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ABSTRACT A wideband eight-port eight-wave annular-ring (AR) patch antenna for 8 × 8 MIMO mobile
devices is presented. The AR patch antenna is formed into eight dual-resonant 45o-ring sectors to radiate
eight very-low-correlated or generally uncorrelated waves for 8 × 8 MIMO application. Each ring sector is
loaded with two shorting pins and excited by a simple probe feed to generate its half- and quarter-wavelength
resonant modes at close frequencies to form a dual-resonant wide operating band. Additionally, all 16
shorting pins of the eight ring sectors have a same distance to the patch center, thereby forming a shorting
circle to function like a circular metal wall in the AR patch. This makes the surface currents coupled from
the excited ring sector to adjacent sectors to be mainly confined inside the shorting circle. Therefore, with
the eight probe feeds located outside the shorting circle in the AR patch, enhanced port isolation is obtained.
With the proposed design, the eight-port AR patch antenna having a low profile of 1.4 mm (about 0.028λ at
5.9 GHz) and an outer diameter of 46 mm (about 0.91λ at 5.9 GHz) can generate eight very-low-correlated
waves over a wide band of about 5.9-7.2 GHz (fractional bandwidth 20% based on 3:1 VSWR for mobile
device application). Also, the proposed antenna has a back ground plane and is especially suitable for on-
metal surface application. The use of a single proposed antenna can be conveniently applied for the mobile
device or Internet-of-Things (IoT) device to cover such as 5.925-7.125 GHz for 8 × 8 MIMO operation in
the possible new mobile communication spectrum.

INDEX TERMS Mobile antennas, mobile MIMO antennas, multiport single-patch antennas, low-profile
wideband eight-port patch antennas, 8 × 8 MIMO antennas.

I. INTRODUCTION
As compared to the current 4 × 4 multi-input-multi-output
(MIMO) operation experienced for fifth-generation (5G)
communication users, the higher-order (8× 8) MIMO opera-
tion is envisioned to be applied in the mobile device for sixth-
generation (6G) communications [1] to support much higher
data rates for the users [2]. In addition, new frequency spec-
trums suitable for the higher-order MIMO communication
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are required, such as the 6 GHz band (5.925-7.125 GHz)
for the possible new spectrum for mobile communication
[3], [4] or the unlicensed WiFi-6E operation [5], [6]. For
the promising 8 × 8 MIMO operation such as in the 6 GHz
band, the required eight MIMO antennas in a compact and
wideband structure yet having good antenna performance
for the mobile device application, however, is a great design
challenge.

Recently, for 5G 4 × 4 MIMO operation of the mobile
device, it has been demonstrated that four MIMO antennas
in the form of the four-antenna module [7], [8], or four
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conjoined printed slot antennas [9] or four-port single-patch
antenna [10], all backed by a ground plane and having a low
profile, are expected to find on-metal surface applications for
5G Internet-of-Things (IoT) devices [10], [11] or on the back

side of the display panel of the laptop computers [12]. They
may also find applications to be applied on the backcover side
of the future smartphone or tablet device [7], [8], [9].

The design concept of the compact four-port single-patch
antenna has also been applied for 5G 4 × 4 MIMO access
points with a high antenna profile (larger than 0.1 wavelength
in the operating band [13], [14], [15], [16], [17]). To apply
these four-antenna modules or four-port patch antennas for
8× 8 MIMO operation, however, two such four-antenna ele-
ments formed into 1× 2 array are required. In this case, a cer-
tain spacing between two four-antenna elements to achieve
acceptable port isolation thereof is needed. This however
increases the total size of the 1 × 2 four-antenna array to
provide eight radiating waves for 8 × 8 MIMO operation.
In order to further achieve higher MIMO antenna density,

the six-port single-patch antennas for applications in the
mobile device [18] or access point [19], [20] have also been
reported very recently. By using such a single six-antenna
element, it is still not sufficient to cover the 8 × 8 MIMO
operation.

In this study, a wideband eight-port eight-wave annular-
ring (AR) patch antenna as a compact eight-antenna module
for the mobile device or IoT device to support 8 × 8 MIMO
operation in the 6 GHz band (5.925-7.125 GHz, the possible
new spectrum for mobile communication or the unlicensed
WiFi-6E operation [3], [4], [5], [6]) is presented. The pro-
posed eight-port antenna is backed by a ground plane and has
a low profile of 1.4 mm (about 0.028λ at 5.9 GHz). Also,
the outer diameter of the AR patch is 46 mm only (about
0.91λ at 5.9GHz). The eight-port patch antennas can generate
eight very-low-correlated waves over a wide band of about
5.9-7.2 GHz (fractional bandwidth 20% based on 3:1 VSWR
for mobile device application [7], [8], [9], [10]) to cover
the 6 GHz band.

The wideband operation for all the eight ports is obtained
by using eight dual-shorted dual-resonant 45o-ring sectors
formed in the AR patch antenna. Each ring sector is short-
circuited to the ground plane through two shorting pins,
thereby generating its 0.5- and 0.25-wavelength modes at
close frequencies to achieve dual-resonant wideband oper-
ation. In addition, all the 16 shorting pins of the eight ring
sectors are arranged to form a shorting circle, which functions
like a circular metal wall to achieve enhanced port isolation
in the eight-port patch antenna.

The eight-port single-patch antenna studied here is
believed to be the first multiport single-patch antenna in the
open literature to support eight very-low-correlated or gen-
erally uncorrelated waves for on-metal surface applications.
For comparison with the reported multiport patch antennas
supporting at least six radiating waves for either MIMO
access points or mobile devices, Table 1 shows a comparison
of the proposed eight-port eight-wave antenna (this work in

the table) with the reported six-port six-wave single-patch
antennas for access points [19], [20] and for mobile devices
[18]. The six-port patch antennas in [19] and [20] require
a very high profile of 0.25λ or 0.14λ with respect to the
lower-edge frequency of their respective operating band.

On the other hand, the six-port patch antenna in [18] has a
low profile of 0.027λ to be suitable for mobile device appli-
cations. The proposed eight-port patch antenna also has a
comparable low profile of 0.028λ and about 20% in operating
bandwidth (about 5.9-7.2 GHz), similar as those in [18] for
the six-port six-wave operation.

Note that since these antennas have wide operating bands
and the antenna size is generally related to the lowest operat-
ing frequency, the corresponding antenna height, patch size,
and resonant area for each port are referred to the wave-
length of the lowest operating frequency. Also, the operating
bandwidths of the antennas in [19] and [20] are based on
−10 dB impedance matching for access-point application,
while that in [18] and this work are based on 3:1 VSWR or
−6 dB impedance matching for mobile device application.
The latter bandwidth definition is generally used for the
mobile device antennas for practical application considera-
tions, owing to the very limited space available for accom-
modating the antennas [7], [8], [9], [10], [21], [22].

For the required patch size, the proposed design uses an
AR patch of size about 0.64λ2 to accommodate eight ports.
The resonant area for each port (the patch size to port number
ratio) is therefore only about 0.080λ2, which is similar to
that (0.078λ2) in [18] and much smaller than those (0.135λ2,
0.097λ2) in [19] and [20] for the six-port six-wave operation.
In addition, since a single proposed antenna can be applied
for 8 × 8 MIMO operation, different from the six-port patch
antennas in [18], [19], and [20] and the four-port patch anten-
nas in [7], [8], [9], [10], [11], [12], [13], [14], [15], [16], and
[17], the proposed antenna is expected to be more attractive
for the 8 × 8 MIMO mobile device applications.
Also shown in Table 1, the antenna efficiency, envelope

correlation coefficient (ECC), and port isolation over the
operating band of the proposed antenna with a compact eight-
port eight-wave antenna structure are comparable to those in
[18] for the mobile device application.

Furthermore, with the attractive features obtained as
described above, the proposed design uses a simple probe
feed and a dual-shorting technique for each 45o-ring sec-
tor in the AR patch antenna. This leads to a simplified
antenna structure as compared to those in [18] based on
using a gap-coupled probe feed and a triple-shorting tech-
nique for each 60o-disk sector in the six-port circular patch
antenna. Detailed antenna structure and performance includ-
ing the operating principle, parametric study, and experimen-
tal results for the eight-port eight-wave AR patch antenna are
presented in this study.

II. EIGHT-PORT EIGHT-WAVE AR PATCH NTENNA
Fig. 1 shows the geometry of the wideband low-profile
eight-port (Ports 1-8) eight-wave AR patch antenna covering
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TABLE 1. Comparison of the six-port six-wave and eight-port eight-wave single-patch antennas for MIMO access points or mobile devices.

5.9-7.2 GHz for 8 × 8 MIMO mobile device applications.
The top and side views are shown in Fig. 1(a), while the
exploded view is shown in Fig. 1(b). The AR patch has an
outer diameter of 46 mm (about 0.91λ at 5.9 GHz) and an
inner diameter 11 mm (about 0.24 times the outer diameter).
The AR patch is printed on a 0.4 mm thick FR4 substrate
of relative permittivity 4.4 and loss tangent 0.02, which is
mounted 1.0 mm above a circular ground plane of diameter
55 mm. The total antenna height is therefore 1.4 mm or about
0.028λ at 5.9 GHz.

Note that the effective relative permittivity of the two-layer
antenna substrate including the 1.0 mm thick air layer and
the 0.4 mm thick FR4 substrate supporting the printed AR
patch is about 1.28 only. With the relative permittivity as low
as possible, especially close to unity, it has been reported
that the bandwidth of the quarterwave patches can be wider
than the halfwave patches [23]. This interesting feature is
applied in the proposed design to achieve a wide operating
band formed by exciting the 0.5- and 0.25-wavelength modes
at close frequencies for each port.

In addition, although the lower relative permittivity leads to
an increased halfwave patch size, the required AR patch size
for eight ports is about 0.64λ2 at 5.9 GHz and the resonant
area for each port is about 0.080λ2 at 5.9 GHz only. The latter
is about the same as that for the low-profile six-port six-wave
antenna [18] (see Table 1).

In order to obtain eight isolated resonant patch areas, four
open slots of length 46 mm and width 2 mm are embedded
in the AR patch to create eight 45o-ring sectors [denoted as
Sectors ¬ -³ in Fig. 1(b)] to radiate eight waves. For each
ring sector as a halfwave patch, a simple probe feed is placed
at the feed circle of radius 17.7 mm and along the centerline
of each ring sector to excite the 0.5-wavelength mode. Two
shorting pins are then loaded along the shorting circle of
radius 15 mm to excite an additional 0.25-wavelength mode
of each ring sector as a quarterwave patch.

Note that the shorting circle is at about the electric field
null of the 0.5-wavelength mode excited in each ring sector.
Therefore, the two shorting pins or the dual-shorting has
small effects on the 0.5-wavelength mode. On the other hand,
the 0.25-wavelength mode will occur at frequencies close to
the 0.5-wavelength mode, mainly owing to the dual-shorting
causing a decreased effective resonant length for the quar-
terwave ring sector. A wideband operation for each port can
therefore be formed by the 0.5- and 0.25-wavelength modes.

All the 8 probe feeds and 16 shorting pins in the proposed
antenna use a circular copper conductor of diameter 1.6 mm
and length 1.4 mm. Note that the two shorting pins are located
close to nearby open slots with a short distance (1.8mmhere),
so that the excited surface currents coupled into adjacent ring
sectors are suppressed. This can increase the port isolation
between two adjacent ring sectors. Also, the port isolation of
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FIGURE 1. Geometry of the wideband low-profile eight-port eight-wave
annular-ring patch antenna for 8 × 8 MIMO mobile devices. (a) Top and
side views. (b) Exploded view.

other two ports spaced by one or more ring sectors can be
enhanced as well.

The simulated S parameters and input impedance of Port 1
in the proposed antenna are shown in Fig. 2. Because of
the symmetric structure of the proposed design, the corre-
sponding results of Ports 2-8 are same as that of Port 1.
The simulation study is based on applying the commercially
available tool of three-dimensional high frequency electro-
magnetic simulation structure (HFSS) [24].

In Fig. 2(a), the S11 is seen to be less than −6 dB or 3:1
VSWR [7], [8], [9], [10] in about 5.9-7.2 GHz (fractional

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

bandwidth 20%), covering the desired 5.925-7.125 GHz (the
colored frequency region in the figure) for mobile device
applications. The wide operating band is formed by two
resonant modes excited at about 6.1 and 7.1 GHz, at which
the input reactance (Im) of Port 1 shows about zero reactance
as seen in Fig. 2(b).

Also, over the operating band, the transmission coefficient
S12 (= S18) of Port 1 to adjacent two ports (Ports 2 and 8) is
less than −10 dB. Those of Port 1 to other ports (Ports 3-7)
are even less than −21 dB [see the curves of S13 (= S17), S14
(= S16), S15].
It is worthy to note that, the device MIMOwith 4Tx/8+Rx

is environed for the mobile device in future mobile commu-
nications [1]. That is, for the receiving case, Ports 1-8 of
the proposed antenna are used. However, for the transmitting
case, not all eight ports will be used. Only four ports of
the proposed antenna to tarnsmitting 4 MIMO streams are
needed. With very high isolation of other two ports (non-
adjacent ports) of the proposed antenna obtained, one can use
Ports 1, 3, 5, and 7 to transmit 4 MIMO streams in practical
applications.

The corresponding simulated vector surface current distri-
butions of Port 1 at the two resonant frequencies are shown
in Fig. 3. Also, the simulated electric field distributions in the
plane 0.7 mm above the ground plane (in the median plane
between the top patch and ground plane) are also plotted in
Fig. 4. At 7.1 GHz, the surface currents excited by Port 1 are
mainly resonant along the radial direction of Sector¬, and the
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FIGURE 3. Simulated vector surface current distributions at 6.1 GHz and
7.1 GHz of Port 1 excited with Ports 2-8 terminated to 50 ohms.

FIGURE 4. Simulated electric field distributions at 6.1 GHz and 7.1 GHz in
the median plane between the top patch and ground plane.

electric fields are directed in different directions (one toward
the top patch and one toward the ground plane) on two sides
of the shorting circle.

Also note that the radial length of Sector ¬ is 17.5 mm
(outer radius 23 mm, inner radius 5.5 mm), which is about
0.41λ at 7.1 GHz or about 0.47λ by considering the effective
relative permittivity of the antenna substrate being 1.28. The
excited resonant mode at 7.1 GHz can therefore be identified
to be a 0.5λ mode at 7.1 GHz.

On the other hand, the surface currents at 6.1 GHz are
resonant from both the outer and inner edges to the two
shorting pins in Sector ¬. Yet, the surface currents are of the
same phase across Sector ¬. The electric fields are also of the
same phase on two sides of the shorting circle [see Fig. 4(a)].
Based on the surface current and electric field characteristics,
the excited resonant mode at 6.1 GHz is considered to be a
0.25λ mode.

As for the radial length of Sector ¬ being about 0.36λ
at 6.1 GHz, relatively much larger than 0.25λ, it is largely
resulted from the dual-shorting which decreases the equiva-
lent resonant length from both the outer and inner edges to the
shorting pin position as compared to the single-shorting case.
This makes the 0.25λ mode to occur at a higher frequency.
In the proposed design, the 0.25λ mode is excited at close

FIGURE 5. Simulated (a) antenna efficiency and antenna gain of Port 1
and (b) envelope correlation coefficients (ECCij) for Ports i and j .

frequencies to the 0.5λ mode, making it possible to form a
wide operating band.

Additionally, for Port 1 excited in Sector ¬, it is seen that
the surface currents coupled to adjacent Sectors  and ³) are
generally confined inside the shorting circle. Similar behavior
is seen for the electric fields shown in Fig. 4. This suggests
that the shorting circle formed by 16 shorting pins seems
to function like a circular metal wall in the AR patch. This
is expected to increase the port isolation, especially for two
adjacent ports, in the proposed antenna.

The simulated radiation characteristics are also studied.
In Fig. 5(a), the simulated antenna efficiency and antenna
gain are, respectively, about 48%-64% and 1.2-4.1 dBi in
5.925-7.125 GHz (colored frequency region). The results are
obtained by considering the impedance matching condition.
For the envelope correlation coefficients (ECCij) of Ports i
and j shown in Fig. 5(b), they are obtained by using the sim-
ulated three-dimensional radiation patterns [25], [26]. Very
low ECCs for any two waves radiated by Ports 1-8 are seen.
The ECC12 (= ECC18) for two adjacent ports is less than
0.07, while those for other two ports are less than 0.01.
Although the eight ring sectors with Ports 1-8 are very close to
each other, the eight radiated waves have very low correlation
or can be considered to be uncorrelated, which is promising
for 8 × 8 MIMO operation.
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FIGURE 6. Simulated three-dimensional total-power radiation patterns
seen from the z direction of Ports 1-8 at 6.1 GHz.

FIGURE 7. Simulated three-dimensional total-power radiation patterns
seen from the z direction of Ports 1-8 at 7.1 GHz.

To further analyze the radiation patterns of the eight waves,
Figs. 6 and 7 show the simulated three-dimensional total-
power radiation patterns seen from the z direction of Ports 1-8
at 6.1 and 7.1 GHz. For each port, its corresponding radiation
pattern is seen to cover a wide area in the azimuthal direction,
especially at 6.1 GHz. This behavior is considered to be
advantageous for better reception of the incoming line-of-
sight and multipath signals from various directions for each
port in the proposed 8-port antenna. This attractive wide-
pattern feature for each port and the low ECCs for Ports 1-8
are expected to exhibit good 8 × 8 MIMO operation.

III. OPERATING PRINCIPLE
To address in more detail the operating principle of the
proposed 8-port antenna, the geometries of the case without
shorting pins in each ring sector (denoted as Case A) and the
case with one shorting pin along the centerline of each ring
sector (denoted as Case B) shown in Fig. 8 are studied. Other
corresponding dimensions of Cases A and B are same as the
proposed antenna in Fig. 1.

Their simulated S parameters of Port 1 are presented in
Fig. 9. Only one resonant mode excited at about 6.8 GHz is
seen for Case A in Fig. 9(a), which is similar to the 0.5λ

FIGURE 8. Geometries of (a) the case without shorting pins in each ring
sector (Case A) and (b) the case with one shorting pin along the
centerline of each ring sector (Case B). Other corresponding dimensions
are same as the proposed antenna in Fig. 1.

FIGURE 9. Simulated S parameters of Port 1. (a) Case A. (b) Case B.

mode occurred at about 7.1 GHz in the proposed antenna.
From the simulated vector surface currents and electric field
distributions for Case A shown in Fig. 10, the resonant mode
at 6.8 GHz can be identified as a 0.5λ mode.
Note that the feed in each sector is located in the radial

direction and the excited surface currents at 6.8 GHz for the
first resonance are seen to resonate in the radial direction [see
Fig. 10(a)]. Therefore, it can be excepted that the resonant fre-
quency of the first resonance is related to the radial length of
each sector. With the outer radius (Rout) and inner radius (Rin)
of each sector to be 23 mm and 5.5 mm (see Fig. 1), respec-
tively, the radial length of each sector is 23 mm – 5.5 mm =
17.5 mm. In this case, the resonant frequency of the first
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FIGURE 10. Simulated (a) vector surface current distributions on the ring
patch and (b) electric field distributions in the median plane between the
top patch and ground plane for Port 1 excited at 6.8 GHz in Case A; Other
ports are terminated to 50 ohms.

resonance (0.5λ mode) can be estimated by

f1 ∼= c/[2(εeff)1/2(Rout − Rin)] (1)

In Eq. (1), c is the speed of light, εeff is the effective relative
permittivity (1.28 here) of the antenna substrate, and Rout –
Rin is the radial length of each sector. From Eq. (1), f1 is
calculated to be about 7.6 GHz, which is about 1.12 times
6.8 GHz observed in Fig. 9(a). The deviation may be owing
to the effects of the non-uniform width of each sector and the
compact integration of the 8 sectors in the proposed antenna.

In Case B with one shorting pin, an additional 0.25λmode
is excited at about 4.6 GHz and the 0.5λ mode is slightly
shifted from 6.8 GHz to occur at 7.0 GHz. The two modes
are excited at frequencies far apart, thus they are not able to
be combined into a wide operating band.

In addition, the transmission coefficient S12 reaches about
−5 dB at frequencies where the 0.25λ mode is excited, indi-
cating low port isolation or high port coupling. Similarly, the
S12 is also about −8 dB at 7.0 GHz where the 0.5λ mode
occurs. This agrees with the results shown in Fig. 11, in which
the vector surface current and electric field distributions in
two adjacent sectors of Sector ¬ with Port 1 excitation are
strong inside and outside the shorting circle formed by total
8 shorting pins in Case B. This behavior will lead to poor port
isolation.

By applying the dual shorting in each ring sector of the
proposed antenna, the 0.25λ mode is shifted to occur at
close frequencies near the 0.5λmode for wideband operation.
As discussed earlier, this is owing to the decreased effec-
tive resonant length of the 0.25λ mode, caused by the dual
shorting.

In addition, because of the dual shorting placed along the
shorting circle, which is located nearby or at the electric
field null of the 0.5λ mode, small effect on the 0.5λ mode is
expected. This allows the two resonant modes to be combined
into a wide operating band.

It is also worth mentioning that, with the dual shorting
applied in the proposed antenna, the S12 is improved to be less
than−10 dB and other transmission coefficients are even less
than −20 dB, as shown in Fig. 2. By comparing the results

FIGURE 11. Simulated (a) vector surface current distributions on the ring
patch and (b) electric field distributions in the median plane between the
top patch and ground plane for Port 1 at 4.6 and 7.0 GHz in Case B; Other
ports are terminated to 50 ohms.

shown in Figs. 3 and 4 with those in Fig. 11, the surface
current and electric field distributions in adjacent sectors of
Sector ¬ are seen to be generally confined inside the shorting
circle in the proposed antenna. This can explain the enhanced
port isolation obtained in the proposed antenna, owing to the
shorting circle formed by the 16 shorting pins of the eight ring
sectors therein.

Finally, the annular-ring patch selected to have an outer
radius of 23 mm (Rout) and an inner radius of 5.5 mm (Rin)
in the proposed antenna is discussed. By considering that the
required resonant area of each port or each radiating element
in the reported 6-port circular patch antenna in [18] is about
0.08λ2 (λ is the wavelength of the lowest operating frequency
of the antenna), the total size of 8 × 0.08λ2 = 0.64λ2 is
therefore selected as the targeted size of the annular-ring
patch in the proposed antenna; although when more ports are
closely located, larger resonant areas are generally required to
achieve good isolation between all radiating elements. This is
owing to the increasing coupling between the closely located
radiating elements. With the lowest operating frequency at
about 5.9 GHz (λ = 50.85 mm), the required outer radius is
therefore determined to be about 23 mm [= (0.64λ2/π )1/2].

For the inner radius, it is required in the proposed antenna
to achieve a better isolation of Ports 1-8. This is because
of the narrow flare angle (45o) of each radiating sector
around the patch center in the proposed antenna. This will
increase the coupling between the 8 radiating sectors and
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FIGURE 12. Simulated S parameters of Port 1 for the shorting pins at different shorting circles (r ). (a) S11, S15. (b) S12 (= S18), S14 (= S18). (c) S13
(= S17). Other antenna parameters are same as in Fig. 1.

FIGURE 13. Simulated S parameters of Port 1 for various inner AR patch radii (m). (a) S11, S15. (b) S12 (= S18), S14 (= S16). (c) S13 (= S17). Other
antenna parameters are same as in Fig. 1.

decrease the port isolation. Detailed results are provided in
Fig. 13 for the parametric study of the inner radius effects.

It is also noted that when a larger inner radius is selected,
the effective resonant length of each ring sector will be
decreased, which increases the resonant frequency of the
excited resonant modes. Therefore, based on the parametric
study, the inner radius is selected to be 5.5 mm only. In this
case, acceptable port isolation is obtained and the outer radius
can be kept to be 23 mm to cover the desired 5.9-7.2 GHz
band.

IV. PARAMETRIC STUDY
For finely adjusting the design dimensions of the proposed
antenna, a parametric study on the shorting circle radius,
inner AR patch radius, and feed position is conducted.
Fig. 12 shows the simulated S parameters of Port 1 for the
shorting pins at different shorting circle radii (r) of 14.5, 15.0,
15.5 mm. Other antenna dimensions are fixed as in Fig. 1.
Results of the S11 and S15 are shown in Fig. 12(a), those of
the S12 (= S18) and S14 (= S16) are in Fig. 12(b), and those
of the S13 (= S17) are in Fig. 12(c).

When the shorting circle radius is larger (that is, closer to
the feed position), relatively large effects on the excitation of
the 0.25λ and 0.5λ modes are seen. The transmission coeffi-
cients are also increased, indicating that the port isolation is
degraded. On the other hand, when the shorting circle radius
is smaller, the 0.25λmode at about 6.1 GHz cannot be excited
with good impedancematching. Therefore, the shorting circle
radius can be finely adjusted to achieve better impedance
matching and port isolation over the desired wide band for
the proposed antenna.

Fig. 13 shows the simulated S parameters of Port 1 for the
inner AR patch radius (m) varied from 4.5 to 6.5 mm. Since
the variation in the radius m will affect the effective resonant
length of each ring sector, the resonant frequencies of the
0.25λ and 0.5λ modes are both varied [see Fig. 13(a)]. The
impedance matching of the 0.25λ and 0.5λ modes, however,
is not so strongly affected as seen in Fig. 12(a) for the shorting
circle radius variation. This can be applied to finely adjust the
occurrence of the desired 0.25λ and 0.5λ modes to cover the
operating band of interest.

Also note that the S12 (= S18) of two adjacent ports are
increased with a smaller radius m [see Fig. 13(b)]. This is
mainly owing to the narrow flare angle (45o) of each ring sec-
tor around the patch center for the proposed 8-port antenna.
Therefore, by selecting a proper radius m, it is also helpful
to achieve the port isolation to be better than 10 dB for two
adjacent ports.While for other two ports, their isolation is still
better than 20 dB as seen in the figure.

Fig. 14 shows the simulated S parameters of Port 1 for
different feed positions (n). Effects on the resonant frequency
of the first mode (0.25λ mode) are seen to be larger than
that of the second mode (0.5λ mode) [see Fig. 14(a)]. On the
other hand, effects on the transmission coefficients of any two
ports are small. This behavior can be applied to finely adjust
the occurrence of the 0.25λ mode to combine with the 0.5λ
mode, thereby achieving better impedance matching over the
desired wide operating band.

Effects of the ground plane size are also analyzed. Fig. 15
shows the simulated S parameters of Port 1 for different
ground plane diameters (D). Other parameters are fixed as
in Fig. 1. When the ground plane diameter increases, the
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FIGURE 14. Simulated S parameters of Port 1 for different feed positions (n). (a) S11, S15. (b) S12 (= S18), S14 (= S16). (c) S13 (= S17). Other antenna
parameters are same as in Fig. 1.

FIGURE 15. Simulated S parameters of Port 1 for different ground plane diameters (D). (a) S11, S15. (b) S12 (= S18), S14 (= S16). (c) S13 (= S17). Other
antenna parameters are same as in Fig. 1.

S11 for the first mode (0.25λ mode) is slightly degraded
[see Fig. 15(a)]. This is largely because the first mode has a
larger wavelength over the antenna’s operating band, thereby
causing relatively larger effects on the ground plane size.
In this case, by finely adjusting the antenna parameters, better
impedance matching of the first mode can still be obtained.
On the other hand, small effects are seen for the transmission
coefficients. This indicates that the port isolation is insensi-
tive to the ground size variations.

To demonstrate when the proposed antenna is to be placed
on a large metal surface, such as measuring 150 mm x 70 mm
for the modern smartphone size, the antenna dimensions can
be finely adjusted based on the parametric study here. The
shorting circle radius, inner AR patch radius, and feed posi-
tion are adjusted to be 14.7 mm (r), 5.2 mm (m), and 18.0 mm
(n), respectively. With the finely adjusted parameters and
other antenna dimensions fixed as in Fig. 1, the corresponding
simulated S parameters of Port 1 are shown in Fig. 16. In this
case, for the proposed antenna placed on a largemetal surface,
the obtained S parameters can be similar to those shown in
Fig. 2.

V. EXPERIMENTAL RESULTS AND DISCUSSION
The 8-port 8-wave patch antenna was fabricated and
experimentally studied to verify the simulation prediction.
Fig. 17 shows the top, side, and back views of the fabricated
antenna. The measured reflection coefficients of Ports 1-4
and Ports 5-8 are respectively shown in Fig. 18(a) and (b).

The measured transmission coefficients for two adjacent
ports [S12 or Si(i+1)] are presented in Fig. 19(a), and those

FIGURE 16. Simulated S parameters of Port 1 for the antenna placed on a
large metal surface measuring 150 mm × 70 mm, such as the size of the
modern smartphone. The shorting circle radius, inner AR patch radius,
and feed position of the antenna are finely adjusted.

for two ports spaced by one ring sector [S13 or Si(i+2)] are
in Fig. 19(b). Also, the corresponding measured results for
two ports spaced by two ring sectors [S14 or Si(i+3)] and by
three ring sectors [S15 or Si(i+4)] are respectively shown in
Fig. 20(a) and (b). The measured data confirm the simulated
results. Ports 1-8 can cover the desired 5.925-7.125GHz band
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FIGURE 17. Fabricated eight-port eight-wave patch antenna.

FIGURE 18. Measured reflection coefficients. (a) Ports 1-4. (b) Ports 5-8.

(the colored frequency region in the figure). The port isolation
is better than 10 dB for two adjacent ports and larger than
21 dB for other two ports, which agree with the simulation
prediction.

Fig. 21(a) and (b) respectively show the measured antenna
efficiency of Ports 1-4 and Ports 5-8. The antenna’s radiation
performance is measured in a far-field anechoic chamber.
Fig. 22 shows the experimental setup snapshot of the fabri-
cated antenna supported by a two-axis positioner to be rotated
in the θ and ϕ directions in the chamber.

Based on the Great circle test method [27], the radi-
ated electric fields over the sphere surrounding the antenna
were measured to evaluate the antenna efficiency. Agree-
ment between the measurement and simulation is generally

FIGURE 19. Measured transmission coefficients. (a) Two adjacent ports.
(b) Two ports spaced by one ring sector.

obtained. Themeasured antenna efficiency is about 46%-62%
over the operating band.

By using the measured three-dimensional radiated fields
including the amplitude and phase [25], [26], the ECCij
between two ports (Ports i and j) is calculated. Representative
calculated ECCs are shown in Fig. 23. Small values of the
ECCs of two adjacent ports less than about 0.08 and other two
ports less than about 0.04 are obtained. The results generally
confirm the simulated ECCs in Fig. 5(b).

Figs. 24 and 25 show the measured and simulated normal-
ized radiation patterns respectively for Ports 1-4 and Ports 5-8
in the plane along the centerline of their corresponding ring
sectors. The results at 6.1 GHz for the 0.25λ mode and at
7.1 GHz for the 0.5λ mode are presented.

For Ports 1-8, their corresponding radiation patterns along
the ϕ = 0o (Port 1), 45o (Port 2), 90o (Port 3), 135o (Port 4),
180o (Port 5), 225o (Port 6), 270o (Port 7), and 315o (Port 8)
planes are plotted. Note that the simulated Eϕ component is
very small (<−40 dB) along the centerline of each ring sector
and is thus not shown in the figure. Generally, the measured
and simulated radiation patterns are in agreement.

It is also observed that the radiation pattern of each port is
tilted away from the patch center and toward the feed direc-
tion. This is related to more surface currents being excited
near the outer edge of each ring sector. This behavior is
considered to be helpful for achieving low ECC values of the
eight waves generated by the proposed antenna.
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FIGURE 20. Measured transmission coefficients. (a) Two ports spaced by
two ring sectors. (b) Two ports spaced by three ring sectors.

VI. 8 × 8 MIMO TESTING OF THE PROPOSED ANTENNA
To test the proposed 8-port patch antenna for the
8 × 8 MIMO operation, the antenna shown in Fig. 16 inte-
grated with a ground plane of size 150 mm× 70 mm (typical
modern smartphone size) was fabricated and tested in our
8 × 8 MIMO testbed developed in NSYSU [2] as shown
in Fig. 26. The testing frequency band is selected to be
7025-7125 MHz with 100 MHz bandwidth within the oper-
ating bandwidth of the proposed antenna. In 2019 World
Radiocommunication Conference (WRC-19), this frequency
band has been agreed to be considered as a new possi-
ble mobile communication spectrum globally and will be
decided in 2023 World Radiocommunication Conference
(WRC-23) [4].

At the transmitter (Tx) side, two 4-port antennas (total
size 150 mm × 70 mm) based on the 4-port patch antenna
reported in [16] are fabricated. The two 4-port antennas are
designed to cover the testing frequency band and used to
transmit 8MIMO signals in theMIMO testing. All eight ports
in the two 4-port antennas are connected to eight RF vector
signal generators SGT100Awith an integrated baseband gen-
erator [28].

On the other hand, at the receiver (Rx) side, Ports 1-8 of the
proposed 8-port antenna are connected to two 4-port digital
oscilloscope RTP084 [28]. The received MIMO signals of
Ports 1-8 are finally fed into a desktop computer loaded with

FIGURE 21. Measured antenna efficiency. (a) Ports 1-4. (b) Ports 5-8.

FIGURE 22. Experimental setup of the fabricated antenna tested in the
far-field anechoic chamber.

FIGURE 23. Calculated ECCs as a function of the measured
three-dimensional radiated fields of the antenna.

the in-house developed software MIMO receiver to obtain
the 8 × 8 MIMO capacity and throughout [2].
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FIGURE 24. Measured and simulated normalized radiation patterns at
6.1 and 7.1 GHz for Ports 1-4 in the plane along the centerline of their
corresponding ring sectors. (a) Port 1. (b) Port 2. (c) Port 3. (d) Port 4.

Fig. 27 shows the 8 × 8 MIMO testing scenario in the
open space in front of the entrance of the electrical engineer-
ing department building, NSYSU. The distance between the
Tx and Rx antennas is 9 meters. The measured results are
shown in Table 2. The measured signal noise ratios (SNR) of

FIGURE 25. Measured and simulated normalized radiation patterns at
6.1 and 7.1 GHz for Ports 5-8 in the plane along the centerline of their
corresponding ring sectors. (a) Port 5. (b) Port 6. (c) Port 7. (d) Port 8.

Ports 1-8 of the Rx antenna (the proposed antenna in Fig. 16)
are provided. The average SNR of the received eight signals
is about 26.4 dB. Variations of the received SNRs of the eight
ports are related to the complex multipath scattering in the
practical MIMO propagation scenario.
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FIGURE 26. Schematic diagram of the 8 × 8 MIMO testbed developed in
National Sun Yat-sen University (NSYSU) [2]. Rx antennas are the
fabricated 8-port antenna in Fig. 16. Tx antennas uses two 4-port
antennas studied in [16] to transmit 8 MIMO signals.

FIGURE 27. (a) The 8 × 8 MIMO testing in the open space in front of the
entrance of the EE department building, NSYSU. (b) Tx and Rx distance is
9 meters. The proposed antenna is used as the receive antennas at Rx
side.

The measured MIMO capacity is 42.8 bps/Hz, which
suggests that the 8 × 8 MIMO operation in this study
with 100 MHz bandwidth can ideally support a data through-
put up to 4.28 Gbps. However, the practical data throughput
generally cannot reach the ideal value.

In this study, based on using the 64-QAM (Quadratic
Amplitude Modulation) signal modulation, the measured
8 × 8 MIMO throughput is 3476 Mbps, which is the correct
data received at the Rx side. The uncoded bit error rate (BER)
is 0.013 only. Note that, with the uncoded BER less than
0.1, it can generally be corrected to obtain a zero BER [2]
in practical communications. That is, the proposed 8-port
antenna applied in the 8 × 8 MIMO testing can support the
64-QAM modulation. The corresponding spectral efficiency
is then evaluated to be 34.76 bps/Hz (total throughput divided
by the 100 MHz bandwidth).

TABLE 2. Measured 8 × 8 MIMO capacity/throughput of the proposed
antenna in Fig. 16. The MIMO testbed and testing scenario are shown in
Figs. 26 and 27.

Also note that, the obtained 4 × 4 MIMO throughput
with 100 MHz bandwidth (5750-5850 MHz) tested in [12]
is about 1.6 Gbps only. In the study here, the 8 × 8 MIMO
throughput with the proposed 8-port antenna as the Rx
antennas can successfully achieve much higher throughput
than that of the4 × 4 MIMO operation. This suggests that
the proposed 8-port antenna is promising for the future
8 × 8 MIMO mobile device application to achieve much
higher data throughputs.

VII. CONCLUSION
For 8 × 8 MIMO application in the mobile device, a wide-
band eight-port eight-wave annular-ring patch antenna cover-
ing the 6 GHz band (5.925-7.125 GHz) for the possible new
mobile frequency spectrum in the future 6G communication
system [3], [4] has been presented. The proposed antenna
has a low profile of 1.4 mm (about 0.028λ at 5.9 GHz) and
an outer diameter of 46 mm (about 0.91λ at 5.9 GHz) to
generate eight very-low-correlated waves over the desired
wide band with low ECCs. The antenna structure, operating
principle, parametric study, and experimental results for the
proposed antenna have been addressed. The dual-shorting
dual-resonant technique has been successfully applied in the
eight 45o-ring sectors in the proposed antenna to achieve both
wideband operation and enhanced port isolation. In addition
to the 8 × 8 MIMO mobile device application, the proposed
antenna will also be promising for the IoT device application
for 8 × 8 MIMO operation.
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