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ABSTRACT A compact 8-port 2 x 2 dual-polarized patch (DPP) antenna array with 8 uncorrelated waves
for fifth-generation (5G) Internet-of-Things (IoT) device MIMO antennas in the n79 band (4.4-5.0 GHz) is
presented. The 8-Port array has a small size of 51 mm x 51 mm or about 0.5912 with respect to the lower
edge frequency (4.4 GHz) of the operating band. The equivalent size per port is 0.074A only. The small
8-port array size is attributed to each DPP antenna therein with internal grounded metal rods added inside
its resonant cavity and additionally four such DPP antennas 90°-sequentially oriented to form the array. The
cavity field distribution excited by two ports in each DPP antenna can be modified by the internal grounded
metal rods to achieve enhanced port isolation of larger than 15 dB in the operating band. Furthermore, based
on using four such DPP antennas 90°-sequentially oriented in the array, the isolation of any two ports in
different DPP antennas spaced by a small distance (less than 0.2 here) can also be larger than 15 dB, thereby
achieving a compact 8-Port array. We further propose to apply it as 8 receive antennas in the IoT device or
eXtended Reality (XR) device for receiving 4 spatial MIMO streams (8 x 4 MIMO) in the 5G n79 band to
obtain high data throughput. In this study, the 8 x 4 MIMO system [the extreme receive antennas (ERA)-
aided MIMO in which the receive antennas outnumber the spatial streams] can have a high data throughput
of 3.9 Gbps with 100 MHz bandwidth only. That is, a high spectral efficiency of 39 bps/Hz is obtained,
which is about 2.3 times that (about 16.7 bps/Hz) of the 4 x 4 MIMO system that has been reported. Details
of the compact 8-port 2 x 2 DPP antenna array, the modified cavity field distribution technique for enhanced
port isolation of the DPP antenna, and the 8 x 4 MIMO system testing in practical campus public indoor
and outdoor scenarios are presented.

INDEX TERMS 5G IoT device antennas, mobile antennas, MIMO antennas, 8-port 2 x 2 arrays,
dual-polarized patch (DPP) antenna arrays, n79 band (4.4.-5.0 GHz), 8 x 4 MIMO systems, extreme receive
antennas (ERA)-aided MIMO systems.

I. INTRODUCTION
The associate editor coordinating the review of this manuscript and The World Radiocommunication Conference 2023 (WRC-23)
approving it for publication was Claudio Curcio . organized by the International Telecommunication Union
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(ITU) recently identifies the frequency band 4.8-4.99 GHz to
be new international mobile communication (IMT) band [1].
Additionally, the WRC-23 resolves to recommend an agenda
to consider 4.4-4.8 GHz as additional IMT bands four years
later in the WRC-27 [1]. The whole n79 band (4.4-5.0 GHz)
[2] as IMT bands for fifth-generation (5G) or future mobile
communication service is thus promising to be recognized
by the ITU, the United Nations agency for information and
communication technologies, in the year 2027.

It is also noted that the current 5G communication uses
the 4 x 4 MIMO system to double the spectral efficiency as
compared to the fourth-generation (4G) communication with
the 2 x 2 MIMO system, thereby achieving increased data
throughput. It has also been reported that the data throughput
in the 3.5 GHz band with 100 MHz bandwidth for the 4 x 4
MIMO operation is about 1.67 Gbps (the spectral efficiency
about 16.7 bps/Hz) [3]. By applying the 8 x 8 MIMO
system, which is considered to be promising for future mobile
communication service [4], [5], [6], the data throughput in
the 7.1 GHz band with 100 MHz bandwidth can reach about
3.4 Gbps (the spectral efficiency about 34 bps/Hz) [5], [6].
That is, by applying 8 spatial streams, the obtained data
throughput can be about 2 times that of applying 4 spatial
streams (1.67 Gbps vs. 3.4 Gbps for a same 100 MHz
bandwidth).

Recently, the 8 x 8§ MIMO operation for the WiFi-6E
application in the lower 6 GHz band (5.925-6.425 GHz)
has also been studied [7]. The measured data throughput
with 80 MHz bandwidth centered at 6.18 GHz for the 8 x 8
MIMO system is about 3.64 Gbps (spectral efficiency about
45.5 bps/Hz) [7]. The relatively higher spectral efficiency as
compared to those (about 34 bps/Hz) obtained in [5] and [6]
for the 8 x 8 MIMO system may be partly owing to the lower
frequencies having relatively richer multipath propagation
(6.18 GHz in [7] vs. 7.1 GHz in [5], [6]).

The richer multipath propagation in the MIMO system can
lead to a higher system capacity, thereby making it capable
of supporting the signal modulation of 256 Quadruple
Amplitude Modulation (QAM) with 8 bits per symbol in [7]
as compared to the signal modulation of 64 QAM with 6 bits
per symbol in [5] and [6].

Accordingly, we may expect the operating frequencies
in the n79 band (4.4-5.0 GHz) have even richer multipath
propagation than the frequencies in the lower 6 GHz band for
the MIMO system studied in [7]. However, lower operating
frequencies will also result in an increased size for the
MIMO antennas, especially for the extreme receive antennas
(ERA)-aided MIMO system [8], [9] requiring that the receive
antennas therein outnumber the spatial MIMO streams.

It has also been reported that the measured data throughput
in the 7.1 GHz band with 100 MHz bandwidth for the 16 x
8 MIMO system (16 receive antennas for 8 spatial streams)
is about 5.6 Gbps (spectral efficiency about 56 bps/Hz or
spectral efficiency per stream about 7 bps/Hz) [8], [9]. The
corresponding spectral efficiency of the 16 x 8§ MIMO
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system experienced by the user with the mobile device at
the receiver side is much larger than those (34 bps/Hz or
45.5 bps/Hz) obtained in [5], [6], and [7] for the 8 x § MIMO
system.

For the related ERA-aided MIMO system application in
the n79 band (4.4-5.0 GHz), we propose in this study a
compact 8-port 2 x 2 dual-polarized patch (DPP) antenna
array as 8 receive antennas in the Internet-of-Things (IoT)
device [10] or eXtended Reality (XR) device [11], [12] to
obtain high data throughput for the 8 x 4 MIMO operation
(8 receive antennas for 4 spatial streams). We obtain here that
the measured data throughput in 4.8-4.9 GHz with 100 MHz
bandwidth in the n79 band reaches 3.897 Gbps (spectral
efficiency 38.97 bps/Hz) for the 8§ x 4 MIMO system.

It is thus worth noting that the obtained spectral efficiency
per stream reaches 9.74 bps/Hz for the 8 x 4 MIMO system
in this study, which is much larger than that (7 bps/Hz
per stream) obtained for the 16 x 8§ MIMO system [8],
[9]. The receive antennas are two times the spatial streams
in both MIMO systems. The obtained results show that
the ERA-aided MIMO is more effective for the case with
4 spatial streams than the case with 8 spatial streams. This
may be because the former (4 spatial streams) is much less
complicated in the MIMO system architecture than the latter
(8 spatial streams). Therefore, the ERA-aided MIMO shows
more prominent effects on the MIMO system with 4 spatial
streams.

In addition, our proposed 8-port 2 x 2 array has a small
size of 0.59A§ [Ag is the guided wavelength of the lower
edge frequency (4.4 GHz) of the n79 band]. The lower edge
frequency of the operating band generally dominates the
required antenna size. The equivalent size per port is 0.074A§
only. The small array size is attributed to each DPP antenna
therein with internal grounded metal rods added inside its
resonant cavity and additionally four such DPP antennas
90°-sequentially oriented to form the array.

The grounded metal rods can adjust the excited cavity field
distribution of the two ports in each DPP antenna so that
their port isolation can be larger than 15 dB over the target
operating band. This is because the cavity field distribution
can be adjusted such that each port is at around the null
electric fields of the resonant mode excited by the other port
over the operating band. In this case, enhanced isolation of
the two ports in each DPP antenna can be obtained. Also,
no external decoupling element (such as the L-shape metal
wall in [7]) is needed, which can lead to a compact structure
of the DPP antenna with enhanced port isolation.

For the 90°-sequential orientation [7], it can allow the
isolation of any two ports in different DPP antennas spaced
by a small distance (less than 0.2A, here) to be larger than
15 dB over the operating band. The compact 8-port array is
therefore obtained in this study.

Related 8-port 2 x 2 DPP antenna arrays provid-
ing 8 MIMO antennas for the WiFi access-point applications
have also been reported [7], [13]. The DPP antenna array
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TABLE 1. Comparison of the compact 8-port 2 x 2 DPP antenna array for loT device MIMO antennas (this work) with the reported 8-port 2 x 2 DPP
antenna arrays for 2.4 GHz WiFi [13] or 5.925-6.425 GHz WiFi-6E [7] access-point applications. They are all in the form of patch antenna structures and

suitable for on-metal surface applications.

[Reference]

[13]

[7] This work

Operating band, fractional 2.42.5 GHz, 4.1%

5.9-6.5 GHz, 9.7% 4.4-5.0 GHz, 12.8%

bandwidth for 8 ports
Array substr_at_e 5 relative About 2.3 Close to 1, about 1.07 Close to 1, about 1.05
permittivity
Array height in guided 4.762 mm 5.0 mm 6.5 mm
wavelength (Ag) (0.058Ae@2.4GHz) (0.102@5.9GHz) (0.097)c(@4.4GHz)
Array size in guided 97.2 X 97.2 mm? 40 X 40 mm? 51 X 51 mm?
wavelength (Ag) (1.392¢°@2.4GHz) (0.66¢>@5.9GHz) (0.59¢’@4.4GHz)
Equivalent size per port 0.17x’@2.4GHz 0.0832¢°@5.9GHz 0.074)2¢*@4.4GHz

Patch edge-to-edge spacing | 25.2 mm (0.300g@2.4GHz)

11 mm (0.222@5.9GHz) | 13 mm (0.19%.:@4.4GHz)

Minimum port isolation in

operating band 15dB

20dB 15dB

For access points or IoT/XR

X For WiFi access points
devices

For WiFi-6E access points For IoT/XR devices

Yes, Decoupling network
size 180 X 180 mm?
(4.80¢°@2.4GHz)

External decoupling
network; decoupling effects
on antenna radiation

No, Port isolation enhanced
by modifying cavity field
distribution of DPP antennas;
less effects on antenna’s
radiation patterns

No, Port isolation enhanced
by using metal wall-clad
DPP antennas; stronger
effects on antenna’s
radiation patterns

Measured throughput and
spectral efficiency (public
indoor scenario)

3.64 Gbps (80 MHz
bandwidth) and 45.5 bps/Hz
(8 x 8 MIMO, 8 Rx
antennas for 8 streams)

3.897 Gbps (100 MHz
bandwidth) and 38.97 bps/Hz
(8 x 4 MIMO, 8 Rx
antennas for 4 streams)

Spectral efficiency per stream
(public indoor scenario)

5.7 bps/Hz 9.74 bps/Hz

in [7] operates in 5.9-6.5 GHz (fractional bandwidth about
9.7%) with an equivalent array size per port of about 0.083)%.

On the other hand, the DPP antenna array in [13] operates
in 2.4-2.5 GHz (fractional bandwidth about 4.1%) with a
larger array size per port of about 0.17A§. The array size
per port (0.074k§) of the proposed 8-port 2 x 2 DPP
antenna array is smaller than those reported in [7] and [13].
The proposed 8-port array also shows a wider operating
bandwidth (12.8% here vs. 9.7% in [7] or 4.1% in [13]).

It is also noted that for enhanced port isolation, an external
decoupling network is needed in [13], while each DPP
antenna is clad with an L-shape metal wall in [7]. The
former [13] leads to a complicated 2 x 2 DPP antenna
array structure. For the latter [7], owing to the L-shaped
metal wall very close to each DPP antenna, the antenna’s
radiation pattern is affected to show an increased antenna gain
(maximum antenna gain larger than 9 dBi in the operating
band). In this case, the antenna’s radiation pattern will have a
narrower beamwidth, which will result in less rich multipath
propagation for the MIMO system.

On the other hand, the proposed 8-port 2 x 2 DPP
antenna array in this study uses a different decoupling
technique of modifying the cavity field distribution of the
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DPP antenna therein. The radiation pattern of each DPP
antenna is generally less affected.

In this case, the maximum antenna gain of the proposed
design is less than 7 dBi over the operating band (see later in
Section IV for the fabricated 8-port 2 x 2 array). In this case,
the antenna’s radiation patterns can be relatively wider, which
is expected to have a relatively richer multipath propagation
for the MIMO system. This will be advantageous for the
MIMO system application.

The above discussion on the proposed design (this work)
for IoT device MIMO antennas compared with the reported
8-port 2 x 2 DPP antenna arrays for 2.4 GHz WiFi [13] or
5.925-6.425 GHz WiFi-6E [7] access-point applications is
also provided in Table 1. The antennas in Table 1 are all in
the form of patch antenna structures and suitable for on-metal
surface applications.

Some related works are also noted [14], [15], [16], [17].
Reference [14] reports a reconfigurable MIMO monopole
antenna array with an electromagnetic band gap structure
for 5G applications; and [15] reports ultra-wideband MIMO
monopole antennas for the 5G mmWave application. The
latter [15] is not suitable for 5G sub-6 GHz MIMO
applications. Additionally, both References [14] and [15] are
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in the form of monopole antennas and are not suitable to be
directly mounted on metal surfaces.

As for [16], it introduced a decoupling and matching
network for dual-band MIMO monopole antennas. The
decoupling and matching network however will complicate
the MIMO antenna structure. Reference [17] introduced a
hybrid network consisting of a decoupling feed network and a
defected ground network, which also complicates the MIMO
antenna structure. Both designs in [16] and [17] are also not
suitable to be directly mounted on metal surfaces. On the
other hand, the three antennas (this work, [7], [13]) listed in
Table 1 are in the form of patch antenna structure and are
suitable for on-metal surface applications.

To summarize the advances of this study, the proposed
design uses a new modified cavity field distribution tech-
nique for enhanced port isolation and requires no external
decoupling network to achieve a simpler yet compact array
structure. The proposed design has also been applied in
practical campus public indoor and outdoor scenarios to
successfully demonstrate its capability for 8 x 4 MIMO
system applications. A high data throughput with the
corresponding spectral efficiency per stream as high as
9.74 bps/Hz has been obtained, which to our best knowledge
is the highest for the MIMO system with 4 spatial streams
that have been reported.

In this study, to address the proposed compact 8-port 2 x
2 DPP antenna array for IoT device MIMO antennas and
its application for the 8 x 4 MIMO system to achieve
a high spectral efficiency per stream, we present in the
following sections the array structure in Section II; the design
consideration and parametric study in Section III; the
experimental study of the fabricated array in Section IV;
the 8 x 4 MIMO system testing in campus public indoor and
outdoor scenarios in Section V; and finally the conclusion in
Section VI.

Il. THE 8-PORT 2 x 2 ARRAY

Fig. 1 shows the geometry of the compact 8-port 2 x
2 array based on the DPP antennas with modified cavity
field distribution for enhanced port isolation covering the n79
band (4.4-5.0 GHz). The top and side views are shown in
Fig. 1(a) and the exploded view is given in Fig. 1(b). The
array with Ports 1-8 is formed by four 2-port DPP antennas
90°-sequentially oriented with their top square patches
(19 mm x 19 mm) printed on a 0.4 mm thick FR4
substrate (relative permittivity 4.4, loss tangent 0.02). The
FR4 substrate is spaced 6.1 mm above a ground plane of size
70 mm x 70 mm. The array substrate thus has an effective
relative permittivity of about 1.05 and a thickness of 6.5 mm,
which is about 0.097A with respect to the guided wavelength
at 4.4 GHz.

The array size is 51 mm x 51 mm (about O.59)é) with a
small patch edge-to-edge spacing of 13 mm (about 0.191)
between adjacent DDP antennas. Each DPP antenna has
two ports located at adjacent patch corners to excite two
orthogonal half-wavelength resonant modes along the patch’s
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FIGURE 1. Geometry of the compact 8-port 2 x 2 array (Ports 1-8) based
on dual-polarized patch (DPP) antennas with modified cavity field
distribution for enhanced port isolation covering 4.4-5.0 GHz band

(n79 band). (a) Top and side views. (b) Exploded view.

two diagonal lines. The excited resonant modes cover the
n79 band.

It is worth noting that, with the 90°-sequential orienta-
tion [7], of the four DPP antennas in the array, the distance
of two ports in adjacent DPP antennas can be maximized,
which can help to obtain enhanced port isolation of larger than
15 dB for the case with a small element spacing of 13 mm
here.

Also note that each port in the array is connected to a
feed pin of length 6.5 mm and diameter 1.3 mm and is fed
through a SMA connector placed behind the ground plane.
To compensate for the introduced inductive reactance of the
long feed pin, each port is capacitively coupled to the top
square patch through a quarter-ring gap of width 11 mm.

Additionally, it is observed that there are some distortions
in the cavity field distributions of the half-wavelength
resonant modes excited by the two ports in each DPP antenna.
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grounded metal rods
(diameter 1.6 mm)

FIGURE 2. Geometry of the 2-port DPP antenna with two internal
grounded metal rods to modify the cavity field distributions of two
half-wavelength modes excited by Ports 1 and 2 at two adjacent patch
corners.

This behavior is mainly owing to the presence of the long feed
pin of the second port, when the first port is excited; and vice
versa. This behavior has also been observed for the two-port
same-polarized patch antenna studied in [18].

Because of the distortion in the excited cavity field
distribution, the isolation of the two ports in each DPP
antenna over the operating band is degraded. By introduc-
ing two grounded metal rods (height 5.5 mm, diameter
1.6 mm) at two opposite cavity corners facing the two ports,
we can modify the cavity field distribution so that enhanced
port isolation of the two ports in each DPP antenna is
obtained.

This behavior will be analyzed in more detail for the DPP
antenna standalone (the 2-port DPP antenna) mounted on a
ground plane of size 38 mm x 38 mm (see Fig. 2). Except
for different ground plane sizes, the dimensions of the 2-port
DPP antenna in Fig. 2 are same as the corresponding ones of
the 8-port 2 x 2 array in Fig. 1.

The simulated S parameters of both 8-port 2 x 2 array
and 2-port DPP antenna are first studied. We apply the
three-dimensional (3D) High Frequency Electromagnetic
Simulation Software (HFSS) version 19.1 [19] in the
simulation study. For the array, the simulated reflection
coefficients of Ports 1 and 2 are given in Fig. 3(a). The Sy
and S»; indicate that the desired resonant mode is excited
with good impedance matching and covers 4.4-5.0 GHz. Note
that the excited mode is the half-wavelength resonant mode
resonated mainly along the patch’s diagonal line.

There is also slight difference in the S;; and S»;, mainly
because Port 1 is located within the array and Port 2 is at
the array corner; thus, they will experience different coupling
to other ports in the array. In addition, for Ports 3-8, their
simulated reflection coefficients are same as those of Ports
1 and 2, mainly because the 8-port array has a symmetric
structure. For brevity, those for Ports 3-8 are not presented.

The transmission coefficients of Port 1 to Ports 2-4 (Si2,
S13, S14) and Port 1 to Ports 5-8 (Sis, Si6, S17, Sig) are
respectively shown in Fig. 3(b) and (c). The S, has a dip at
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FIGURE 3. Simulated S parameters of the 8-port 2 x 2 array.
(a) Reflection coefficients of Ports 1 and 2. (b) Transmission coefficients
of Port 1 to Ports 2-4. (c) Transmission coefficients of Port 1 to Ports 5-8.

around the center frequency of the n79 band [see Fig. 3(b)],
which is adjusted owing to the added internal grounded metal
rods. Among the transmission coefficients, the S14 for Ports 1
to 4 is the largest at around 5.0 GHz, which is largely related
to the excited resonant modes of Ports 1 and 4 are with
parallel polarizations, although they are located in different
DPP antennas and have a larger distance in the array.

However, the Si4 is still less than —15.5 dB over the
operating band. On the other hand, the S3 is less than —17 dB
across the band, better than the S14. This is largely because the
excited resonant modes of Ports 1 and 3 are with orthogonal
polarizations, although they have a smaller distance than that
of Ports 1 and 4.

79315



IEEE Access

K.-L. Wong et al.: Compact 8-Port 2 x 2 Array Based on DPP Antennas

S Parameters (dB)
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Frequency (GHz)
FIGURE 4. Simulated S parameters of the 2-port DPP antenna.

On the other hand, as seen in Fig. 3(c), the S15 and S;¢ are
less than —24 dB, which may be simply that Port 1 to Ports 5
and 6 in the opposite DPP antenna have longer distances as
compared to Port 1 to other ports. For the S17 and Sg (Ports 7
and 8 in the adjacent DPP antenna with respect to Port 1), they
show similar trends as the S13 and Si4 (Ports 3 and 4 also
in the adjacent DPP antenna). Note that, in the 2 x 2 array,
there are no additional decoupling elements added between
the DPP antennas therein, although a compact array size is
obtained.

In addition, for the MIMO antenna applications for IoT
mobile devices or XR devices, the obtained transmission
coefficients or the port isolation is considered to be sufficient
to be applied as receive antennas in the MIMO system [5],
[20], [21], [22]. The 8 x 4 MIMO system testing results will
be presented in Section V.

For comparison, Fig. 4 shows the simulated S parameters
of the 2-port DPP antennas. The Si; and Si» are very
similar to the corresponding S parameters of the 8-port 2 x
2 array in Fig. 3(a) and (b). Therefore, one can conveniently
apply the 2-port DPP antenna to form the proposed compact
8-port 2 x 2 array, without the need of fine-adjusting the
dimensions of the DPP antennas and/or adding additional
decoupling elements in the array. This also suggests that
the DPP antenna standalone and the case with nearby three
DPP antennas in the array have generally same antenna
performance. Thus, in Figs. 5 and 6 for analyzing the excited
resonant modes, the results for the 2-port DPP antenna are
presented.

Fig. 5 shows the simulated surface current distribution
excited in the top patch of the 2-port DPP antenna at 4.7 GHz,
the center frequency of the operating band. For Port 1
excitation in Fig. 5(a), the surface currents are mainly excited
along the diagonal line facing Port 1. Similarly, the surface
currents excited by Port 2 are also mainly along the diagonal
line facing Port 2. That is, the excited resonant modes of
Ports 1 and 2 are mainly with orthogonal polarizations [23],
[24].

Fig. 6 shows the simulated electric field distribution
excited in the median plane (3.25 mm above the ground plane)
of the resonant cavity of the 2-port DPP antenna at 4.7 GHz.
It is worth noting that, for Port 1 excitation in Fig. 6(a), the
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FIGURE 5. Simulated surface current distribution excited in the top patch
of the 2-port DPP antenna at 4.7 GHz. (a) Port 1 excitation. (b) Port 2
excitation.
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FIGURE 6. Simulated electric field distribution excited in the median
plane (3.25 mm above the ground plane) of the resonant cavity of the
2-port DPP antenna at 4.7 GHz. (a) Port 1 excitation. (b) Port 2 excitation.

diagonal line orthogonal to the excitation direction of the
resonant mode has a null electric field; and the electric fields
on its two sides are of opposite phases.

This indicates that the half-wavelength resonant mode
along the diagonal line is excited by Port 1. Moreover, Port 2
is in the null electric field of the resonant mode excited by
Port 1. This leads to enhanced port isolation of the 2-port DPP
antenna. Similar behavior of Port 2 excitation in Fig. 6(b) is
observed. This is mainly owing to the two grounded metal
rods added in the 2-port DPP antenna. Detailed effects of the
grounded metal rods will be analyzed in Section III.

The simulated antenna efficiency of the 8-port 2 x 2 array
and the 2-port DPP antenna is also presented in Fig. 7.
The antenna efficiency of Ports 1 and 2 in Fig. 7(a) for the
8-port 2 x 2 array is lower by about 10% as compared to
that of Port 1 in Fig. 7(b) for the 2-port DPP antenna. This
is mainly related to the additional coupling of Port 1 or 2 to
other 6 ports in the three nearby DPP antennas in the array.
However, the antenna efficiency of the 8 ports in the array is
all larger than 82% over the desired operating band.

Fig. 8 shows the simulated envelope correlation coeffi-
cients (ECC) of the 8-port 2 x 2 array. Representative ECC
values of Port 1 to Ports 2-4 and to Ports 5-8 are respectively
shown in Fig. 8(a) and (b). The simulated ECC is obtained by
applying the three-dimensional far-field electric fields based
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FIGURE 7. Simulated antenna efficiency. (a) Ports 1 and 2 in the
8-port 2 x 2 array. (b) Port 1 in the 2-port DPP antenna.

expression [25]. Very low ECC values (less than 0.0002) over
the operating band are obtained. The results indicate that the
compact 8-port 2 x 2 array with a small array size can provide
8 uncorrelated waves for MIMO system applications.

IIl. OPERATING PRINCIPLE AND PARAMETRIC STUDY
Fig. 9 shows the geometry of the 2-port DPP antenna
without the grounded metal rods (denoted as Design A). The
dimensions of Design A are same as corresponding ones
shown in Fig. 2. The simulated S parameters of Design A are
presented in Fig. 10. The excited resonant mode or the S1; for
Design A is slightly shifted to high frequencies, as compared
to the results in Fig. 4 for the DPP antenna standalone.

Additionally, the Si2 is shifted much further to higher
frequencies. This makes the isolation of Ports 1 and 2 in
the excited resonant mode degraded, although the two ports
excite two orthogonally polarized resonant modes. This can
be seen in Fig. 11, in which the excited surface currents of
Ports 1 and 2 in Design A are generally orthogonal to each
other, similar to the results in Fig. 5 for the DPP antenna
standalone.

The degraded port isolation can be seen more clearly from
the electric field distribution of Design A in Fig. 12. It is
observed that the null electric field does not occur along
the diagonal line orthogonal to the resonant direction of the
excited resonant mode for both Port 1 and Port 2 excitation.
When compared with the corresponding results in Fig. 6 for
the DPP antenna with the grounded metal rods, we can see
that the electric field in the opposite side of the excitation port
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FIGURE 8. Simulated envelope correlation coefficients (ECC) of the
8-port 2 x 2 array. (a) Port 1 to Ports 2-4. (b) Port 1 to Ports 5-8.
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wide gap

38

iground plane

sl 1.0

No grounded metal rods

FIGURE 9. Geometry of the 2-port DPP antenna without the grounded
metal rods (Design A). The dimensions of Design A are same as the
corresponding ones shown in Fig. 2.

is much weaker than that near the excited port. This leads to
quite asymmetric field distribution on the two sides of the null
electric field of the excited resonant mode.

This behavior is mainly because, when Port 1 is excited,
the long feed pin of Port 2 causes some distortion in the field
distribution of the excited resonant mode. Similar behavior
occurs when Port 2 is excited. The distortion in the field
distribution in the resonant cavity between the top patch and
the ground plane makes the null electric field of the excited
resonant mode slightly shifted away from the diagonal line.
Thus, when Port 1 at one patch corner is excited, Port 2 at
the adjacent patch corner will no longer be within the null
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FIGURE 11. Simulated surface current distribution excited in the top
patch of Design A at 4.7 GHz. (a) Port 1 excitation. (b) Port 2 excitation.
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FIGURE 12. Simulated electric field distribution excited in the median
plane (3.25 mm above the ground plane) of the resonant cavity of Design
A at 4.7 GHz. (a) Port 1 excitation. (b) Port 2 excitation.

electric field region of the excited mode of Port 2; and vice
versa. This will lead to increased coupling of Ports 1 and 2.

This phenomenon is alleviated by adding two grounded
metal rods of length 5.5 mm at the other two patch corners
of Design A. The metal rod is grounded to the ground plane
and is spaced 1 mm to the top patch, as seen in Figs. 1 and 2.
Owing to the small spacing between the grounded metal rods
and top patch, there is increased electric field at the patch
corners opposite to the ones located Ports 1 and 2.

In this case, more symmetric electric field distribution on
the two sides of the null electric field of the excited resonant
modes can be obtained (see Fig. 6). This will thus allow the
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FIGURE 13. Simulated S parameters for varying the height (h) of the
grounded metal rods in the 2-port DPP antenna. (a) The S;;. (b) The S¢,.

null electric field of the excited modes to occur along the
diagonal lines of the resonant cavity between the top patch
and ground plane. In this case, enhanced port isolation of
Ports 1 and 2 in the DPP antenna is obtained.

A parametric study of varying the height of the grounded
metal rods in the 2-port DPP antenna is also conducted.
Fig. 13 shows the simulated S parameters for varying the
height () of the grounded metal rods from 5.2 mm to 5.8 mm.
We can vary the height to adjust the S1; in Fig. 13(a) and the
S12 in Fig. 13(b); thus, the excited resonant modes cover the
desired operating band. Furthermore, enhanced port isolation
is also obtained. In this study, the height 4 is selected to be
5.5 mm for the proposed design.

The patch edge-to-edge spacing (d) in the 2 x 2 array
is also studied. Fig. 14 shows the simulated S parameters
for varying the spacing from 11 mm to 15 mm. Fig. 14(a)
shows that the S;; is almost not affected and the S, is also
slightly affected. The S13 and Sy4 are given in Fig. 14(b),
the S15 and Sj¢ are in Fig. 14(c), and the S17 and S;g are in
Fig. 14(d). Note that, for a smaller spacing (d = 11 mm),
the S14 becomes larger than —15 dB. In this case, although
a smaller spacing can further decrease the array size, the
spacing in the proposed design is chosen to be 13 mm.

IV. FABRICATED 8-PORT 2 x 2 ARRAY

The 8-port 2 x 2 array is fabricated and experimentally
studied. Fig. 15 shows the fabricated prototype. Each port is
connected to a SMA connector on the back side of the ground
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FIGURE 14. Simulated S parameters for varying the patch edge-to-edge
spacing (d) of two adjacent DPP antennas in the 8-Port 2 x 2 array.
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plane for excitation. The measured reflection coefficients
of Ports 1, 3, 5, 7 (at each patch’s inner corner and close
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FIGURE 15. Fabricated 8-port 2 x 2 array.
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FIGURE 16. Measured reflection coefficients of the fabricated 8-port 2 x
2 array. (a) Ports 1, 3, 5, 7. (b) Ports 2, 4, 6, 8.

to adjacent DPP antennas) and Ports 2, 4, 6, 8 (at each
patch’s outer corner and also at array corners) are presented in
Fig. 16(a) and (b), respectively. The corresponding simulated
S11 and S»; are also given in the figure for comparison. The
measured results generally conform to the simulated ones and
cover 4.4-5.0 GHz.

Fig. 17 shows the measured transmission coefficients.
Representative measured results of Portl to Ports 2-8 are
presented. The S12 and Sy3 are given in Fig. 17(a); the Si4
and Si5 are in Fig. 17(b); and the Si¢, S17, and Sig are
in Fig. 17(c). From the measured results, the transmission
coefficients over the operating band are all less than —15 dB;
and the measured S5, Sig, and most of the S, are less than
—20 dB in 4.4-5.0 GHz. The measured data also agree with
the corresponding simulated results.

79319



IEEE Access

K.-L. Wong et al.: Compact 8-Port 2 x 2 Array Based on DPP Antennas

o 0
=) 10 Port 1 to Ports 2, 3
o e S
8 20FF T
i | — Eeass
2 . 40| Simulated  Measured
e °S, S,
g S0 el Si3
@_60‘.‘.|.‘..|.“
= 40 4.5 5.0 5.5
Frequency (GHz)
(a)
m 0
) Port 1 to Ports 4,5
7 =10 -, - -~ - -~~~ -
fam]
]
o
@)
=
=
% -40 Simulated =S, &S,
g -50| Measured S, =S /
5 -60 ' ‘
= 4.0 4.5 5.0 5.5
Frequency (GHz)
(b)
0
10 Port 1 to Ports 6-8

-40 Simulated €S, &S,, &S
-500 Measured S, =S, &S,

Transmission Coeff. (dB)

4.0 4.5 5.0 5.5
Frequency (GHz)

(c)
FIGURE 17. Measured transmission coefficients of the fabricated
8-port 2 x 2 array. (a) The Sy, Sy3. (b) The Sy4, Sys. (c) The Sy, S17, S13-

Fig. 18 shows the measurement setup of the fabricated
8-port 2 x 2 array in our far-field anechoic chamber for
radiation performance study. The array is mounted on a
two-axis rotator to rotate along two orthogonal (¢ and 6)
directions. The antenna’s total radiation power for each port
can therefore be obtained in the measurement (the Great
circle test method [26]) and the antenna efficiency of Ports
1-8 is then evaluated.

Fig. 19(a) and (b) show the measured antenna efficiency
respectively for Ports 1, 3, 5, 7 and Ports 2, 4, 6, 8. The
measured antenna efficiency is larger than 78% (Ports 1, 3, 5,
7) or 80% (Ports 2, 4, 6, 8) in 4.4-5.0 GHz and also generally
agrees with the simulated results. Note that Ports 2, 4, 6,
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FIGURE 18. The fabricated 8-port 2 x 2 array measured in the far-field

anechoic chamber.
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FIGURE 19. Measured antenna efficiency of the fabricated 8-port 2 x
2 array. (a) Ports 1, 3, 5, 7. (b) Ports 2, 4, 6, 8.

8 show slightly larger antenna efficiency, which is mainly
because they are located at array corners and their coupling
to other ports in the array is relatively not as strong as Ports 1,
3,5, 7 to other ports.

The measured antenna gain for Ports 1-8 is provided in
Fig. 20. The antenna gain of Ports 1, 3, 5, 7 is slightly varied
around 6.0 dBi in 4.4-5.0 GHz [see Fig. 20(a)], while that of
Ports 2, 4, 6, 8 shows relatively larger variations from about
5.0 dBi to 6.6 dBi [see Fig. 20(b)]. This is largely because
Ports 2, 4, 6, 8 are at array corners and also close to two
edges of the ground plane; they are thus more sensitive to the
ground size variation in terms of the operating wavelength
which decreases with increasing frequencies.

At higher frequencies, the effective ground size in terms of
the wavelength is larger; thus, the antenna’s radiation will be
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FIGURE 20. Measured antenna gain of the fabricated 8-port 2 x 2 array.
(a) Ports 1, 3, 5, 7. (b) Ports 2, 4, 6, 8.

stronger in the front side of the ground plane than in the back
side thereof. This leads to increasing antenna gain at higher
frequencies, especially for Ports 2, 4, 6, 8 seen in Fig. 20(b).
Also, it is seen that both the measured antenna efficiency
and antenna gain generally conform to the simulated results
which are included in the figure for comparison.

Note that the maximum antenna gain over the operating
band is about 6.6 dBi only. On the other hand, the maximum
antenna gain is larger than 9 dBi in the 2 x 2 DPP antenna
array with the decoupling technique of the L-shape metal
wall clad to each DPP antenna [7]. The smaller antenna
gain is largely because the antenna’s radiation pattern is less
affected by the proposed modified cavity field distribution.
This is expected to be advantageous to have richer multipath
propagation for the MIMO system.

Fig. 21 shows the measured radiation patterns of Ports 1-8
in the fabricated array at 4.7 GHz. The radiation patterns of
Ports 1, 3, 5, 7 and Ports 2, 4, 6, 8 are respectively plotted
in Fig. 21(a) and (b). The radiation patterns in the ¢ = 45°
or 135° plane along the resonant direction of each port are
presented. The measured and simulated radiation patterns are
generally in agreement, and Ports 1-8 all show broadside
radiation in the z direction (8 = 0°).

The ECC results are then evaluated by using the measured
three-dimensional far-field electric fields [21]. Fig. 22 shows
the representative ECC values of Port 1 to Ports 2-8 for the
fabricated 8-port 2 x 2 array. The ECC; and ECCj3 are given
in Fig. 21(a); The ECC4 and ECCj5 are in Fig. 21(b); and
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FIGURE 21. Measured radiation patterns of the fabricated 8-port 2 x
2 array. (a) Ports 1, 3, 5, 7. (b) Ports 2, 4, 6, 8.

The ECCj¢, ECCy7, and ECCyg are in Fig. 21(c). The ECC,,,
in the figure indicates the result for Port m and Port n. All the
measured ECC values are less than 0.03 in 4.4-5.0 GHz.

Note that, due to the measurement limitation, the measured
electric field amplitude and phase cannot be as accurate as the
simulated results, which may make the obtained ECC values
not as small as those shown in Fig. 8. However, the ECC
values of less than 0.03 obtained here are low enough to be
considered as uncorrelated for any two radiated waves in the
MIMO system [5], [6], [7], [8], [9].
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FIGURE 22. Measured envelope correlation coefficients of the fabricated
8-port 2 x 2 array. (a) The ECC;,, ECCy3. (b) The ECC,4, ECCy5. c) The
ECCyg, ECCq, ECCqg.

V. THE 8 x 4 MIMO SYSTEM TESTING
To test the capability of the compact 8-port array for practical
MIMO system applications, we conducted the 8 x 4 MIMO
system testing in both practical indoor and outdoor scenarios
in the university campus. Fig. 23 shows the 8§ x 4 MIMO
system testbed [8 receive (Rx) antennas, 4 transmit (Tx)
antennas] at National Sun Yat-sen University (NSYSU). The
fabricated 8-port 2 x 2 DPP array in Fig. 15 is used as 8 Rx
antennas at the receiver side. A 4-port single-patch antenna
based on the design in [27] is fabricated and applied as 4 Tx
antennas to transmit 4 spatial streams at the transmit side. The
received signals of the 8§ Rx antennas are fed into two 4-port
high-performance oscilloscopes and then processed by the
in-house developed software MIMO receiver [5], [6], [7], [8],
[9], which is mainly based on 5G New Radio (NR) standard.
Fig. 24 shows the public indoor scenario (area 19 m x
6.6 m) inside the NSYSU electrical engineering department
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FIGURE 23. The 8 x 4 MIMO system testbed at National Sun Yat-sen
University. The fabricated 8-port 2 x 2 DPP array in Fig. 15 is used as

8 receive (Rx) antennas at the receiver side. A 4-port single-patch
antenna based on the design in [27] is fabricated and applied to transmit
4 spatial streams at the transmit side.

Laboratory 6.6 m
D
Rx
1]
19m
1]
Tx
Laboratory

Lioas

Public indbor space

FIGURE 24. The public indoor scenario (area 19 m x 6.6 m) inside the
NSYSU electrical engineering department building for the 8 x 4 MIMO
systems testing.

building for the 8 x 4 MIMO system testing. The 8 Rx
antennas and 4 Tx antennas are placed along the centerline of
the public indoor space and spaced by a distance of 7 meters
in the measurement. The frequency band of 4.8-4.9 GHz
with 100 MHz bandwidth in the 79 band is tested; this
frequency band has been assigned by the Taiwan government
as a 5G band to use by the public and private sectors for
special purposes [28].

Table 2 lists the measured 8 x 4 MIMO system perfor-
mance in 4.8-4.9 GHz for the public indoor scenario. It is
worth noting that the 8 x 4 MIMO system in the indoor
scenario supports the signal modulations of 1024 QAM
(10 bits per symbol) and 4096 QAM (12 bits per symbol).
The measured signal noise ratios (SNR) of the 8 Rx antennas
(Ports 1-8 of the fabricated 8-port array) are recorded. The
average SNR of the 8 Rx antennas is around 29 dB.

For the 8 x 4 MIMO system, it is interesting to find that the
measured MIMO capacity (obtained in the practical indoor
scenario) is very close to the calculated MIMO capacity
(obtained by assuming the MIMO environment with an
ideally rich multipath condition). As listed in the table, for
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TABLE 2. Measured 8 x 4 MIMO system performance for the campus public indoor scenario (Fig. 24).

fo = 4.85 GHz (4.8-4.9 GHz), Campus public indoor space (19 m x 6.6 m), Rx/Tx distance 7 m

MIMO system, Signal modulation

8 x 4 MIMO, 1024 QAM

8 x 4 MIMO, 4096 QAM

Measured Signal Noise Ratio
(dB) of 8 Rx antennas at
the receiver side

30.7, 28.6, 28.7, 28.6
26.8, 29.5, 28.6, 28.8
(Average SNR =~ 28.9 dB)

31.4, 28.9, 28.8, 29.0
26.6, 29.7, 28.6, 28.8
(Average SNR =~ 29.2 dB)

Calculated MIMO Capacity (A)

(Ideally rich multipath condition) 40.7 bps/Hz 40.9 bps/Hz
Measured MIMO Capacity (B) 40.6 bps/Hz 40.8 bps/Hz
MIMO Efficiency (B/A) 99.8% 99.8%
Uncoded Bit Error Rate 0.00012 0.010
Coded Bit Error Rate 0 0
Measured Throughput (T) 3281 Mbps 3897 Mbps

Spectral Efficiency (T/100 MHz)

32.81 bps/Hz

38.97 bps/Hz

Spectral efficiency per stream

(public indoor scenario) 8.21 bps/Hz 9.74 bps/Hz
the 1024 QAM case, the calculated and measured MIMO Tibrary &
capacities are respectively 40.7 bps/Hz and 40.6 bps/Hz for Information
the average SNR about 28.9 dB; while for the 4096 QAM building (1

case, they are respectively 40.9 bps/Hz and 40.8 bps/Hz for
the average SNR about 29.2 dB.

In this case, the obtained MIMO efficiency is about 99.8%,
which indicates that the 8 x 4 MIMO system in the tested
indoor scenario can be considered to have an almost ideally
rich multipath condition.

This almost ideally rich multipath condition is related to
the Rx antennas two times that of the spatial streams in
the 8 x 4 MIMO system. This is equivalent to using two Rx
antennas to receive one spatial stream. In this case, with the
transmitted power fixed, the equivalent received power at the
receiver for one spatial stream is however doubled. This can
lead to an effective increase in the higher limit of the MIMO
system capacity.

More importantly, the additional Rx antennas can also
result in more additional multipath signals received by the
receiver. The additional multipath signals can further result in
an equivalently richer multipath environment for the MIMO
system. This will increase the MIMO efficiency of the MIMO
system; that is, the measured MIMO capacity for the real
scenario can be close to the calculated MIMO capacity for
the ideally rich multipath condition.

It is worth noting that nearby 100% MIMO efficiency in
4.8-4.9 GHz is obtained for the 8 x 4 MIMO system with the
fabricated 8-port array studied here. As compared to the 16 x
8 MIMO system (16 receive antennas for 8 spatial streams)
studied in the 7.1 GHz band (7.025-7.125 GHz), the MIMO
efficiency is reported to be around 86%~90% [8], [9]. Also
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FIGURE 25. The public outdoor scenario in the NSYSU central plaza (area
120 m x 50 m) for the 8 x 4 and 4 x 4 MIMO systems testing.

note that the public indoor scenario in [8] and [9] is same as
the testing scenario here.

Since the MIMO system with 8 spatial streams is more
complex than that with 4 spatial streams, it is reasonable
that better MIMO efficiency for the receive antennas two
times the spatial streams is obtained here for the 8 x 4
MIMO system than for the 16 x 8§ MIMO system in [8]
and [9]. Additionally, in the same testing scenario, the lower
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TABLE 3. Measur ed 8 x 4 and 4 x 4 MIMO system performance for the campus public outdoor scenario (Fig. 25).

fy = 4.85 GHz (4.8-4.9 GHz), Campus public outdoor space (120 m x 50 m), Rx/Tx distance 10 m

MIMO system

8 x 4 MIMO

4 x 4 MIMO

Signal modulation

1024 QAM

64 QAM

Measured Signal Noise Ratio
(dB) of 8 or 4 Rx antennas at
the receiver side

Ports 1-8 of 8 Rx antennas
24.9, 28.4, 30.7, 25.6
31.6, 25.1, 29.7, 25.0

(Average SNR =~ 28.4 dB)

Ports 1-4 of 8 Rx antennas
25.0, 32.7, 30.5, 26.6

(Average SNR = 27.6 dB)

Calculated MIMO Capacity (A)

(Ideally rich multipath condition) 39.4 bps/Hz 31.2 bps/Hz
Measured MIMO Capacity (B) 33.0 bps/Hz 25.6 bps/Hz
MIMO Efficiency (B/A) 83.8% 82.1%
Uncoded Bit Error Rate 0.045 0.023
Coded Bit Error Rate 0 0
Measured Throughput (T) 3135 Mbps 1924 Mbps

Spectral Efficiency (T/100 MHz)

31.35 bps/Hz

19.24 bps/Hz

Spectral efficiency per stream
(public outdoor scenario)

7.84 bps/Hz

4.81 bps/Hz

frequencies (4.8-4.9 GHz here) usually have better multipath
property than the higher frequencies (7.025-7.125 GHz [8],
[9]). Thus, the MIMO system with 4 spatial streams and the
lower frequencies in 4.8-4.9 GHz may account for the much
better MIMO efficiency obtained here.

In this study, the bit error rate (BER) defined by the ratio
of the erroneous data received at the receiver to the total
transmitted data at the transmitter is low enough so that
the coded BER is all zero for the two cases of 1024 AM
and 4096 QAM. The zero coded BER indicates that the 8 x
4 MIMO system in the testing scenario supports the signal
modulation of 1024 QAM and 4096 QAM.

The data throughput defined by the correct data received at
the receiver reaches 3281 Mbps (1024 QAM) and 3897 Mbps
(4096 QAM); and the corresponding spectral efficiency is
32.81 bps/Hz (1024 QAM) and 38.97 bps/Hz. Thus, the
spectral efficiency per stream is 8.20 bps/Hz (1024 QAM) and
9.74 bps/Hz (4096 QAM). Note that, to our best knowledge,
the latter with 9.74 bps/Hz stream is the highest for the MIMO
system with 4 spatial streams that have been reported.

Additional testing of the MIMO system with 4 spatial
streams in the campus outdoor scenario (area 120 m x
50 m) is conducted. The public outdoor scenario as shown
in Fig. 25 is expected to have less or much less rich multipath
propagation than the indoor scenario in Fig. 24. In addition,
both the 8 x 4 and 4 x 4 MIMO systems are tested. For
the 4 x 4 MIMO system, only Ports 1-4 of the fabricated
8-port array are used as 4 Rx antennas at the receiver.
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Table 3 lists the measured 8 x 4 and 4 x 4 MIMO
system performance for the public outdoor scenario (Fig. 25).
The 8 or 4 Rx antennas face the 4 Tx antennas; and the
distance between the Rx and Tx antennas is 10 meters. For
the 8 x 4 MIMO system, it supports 1024 QAM with MIMO
efficiency 83.8% (calculated MIMO capacity 39.4 bps/Hz,
measured MIMO capacity 33.0 bps/Hz), uncoded BER 0.045,
coded BER 0, measured data throughput 3135 Mbps, spectral
efficiency 31.35 bps/Hz, and spectral efficiency per stream
7.84 bps/Hz.

For the 4 x 4 MIMO system, it supports only 64 QAM
with MIMO efficiency 82.1% (calculated MIMO capacity
31.2 bps/Hz, measured MIMO capacity 25.6 bps/Hz),
uncoded BER 0.023, coded BER 0, measured data through-
put 1924 Mbps, spectral efficiency 19.24 bps/Hz, and spectral
efficiency per stream 4.81 bps/Hz. Note that, the 4 x 4 MIMO
system in the outdoor scenario cannot support the signal
modulation of 256 QAM and 1024 QAM (their uncoded BER
all larger than 0.1).

In the outdoor scenario in which the multipath propagation
is generally not as rich as in the indoor scenario, large effects
of using additional 4 Rx antennas for the 8 x 4 MIMO system
are observed. The obtained spectral efficiency per spatial
stream is 7.84 bps/Hz, much larger than that (4.81 bps/Hz)
obtained for the 4 x 4 MIMO system with 4 Rx antennas
only. The results suggest that the effects of applying more Rx
antennas in the scenario with less rich multipath condition
will be more prominent. The obtained results also indicate the
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capability of the proposed 8-port 2 x 2 DPP antenna array for
practical MIMO system applications.

It is also worth noting that the better MIMO performance
obtained here may also be attributed to the proposed
8-port 2 x 2 DPP antenna array showing no prominent
antenna gain as compared to that in [7]. This is expected to
lead to relatively richer multipath propagation for the MIMO
system, thereby obtaining high data throughput and spectral
efficiency per stream.

VI. CONCLUSION

A compact 8-port 2 x 2 DPP antenna array with modified
cavity field distribution for enhanced port isolation has been
proposed for IoT or XR device MIMO antenna applications
in the 5G n79 band (4.4-5.0 GHz). The operating principle
and design consideration of the compact 8-port array and the
DPP antenna therein have been addressed. The compact array
has also been experimentally studied. We further apply the
fabricated array as 8 receive antennas in the 8 x 4 MIMO
system with 4 spatial streams in campus public indoor and
outdoor scenarios to test its capability for MIMO system
applications. A high data throughput of 3.897 GHz for the 8 x
4 MIMO system (an ERA-aided MIMO with receive antennas
two times that of the spatial streams) tested in 4.8-4.9 GHz
has been obtained. The high data throughput indicates that
the spectral efficiency per stream is as high as 9.74 bps/Hz,
which to our best knowledge is the highest for the MIMO
system with 4 spatial streams that have been reported. The
results support that the compact 8-port array is promising
for practical MIMO system applications; and additionally,
the 8 x 4 MIMO system will be attractive for high data
throughput applications. Furthermore, for future or 6G (six-
generation) communications, the MIMO system will be very
likely to support 8 spatial streams [4], two times the 4 streams
for 5G communications. In this case, in order to obtain
enhanced data throughput or spectral efficiency for such
future MIMO systems, the receive antennas for the IoT device
should also outnumber the spatial streams as indicated in this
study; for example, 16 receive antennas for 8 spatial streams
(the 16 x 8 MIMO system) for future MIMO systems. For
such applications, one can use two of the proposed 8-port 2 x
2 DPP array to conveniently obtain 16 receive antennas for the
IoT devices. That is, the proposed compact 8-port array is also
expected to find applications in future or 6G communications.
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