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ABSTRACT The next six-generation (6G) mobile device is expected to support eight MIMO spatial
streams to achieve a much larger spectral efficiency than the current fifth-generation (5G) 4 × 4 MIMO
operation in the mid-band such as the 3.5 GHz band. Thus, for the expected 6G higher-order MIMO
operation in the new possible upper mid-band of 7.025-8.4 GHz, the mobile device should have at least eight
embeddedMIMO antennas. However, owing to the limited space inside themobile device, embedding a large
number of MIMO antennas is a great challenge. In this article, we present a 16-port closely-spaced 2 × 2
module array formed by four low-profile (thickness 0.9 mm) four-port MIMO antenna modules covering
7.025-8.4 GHz for the mobile device to support up to 16 × 8 MIMO operation (16 receive antennas
for 8 spatial streams). With an extreme or a much larger number of the receive antennas than that of
the incoming spatial streams, it is denoted here as the extreme receive antennas (ERA)-aided MIMO for
enhanced performance. The 16-port 2 × 2 module array can fit in a mobile device such as in the backcover
region of the modern smartphone. The fabricated module array was applied as 16 receive antennas in the
16 × 8 MIMO system with 8 spatial streams to achieve a high spectral efficiency of about 56 bps/Hz, which
is larger than three times that (about 16 bps/Hz) of the 5G 4× 4MIMO operation in the 3.5 GHz band. Also,
in term of the obtained spectral efficiency, the 16 × 8 MIMO system outperforms the 8 × 8 MIMO system
in which about 34 bps/Hz is reported. Details of the proposed 16-port closely-spaced module array and the
measured 16 × 8 MIMO system performance are presented.

INDEX TERMS 6G upper mid-band, 16 × 8 MIMO systems, mobile antennas, MIMO antennas, MIMO
antenna modules, closely-spaced module arrays, extreme receive antennas (ERA)-aided MIMO.

I. INTRODUCTION
For 6G communications, the multi-input-multi-output
(MIMO) operation for the mobile device or the user-
experienced MIMO is envisioned to support at least 8 spatial
streams [1] to achieve a much larger spectral efficiency than
that for 5G communications supporting 4 spatial streams.
In addition, following the same carrier bandwidth evolution
from 4G with 20 MHz to 5G with 100 MHz (5 times
increase), 6G is expected to use 500 MHz [2] or 400 MHz
and beyond [3]. In this case, the 5G user with 4 × 4 MIMO
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and 100 MHz bandwidth in the mid-band can experience
larger than 1 Gbps throughput. On the other hand, the 6G
user with the higher-order (at least 8 × 8) MIMO and at
least 400 MHz bandwidth is promising to experience larger
than 10 Gbps throughput [1], [2], [3].

In order to support the 6G vision, the required MIMO
antennas in the mobile device should be at least doubled
as compared to those applied in the 5G mobile device.
However, since the mobile device generally has a compact
structure, there is limited space available for the internal
antennas. To embed a large number of required MIMO
antennas in the future 6G mobile device is therefore very
challenging.
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It is also worthy to note that new frequency spectrum for
6G will be introduced. The upper mid-band of 7-24 GHz [1],
[3], [4], [5], [6] between the 5G mid-band (3.3-5.0 GHz) and
5G high-band (24-52 GHz) is a very promising one for 6G
applications. This is because the upper mid-band is expected
to have faster speeds and wider coverage than the 5G high-
band or millimeter-wave operation [5].
Additionally, in the possible frequency band in the upper

mid-band, the lower frequencies close to the mid-band, such
as the 7.025-7.125 GHz (a possible new global mobile
communication band [7]) and 7.125-8.4 GHz (the operating
band of interest to future mobile communications given
that it is close to the 5G mid-band [8]) are especially
recommended. This is mainly because the lower frequencies
in the upper mid-band have longer wavelengths and can
experience less propagation path loss for wider coverage,
which is an important issue for mobile communications.

Recently, the capability of the upper mid-band to support
rich multipath scattering for higher-order MIMO operation
has also been investigated [9]. Promising results have
been reported that in the possible new frequency band of
7.025-7.125 GHz (7.1 GHz band) for the global mobile
communication spectrum [7], the 8 × 8 MIMO operation can
support the signal modulation of 64 Quadrature Amplitude
Modulation (QAM) with 6 bits per symbol to achieve a
spectral efficiency of about 34 bps/Hz [9]. This suggests
that with a carrier bandwidth of 400 MHz [3], the user can
experience a data throughput of larger than 10 Gbps.

However, the study in [9] did not include the use case of
hand holding. With the user’s hand holding the mobile device
such as the smartphone studied in the 3.5 GHz band [10],
the signal noise ratios of the MIMO antennas inside the
smartphone are expected to decrease, which will lead to
degraded MIMO performance. In the upper mid-band such
as the 7.1 GHz band [8], the user’s hand holding the mobile
device may cause similar or even more seriously degraded
MIMO performance. This is because the relatively higher
frequencies of the 7.1 GHz band than those of the 5G mid-
band such as the 3.5 GHz band. In this case, it is very
likely that the 8 × 8 MIMO operation can no longer support
the 64 QAM (6 bits per symbol) signal modulation, thereby
leading to a decreased spectral efficiency.

To alleviate the user’s hand holding effect and also to
provide a more stable higher-order MIMO operation with
8 spatial streams in the future 6G upper mid-band application,
we propose to use 16 receive antennas in the mobile device
for the 8 spatial streams. That is, the 16 × 8 MIMO operation
for the 6G mobile device is proposed. The use of an extreme
or a much larger number of the receive antennas than that
of the incoming spatial streams is denoted here as the
extreme receive antennas (ERA)-aided MIMO for the mobile
device. By applying the ERA-aided MIMO at the device
side, similar to the extreme massive MIMO proposed at the
base station side [3], [6], enhanced MIMO performance is
expected.

With the receive antennas to be two times that of the spatial
streams, it is expected that the 16 × 8 MIMO operation
can support a higher signal modulation than that (64 QAM)
in the 8 × 8 MIMO system [10]. That is, the 16 × 8
MIMO operation is promising to support at least 256 QAM
(8 bits per symbol), even with the scenario of the user’s
hand holding the mobile device. In this case, a larger spectral
efficiency (about 33% larger for using 256 QAMwith respect
to using 64 QAM) can be obtained for the MIMO operation
with 8 spatial streams for the user. This can in turn lead to a
much larger user-experienced data throughput.

Thus, in order to easily embed 16 MIMO antennas in the
mobile device such as the smartphone, we present in this
study a 16-port closely-spaced 2× 2 module array formed by
four low-profile (thickness 0.9 mm) four-port MIMO antenna
modules covering 7.025-8.4 GHz [7], [8] for 16 × 8 MIMO
applications. The 16-port module array has a very low profile
of 0.9 mm and a small size of 65 mm× 65 mm (about 1.5λ ×

1.5λ at 7.025 GHz). The low profile and small size allow it to
fit in the narrow backcover region (typically less than 1 mm
spacing between the backcover and the battery/electronic
modules and about 70 mm × 150 mm in area) of the modern
smartphone [9], [11], [12], [13], [14], [15].

In addition, the 2 × 2 module array with 16 MIMO
antennas integrated therein can generate 16 uncorrelated
waves with very low envelope correlation coefficients
(ECCs≪ 0.1) over the operating band of 7.025-8.4 GHz. The
16 uncorrelated waves are two times that (8 waves) in [9]
and [11], three times that (6 waves) in [12] and four times
that (4 waves) in [13], [14] and [15] for the backcover MIMO
antenna application in the smartphone.

It is also worthy to note that each low-profile four-
port antenna module in the array has a small size of
31 mm× 31 mm (0.73λ × 0.73λ at 7.025 GHz) and is spaced
by a small distance of 3 mm (only about 0.07λ at 7.025 GHz)
to its nearby modules. The small size of the four-port antenna
module and its capability to be closely spaced to adjacent
modules lead to a compact size of the 16-port module array
or 16 MIMO antennas. In addition, with a low profile and
compact size, each antenna in the MIMO array operates in a
fractional bandwidth of about 18% (7.025-8.4 GHz) and has
port isolation of larger than 10 dB to its nearby antennas.

In the following sections, we present the configurations
and design considerations of the low-profile four-port MIMO
antenna module and the 16-port closely-spaced 2× 2 module
array. The module array is also fabricated and experimentally
studied. The 16 × 8 MIMO system is then tested in our
MIMO system testbed [16], [17] by applying the fabricated
module array as 16 receive antennas for receiving 8 spatial
streams in the 7.1 GHz band (7.025-7.125 GHz). We obtain
a spectral efficiency of larger than 56 bps/Hz for the 16 × 8
MIMO system supporting 1024 QAM (10 bits per symbol).
The obtained spectral efficiency is larger than three times that
(about 16 bps/Hz [13]) of the 5G 4 × 4 MIMO operation
in the 3.5 GHz band and is also much larger than that
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FIGURE 1. Geometry of the low-profile four-port MIMO (4PM) antenna
module. (a) Top and side views. (b) Perspective view.

(about 34 bps/Hz [9]) of the 8 × 8 MIMO operation in the
7.1 GHz band. Thus, with the proposed module array for the
6G mobile device, the 16 × 8 MIMO system in the upper
mid-band will be promising.

II. THE LOW-PROFILE FOUR-PORT MIMO ANTENNA
MODULE
Fig. 1 shows the geometry of the low-profile four-port
MIMO (4PM) antenna module capable of generating four
uncorrelated waves over an operating band of 7.025-8.4 GHz.
The 4PM antenna module consists of a square top patch
printed on a 0.4 mm thick FR4 substrate (relative permittivity
4.4, loss tangent 0.024), which is spaced by an air layer of
thickness 0.5 mm to a ground plane of 40 mm × 40 mm.
The total height of the 4PM antenna module is therefore
only 0.9 mm (about 0.021λ with respect to the lower-edge
frequency 7.025 GHz in the operating band).

The low profile of 0.9 mm allows the antenna module to
be allocated in the narrow backcover region of the modern
smartphone. In this case, the antenna module does not need
to directly occupy any space on the chassis ground of the
smartphone. Additionally, owing to the back ground plane
of the 4PM antenna module, the effects on the four antennas
in the module caused by nearby battery/electronic modules in
the smartphone are expected to be small [9], [11].

Also note that the FR4-air layer substrate between the
top patch and ground plane of the antenna module has an
effective relative permittivity of about 1.52. Although the

FIGURE 2. Simulated (a) S parameters and (b) input impedance of Port 1
in the 4PM antenna module.

lower relative permittivity will increase the required patch
size for the desired operating band, the four antennas in the
antennamodule with a low profile of 0.9mm can have a lower
quality factor so as to achieve a wider operating band [18].
In this case, even with a lower relative permittivity, the
required top patch size (31 mm × 31 mm) for four antennas
is only about 0.73λ × 0.73λ at 7.025 GHz (the lower-edge
frequency which generally dominates the antenna size).

To generate four uncorrelated waves, the top patch is
separated into four square sub-patches (14.5 mm× 14.5 mm)
spaced by 2 mm only to accommodate four ports (Ports
1-4 in Fig. 1). That is, four generally isolated microstrip
patch antennas [19] with four sub-patches as their respective
radiating patches are formed in the 4PM antenna module.
Each port is placed along one centerline of its corresponding
sub-patch with a feed position 12 mm to the edge orthogonal
to the centerline. Ports 1-4 are then sequentially rotated by
90 degrees [13], [20] to achieve enhanced port isolation of
two adjacent sub-patches or two adjacent microstrip patch
antennas.

In addition, the inner corners of the four sub-patches
are curvedly truncated with a radius of 5.2 mm with
respect to the center of the 4PM antenna module. In this
case, each microstrip patch antenna can generate two
half-wavelength resonant modes (the fundamental reso-
nant modes of microstrip patch antennas [19]) resonated
mainly along two orthogonal diagonal lines thereof at close
frequencies.

Additionally, the two resonant modes can be excited
with good impedance matching and formed together to
achieve a wider operating band for each port. Acceptable
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FIGURE 3. Simulated (a) antenna efficiency of Port 1 and (b) envelope
correlation coefficients (ECCs) of Ports 1, 2 (two adjacent ports) and
Ports 1, 3 (two opposite ports).

port isolation between any two ports is also obtained.
Furthermore, with Ports 1-4 rotated by 90 degrees in the four
sub-patches, it helps to achieve lower envelope correlation
coefficients (ECCs) for the four generated waves, which will
be discussed later with the aid of the obtained ECCs in
Fig. 3(b).

By using the High Frequency Electromagnetic Simulation
Software (ANSYS HFSS) [21], the simulated results of the
proposed 4PM antenna module are analyzed. Fig. 2(a) shows
the simulated S parameters of Port 1 excited with others
terminated to 50 �. Two resonant modes excited at about
7.3 and 8.3 GHz are observed. The corresponding input
impedance of Port 1 also indicates that two resonances occur
at about 7.3 and 8.3 GHz [see Fig. 2(b)].
The colored frequency region in the figure is the desired

operating band of 7.025-8.4 GHz. The impedance matching
of the two resonant modes over the operating band is better
than −6 dB or 3:1 VSWR, which is a widely used criterion
for mobile antennas [9], [10], [11], [12], [13], [14], [15],
[18], [22]. The transmission coefficient S12 (= S14) for two
nearby ports is lower than −10 dB, which is acceptable for
MIMOmobile antenna applications [9], [10], [11], [12], [13],
[14], [15]. The S13 for two opposite ports is even lower than
−17 dB. Also note that owing to the symmetric structure of
the proposed 4PM antenna module, the results of Ports 2-4
are same as that obtained for Port 1.

The simulated antenna efficiency of Port 1 is shown in
Fig. 3(a), while the ECCs of Ports 1, 2 (two adjacent ports)
and Ports 1, 3 (two opposite ports) obtained based on the
far-field radiation patterns [9], [23] are presented in Fig. 3(b).
Note that the antenna efficiency is also affected by the

FIGURE 4. Simulated vector surface current distributions in the top patch
of the 4PM antenna module; Port 1 is excited with Ports 2-4 terminated
to 50 �. (a) 7.3 GHz. (b) 8.3 GHz.

coupling of Ports 1-4. The coupling will cause a decrease
in the antenna efficiency. With acceptable port isolation or
transmission coefficients obtained in the proposed design, the
antenna efficiency including the mismatching loss is larger
than 56% over the operating band.

For the ECCs of Ports 1, 3 (ECC13) and Ports 1, 2 or 1,
4 (ECC12 = ECC14), they are all lower than about 0.005.
Since the obtained ECCs for any two ports are less than
0.1 [9], [12], the four generated waves of Ports 1-4 in the
4PM antenna module can be considered to be uncorrelated.
The four uncorrelated waves will thus be promising to obtain
good performance in the MIMO system.

To further verify the excited resonant modes of each port,
Fig. 4 shows the simulated vector surface current distributions
in the top patch of the 4PM antenna module. The results for
Port 1 excited with Ports 2-4 terminated to 50 � are shown.
The two resonant modes at 7.3 and 8.3 GHz are seen to be in
orthogonal polarizations mainly along two diagonal planes
[see Fig. 4(a) vs. Fig. 4(b)]. This can be seen more clearly
from the corresponding simulated electric field distributions
at 7.3 and 8.3 GHz in the median plane (0.45 mm above the
ground plane) of the FR4-air layer substrate between the top
patch and ground plane (see Fig. 5).

It is seen in Fig. 5 that the two resonant modes have a
null electric field in the plane along the diagonal line of their
corresponding sub-patch and can both be identified to be
half-wavelength resonant modes. In addition, owing to the
curvedly truncated inner corner of each sub-patch, the two
resonant modes have slightly different resonant lengths. This
makes the two resonant modes excited at close frequencies to
form a wide operating band.

Fig. 6 shows the corresponding simulated radiation
patterns of Port 1 along two principal planes (x-z and
y-z planes) at 7.3 and 8.3 GHz. The radiation patterns
in two principal planes at 8.3 GHz are seen to be more
symmetric than those at 7.3 GHz. This is largely because the
resonant mode at 8.3 GHz is resonated along the diagonal
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FIGURE 5. Simulated electric field distributions in the median plane
between the top patch and ground plane. (a) 7.3 GHz. (b) 8.3 GHz.

FIGURE 6. Simulated radiation patterns of Port 1. (a) 7.3 GHz. (b) 8.3 GHz.

line toward the curvedly truncated corner, thereby causing
generally symmetric excited surface currents with respect to
the resonant direction on the sub-patch of Port 1.

Also, for Port 1 excited at 8.3 GHz, it is interesting to
observe that, the Eϕ pattern appears to be concave in the
θ = 0o direction in both the x-z and y-z planes. This is
largely related to the relatively stronger surface currents in
the sub-patch with Port 2 than the sub-patch with Port 4 [see
Fig. 4(b)]. Both nearby sub-patches with Ports 2 and 4 are
respectively coupled through a 2 mm gap to the sub-patch

FIGURE 7. Simulated S parameters of Port 1 in Case A for the 4PM
antenna module with four simple square sub-patches (no curvedly
truncated inner corners for the four sub-patches).

with Port 1. This behavior is probably because Ports 1-4 are
not located along the diagonal line of each sub-patch. Thus,
with stronger surface currents in the sub-patch with Port 2,
it causes the Eϕ pattern slightly distorted and its maximum
radiation shifted toward the –x direction in the x-z plane and
also toward the –y direction in the y-z plane. This makes the
Eϕ pattern to look like concave in the θ = 0o direction as seen
in Fig. 6(b).

On the other hand, the resonant mode at 7.3 GHz resonates
along the diagonal line roughly parallel to the curvedly
truncated corner, thus causing asymmetric surface currents
with respect to the resonant direction on the sub-patch of
Port 1. The radiation patterns in the x-z and y-z planes thus
tend to be asymmetric at 7.3 GHz.

To address the design considerations of the 4PM antenna
module, Fig. 7 shows the simulated S parameters of Port 1 in
Case A for the antenna module with four simple square sub-
patches (that is, no inner curvedly truncated corners for the
four sub-patches). The structure of Case A is also shown in
the figure. Its corresponding dimensions are same as given in
Fig. 1 for the proposed 4PM antenna module.
For Case A, it is seen that only the resonant mode at about

7.3 GHz is excited with good impedance matching, which
leads to a narrow bandwidth for the 4PM antenna module.
While for the proposed 4PM antenna module, owing to the
curvedly truncated inner corners, an additional resonantmode
at about 8.3GHz is excited, which combineswith the resonant
mode at about 7.3 GHz to form a wider operating band [see
Fig. 2(a)].
The corresponding simulated ECCs of Ports 1-4 in Case A

are shown in Fig. 8. The ECCs of two opposite ports (ECC13)
for Case A reach about 0.18, which is much larger than that
(less than about 0.005) for the proposed antenna module [see
Fig. 3(b)]. The much larger ECC of Ports 1 and 3 (or Ports
2 and 4) excited at 7.3 GHz is owing to their parallel resonant
directions.

On the other hand, the ECC of two nearby ports (Ports
1 and 2 or Ports 1 and 4) is still very low (much less than 0.01).
This is related to their orthogonal resonant directions for
two nearby ports excited at 7.3 GHz. Owing to the curvedly
truncated inner corners of the four sub-patches for bandwidth
enhancement in the proposed 4PM antennamodule, the ECCs
of two nearby ports can also be greatly decreased, making all
the ECCs of Ports 1-4 to be less than 0.005 [see Fig. 3(b)].
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FIGURE 8. Simulated ECCs of ports 1-4 in Case A.

FIGURE 9. Geometry of the 16-port (Ports 1-16) closely-spaced 2 × 2
module array based on using four 4PM antenna modules (Modules 1-4)
in Fig. 1. The ground plane of 70 mm × 150 mm for a typical smartphone
size is used.

III. THE 16-PORT CLOSELY-SPACED 2 × 2 MODULE
ARRAY
By using four 4PM antenna modules (Modules 1-4) of same
dimensions as given in Fig. 1 to be closely spaced into
a 16-port (Ports 1-16) 2 × 2 module array (see Fig. 9),
16 uncorrelated waves generated by 16 MIMO antennas in
a compact structure are obtained. Notice that the spacing of
two adjacent modules in the module array is 3 mm only.
The 2 × 2 module array hence has a compact size of
65 mm × 65 mm (about 1.5λ × 1.5λ at 7.025 GHz) and
can fit in a ground plane of 70 mm × 150 mm, which is a
typical modern smartphone size. In addition, with a very low
profile of 0.9 mm, it is promising to embed the 2 × 2 module
array within the narrow backcover region of the modern
smartphone.

Fig. 10 shows the simulated S parameters of the 2 × 2
module array. The S11, S12, S13, and S14 for Module 1 are
presented in Fig. 10(a). Similar results for Module 1 as in
Fig. 2(a) for one antenna module standalone are observed.
This indicates that, with a small spacing between the four
modules, the S parameters of four antennas in each module
are very slightly affected. Fig. 10(b) also shows the S22,
S23, S25, S28 for Ports 2, 3 in Module 1 and Ports 5, 8 in
Module 2. The results for the four innermost ports (Ports 3,
8, 9, 14) in the 2 × 2 array are shown in Fig. 10(c).

FIGURE 10. Simulated S parameters of the 2 × 2 module array. (a) The
S11, S12, S13, S14 for Module 1. (b) The S22, S23,S25, S28 for Ports 2, 3 in
Module 1 and Ports 5, 8 in Module 2. (c) The S33, S38, S39, S3,14 for
Ports 3, 8, 9, 14 (four innermost ports in the array).

It is interesting to note that the S25, S28 in Fig. 10(b) and
the S38, S39, and S3,14 in Fig. 10(c) for two ports in adjacent
modules are less than about −20 dB, which are much lower
than the corresponding transmission coefficients between two
ports inside each module shown in Fig. 10(a). The enhanced
port isolation is largely owing to the air gap (3 mm spacing)
between two adjacent modules in the 2 × 2 array (see the
side view in Fig. 9). On the other hand, the four sub-patches
inside each module are printed on a same 0.4-mm thick FR4
substrate, which may lead to enhanced coupling between
adjacent ports, thus having relatively lower port isolation.

Fig. 11(a) shows the simulated antenna efficiency of
Ports 1-4 inModule 1. Again, the antenna efficiency is similar
to that shown in Fig. 3(a), indicating small effects of nearby
modules (Modules 2-4) on Module 1. In addition, the ECCs
of the four innermost ports in the 2 × 2 array are also seen
to be less than 0.0001 [see Fig. 11(b)]. This further indicates
that the proposed 4PM antennamodule can be applied to form
a closely spaced module array to provide a large number of
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FIGURE 11. Simulated (a) antenna efficiency of Ports 1-4 and (b)
envelope correlation coefficients of Ports 3, 8, 9, 14 (four innermost ports
in the array).

FIGURE 12. Photos of the fabricated 2 × 2 module array. (a) Top view.
(b) back view.

MIMO antennas in a compact structure for the 6G mobile
device application.

IV. EXPERIMENTAL RESULTS OF THE 2 × 2 MODULE
ARRAY
The 2× 2 module array with 16MIMO antennas respectively
excited by Ports 1-16was fabricated. Fig. 12 shows the photos
of the fabricated module array. The measured reflection
coefficients of Ports 1-12 are presented in Fig. 13(a)-(d).
The measured results generally match the corresponding

FIGURE 13. Measured reflection coefficients. (a) Ports 1-4. (b) Ports 5-8.
(c) Ports 9-12. (d) Ports 13-16.

simulated ones which are also shown in the figure for
comparison. Over the desired 7.025-8.4 GHz (the colored
frequency region in the figure), each port generates two
resonant modes at about 7.3 and 8.3 GHz with good
impedance matching less than −6 dB (3:1 VSWR), which
meets the widely used criterion for mobile antennas [9], [10],
[11], [12], [13], [14], [15], [18], [22].

Fig. 14(a)-(c) shows the measured transmission coeffi-
cients. For Port 1 to Ports 2-4 in Module 1, the S12 and S14
for two adjacent ports are less than -10 dB, while the S13
for two opposite ports is less than −17 dB [see Fig. 14(a)].
The measured results are similar to the simulated ones shown
in Fig. 2(a) for the 4PM antenna module standalone. The
measurement confirms that although there are three adjacent
modules, the transmission coefficients of Ports 1-4 inModule
1 are slightly affected.

For Port 2 to Port 3 in Module 1 and to nearby Ports 5, 8 in
Module 2, the measured transmission coefficients also agree
with the simulated ones [see Fig. 14(b) vs. Fig. 10(b)].

The measured transmission coefficients of the four inner-
most ports (Ports 3, 8, 9, 14) in the 2× 2module array are less
than −20 dB [see Fig. 14(c)]. The results are in agreement
with the simulated ones in Fig. 10(c). The port isolation larger
than 20 dB for two ports in adjacent modules may be related
to the low profile (0.9 mm) of the modules and the 3 mm air
gap between adjacent modules in the array.

Note that the air gap spacing is larger than three times
that of the module height or the antenna height. Owing to
the antenna’s low profile, the fringing fields at the patch
edges of the four antennas in each 4PM antenna module
excited in their fundamental half-wavelength resonant modes
will travel in a relatively short distance away from the patch
edges.

Therefore, with the air gap between adjacent modules
selected to be larger than three times the antenna height in
this study, enhanced port isolation for two ports in adjacent
modules is obtained. This can provide as a design guide
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FIGURE 14. Measured transmission coefficients. (a) Port 1 to Ports 2-4 in
Module 1. (b) Port 2 to Port 3 in Module 1 and to nearby Ports 5, 8 in
Module 2. (c) Ports 3, 8, 9, 14 of the four innermost ports in the module
array.

for selecting a proper spacing between the modules in the
proposed 2 × 2 module array. Similar measured transmission
coefficients of Ports 9-12 in Module 3 and Ports 13-16
in Module 4 have also been obtained. For brevity, these
measured results are not presented.

The fabricated 2 × 2 module array is further tested
in the far-field anechoic chamber to evaluate its radiation
characteristics. Fig. 15 shows the experimental setup in the
far-field anechoic chamber. Fig. 16 shows the measured
antenna efficiency obtained based on applying the Great
Circle Test method for mobile terminals [24], in which
the module array is rotated in both the azimuthal and roll
directions to obtain the total radiated power for each port. The
antenna efficiency is then evaluated.

The results for the 16 MIMO antennas with Ports 1-16 are
respectively shown in Fig. 16(a)-(d). The measured antenna
efficiency for each port is better than 55% in the operating

FIGURE 15. Experimental setup of the fabricated 2 × 2 module array in
the far-field anechoic chamber.

FIGURE 16. Measured antenna efficiency. (a) Ports 1-4. (b) Ports 5-8.
(c) Ports 9-12. (d) Ports 13-16.

band of 7.025-8.4 GHz. The results also generally match the
simulated ones in Fig. 11(a).

Fig. 17 shows the calculated ECCs using the measured
electric fields of the three-dimensional radiation patterns [9],
[23]. Representative results of the four ports in Module 1 [see
Fig. 17(a)] and the four innermost ports in the module array
[see Fig. 17(b)] are presented. For Ports 1-4 in Module 1, the
ECCmn of Ports m and n are less than 0.006. On the other
hand, the ECCmn of two ports in the four innermost ports
(Ports 3, 8, 9, 14) in the module array is even less than 0.0001.

The obtained ECC values fairly agree with the simulated
results shown in Figs. 3(b) for the 4PM antenna module
standalone (ECCs less than 0.005) and Fig. 11(b) for the four
innermost ports in the module array (ECCs less than 0.0001).
In this case, with the obtained ECCs less than 0.1 [9], [12], the
16 waves generated by the 16 MIMO antennas in the module
array are considered to be uncorrelated. That is, the 16MIMO
antennas will be promising for practical MIMO applications.

Representativemeasured radiation patterns for Ports 1 and 3
in Module 1 of the 2 × 2 module array are also plotted
in Fig. 18. The radiation patterns in two principal planes
(x-z and y-z planes) are normalized with respect to the same
maximum value. The results at 7.3 GHz and 8.3 GHz for the
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FIGURE 17. Calculated ECCs using the measured electric fields of the
three-dimensional radiation patterns. (a) The ECCmn of Ports m and n in
Module 1. (b) The ECCmn of two ports in the four innermost ports
(Ports 3, 8, 9, 14) in the module array.

two half-wavelength resonant modes excited in orthogonal
planes for each port are shown.

The corresponding simulated results are also plotted in
the figure for comparison. The measured radiation patterns
generally agree with the simulated ones. More symmetric
radiation patterns at 8.3 GHz than those at 7.3 GHz are
observed. This behavior is mainly caused by the curvedly
truncated inner corners for each sub-patch in the 4PM antenna
module. The truncated inner corner leads to some asymmetric
surface current distribution at 7.3 GHz, with relatively very
small effects on the surface current distribution at 8.3 GHz.

The measured antenna gains for Ports 1 and 3 are
respectively about 8.55 dBi and 8.48 dBi at 7.3 GHz, while
those for Ports 1 and 3 are respectively 7.44 dBi and 7.35 dBi
at 8.3 GHz. The measured antenna gains are indicated in
Fig. 18. The measured maximum radiation direction and
half-power beamwidth in the x-z and y-z planes of Ports 1 and
3 are also listed in Table 1 for comparison.

The radiation patterns for the remaining ports in the
fabricated module array have also been measured. Similar
charactreisics as discussed for those of Ports 1 and 3 shown
in Fig. 18 are observed. For brevity, the measured radiation
patterns of the remaining ports are not presented. Based
on the obtained results in this section, it indicates that
the fabricated 2 × 2 module array can provide 16 MIMO
antennas with acceptable impedancematching, port isolation,
and low ECC charactreistics for the proposed 16 × 8 MIMO
operation.

FIGURE 18. Measured and simulated normalized radiation patterns for
representative ports in Module 1 at 7.3 GHz and 8.3 GHz. (a) Port 1.
(b) Port 3.

V. 16 × 8 MIMO SYSTEM TESTING OF THE
FABRICATED 2 × 2 MODULE ARRAY
The fabricated 2 × 2 module array with 16 MIMO antennas
is applied as 16 receive (Rx) antennas in the 16 × 8
MIMO system to evaluate its MIMO performance. Fig. 19
shows the 16 × 8 MIMO testbed at National Sun Yat-sen
University (NSYSU) [9], [12], [16], [17]. The 8-port MIMO
patch antenna provides 8 transmit (Tx) antennas [25] at the
transmitter to transmit 8 spatial streams in the 16 × 8 MIMO
system. Ports 1-16 of the fabricated 2 × 2 module array are
used to receive the 8 spatial streams and are connected to
four high-performance four-port digital oscilloscopes. The
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TABLE 1. Measured maximum radiation direction and half-power beamwidth of Ports 1 and 3 in Fig. 18. For the x-z plane, the positive (negative)
radiation direction to 6 = 0◦ (the z axis) indicates toward the +x (-x) direction. For the y-z plane, the positive (negative) radiation direction to 0 = 0◦

indicates toward the + y (-y) direction.

FIGURE 19. The 16 × 8 MIMO system testbed at National Sun Yat-sen
University (NSYSU). The fabricated module array with 16 ports is applied
as the 16 receive (Rx) antennas. The 8-port MIMO patch antenna [25] is
used as the 8 transmit (Tx) antennas at the transmitter.

16 received signals are then fed into a software MIMO
receiver to retrieve the original data transmitted through
8 spatial streams.

Fig. 20(a) and (b) show the 16 × 8 MIMO system
testing scenario (LOS in an open wide corridor inside the
electrical engineering department building at National Sun
Yat-sen University (NSYSU)). The wide corridor measuring
19 meters by 6.6 meters is adjacent to an elevator of the
department building and is open to the public. That is, the
16 × 8 MIMO testing is conducted in a practical indoor
public area. The distance between the 8 Tx antennas at the
transmitter and the 16 Rx antennas at the receiver is 7 meters.

Notice that the 16 Rx antennas provided by the fabri-
cated 2 × 2 module array are mounted on a ground plane
of size 150 mm × 70 mm to simulate that the module
array is applied in the backcover region of the modern
smartphone [9]. Two use cases of the 16 Rx antennas
standalone (Case SA) and with the user’s hand holding
(Case HH) [see Fig. 20(c)] are tested. For the hand holding

FIGURE 20. The 16 × 8 MIMO system testing with the open indoor
scenario inside the electrical engineering department building, NSYSU.
(a) Tx and Rx antennas with LOS orientation. (b) Tx antennas fixed and Rx
antennas moved 30 degrees away from the LOS orientation. (c) The case
of user’s hand (one of the authors) holding the fabricated module array,
which is placed behind a plastic backcover in the testing.

case, about 8 Rx antennas or one half of the 16 Rx antennas
are covered by the user’s hand. Also note that for Case HH,
one of the authors acting as the user holds the fabricated
module array and stands alongside the Rx side in the
testing.

Additionally, for each use case, the LOS [the Rx antennas
facing the Tx antennas in the line-of-sight (LOS) orientation
as seen in Fig. 20(a)] and the NLOS [Non-LOS, the Rx
antennas moved 30 degrees away from the LOS orientation
with the Tx antennas fixed as seen in Fig. 20(b)] are tested.
That is, four cases of SA-LOS, HH-LOS, SA-NLOS, and
HH-NLOS are tested for the 16 × 8 MIMO system in a
practical open indoor scenario.

The measured results of the 16 × 8 MIMO system are
given in Table 2. The frequency band of 7.025-7.125 GHz
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TABLE 2. Measured results of the 16 x 8 MIMO system using the fabricated 16-port 2 × 2 module array as 16 receive (Rx) antennas in the 7.1 GHz band
(7.025-7.125 GHz); At the transmitter, two 4-port MIMO patch antennas [25] are used as 8 transmit (Tx) antennas for 8 spatial streams. The Rx antennas in
both the standalone (SA) and the user’s hand holding (HH) conditions are tested. The NLOS (non-LOS) orientation is the Rx antennas moved 30 degrees
away from the LOS (line-of-sight) orientation with the Tx antennas fixed.

(100 MHz bandwidth) is tested, which is a promising new
international mobile telecommunication (IMT) band for the
global regions and is expected to be identified in World
Radiocommunication Conference 2023 (WRC-23) [7]. For
each case in the MIMO testing, the signal modulation that
can be supported is given in the table. The two standalone
cases (SA-LOS, SA-NLOS) and even the hand holding case
with the LOS orientation (HH-LOS) can support up to
the 1024 QAM signal modulation. For the hand holding case
with the non-LOS orientation (HH-NLOS), the 256 QAM
signal modulation can be supported. The measured signal
noise ratios (SNRs) of the 16 antennas in the fabricated 2 × 2
module array are recorded.

Owing to the hand holding which covers about one half of
the 16 Receive antennas, the average SNRs for the two hand
holding cases are about 1.8 dB or 3.3 dB lower than those
of the two standalone cases with the LOS (29.0 vs. 27.2 dB)
or non-LOS (29.3 vs. 26.0 dB) orientations, respectively.
This leads to lower calculated and measured 16 × 8 MIMO
capacity for the hand holding cases, as compared to the
standalone cases. The different decreases in the average SNRs
are owing to slightly different hand holdings in the LOS and
non-LOS orientations.

Also note that the calculated MIMO capacity is obtained
based on assuming rich scattering in the testing environment.
Thus, the calculated MIMO capacity can be considered to
be an ideal capacity for the 16 × 8 MIMO system. On the
other hand, the measured MIMO capacity is obtained based
on the real scattering behavior in the open indoor environment
in the testing. Therefore, the ratio of the measured capacity

to the calculated one is provided as the MIMO efficiency
in the table. For 100% MIMO efficiency, it indicates that
the measured capacity is same as the calculated one, and the
testing environment can be considered to show an ideally rich
scattering property.

In the obtained results, the MIMO efficiency for the four
cases is larger than 82%. That of the standalone case with
LOS orientation (SA-LOS) is even larger than 90%. This
suggests that with the 16 Rx antennas used to receive the
8 spatial streams, good MIMO performance is obtained. This
makes the 16 × 8 MIMO system promising to support up
to 1024 QAM signal modulation for the standalone cases and
at least 256 QAM or even 1024 QAM for the hand holding
cases. Larger data throughput and spectral efficiency of the
16 × 8 MIMO system can thus be obtained.

To determine whether the 16 × 8 MIMO system supports
the 1024 QAM or 256 QAM signal modulation, the coded
bit error rate (BER) should be zero and the uncoded BER
is generally less than 0.1 [9]. The uncoded BER is a direct
measure of the ratio of the erroneous bits received to the
total bits of the original data transmitted in the 16 × 8
MIMO system. When the uncoded BER is lower than 0.1,
the received erroneous bits at the receiver can generally
be corrected by applying a decoder to obtain a zero coded
BER [9].

From the obtained results, the two standalone (SA-LOS,
SA-NLOS) cases and even the hand holding case with
the LOS orientation (HH-LOS) support the 1024 QAM
signal modulation. The measured throughput is larger than
56 bps/Hz, which is the total correct data received at the
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receiver and is calculated from the total transmitted data times
(1 – measured uncoded BER). The corresponding spectral
efficiency obtained from the measured throughput divided
by 100MHz (the operating band in the 16× 8MIMO testing)
is larger than 56 bps/Hz, which is much larger than that (about
34 bps/Hz) of the 8 × 8 MIMO system supporting 64 QAM
only [9].

While for the hand holding case with non-LOS ori-
entation (HH-NLOS), the 16 × 8 MIMO system can
support the 256 QAM signal modulation and the measured
throughput is larger than 4.5 Gbps. The corresponding
spectral efficiency is about 45 bps/Hz. It is also much larger
than that (about 34 bps/Hz) of the 8 × 8 MIMO system
supporting 64 QAM only, in which only 8 Rx antennas are
used in the standalone condition [9]. It should be noted that,
for the hand holding case, the 8 × 8 MIMO system is very
likely not able to support 64 QAM, which will lead to a lower
spectral efficiency that that reported in [9].

VI. CONCLUSION
For the 6G upper mid-band mobile device to operate in
a higher-order MIMO system such as the 16 × 8 MIMO
system, a 16-port closely-spaced 2 × 2 module array
formed by four low-profile four-portMIMO antennamodules
covering 7.025-8.4 GHz has been proposed. The 2 ×

2 module array shows a compact size to fit in the backcover
region of the modern smartphone, making it conveniently
to embed a large number of MIMO antennas therein. The
design considerations of the proposed 2 × 2 module array
have been addressed. The fabricated 2 × 2 module array
is also tested as 16 Rx antennas in the 16 × 8 MIMO
system in a practical open wide corridor inside the electrical
engineering department building at NSYSU. The obtained
spectral efficiency is larger than 56 bps/Hz for the tested 16×

8 MIMO system, which is larger than three times that (about
16 bps/Hz) of the 5G 4 × 4 MIMO operation [13] and is also
much larger than that (about 34 bps/Hz) of the 8 × 8 MIMO
operation in the 7.1 GHz band [9] (all for the standalone
case). The results reveal that, by applying more Rx antennas
than the number of spatial streams in the MIMO system,
a much larger spectral efficiency can be obtained. That is,
the user can experience a much larger data throughput. Based
on the obtained results, the proposed closely-spaced module
array capable of providing high-density or more MIMO
antennas in the limited space inside the modern smartphone
will be promising for 6Gmobile communication applications
featuring 8 spatial MIMO streams.
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