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ABSTRACT The WiFi 6E extends the WiFi 6 operation in the 6 GHz band and features the 8 x 8 MIMO
system. Recently, many countries have also made the lower 6 GHz band (5.925-6.425 GHz) available for
the license-exempt wireless local area network, including the WiFi 6E. For such MIMO systems featuring
8 spatial streams in the lower 6 GHz band, we propose the compact 2 x 2 dual-polarized patch (DPP)
antenna array with 8 isolated ports in a small size of 40 mm x 40 mm (about 0.6612 at 5.9 GHz) to transmit
8 uncorrelated waves for the WiFi-6E MIMO access point featuring 8 spatial streams. In addition, over the
operating band, the isolation of any two ports thereof is larger than 20 dB and the maximum port isolation
is larger than 30 dB. The high port isolation of the compact 2 x 2 DPP antenna array is owing to each DPP
antenna therein clad with an L-shape metal wall. We also test the fabricated compact DPP antenna array and
its application in the 8 x 8 MIMO system in an on-campus public indoor space. The measured 8 x 8§ MIMO
system capacity reaches about 53 bps/Hz, even though the tested public indoor space is not an ideally rich
multipath environment. The obtained results imply that for the maximum 160 MHz channel in the WiFi-6E,
the system capacity based on using the compact DPP antenna array in the practical public indoor space can
be about 8.48 Gbps (53 bps/Hz x 160 MHz), which reaches 88% of the WiFi-6E’s ideal projected system
capacity of 9.6 Gbps. We present in this study the proposed compact DPP antenna array and its measured

8 x 8 MIMO system results.

INDEX TERMS MIMO antennas, compact dual-polarized patch antenna arrays, WiFi-6E MIMO access-

point antennas, 8§ x 8 MIMO systems, the lower 6 GHz band.

I. INTRODUCTION

The WiFi 6E named by the WiFi Alliance [1] extends the
WiFi 6 in the 6 GHz band and features up to 8 x 8 multi-
input-multi-output (MIMO) systems [1], [2], [3]. It is also
noted that the lower 6 GHz band (5.925-6.425 GHz) has
recently been made available for the license-exempt wire-
less local area network, including the WiFi 6E, in many
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countries [4], [5]. For the upcoming 8 x 8 WiFi MIMO
system, the antennas in the access point thereof require to
transmit 8 uncorrelated spatial streams. In order to obtain
high signal-to-noise ratio (SNR) received by the terminal
device at the receiver side and rich multipath scattering in
the MIMO environment between the receiver and transmit-
ter, the multiport (3-port [6], [7], [8], [9], [10], 4-port [11],
[12], [13], [14], [15], [16], or 6-port [17], [18]) patch
antennas have been reported for the MIMO access-point
application.
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VOLUME 12, 2024

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ 36793


https://orcid.org/0000-0001-6858-3060
https://orcid.org/0000-0001-8981-9829

IEEE Access

K.-L. Wong et al.: Compact 2 x 2 DPP Antenna Array Transmitting Eight Uncorrelated Waves

Such multiport patch antennas [6], [7], [8], [9], [10], [11],
[12], [13], [14], [15], [16], [17], [18] are characterized by
their compact antenna size with a back ground plane to
transmit multiple (3, 4, or 6) uncorrelated waves mainly in
the antenna’s front hemisphere. The transmitted waves can
therefore have enhanced antenna gain as compared to the
monopole-type antennas with bi-directional radiation [19].
This can lead to increased SNR for receive (Rx) antennas
of the terminal device in the MIMO system. In addition,
the waves transmitted by such patch antennas still have a
wide beamwidth as the monopole-type antennas in the front
half-space to provide rich multipath signals in the environ-
ment of the MIMO system.

Two 4-port patch antennas in a 1 x 2 array to provide
8 transmit antennas in the MIMO system featuring 8 spatial
streams have also been reported [20], [21], [22]. For the 8 x 8
MIMO system, the measured system capacity can reach about
42 bps/Hz [20]. However, in order to achieve good isolation of
two ports in different 4-port patch antennas, the simple way
of placing a large spacing (about one wavelength) between
the two 4-port patch antennas is used. This greatly increases
the total size of the multiport patch antenna array to provide
8 transmit antennas for the 8§ x 8 MIMO system.

Another way is the use of 8 planar monopoles arranged
in a circular array and backed by a large ground plane to
transmit 8 uncorrelated waves mainly in the antenna’s front
half-space [23], similar to the patch antenna. The measured 8
x 8 MIMO system capacity is also similar to that in [20].
However, the 8 planar monopoles have a high profile of larger
than 0.2 wavelength above the ground plane [23].

On the other hand, it is known that the patch antenna
generally has a relatively much lower profile. Recently, it is
reported to generate 8 uncorrelated waves by using a 2 X
2 dual-polarized patch (DPP) antenna array [24], which is
promising to be applied in the 8 x 8 MIMO system. The 2 x
2 antenna array is formed by four DPP antennas [25], [26]
with each one generating 2 dual-polarized waves. The 2 x
2 antenna array is operated in the 2.4-2.5 GHz, suitable for
the WiFi MIMO system.

It is noted that its antenna substrate has an effective relative
permittivity of about 2.3, which reduces the array size to be
about 1.39)% with respect to the guided wavelength (A¢) and
the lower-edge frequency (2.4 GHz) of the operating band.
The equivalent array size per wave is therefore about 0. 17A§
only. However, for the 2 x 2 antenna array with a compact
size to achieve enhanced port isolation, an external large
decoupling network of size about 4.8A§ is introduced. The
maximum port isolation is larger than 30 dB and the minimum
port isolation over the operating band is about 15 dB [24].

Recently, the 2 x 2 patch antenna array is also reported
to generate two dual-polarized waves over a wide band of
about 5.1-7.5 GHz for the WiFi application [27]. This inter-
esting 2 x 2 array, however, has only 2 ports. The 2 x 2 array
generates only 2 dual-polarized waves and is not suitable to be
applied in the 8 x 8 MIMO system. In this case, the equivalent
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array size per wave is about 0.25)%, which is much larger than
that for the 2 x 2 DPP antenna array in [24].

In this study, we propose a compact 2 x 2 DPP antenna
array with 8 isolated ports in a small size of 40 mm x 40 mm
to transmit 8 uncorrelated waves for the WiFi-6E 8 x 8
MIMO access point covering the lower 6 GHz band (5.925-
6.425 GHz). The compact antenna array consists of 4 DPP
antennas printed on a thin (0.4 mm) FR4 substrate and
mounted 4.6 mm above a ground plane. That is, the array
height is 5 mm only and the effective relative permittivity
of the array substrate is about 1.07, close to unity. The array
height is therefore about 0. lké, much less than that of the 8-
planar monopole array in [23].

The array size is also about 0.66)»2 only, with an equivalent
array size per wave about 0.083A2, which is much smaller
than 017}‘?; for the 8-port 2 x 2 array (four DPP antennas)
in [24] and O. 18A§ for the 8-port 1 x 2 array (two 4-port patch
antennas) in [20], [21], and [22]. In addition, for the proposed
compact antenna array to provide 8 transmit antennas, the
port isolation of any two ports thereof is larger than 20 dB
over the operating band, with the maximum port isolation
larger than 30 dB therein.

The enhanced port isolation of the proposed compact DPP
antenna array is achieved by using four DPP antennas clad
with an L-shape metal wall. In this case, without any addi-
tional decoupling network used in [24] or decoupling element
needed, enhanced port isolation is obtained in the proposed
compact 8-wave MIMO antenna array to generate 8 uncorre-
lated waves. This is mainly because the metal wall-clad DPP
antennas decrease the fringing fields around the antenna’s
patch edges, thus allowing the use of a smaller edge-to-
edge spacing (about 0.221,) between adjacent antennas in the
proposed 8-port 2 x 2 array.

A comparison of the proposed compact 8-port 2 x 2 DPP
antenna array (this work) with the above mentioned patch
antenna arrays to transmit 8 uncorrelated waves [20], [21],
[22], [24] for the 8 x 8 MIMO access-point application is also
listed in Table 1. The proposed design presents a compact 8-
wave MIMO antenna array promising for the WiFi-6E 8 x
8 MIMO access-point application in the lower 6 GHz band.
Details of the proposed design are presented. The design
considerations of the 4 DPP antennas clad with an L-shape
metal wall for enhanced port isolation are addressed.

The fabricated 2 x 2 DPP antenna array is experimentally
studied and also tested in an 8 x 8 MIMO system in a
practical public indoor space in the campus of the National
Sun Yat-sen University (NSYSU). It is worthy to note that
the obtained 8 x 8 MIMO system capacity reaches about
53 bps/Hz, although the tested public indoor space in this
study is not an ideally rich multipath environment for the 8 x
8 MIMO system. The obtained results imply that for the
maximum 160 MHz channel in the WiFi 6E [2], the system
capacity in our tested on-campus public indoor space can be
about 8.48 Gbps (53 bps/Hz x 160 MHz), reaching about
88% of the WiFi-6E’s ideal projected system capacity of
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FIGURE 1. Geometry of the compact 2 x 2 DPP antenna array with Ports 1-8 transmitting 8 uncorrelated waves for the WiFi-6E MIMO
access point featuring 8 spatial streams. (a) Top and side views. (b) Exploded view.

TABLE 1. Compariso n of the proposed compact 2 x 2 DPP antenna array (this work) with the patch antenna arrays to transmit 8 uncorrelated waves [20],

[21], [22], [24] for the 8 x 8 MIMO access-point application.

[24] This work

[Ref]

[20]. [21], [22]

Total ports in the antenna array

8 ports (1 X 2 array)

8 ports (2 X 2 array)

8 ports (2 X 2 array)

Transmitting 8 uncorrelated

Yes (two 4-port patch

Yes (four DPP antennas for

Yes (four DPP antennas for

waves antennas for § waves) 8 waves) 8 waves)
Operating band 5.9-8.5 GHz 2.4-2.5GHz 5.9-6.5 GHz
Array substr_at_e ,.S relative close to 1, about 1.07 about 2.3 close to 1, about 1.07
permuttivity
Array height in guided 5.0 mm 4.762 mm 5.0 mm
wavelength (Ag) (0.10he@5.9GHz) (0.058%¢@2.4GHz) (0.10he@5.9GHz)
Array size in guided 31x 111 mm? 97.2 X 97.2 mm? 40 X 40 mm?
wavelength (Lg) (1.422¢%@5.9GHz) (1.392¢%@2.4GHz) (0.661g>@5.9GHz)

Equivalent array size per wave

0.18A*@5.9GHz

0.172g*@2.4GHz

0.083A¢%@5.9GHz

Patch edge-to-edge spacing

49 mm (0.99%e@5.9GHz)

25.2 mm (0.30Ae@2.4GHz)

11 mm (0.22%.¢@5.9GHz)

Minimum port isolation in
operating band

20 dB
(max. isolation > 30 dB)

15 dB
(max. isolation > 30 dB)

20 dB
(max. isolation > 30 dB)

External decoupling network

No

Yes (size 180 X 180 mm?,
4.8)¢’@?2.4GHz)

No

9.6 Gbps [3]. This indicates that the proposed compact DPP
antenna array is promising for the WiFi-6E application; and
furthermore, its ideal projected system capacity of 9.6 Gbps is
very likely to be feasible for the 8 x 8 MIMO system operated
in the practical indoor environment.

In the following sections, we introduce the compact 2 X
2 DPP antenna array in Section II and address the design
considerations and parametric study, respectively, in Sec-
tions III and IV. We also study the fabricated compact DPP
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antenna array in Section V and apply it in the 8§ x § MIMO
system tested in a practical on-campus public indoor space
in Section VI. Finally, we summarize the conclusion in
Section VII.

Il. THE COMPACT 2 x 2 DPP ANTENNA ARRAY

Fig. 1 shows the proposed compact 2 x 2 DPP antenna
array with Ports 1-8 transmitting 8 uncorrelated waves
for the WiFi-6E 8 x 8 MIMO access-point application.
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FIGURE 2. Simulated reflection coefficients of Ports 1 and 2 in the DPP
antenna array.

The 2 x 2 antenna array operates in about 5.9-6.5 GHz and
covers the lower 6 GHz band (5.925-6.425 GHz). The top and
side views of the antenna array are shown in Fig. 1(a); and the
exploded view is shown in Fig. 1(b).

Each DPP antenna has a square top patch of size
14.5 mm x 14.5 mm printed on a 0.4 mm thick FR4 substrate
(relative permittivity 4.4, loss tangent 0.02) which is mounted
4.6 mm above a ground plane of 70 mm x 70 mm. The
antenna substrate thus consists of two layers (0.4 mm thick
FR4 layer and 4.6 mm thick air layer) and has a thickness of
5.0 mm with an effective relative permittivity of 1.07, close
to unity. In this case, the antenna height is about 0.11 and
the top patch size is about 0.29A¢x 0.29A; with respect to
the guided wavelength of the antenna substrate at 5.9 GHz.

In addition, each DPP antenna is closely clad with an
L-shape metal wall [gap 1 mm as shown in Fig. 1(a)], which
is shorted to the ground plane along the top patch’s two inner
edges. The metal wall uses a 0.2 mm thick copper plate
in the study. The metal wall is flush with the top patch’s
two outer edges and has a same height (5.0 mm) as the top
patch above the ground plane. For each DPP antenna, the
metal wall can suppress the fringing fields of two orthogonal
half-wavelength resonant modes excited by the antenna’s two
probe feeds placed at two adjacent patch corners along one
outer patch edge.

Owing to the decoupling metal wall, we can apply a small
distance of 8.6 mm (about 0.174¢ at 5.9 GHz) between two
metal wall-clad DPP antennas. The 2 x 2 DPP antenna
array therefore has a compact size of 40 mm x 40 mm
(0.81Ag x 0.81Ag or 0.66A§ at 5.9 GHz). Note that the four
metal wall-clad DPP antennas are sequentially rotated by
90 degrees in the 2 x 2 array. The equivalent array size for
one transmitted wave is only about 0.083X§ at 5.9 GHz. With
a compact array size, the port isolation between any two ports
in the array is larger than 20 dB over the operating band.

Note that by placing the two probe feeds at two adjacent
patch corners for each DPP antenna, the distance between the
two probe feeds is maximized so that two SMA connectors
on the back side of the ground plane can be applied to excite
the antenna in the experimental study. In addition, in order to
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FIGURE 3. Simulated transmission coefficients of Port 1 to Ports 2-8 in
the DPP antenna array. (a) The S;,, Sy3, and 4. (b) The S;5, S16. S17:
and sls.

achieve good impedance matching for the probe feed having
a length of about 0.1 wavelength, each probe feed is capaci-
tively coupled to the top patch through a coupling quarter-ring
slot.

It is also noted that, owing to adding the decoupling
metal wall to suppress the fringing fields of the excited
half-wavelength resonant mode, the impedance matching of
the two ports in each DPP antenna undergoes different effects.
By using different coupling quarter-ring slots of widths
0.4 mm and 0.9 mm for the two probe feeds, their correspond-
ing half-wavelength resonant modes can be excited to occur
at close frequencies.

Finally, by further truncating the top patch’s innermost
corner (a side length of 2.5 mm as seen in Fig. 1), the
two half-wavelength resonant modes excited by each DPP
antenna can occur at about same frequencies.

Fig. 2 shows the simulated reflection coefficients of Ports
1 and 2 in the DPP antenna array. The simulated results
are obtained using the 3D High Frequency Electromagnetic
Simulation Software, ANSYS HFSS version 19.1 [28].

Note that, based on using different widths of the quarter-
ring slots, the S11 and S»; in Fig. 2 show similar results and are
both less than -10 dB over 5.9-6.5 GHz. That is, the operating
band covers the target lower 6 GHz band (5.925-6.425 GHz,

VOLUME 12, 2024
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FIGURE 5. Simulated antenna efficiency of Ports 1 and 2.

see the colored frequency region in the figure). Also note that,
owing the symmetric structure of the four DPP antennas in the
array, Ports 3, 5, and 7 have same results as Port 1. Similarly,
Ports 4, 6, and 8 have same results as Port 2.

The simulated transmission coefficients of Port 1 to Ports
2-8 in the DPP antenna array are shown in Fig. 3. The
transmission coefficients for the two ports with parallel polar-
izations (such as the Sy4, S5, and S;g) and those for the two
ports with orthogonal polarizations (the S12, S13, S16, and S17)
are all less than —20 dB over the operating band.
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FIGURE 6. Simulated envelope correlation coefficients (ECC) of Port 1 to
Ports 2-8. (a) The ECCy,, ECCy3, and ECC,,. (b) The ECC,5, ECCyg, ECC;5,
and ECC|8.

Fig. 4 shows the simulated transmission coefficients of
Port 2 to Ports 3-8 in the DPP antenna array. Similarly, the
transmission coefficients for the two ports with parallel polar-
izations (the S23, S26, and S»>7) and orthogonal polarizations
(the S»4, S»s, and Spg) are also less than —20 dB over the
operating band. The results indicate that the port isolation is
larger than 20 dB for any two ports in the compact 2 x 2 DPP
antenna array.

Fig. 5 shows the simulated antenna efficiency of Ports
1 and 2. The antenna efficiency includes the mismatching
loss and is larger than 86% over the operating band. Note
that Port 2 has an even larger antenna efficiency than Port 1.
This is largely because Port 2 is located at the array corner
and is not in close proximity to the metal wall, thus having
relatively larger radiation efficiency than Port 1. Again, owing
the symmetric array structure, Ports 4, 6, and 8 have same
results as Port 2; and Ports 3, 5, and 7 have same results as
Port 1.

The simulated envelope correlation coefficients (ECC) of
Port 1 to Ports 2-8 are presented in Fig. 6; and the correspond-
ing results of Port 2 to Ports 3-8 are shown in Fig. 7. The
ECCpy, in the figure indicates the ECC of two waves excited
by Ports m and n. Over the operating band, the ECC values
are all less than 107>, The very small values suggest that any
two waves generated by the compact DPP antenna array can
be treated as uncorrelated.
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FIGURE 8. Simulated surface current distributions excited in the top
patch of the DPP antenna array; f = 6.18 GHz. (a) Port 1 excitation.
(b) Port 2 excitation.

The excited resonant modes are also analyzed. Fig. 8 shows
the simulated surface current distributions in the top patch
excited by Ports 1 and 2 at 6.18 GHz. For either Port 1
or Port 2 excitation, the remaining ports are terminated to
50 ohms. It is observed that the excited resonant mode is
mainly resonated along the diagonal line facing the excited
port.

From the simulated electric field distributions excited in
the median plane (2.5 mm above the ground plane) between
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FIGURE 9. Simulated electric field distributions excited in the median
plane (2.5 mm above the ground plane) between the top patch and
ground plane of the DPP antenna array; f = 6.18 GHz.

)
=
g Simulated
imulate

TG 30 e

Ports 1-8 with same phases

-40 ‘ ;
5.5 6.0 6.5 7.0
Frequency (GHz)

FIGURE 10. Simulated total active reflection coefficient (TARC) of the DPP
antenna array; Ports 1-8 are excited with same phases.

the top patch and ground plane shown in Fig. 9, it is also
observed that there is a null electric field along the diagonal
line orthogonal to the resonant direction of the excited mode.

In addition, the electric fields on two sides of the null
field are in opposite phases. This characteristic indicates that
either Port 1 or Port 2 excites a half-wavelength resonant
mode resonated along the top patch’s diagonal line. This
confirms that each two-port antenna in the 2 x 2 array is a
dual-polarized patch antenna.

To consider the 2 x 2 array as a whole, the simulated total
active reflection coefficient (TARC) [16], [18], [29] for all
Ports 1-8 excited in the array is shown in Fig. 10. The TARC
value obtained for Ports 1-8 with same excitation phases is
also less than —10 dB over the operating band. This may also
attribute to all the port isolation in the 2 x 2 array being larger
than 20 dB as seen in Figs. 3 and 4.

Ill. DESIGN CONSIDERATIONS

The design considerations of the 2 x 2 DPP antenna array are
also addressed. Fig. 11(a) shows the geometry of the antenna
array with no inner truncated patch corner and no decoupling
metal wall clad for each antenna (denoted as Design A in the
study). The case of Design A with the decoupling metal walls
is shown in Fig. 11(b) and denoted as Design B. The case

VOLUME 12, 2024
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antenna (denoted as Design A), (b) the case of Design A with decoupling
metal walls (denoted as Design B), and (c) the case of Design B with a
larger coupling slot width (0.9 mm) for Ports 2, 4, 6, 8 than that (0.4 mm)
for Ports 1, 3, 5, 7 (denoted as Design C).

FIGURE 13. Simulated transmission coefficients of Port 1 to Ports 2-8 in
Design A. (a) The S5, Sy3, and Sy,. (b) The S;5, S16. S17. and Syg.
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FIGURE 12. Simulated reflection coefficients of Ports 1 and 2 in Design A. FIGURE 14. Simulated reflection coefficients of Ports 1 and 2 in Design B.

Reflection Coef. (dB)
=
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[a)

of Design B with a larger coupling slot width (0.9 mm) for coefficients of Port 1 to Ports 2-8 in Design A [see Fig. 13(a)

Ports 2, 4, 6, 8 than that (0.4 mm) for Ports 1, 3, 5, 7 is shown and (b)] cannot all be less than —20 dB.

in Fig. 11(c) and denoted as Design C. For instance, in Design A, the S14 and S;g of two ports in
Note that the coupling slot widths for Ports 1-8 in Design A adjacent DPP antennas with parallel polarizations are respec-

and B are all fixed as 0.4 mm. The proposed design in Fig. 1 tively less than —17 dB and -16 dB only. The Si» of two

is finally obtained by truncating the four top patch’s inner- ports in each DPP antenna is even less than —12 dB only.

most corners in Design C. The corresponding dimensions in This behavior is largely owing to the coupling effects caused

Design A, B, and C are same as those shown in Fig. 1. by the four DPP antennas being closely arranged to form the
Fig. 12 shows the simulated reflection coefficients of Ports proposed compact array.

1 and 2 in Design A. The S and S are less than -10 dB over Fig. 14 shows the simulated reflection coefficients of

the lower 6 GHz band. However, the simulated transmission Ports 1 and 2 in Design B; and the corresponding simulated
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FIGURE 15. Simulated transmission coefficients of Port 1 to Ports 2-8 in
Design B. (a) The S;,, Sy3, and Sy4. (b) The S;5, S16, S17. and S;g.

transmission coefficients of Port 1 to Ports 2-8 are presented
in Fig. 15.

Due to adding the metal wall clad to each DPP antenna,
the transmission coefficients of any two ports in Design B
are less than —20 dB over the operating band. However, the
S2, of Port 2 is greatly degraded; and the Sj; of Port 1 is
still less than —10 dB over the operating band. The different
effects on the impedance matching of Ports 1 and 2 are mainly
because the decoupling metal wall appears to be asymmetric
with respect to the resonant modes excited by the two ports.

To fix the degraded S2; of Port 2, we adjust the coupling
slot width for Port 2 (those for Ports 4, 6, and 8 also adjusted
accordingly) to be 0.9 mm in Design C. Fig. 16 shows the
simulated reflection coefficients of Ports 1 and 2 in Design
C; and the corresponding simulated transmission coefficients
of Port 1 to Ports 2-8 are presented in Fig. 17. The results
show that the S, in Design C is improved to be less than -10
dB over the lower 6 GHz band. In this case, the transmission
coefficients of any two ports remain to be less than -20 dB.

In order to further adjust both S11 and S», of Ports 1 and 2 to
have more similar impedance matching over the operating
band, the four top patch’s innermost corners are truncated
as seen in Fig. 1. The innermost patch corner truncation can
adjust the resonant length of the resonant mode excited by
Port 2, with the resonant mode excited by Port 1 relatively
slightly varied. In this case, the obtained S parameters as
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FIGURE 17. Simulated transmission coefficients of Port 1 to Ports 2-8 in
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shown in Figs. 2, 3, and 4 are obtained for the proposed
compact antenna array.

IV. PARAMETRIC STUDY
Typical parameters such as the gap between the metal wall
and top patch for each DPP antenna, the height of the metal
wall, and the distance between adjacent metal wall-clad DPP
antennas are also studied. Fig. 18(a)-(d) show the simulated
S parameters for varying the gap (g) between the metal wall
and top patch from 0.8 mm to 1.2 mm.

The results of the reflection coefficients S1; and Sy, for
Ports 1 and 2 and the transmission coefficients for Port 1 to
Ports 2-8 are shown. It appears that the effect on the S5 is
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relatively larger than on the S;i;. This effect is reasonable,
because the L-shape metal wall mainly faces the resonant
direction of the half-wavelength resonant mode excited by
Port 2.

Relatively stronger effects on the Si» [See Fig. 18(a)],
the S14 [see Fig. 18(b)], and the Sig [see Fig. 18(d)] are
also seen. When a smaller gap (for example, 0.8 mm) is
selected, the transmission coefficients such as the Si», Si4,
and S1g can be decreased; however, the impedance matching
(the S»2) of Port 2 is relatively strongly affected. To achieve
good impedance matching of Ports 1 and 2 over the target
lower 6 GHz band and also at least 20 dB port isolation of
Ports 1-8, the gap g is chosen to be 1 mm in the proposed
design.

Fig. 19(a)-(d) show the simulated S parameters for varying
the height (k) of the metal walls from 4 mm to 6 mm. When
the & is selected to be 6 mm (that is, the metal wall is higher
than the top patch which is 5 mm above the ground plane),
the S11 is quickly degraded [See Fig. 19(a)]. The S»; is also
seen to be greatly varied [See Fig. 19(b)].

On the other hand, when the /4 is lower (for example,
4 mm), the S15 [See Fig. 19(a)], the S14 [See Fig. 19(b)], and
the S1g [See Fig. 19(d)] are also increased to be larger than
—20 dB. That is, all the port isolation in the compact antenna
array cannot be larger than 20 dB. The height of the metal
walls in this study is thus chosen to be 5 mm, same as that of
the four DPP antennas.

Fig. 20(a)-(d) show the simulated S parameters for varying
the distance (d) between adjacent metal walls from 6.6 mm to
10.6 mm. Note that a smaller d can make the compact antenna
array with an even smaller size. When the d is smaller (for
example, 6.6 mm which is 2 mm less than the chosen distance
8.6 mm in this study), the impedance matching [the S;1, S2
in Fig. 20(a) and (b)] of Ports 1 and 2 is not strongly affected.
However, the S14 [See Fig. 20(b)], the Sis [See Fig. 20(c)],
and the Sig [See Fig. 20(d)] become larger than —20 dB.
To achieve larger than 20 dB port isolation for any two ports
in the compact antenna array, the distance d is chosen to be
8.6 mm as seen in Fig. 1.

V. FABRICATED 2 x 2 DPP ANTENNA ARRAY
The proposed 2 x 2 DPP antenna array is fabricated for the
experimental study. Fig. 21 shows the fabricated DPP antenna
array. Fig. 22 shows the measured reflection coefficients of
Ports 1-8 in the fabricated array. Note that in Fig. 22(a),
Ports 1, 3, 5, and 7 are with same symmetric locations in the
array; and in Fig. 22(b), Ports 2, 4, 6, and 8 are located at the
four corners of the array and also with symmetric locations.
The corresponding transmission coefficients of Port 1 to
Ports 2-4 and Ports 5-8 are respectively shown in Fig. 23(a)
and (b). Those for Port 2 to Ports 3-5 and Ports 6-8 are respec-
tively shown in Fig. 24(a) and (b). The measured reflection
coefficients are less than —10 dB in the target lower 6 GHz
band of 5.925-6.425 GHz and generally confirm the sim-
ulated results. The transmission coefficients also generally
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FIGURE 22. Measured reflection coefficients of the fabricated DPP
antenna array. (a) Ports 1, 3, 5, and 7. (b) Ports 2, 4, 6, and 8.

agree with the simulated results in Figs. 3 and 4 and are less
than —20 dB in 5.925-6.425 GHz.

Fig. 25 shows the fabricated DPP antenna array tested in
the far-field anechoic chamber to study the antenna radiation
characteristics. The antenna array is mounted on a two-axis
positioner/rotator and is rotated in both the azimuthal and
roll directions so as to obtain its total radiated power and
three-dimensional radiation patterns. That is, the Great Circle
Test method [30] is applied to obtain the measured antenna
efficiency of the fabricated DPP antenna array.

Fig. 26(a) shows the measured antenna efficiency of
Ports 1, 3, 5, and 7, which have symmetric locations in the
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FIGURE 23. Measured transmission coefficients of Port 1 to Ports 2-8 in
the fabricated DPP antenna array. (a) The S;,, Sy3, and Sy4. (b) The S5,
slﬁ' S,-,, and S|8'

antenna array. Those of Ports 2, 4, 6, and 8, which are located
at symmetric array corners, are presented in Fig. 26(b). The
measured antenna efficiency is seen to generally agree with
the simulated results and is larger than about 84% in the
lower 6 GHz band.

Figs. 27 and 28 illustrate the representative measured ECCs
of the fabricated DPP antenna array. The ECC values are eval-
uated by using the measured three-dimensional (3D) complex
far-field electric fields [19], [20], [21], [22], [23], [31]. Those
for Port 1 to Ports 2-8 are shown in Fig. 27; and those for
Port 2 to Ports 3-8 are shown in Fig. 28. The results indicate
that the measured ECC values for any two ports in the antenna
array are less than 0.02 over the lower 6 GHz band.

Note that the measured ECC values are not so small as the
simulated ones (less than10~>) shown in Figs. 6 and 7. The
discrepancy may be related to the measurement limitation to
obtain very accurate amplitude and phase of the 3D far-field
electric fields. However, the measured ECCs are still much
less than 0.1 and comparable to those obtained for the 4-
port patch antenna [16] and the 8 planar monopole array [23]
for access-point applications. The generated 8 waves of the
fabricated compact antenna array can thus be considered to
be applicable for MIMO system applications.
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FIGURE 25. Fabricated DPP antenna array tested in the far-field anechoic
chamber.

Fig. 29 shows the measured and simulated radiation pat-
terns at about the center frequency 6.18 GHz for Ports 1-8
along the resonant direction (either along the ¢ = 45° or 135°
plane) of their excited resonant modes in the fabricated DPP
antenna array. Fig. 30 also shows the measured and simulated
antenna gain for Ports 1-8 over the operating band.

The measured radiation patterns and antenna gain gener-
ally conform with the simulated results. The antenna gain is
about 7.8-9.4 dBi for Ports 1, 3, 5, 7 and about 6.7-8.3 dBi
for Ports 2, 4, 6, 8. The antenna gain for Ports 2, 4, 6, and 8 is
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FIGURE 26. Measured antenna efficiency of the fabricated DPP antenna
array. (a) Ports 1, 3, 5, and 7. (b) Ports 2, 4, 6, and 8.

lower owing to its relatively wider radiation patterns as seen
in Fig. 29.

Similar radiation patterns for Ports 1, 3, 5, and 7 plotted in
Fig. 29(a) are also seen. Those for Ports 2, 4, 6, and 8 plotted
in Fig. 29(b) also show similar patterns. Furthermore, it is
seen that the radiation patterns for Ports 1-8 are slightly tilted
away from the array center (z-axis or 8 = 0° direction), with
those in Fig. 29(b) tilted further away from the array center.
This behavior is related to the decoupling metal wall facing
asymmetrically to the two ports in each DPP antenna.

VI. THE 8 x 8 MIMO SYSTEM TESTING

To study the MIMO performance of the compact antenna
array, we conduct the 8 x 8 MIMO system testing with the
fabricated DPP antenna array in an on-campus public indoor
space inside the electrical engineering department building
at National Sun Yat-sen University (NSYSU). In the study,
the 8 x 8 MIMO system testbed [20] shown in Fig. 31 is
applied.

As shown in the figure, the fabricated DPP antenna array
is used to transmit 8 spatial streams. That is, the DPP antenna
array is applied as transmit (Tx) antennas in the WiFi-6E
access point. Additionally, an additional one of the proposed
DPP antenna array is fabricated to serve as 8 receive (Rx)
antennas at the receiver side. That is, a second DPP antenna
array is used as Rx antennas for the WiFi-6E user.

VOLUME 12, 2024
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FIGURE 27. Envelope correlation coefficients of Port 1 to Ports 2-8 in the
fabricated DPP antenna array. (a) The ECC;,, ECCy3, ECCy4, and ECC;5.
(b) The ECC¢, ECCy, and ECCyq.

Fig. 32 shows the on-campus public indoor space mea-
suring about 19 meters by 6.6 meters for the 8 x 8§ MIMO
system testing. The conditions of no crowd [Fig. 32(a)] and
with crowd [Fig. 32(b)] between the Tx and Rx antennas
are tested. The 80 MHz channel (6140-6220 MHz) centered
at 6180 MHz (about the center frequency of the lower 6 GHz
band) for the 8 x 8 MIMO system operation is studied. The
Rx and Tx antennas are placed along the centerline of the
indoor space and face to each other. The distance between
the Rx and Tx antennas is 7 meters.

Table 2 lists the measured 8 x 8 MIMO system perfor-
mance. The received signal noise ratios (SNR) of the 8 Rx
antennas and their average value are shown. The calculated
MIMO capacity is evaluated by assuming the ideally rich
multipath condition for the 8§ x 8 MIMO system.

On the other hand, the measured MIMO capacity is the
practical capacity obtained in the tested public indoor space.
The MIMO efficiency is the ratio of the measured MIMO
capacity to the calculated MIMO capacity and indicates how
well the multipath propagation of the tested public indoor
space with respect to the ideally rich multipath condition.

The signal modulation uses 256-QAM (Quadruple Ampli-
tude Modulation) with 8 bits per symbol for the tested 8 x
8 MIMO system. The uncoded bit error rate (BER) is the
ratio of the erroneous data received at the receiver to the
total transmitted data at the transmitter in the MIMO system.
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FIGURE 28. Envelope correlation coefficients of Port 2 to Ports 3-8 in the
fabricated DPP antenna array. (a) The ECC,3, ECCy4, and ECCy5. (b) The
ECCy¢, ECCy7, and ECCyg.

Generally, when the uncoded BER is less than about 0.05
[20], [21], [22], [23], it can be corrected to be zero in the
MIMO system with the error correction code. In this case,
successful 8 x 8 MIMO system operation with the applied
signal modulation (256-QAM here) is achieved.

It is worthy to note that the 8 x 8§ MIMO system in this
study successfully supports the 256-QAM signal modulation,
which is better than the 8 x 8 MIMO system operated in the
7.1 GHz band to support only 64-QAM (6 bits per symbol)
in [20] and [23]. This may be partly because the public
indoor space in this study with both Tx/Rx indoor scenario is
expected to have relatively richer multipath behavior than the
Tx outdoor/Rx indoor scenario for the 8 x 8 MIMO system
studied in [20] and [23]. With the 256-QAM signal modula-
tion, the achievable data throughput is about 1.33 times that
with the 64-QAM only. That is, a faster data transmission
speed with a fixed channel bandwidth can be obtained.

Thus, with the 256-QAM signal modulation, the measured
throughput (the correct data received at the receiver) in this
study for the 80 MHz channel is larger than 3.6 Gbps,
which is larger than that (about 3.4 Gbps) obtained for
using 100 MHz bandwidth in [20] and [23]. The correspond-
ing spectral efficiency (measured throughput divided by the
channel bandwidth 80 MHz) for the 8 x 8 MIMO system is
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FIGURE 29. Measured and simulated radiation patterns for Ports 1-8
along the resonant direction of their excited resonant modes in the
fabricated DPP antenna array. (a) Ports 1, 3, 5, and 7. (b) Ports 2, 4, 6,
and 8.

larger than 45 bps/Hz, which is larger than about 34 bps/Hz
in [20] and [23]. The favorable results obtained here also
indicate that the proposed compact DPP antenna array is
applicable in the 8 x 8 MIMO system.

Itis also interesting to note that when there is crowd gather-
ing in the tested public indoor space (with crowd condition),
the 8 x 8 MIMO system can still support the 256-QAM
signal modulation and has a spectral efficiency even larger
than that of no crowd condition (45.91 vs. 45.54 bps/Hz).
This behavior is favorable for practical WiFi-6E applications.
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FIGURE 31. The 8 x 8 MIMO system testbed at National Sun Yat-sen
University. The fabricated 2 x 2 DPP antenna array in Fig. 21 is used as

8 transmit (Tx) antennas at the transmitter side. An additional 2 x 2 DPP
antenna array is also fabricated to be used as 8 receive (Rx) antennas at
the receiver side.

The obtained result is probably because the signal’s mul-
tipath scattering is enhanced owing to the crowd acting as
additional scattering objects, instead of blocking the signals,
in the tested frequency spectrum (see in the table the MIMO
efficiency increased from 76.7% for no crowd condition to
77.8% for with crowd condition).

In addition, note that the measured 8 x 8 MIMO system
capacity reaches 53 bps/Hz for either no crowd or with crowd
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TABLE 2. Measured 8 x 8 MIMO system performance. The proposed 2 x 2 DPP antenna array is used for both 8 Tx antennas and 8 Rx antennas. The
conditions with no crowd and with crowd between the Tx and Rx antennas are tested.

fy = 6180 MHz (6140-6220 MHz, 80 MHz channel), 8 x 8 MIMO system, On-campus public indoor space

Distance of Rx and Tx antennas

7m

Signal Modulation

256 QAM

Testing condition

No crowd condition

With crowd condition

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

27.0,27.4, 29.4, 28.6
27.6,27.8, 29.3, 27.5
(Ave. SNR = 28.2 dB)

27.6, 27.9, 28.9, 27.5
26.5, 28.0, 28.5, 26.8
(Ave. SNR = 28.1 dB)

Calculated MIMO Capacity (A)

(Ideally rich multipath condition) 692 bps/Hz 68.1 bps/Hz
Measured MIMO Capacity (B) 53.1 bps/Hz 53.0 bps/Hz
MIMO Efficiency (B/A) 76.7% 77.8%
Uncoded Bit Error Rate 0.030 0.023
Coded Bit Error Rate 0 0
Measured Throughput (T) 3643 Mbps 3672 Mbps

Spectral Efficiency (T/80 MHz)

45.54 bps/Hz

45.91 bps/Hz

D Lab. or Classroom D Public corridor

19m

With crowd

No crowd 1
(a) (b)

FIGURE 32. The public indoor space inside the electrical engineering
department building, NSYSU, for the 8 x 8 MIMO system testing. (a) No
crowd condition. (b) With crowd condition.

condition. This implies that, for the maximum 160 MHz
channel in the WiFi-6E [2], the 8 x 8 MIMO system capacity
based on using the compact DPP antenna array studied here
can be about 8.48 Gbps (53 bps/Hz x 160 MHz), reaching
88% of the WiFi-6E’s ideal projected system capacity of
9.6 Gbps [3]. The available wide channel of 160 MHz is
owing to the 6 GHz band added to the spectrum of previous
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WiFi generations [2], [32]. This indicates that the proposed
compact DPP antenna array is promising for the WiFi-6E
application and the ideal projected 8 x 8 MIMO system
capacity of 9.6 Gbps is very likely to be feasible, especially
in an MIMO environment with much richer multipath propa-
gation than the tested public indoor space in this study.

VIi. CONCLUSION

The compact 2 x 2 DPP patch antenna array for the WiFi-
6E 8 x 8 MIMO access point application has been proposed.
The compact antenna array operates in 5.9-6.5 GHz band
and covers the lower 6 GHz band (5.925-6.425 GHz) with
a small size of 40 mm x 40 mm. The array size is only about
0.6612 at 5.9 GHz for generating 8 uncorrelated waves. The
port isolation of the compact antenna array is also larger than
20 dB over the operating band, which is owing to each one of
the 4 DPP antennas therein clad with an L-shape metal wall.
The operating principle and design considerations of the com-
pact DPP antenna array have been addressed. Additionally,
the fabricated DPP antenna array has been studied and applied
in the 8 x 8 MIMO system in an on-campus public indoor
space to test its practical MIMO performance. The obtained
results show that the proposed compact DPP antenna array is
applicable for the WiFi-6E application.
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