diameter 90 mm (about 1.771 at 5.9 GHz), stronger
radiation for the planar monopoles in the front hemisphere
of the ground plane is expected, similar to the reported
multiport patch antennas in [10], [11], [12], [13], [14], [15],
[16], [17], [18], [19], and [20].

To further obtain enhanced decoupling of the eight planar
monopoles in the MIMO array, eight radial metal walls
having same simple rectangular dimensions (height 10.7 mm
above the ground plane, width 14 mm along the radial
direction) and spaced to each other by 45 degrees are added
inside the array. That is, each 45-degree sector locates a
planar monopole facing the array center and has two metal
walls along the sector’s two radial side edge. By adjusting
the distance of the metal walls to the array circle (selected
to 8.5 mm in this study), enhanced port isolation with small
effects on the impedance matching of the planar monopoles
can be obtained.

Based on using the commercially available simulation
tool HFSS [23] (High Frequency Structure Simulator)

68020

Simulated

1 1
B
o O

S Parameters (dB)
(é)

i
(@)}
o

Frequency (GHz)
(a)

100 °
Simulated

Input Impedance (Q)

-100

5 6 7 8 9 10
Frequency (GHz)
(b)

FIGURE 2. Simulated (a) S parameters and (b) input impedance of Port P1
in the MIMO array.

version 19.1, the performance of the MIMO array is analyzed.
Fig. 2 shows the simulated S parameters and input impedance
of Port P1 in the MIMO array. Owing to the symmetric
structure of the MIMO array, the corresponding results of
Ports P2-P§ are same as those of Port P1.

The colored frequency region in the figure indicates
5.925-8.4 GHz which covers the possible new 6G mobile
bands of 5.925-7.125 GHz [3], [8] and 7.125-8.4 GHz [2], [9].
The simulated S parameters indicate that the planar monopole
can cover the desired operating bands with the impedance
matching less than —10 dB (see the S1; curve) and the port
isolation larger than 20 dB for two nearby ports [see the S
(= S18) curve] or even larger than 33 dB for other two ports
[see the S13 (= S17), S14 (= S16), and S5 curves in Fig. 2(a)].

The good impedance matching over the wide band is
related to the smooth variation in the input impedance,
in which a zero reactance near the targeted center frequency
at 7.1 GHz is observed [see Fig. 2(b)]. That is, the
planar monopole with the selected dimensions successfully
generates a quarter-wavelength resonant mode to cover the
desired wide band.

The simulated vector surface current distributions in the
PMI for Port P1 excited at 7.1 GHz are also seen to be along
the upright direction above the ground plane (see Fig. 3). That
is, the resonant frequency is mainly determined by the planar
monopole length above the ground plane (10.7 mm here).
By varying the planar monopole length, the resonant mode
can be conveniently adjusted.

From the simulated normalized total-power radiation pat-
terns seen from the z direction (array center) of Ports P1-P8
at 7.1 GHz (Fig. 4), it is seen that each radiating wave covers

VOLUME 11, 2023



K.-L. Wong et al.: Eight-Planar-Monopole MIMO Circular Array Generating Eight Uncorrelated Waves

IEEE Access

Jsurf (A/m)

I 2

FIGURE 3. Simulated vector surface current distributions of Port P1
excited at 7.1 GHz with Ports P2-P8 terminated to 50 Q.
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FIGURE 4. Simulated three-dimensional (3-D) normalized total-power
radiation patterns seen from the z direction (array center) of Ports P1-P8
at 7.1 GHz.

2.0e-4
¢ Simulated
1.5e-4]  ©BCC,*ECC,
o <ECC,,=ECC,,
L 1.0e-4 [ S -~~~ ===~~~
m
054+
__e_e/
0 . A A

s 67 8 9 10
Frequency (GHz)

FIGURE 5. Simulated envelope correlation coefficients (ECC;p) based on
the far-field electric fields of the two waves generated by PMm and PMn
in the MIMO array.

a wide area or has a wide beamwidth along the array circle.
This characteristic can be advantageous for the eight radiating
waves to provide rich multipath scattering in the MIMO
environment between the transmitter and receiver. Very low
envelope correlation coefficients (ECC,,,, < 10~%) based on
the far-field electric fields of the two waves [24] generated by
PMm and PMn in the MIMO array are also seen (Fig. 5). This
indicates that the array can provide eight uncorrelated waves
for MIMO operation.

Fig. 6 shows the simulated antenna efficiency and antenna
gain of Port P1. The simulated antenna efficiency includes the
mismatching loss and is larger than 90% over the desired wide
band. The corresponding antenna gain varies in 5.7-8.2 dBi.
The relatively larger antenna gain at higher frequencies is
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FIGURE 6. Simulated (a) antenna efficiency and (b) antenna gain of
Port P1 in the MIMO array.
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FIGURE 7. Simulated total active reflection coefficient (TARC) of
Ports P1-P8 excited with same excitation phases in the MIMO array.
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FIGURE 8. Simulated mean effective gain (MEG) of Port P1 in the MIMO
array.

wn

mainly because the effective ground plane size in wavelength
is larger with increasing frequencies.

To consider the eight planar monopoles excited at the
same time for transmitting eight MIMO streams in practical
applications, Fig. 7 shows the simulated total active reflection
coefficient (TARC) [19], [20], [25] of Ports P1-P8 excited
with same excitation phases in the MIMO array. Over the
desired wide band, the TRAC is seen to be less than —10 dB.
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FIGURE 9. Simulated S parameters of Port P1 in the MIMO array without
the radial metal walls.
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FIGURE 10. Simulated normalized radiation patterns at 7.1 GHz in the
radial plane along the centerline (the ¢ = 0° plane) of Port P1.
(a) Proposed MIMO array. (b) The case without radial metal walls.

This is largely because Ports P1-P8 have high port isolation
as seen in Fig. 2.

The simulated mean effective gain (MEG) [26] of Port
P1 in the MIMO array is presented in Fig. 8. The MEG
is obtained under the assumption of uniform incident wave
condition and is slightly varied from —3.1 to —3.5 dB over the
wide band. Also, all Ports (Ports 1 to 8) have the same MEG
owing to their symmetric structure in the MIMO array. That
is, all eight ports have the same ratio of the average received
power to the average power received by a reference antenna
in the same propagation environment [27], which is expected
to be advantageous for MIMO operation.

Effects of the radial metal walls are also discussed.
Fig. 9 shows the simulated S parameters of Port P1 in the
MIMO array without the radial metal walls. The transmission
coefficients of two nearby ports (S12) and other two ports (S;2,
S14, S15) are all much larger than their corresponding results
of the case with radial metal walls [see Fig. 2(a)]. That is, the
presence of the radial metal walls can lead to enhanced port
isolation.
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FIGURE 11. Simulated S parameters of Port P1 for the radial metal walls
placed with various distances (a) to the array circle. (a) Sy;. (b) S12

(= S18): S13 (= S17)- (¢) S14 (= S16). S15- Other parameters are same as in
Fig. 1.

In addition, it is seen in Fig. 10 that the radial metal walls
make the radiation patterns of the planar monopoles tilted
from the array center toward the array circle. That is, the
monopole-like radiation pattern of each planar monopole is
modified to be stronger toward the direction of its nearby
ground edge [see Fig. 10(a) vs. Fig. 10(b)]. This characteristic
may also account for the very low ECCs between all the
radiating waves shown in Fig. 5.

IIl. PARAMETRIC STUDY

For finely adjusting the performance of the MIMO array,
a parametric study on the radial metal walls and planar
monopoles is presented. Fig. 11 shows the simulated S
parameters of Port P1 for the radial metal walls placed with
various distances to the array circle. Results of the distance a
varied from 6.5 mm to 10.5 mm are shown. The S are given
in Fig. 11(a), the S12 (= S13) and S13 (= S17) are in Fig. 11(b),
and the S14 (= S16) and S;5 are in Fig. 11(c).
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FIGURE 12. Simulated S parameters of Port P1 for various widths (b) of
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(= S16): S15- Other parameters are same as in Fig. 1.

When the radial metal walls are closer to the array
circle, that is, closer to the planar monopoles, larger effects
on the S§i; or the impedance matching are seen and
better port isolation for two nearby ports (the Si2) or two
ports spaced by one planar monopole (the Sj3) are also
observed. The port isolation for two ports spaced by two
or more planar monopoles is slightly affected. By varying
the distance a (selected to be 8.5 mm here), balanced
performance on the input impedance and port isolation can be
adjusted.

Fig. 12 shows the simulated S parameters of Port P1 for
various widths (b) of the radial metal walls. The width b
varied from 13 mm to 15 mm is analyzed. Note that the
distance of the metal walls to the array circle is fixed (8.5 mm
here) and a larger width means the metal walls are extended
toward the array center. Results indicate that a larger width
causes stronger effects on the impedance matching of the
planar monopole [see the S1; in Fig. 12(a)].

For the port isolation, relatively very small effects
are observed [see Fig. 12(b) and (c)]. Thus, when the
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FIGURE 13. Simulated S parameters of Port P1 for various heights (c) of
the radial metal walls. (a) S;. (b) S12 (= S18): S13 (= S17)- (€) S1a
(= S16): S15- Other parameters are same as in Fig. 1.

distance a in Fig. 11 is chosen, further adjustment on the
impedance matching with the port isolation generally not to
be affected, the width b can be varied.

Fig. 13 shows the simulated S parameters of Port P1 for
various heights (c¢) of the radial metal walls. The height ¢
varied from 9.7 mm to 11.7 mm is studied. Results indicate
that when the height c is slightly varied with respect to the
that of the planar monopole above the ground plane (10.7 mm
here), small effects on the impedance matching and port
isolation are seen. For convenience, the height ¢ is chosen
to be same as the height of the planar monopole in this
study.

The parameters of the planar monopoles are studied in
Figs. 14 and 15. The simulated S parameters of Port P1 as
a function of the planar monopole width (d) are analyzed
in Fig. 14. Results of the width d varied from 10 mm to
14 mm are shown. When a larger width d is selected, better
impedance matching is seen [see Fig. 14(a)], while the port
isolation of two nearby ports is slightly degraded around
20 dB [see the S1> in Fig. 14(b)]. The port isolation of other
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(= S16). S15- Other parameters are same as in Fig. 1.

two ports is still better than about 33 dB [see the S13, S14, S15
in Fig. 14(b) and (c)].

Fig. 15 shows the simulated S parameters of Port P1 as
a function of the planar monopole length (e). Results of the
length e to be 9.5 mm, 10 mm, and 10.5 mm are shown.
Since the length e mainly determines the resonant frequency
of the excited quarter-wavelength resonant mode, a larger
length e causes the resonant mode to lower frequencies [see
Fig. 15(a)]. On the other hand, the port isolation is almost not
affected [see Fig. 15(b) and (¢)].

Fig. 16 shows the simulated S parameters of Port P1 as
a function of the feed gap (g). By adjusting the feed gap
g, the effective capacitance between the planar monopole
and ground plane will be varied. This in turn will vary
the input reactance seen at the feed port, therefore causing
variations in the impedance matching [see Fig. 16(a)]. On the
other hand, the port isolation between any two ports is
almost not affected [see Fig. 16(b) and (c)]. Based on
the parametric study, one can finely adjust the impedance
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matching and port isolation of the planar monopoles in the
MIMO array.

IV. EXPERIMENTAL RESULTS OF THE FABRICATED MIMO
ARRAY

The fabricated MIMO array shown in Fig. 17 was tested.
The measured reflection coefficients of Ports P1-P8 of the
fabricated MIMO array are shown in Fig. 18(a) and (b).
The corresponding transmission coefficients of two adjacent
ports and two ports spaced by one planar monopole are
respectively shown in Fig. 19(a)-(d). Those for two ports
spaced by two and three planar monopoles are shown in
Fig. 20(a)-(c). The measured S parameters generally agree
with the corresponding simulated results. Over the desired
wide band of 5.9-8.4 GHz, the impedance matching of the
eight planar monopoles in the fabricated MIMO array is less
than —10 dB. The port isolation is larger than 20 dB for two
adjacent ports and even larger than about 30 dB for other two
ports spaced by at least one planar monopole.
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FIGURE 16. Simulated S parameters of Port P1 as a function of the feed
gap (8)- (a) S11- (b) S12 (= S1g): S13 (= S17)- (¢) S14 (= S16): S15- Other
parameters are same as in Fig. 1.
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FIGURE 17. Photos of the fabricated MIMO array.

The radiation characteristics of the MIMO array are tested
in the far-field anechoic chamber (see the experimental setup
in Fig. 21) with the Great Circle Test method [28] applied
to obtain the three-dimensional (3-D) radiation patterns.
Figs. 22 and 23 respectively show the measured antenna
efficiency and antenna gain of the eight planar monopoles
in the MIMO array. The measured and simulated results
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FIGURE 19. Measured transmission coefficients. (a) Two adjacent ports
(S12+ S23: S34: S45)- (b) Two adjacent ports (Ssg, Sg7. S7g: S1g)- (€) Two
ports spaced by one planar monopole (S;3, Sy4. S35: S36)- (d) Two ports
spaced by one planar monopole (S57, Sgg. S71. S28)-

are in good agreement. The measured antenna efficiency is
larger than about 88% and the antenna gain is varied in about
5.4-8.2 dBi over the wide operating band.

Fig. 24 shows the calculated ECCs based on using the mea-
sured electric fields of the 3-D radiation patterns [24], [26]
of two ports between Port P1 and Ports P2-PS. The
obtained maximum ECC values are only 0.007. The results
indicate that the generated waves can be considered to be
uncorrelated, which is advantageous for MIMO applications.
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FIGURE 21. The fabricated MIMO array tested in a far-field anechoic
chamber.
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FIGURE 22. Measured antenna efficiency. (a) Ports P1-P4. (b) Ports P5-P8.

Figs. 25 and 26 shows the measured normalized radiation
patterns at 7.1 GHz for Ports P1-P8 in the radial plane of their
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FIGURE 24. Calculated ECCs based on the measured electric fields of the
3-D radiation patterns of two ports between Port P1 and Ports P2-P8.

respective feed to the array center. The radiation patterns for
Port P1 in the ¢ = 0° plane, Port P2 in the ¢ = 45° plane,
Port P3 in the ¢ = 90° plane, and Port P4 in the ¢ = 135°
plane are respectively shown in Fig. 25(a), (b), (c), and (d).
Those for Port P5 in the ¢ = 180° plane, Port P6 in the ¢ =
225° plane, Port P7 in the ¢ = 270° plane, and Port P8 in the
¢ = 315° plane are plotted in Fig. 26(a), (b), (c), and (d).

The measured radiation pattern for each port generally
agrees with its corresponding simulated pattern, which
is also added in each figure for comparison. From the
measured results, the fabricated MIMO array can generate
eight uncorrelated monopole-like waves with their radiation
patterns stronger near the ground edge. The application of the
fabricated MIMO array for the 8 x 8 MIMO operation is then
studied in the next section.

V. 8 x 8 MIMO TESTING OF THE FABRICATED MIMO
ARRAY

Fig. 27 shows the 8§ x 8 MIMO system testbed at National
Sun Yat-sen University (NSYSU) [21], [22]. The fabricated
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TABLE 1. Measured results of the 8 x 8 MIMO system using the fabricated MIMO array as eight transmit antennas operated in the 7.1 GHz band
(7.025-7.125 GHz). The MIMO testbed and testing scenario are shown in Figs. 27 and 28.

fy= 7.075 GHz (7.025-7.125 MHz), 8 x 8 MIMO,
Tx outdoor-Rx indoor Scenario, Distance 9 m, Signal Modulation: 64 QAM

Transmitter side:

Tx2: Two 4-port MIMO patch antennas [21]
Receiver side:

MIMO scenario:

Tx1: Fabricated MIMO array transmitting 8 MIMO streams

Rx: 8-Port MIMO patch antenna [21] receiving 8 MIMO streams

Open concave space in front of the entrance of the Electrical Engineering Department building, NSYSU

Tx-Rx pair Tx1-Rx Tx1-Rx Tx2-Rx [21]
T"‘Féi‘rfgfgstm” Line-Of-Sight (LOS) Non-LOS (35°) Line-OFf-Sight

22.4, 24.7, 24.0, 23.0
22.4, 22.4, 22.5, 24.4
(8 Ports at Rx, Average

Measured Signal Noise Ratio
(dB) of the 8-Port MIMO
Patch Antenna

25.1, 23.7, 25.4, 25.7
24.7, 23.2, 24.0, 25.6
(8 Ports at Rx, Average

26.4, 25.4, 26.3, 26.7
26.8, 25.8, 27.7, 25.9
(8 Ports at Rx, Average

SNR = 23.4 dB) SNR = 24.8 dB) SNR = 26.4 dB)
Measured 8 x 8 MIMO
Capacity 44.5 bps/Hz 46.1 bps/Hz 42.8 bps/Hz
Uncoded Bit Error Rate 0.024 0.021 0.013
Measured 8 x 8 MIMO
Throughput 3438 Mbps 3449 Mbps 3476 Mbps
8 x 8 MIMO Spectral
Efficiency 34.38 bps/Hz 34.49 bps/Hz 34.76 bps/Hz
5
. . L4
Simulated Measured Simulated s
44 E, 44 E, -4 E, g \i
e E, E¢ oo E, 4

0
(a) P1. ¢ = 0° plane (b) P2, ¢ = 45° plane

£=7.1GHz

=0

0 m__d_./
180 180°
(c) P3. ¢ =90° plane (c) P4, = 1357 plane
FIGURE 25. Measured and simulated normalized radiation patterns at

7.1 GHz for Ports P1-P4 in the radial plane along their respective feed and
the array center. (a) Port P1. (b) Port P2. (c) Port P3. (d) Port P4.
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(a) P35, ¢ = 180° plane

(c) P7. ¢ =270 plane

F=7.1GHz

Measured
44 E,
E¢

(b) P6. ¢ = 2257 plane

(d) P8, ¢ =315 plane

FIGURE 26. Measured and simulated normalized radiation patterns at
7.1 GHz for Ports P5-P8 in the radial plane along their respective feed and
the array center. (a) Port P5. (b) Port P6. (c) Port P7. (d) Port P8.
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5 antenna [21]
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wd/ixys

8 MIMO Streams Software MIMO Receiver

LAN

Receiver

Transmitter

8 x 8 MIMO testbed

FIGURE 27. The 8 x 8 MIMO testbed at National Sun Yat-sen University
(NSYSU) [2]. The fabricated MIMO array is applied as the transmit (Tx)
antennas. The 8-port MIMO patch antenna [21] is used as the receive (Rx)
antennas at the receiver.

The Tx outdoor/Rx indoor 8 x 8 MIMO scenario

Open concave space
9m infrontof NSYSU_%
S ing=

Department Build

(b)

FIGURE 28. The 8 x 8 MIMO testing with Tx outdoor/Rx indoor scenario
in the open concave space in front of the entrance of the EE department
building, NSYSU. (a) Panoramic view for two orientations with Tx fixed (Rx
LOS to Tx and Rx non-LOS to Tx). (b) Setup positions for Rx LOS to Tx; Rx
non-LOS to Tx also with a distance of 9 meters.

MIMO array at the transmitter (Tx) transmits 8 MIMO
streams. The 8-port MIMO patch antenna [21] is applied at
the receiver (Rx) to receive the 8 MIMO streams. Note that
the 8-port MIMO patch antenna is circular in shape (diameter
46 mm) and is mounted on a ground plane of 150 mm x
70 mm (a size of typical modern smartphone) [21].

The 8 x 8 MIMO testing is conducted in the open concave
space in front of the entrance of the Electrical Engineering
(EE) Department building, NSYSU [see Fig. 28]. The MIMO
operation is to simulate the Tx outdoor-Rx indoor scenario.
That is, the Tx is considered to be located at an outdoor access
point to transmit 8 MIMO streams into the indoor space
in which the Rx or the smartphone with the 8-port MIMO
patch antenna is used to receive the transmitted 8 MIMO
streams. The 8 x 8 MIMO system testbed can provide the
measured channel capacity in the MIMO environment and the
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data throughput received at the Rx. The detailed experimental
setup of the 8 x 8 MIMO system tested was described
in [21].

Note that two orientations of the receive antennas with
respect to the transmit antennas are tested. The first one
is the receive antennas facing the transmit antennas in a
line-of-sight (LOS) orientation with a distance of 9 meters.
The second one is the receive antennas moved 35 degrees
away from the LOS direction, with the transmit antennas
fixed; that is, a non-LOS orientation. Both orientations have
a same distance of 9 meters between the receive and transmit
antennas.

The MIMO testing is conducted in the 7.1 GHz band
(7.025-7.125 GHz, center frequency 7.075 GHz, band-
width 100 MHz), which is being considered as a promising
new mobile band for the global mobile communications [8].
For comparison, two Tx-Rx pairs of Tx1-Rx and Tx2-Rx are
tested. The fabricated MIMO array in this study is the Tx1
antennas, while two 4-port MIMO patch antennas used in [21]
are the Tx2 antennas. The 8-port MIMO patch antenna also
usedin [21] is the Rx antennas. Both Tx1 and Tx2 are fed with
the same input power and the transmitted MIMO streams are
with 64 QAM signal modulation.

Table 1 lists the measured signal noise ratio (SNR) of the
8 ports in the Rx antennas, measured 8 x 8 MIMO capacity
in the testing scenario, the uncoded bit error rate (BER), the
measured 8§ x 8 MIMO throughput, and the corresponding
spectral efficiency. The BER is the ratio of the error data
received at the receiver to the total transmitted data. The
MIMO throughput is the correct data received at the receiver
and is obtained by the total transmitted data times (1-BER).
The spectral efficiency is the MIMO throughput divided by
the operating bandwidth (100 MHz here).

From the results, the average SNR of the 8 receive ports in
the Tx1-Rx LOS pair is lower by about 3 dB as compared
to that of Tx2-Rx pair. This may be owing to the lower
radiating field strength at the broadside direction of the
Tx1 (the MIMO array with eight monopole-like radiation
patterns) as compared to the Tx2 (the two 4-port MIMO patch
antennas with eight near-broadside radiation patterns [19]).
However, the Tx1-Rx LOS pair has a larger MIMO capacity
than the Tx2-Rx pair (44.5 vs. 42.8 bps/Hz). This is largely
because the Tx1 with monopole-like radiation patterns and in
acircular array mounted vertically to the surface of the testing
environment can lead to stronger multipath scattering in the
testing scenario.

In this case, although the SNR is lower in the Tx1-Rx LOS
pair, the obtained uncoded BER is comparable to that
of the Tx2-Rx pair. Since the obtained uncoded BER is
much less than 0.1, the zero coded BER can generally be
obtained in practical communications [22]. This indicates
that both pairs can support the 8 x 8 MIMO operation with
the 64 QAM signal modulation. The measured throughput
and spectral efficiency of the Tx1-Rx pair (LOS) are
respectively 3438 Mbps and 34.38 bps/Hz, which are very
close to those of the Tx2-Rx pair.
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In addition, the results of the Tx1-Rx non-LOS pair also
show comparable or even slightly larger spectral efficiency
to that of the Tx1-Rx LOS pair (34.49 vs. 34.38 bps/Hz).
This may be because the Rx with 35 degrees away from the
LOS direction can have stronger received power than in the
LOS direction (average SNR 24.8 dB vs. 23.4 dB shown
in the table), owing to the Tx1’s monopole-like radiation
characteristic.

In addition, in the testing scenario, it is very likely to have
similar strong multipath scattering in both the non-LOS and
LOS directions, also owing to the Tx1 with monopole-like
radiation patterns and the circular array mounted vertically
to the surface of the testing environment. Thus, for both
the Tx1-Rx non-LOS and LOS pairs, similar good 8 x 8
MIMO performance is obtained. The obtained results indicate
that the fabricated MIMO array with monopole-like radiation
patterns is applicable in the 8 x 8 MIMO system in the
7.1 GHz band.

VI. CONCLUSION

A compact MIMO circular array formed by eight simple
planar monopoles has been shown to be promising for the
6G upper mid-band 8 x 8 MIMO access-point applications.
The MIMO array can transmit eight uncorrelated waves in
a wide band of 5.9-8.4 GHz to cover 5.925-7.125 GHz
[3], [8] and 7.125-8.4 GHz [2], [9], which are the possible
new 6G mobile bands in the upper mid-band. The operating
principle and design considerations of the MIMO array have
been addressed in this study. Successful application of the
fabricated MIMO array as the transmit antennas in the 8 x 8
MIMO system in an on-campus Tx outdoor-Rx indoor
scenario has been demonstrated. The spectral efficiency of
about 34 bps/Hz in the 7.1 GHz band has been obtained,
which is about two times that of the 5G 4 x 4 MIMO
operation in the 3.5 GHz band. The proposed MIMO array is
expected to find applications in the 6G 8 x 8 MIMO system.
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