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ABSTRACT Based on applying the hybrid metal walls and half-wavelength diagonal open-slots, a four-port
square patch antenna (SPA) having high port isolation (>20 dB) and low radiation correlation (envelope cor-
relation coefficients < 0.01) for 2.4/5/6 GHz (2.4-2.5/5.15-7.125 GHz) WiFi-6E 4 ×4 MIMO access-point
application is presented. The four-port SPA is an all-metal structure with a small-size square patch (50 mm×
50 mm, about 0.41λ× 0.41λ at 2.45 GHz) mounted 11 mm above a ground plane. Between the square patch
and the ground plane, the hybrid metal walls consisting of an outer shorting metal wall and an inner gap-
coupled metal wall are placed along the patch’s two centerlines to create four isolated resonant quadrants for
the four ports. Each resonant quadrant can support the TM1/2,1/2 mode or the TM1/2,1/2-like mode in the
2.4 GHz and 5/6 GHz bands. Owing to the inner gap-coupled metal wall, enhanced port isolation between
two adjacent ports can be obtained. Additionally, enhanced port isolation between two opposite ports is
obtained by embedding two half-wavelength open-slots (length about 0.5λ at 2.45 GHz) along the patch’s
two diagonal lines. The decoupling hybrid metal walls and half-wavelength diagonal open-slots together
enhance the port isolation of the four ports to be larger than 20 dB over the 2.4 GHz and 5/6 GHz bands. The
antenna structure and operation principle of the proposed four-port SPA are described. Experimental results
of the fabricated prototype are also presented.

INDEX TERMS Four-port square patch MIMO antennas, WiFi-6E MIMO access-point antennas, gap-
coupled metal walls, decoupling half-wavelength open-slots, 4 × 4 MIMO antennas.

I. INTRODUCTION
For 4 × 4 multi-input-multi-output (MIMO) access-point
antenna applications, the four-port single-patch antennas with
high port isolation to generate four uncorrelated waves have
been shown to be promising [1]–[4]. This kind of four-port
single-patch antennas is attractive for their compact MIMO
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antenna structure, which can be applied to decrease the
required size of the MIMO array [1]. In order to achieve high
port isolation for the four ports co-located in a single patch
and to obtain low correlation for the four radiated waves, the
studies in [1], [2] applied the technique based on the theory
of the characteristic mode to design multimode antennas [5].

In [1], the four ports in a square patch excite four different
sets of orthogonal characteristic modes to achieve high port
isolation (> 20 dB) and wideband operation (6.0-8.5 GHz,
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fractional bandwidth 34.5%). In [2], the four ports collocated
in a hexagonal patch can also achieve high port isolation
and wideband operation (3.0-6.0 GHz, 66.7%). However,
to obtain high port isolation, both antenna designs [1], [2]
require using a large-size external feed network, which will
increase the power loss and complicate the antenna design.
In addition, the required patch size is also larger (0.85λ ×
0.85λ [1], 1.10λ × 1.10λ [2]; λ is the wavelength of the
center frequency in the respective operating band) to achieve
the high port isolation. Also, both designs use a very high
profile above the ground plane (0.38λ [1], 0.34λ [2]; λ is the
wavelength of the central operating frequency) to obtain the
corresponding wideband operation.

On the other hand, both designs in [3], [4] require no
external feed circuitry to achieve enhanced port isolation of
the four ports. The antenna structures are therefore simpler
than those in [1], [2]. The four-port single-patch antenna
in [3] uses the gap-coupled shorting strips to separate an
annular-ring patch into four isolated one-quarter arc sec-
tions to generate the monopolar patch antenna mode [6]
for each port. The port isolation is better than 15 dB over
the wideband of 3.3-5.0 GHz (41% in fractional bandwidth)
and the envelope correlation coefficients (ECCs) for the
four radiated waves are lower than 0.05. The required patch
size is 0.77λ × 0.77λ and the antenna height is 10 mm
(0.14λ, λ is the wavelength at 4.15 GHz, the central operating
frequency) [3].

For the design in [4], the shorting metal walls are applied
to a square patch antenna to create four isolated quarter-
wavelength resonant quadrants to generate the TM1/2,1/2
mode for each port. With a patch size of 0.58λ × 0.58λ
and an antenna height of 10 mm (0.14λ, λ is the wavelength
at 4.15 GHz), the port isolation better than 15 dB over the
wideband of 3.3-5.0 GHz (41%) can also be obtained. The
comparison of the above four-port single-patch antennas with
four uncorrelated waves for MIMO access-point applications
is also listed in Table 1.

It is also noted that the designs in [1]–[4] require using
the dielectric substrate layer to support the feed network
or the radiating patch. The use of the dielectric sub-
strate for the access-point antennas is less attractive for
practical applications. In addition, although the designs
in [3], [4] are simpler in antenna structure and smaller
in antenna size, the obtained port isolation (> 15 dB)
over the wideband is lower than that (> 20 dB) of the
designs in [1], [2].

Other than the four-port single-patch antennas [1]–[4]
suitable for MIMO access-point applications with primarily
front-semispherical radiation, there are also reported four-
port MIMO antennas based on the printed monopole or slot
antenna elements, such as in [7]–[11]. These four-port anten-
nas show bidirectional radiation, different from the patch
antennas studied here and in [1]–[4].

The four-port printed patch antennas with a defected
ground plane for enhanced port isolation have also been
reported [12]–[14]. These antennas are more suitable for

TABLE 1. Comparison of the four-port single-patch antennas with four
uncorrelated waves for MIMO access-point applications.

mobile MIMO antenna applications. There are also low-
profile four-port open-slot antennas backed by a ground
plane [15] or low-profile four-port patch antennas [16]–[19]
reported mainly for the smartphone or mobile device antenna
applications, which however are not suitable for MIMO
access-point antennas [1]–[4].

In this study, for WiFi-6E MIMO access-point applica-
tions, an all-metal four-port single-patch antenna with no
external feed network required as in [1], [2] and having a
smaller antenna size with respect to the operating wavelength
than those in [1]–[4] to achieve high port isolation (> 20 dB)
and low radiation correlation (ECC< 0.01) is presented. The
proposed design is a four-port square patch antenna (SPA) in
which the decoupling techniques of applying the hybridmetal
walls and half-wavelength diagonal open-slots are proposed
to obtain high port isolation of the four ports. The proposed
design operates in dual bands of bandwidths larger than
2.4-2.5 GHz (4.1%) and 5.1-7.2 GHz (34%) and can cover
the 2.4 GHz (2.4-2.5 GHz) and 5/6 GHz (5.15-7.125 GHz)
WiFi-6E bands [20]–[23] for 4 × 4 MIMO access-point
application.

In addition, the proposed four-port SPA is an all-metal
structure with a small-size square patch of 50 mm × 50 mm
(about 0.41λ× 0.41λ at 2.45 GHz) mounted 11.2 mm (about
0.09λ at 2.45 GHz) above the ground plane. The required
antenna size is also smaller than those in [1]–[4] (see the
comparison summarized in Table 1).

Details of the proposed four-port SPA are described. The
operating principle of the decoupling techniques applied in
the proposed design is addressed. A parametric study for
adjusting the impedance matching and transmission coeffi-
cients of the four ports in the proposed design is conducted.
Experimental results of the fabricated four-port SPA are also
presented and discussed.
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FIGURE 1. Proposed four-port (Ports 1-4) single-patch WiFi-6E MIMO
antenna with high port isolation.

FIGURE 2. Schematic diagram for bending the four corners of the square
patch in the proposed antenna.

FIGURE 3. Equivalent circuit diagram of the inner gap-coupled metal wall.

II. ANTENAN STRUCTURE AND OPERATION STUDY
Fig. 1 shows the proposed four-port (Ports 1-4) single-
patch WiFi-6E MIMO antenna with high port isolation. The
antenna is an all-metal structure formed by using a four-
corner-bent square patch connected or coupled through four
hybrid metal walls located along the patch’s two center-
lines (PP’, QQ’) to the antenna’s ground plane. Each hybrid
metal wall is placed along the centerline of the square patch
and consists of an outer shorting metal wall and an inner
gap-coupled metal wall. The hybrid metal walls separate
the region between the square patch and the ground plane
into four 90o resonant quadrants. Each resonant quadrant
is bounded by two orthogonal hybrid metal walls, and two
adjacent resonant quadrants share a same hybrid metal wall.

Two open-slots of width 2 mm are also embedded along
the patch’s two diagonal lines. At four ends of the two
diagonal open-slots locate four coupling feeds (namely,
Ports 1-4 in the proposed antenna). Each coupling feed

uses an inverted-L strip to capacitively excite each reso-
nant quadrant bounded by two orthogonal metal walls to
generate the TM1/2,1/2 mode (the resonant mode with two
orthogonal quarter-wavelength resonances) [4], [24] and the
TM1/2,1/2-like mode, respectively, in the desired 2.4 GHz
band (2.4-2.5 GHz) and 5/6 GHz band (5.15-7.125 GHz)
for WiFi-6E applications. Note that the square patch, hybrid
metal walls, ground plane, and coupling feed strips all uses
0.2 mm thick copper plates in the proposed antenna.

The square patch has a small size of 50 mm × 50 mm
(about 0.41λ × 0.41λ at 2.45 GHz) and the antenna height
is 11.2 mm (about 0.09λ at 2.45 GHz). The ground plane is
in a square shape of side length 70 mm (about 0.57λ or larger
than a half-wavelength at 2.45 GHz). The coupling feed strip
has a vertical strip (6 mm × 10.4 mm) and a horizontal strip
(6 mm × 2 mm) extended opposite to the square patch. For
each port, the vertical strip couples through a gap of 1.5 mm
to the patch’s bent section at each corner, thereby to excite
the TM1/2,1/2 mode or the TM1/2,1/2-like mode supported by
each resonant quadrant. The schematic diagram showing the
bending of the patch’s four corners in the proposed antenna is
also illustrated in Fig. 2. The dimensions of the bent section
at each corner are shown in the figure.

Note that, by bending the patch corners whose side length
is 10 mm, the length of each diagonal open-slot in the top
square patch is adjusted to be 57mm (about 0.47 at 2.45 GHz,
close to a half-wavelength). The half-wavelength diagonal
open-slot can lead to a dip in the transmission coefficient of
two opposite ports (Ports 1, 3 or Ports 2, 4) at about 2.45 GHz,
thereby greatly enhancing the port isolation of two opposite
ports to be larger than 20 dB in the 2.4 GHz band.

When the effective length of the diagonal open-slots is
varied, the dip of the transmission coefficients of two oppo-
site ports will also be varied. This behavior is found to be
similar to that of the half-wavelength closed-slot working as
a band-notching element [25]. More results of the decou-
pling half-wavelength diagonal open-slot are presented in the
parametric study.

On the other hand, by applying the hybrid metal walls, the
transmission coefficient of two adjacent ports (Ports 1, 2 or
Ports 2, 3 or Ports 3, 4 or Ports 1, 4) can also have a dip at
about 2.45 GHz, which in turn leads to high port isolation
of larger than 20 dB for two adjacent ports in the 2.4 GHz
band. For the port isolation in the 5/6 GHz band, owing to the
relatively much smaller wavelength, the distances between
the four ports are much larger than those in the 2.4 GHz
band. High port isolation of the four ports in the 5/6 GHz
band is also observed. Therefore, with the combined effects of
the half-wavelength diagonal open-slots and the hybrid metal
walls, high port isolation of all the four ports in the 2.4 GHz
and 5/6 GHz bands is obtained for the proposed antenna.

Note that, in each 90o resonant quadrant, the outer shorting
metal wall of the hybrid metal wall has a size of 8 mm ×
11 mm to directly connect the square patch to the ground
plane. For each port, good resonant quadrant bounded by two
metal walls can therefore be obtained in both the 2.4 and
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FIGURE 4. Simulated (a) S parameters and (b) input impedance of
Port 1 excited in the proposed antenna.

FIGURE 5. Simulated vector surface current distributions at 2.45 GHz and
6.1 GHz for Port 1 excited in the proposed antenna.

5/6 GHz bands. While in each resonant quadrant, the inner
gap-coupled metal wall consists of a vertical shorting strip
(5.5 mm × 9.6 mm) and a circular plate (diameter 14.6 mm)
coupled through a 1.2 mm gap to the square patch. The
gap-coupled metal wall is considered to function like a series
LC structure or a band-pass resonant structure [26], [27] with
a center frequency at about 2.45 GHz. The equivalent circuit
diagram of the gap-coupled metal wall is shown in Fig. 3.

With the aid of the flat wire inductor calculator [28], the
equivalent inductance of the vertical shorting strip is evalu-
ated to be about 3.55 nH (L). That is, it will have an equivalent
inductive reactance of about j54.6 � (jωL) at 2.45 GHz.
On the other hand, the equivalent series capacitance between

FIGURE 6. Simulated antenna efficiency of Port 1 excited in the proposed
antenna.

FIGURE 7. Simulated total active reflection coefficient (TARC) for the
proposed antenna.

the circular plate and the square patch is calculated to be about
1.23 pF (C), which will contribute to an equivalent capacitive
reactance of about -j52.8 � (1/jωC). The series LC circuit
can therefore have a resonant frequency [1/(2π(LC)−1/2)]
at about 2.45 GHz, at which the gap-coupled metal wall is
expected to exhibit a zero or close-to-zero impedance. In this
case, the surface current on the excited patch quadrant cou-
pled to adjacent patch quadrants will be effectively detoured
from originally toward the adjacent ports to toward the patch
center where the gap-coupled metal wall is located. Enhanced
port isolation of the adjacent ports in the 2.4 GHz band can
thus be obtained.

Note that when the gap-coupled structure is not applied,
the simple shorting strip or the shorting metal wall will have
a relativelymuch larger reactance than that of the gap-coupled
metal wall at resonance. In this case, the simple shortingmetal
wall cannot achieve the same function of attracting the surface
current on the excited patch quadrant as the gap-coupled
metal wall.

On the other hand, owing to the higher operating frequen-
cies in the 5/6 GHz band, the equivalent series capacitor
in the gap-coupled metal wall will have a lower capacitive
reactance than in the 2.4 GHz band. That is, in the 5/6 GHz
band, the gap-coupled metal wall will be expected to function
more like a direct-connect metal wall, similar to the outer
shorting metal wall. This indicates that the port isolation in
the 5/6 GHz band will be relatively very slightly affected
by the inner gap-coupled metal wall. More results of the
decoupling gap-coupled metal wall will be presented later.
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Based on the proposed antenna in Fig. 1, the simu-
lated results obtained by using the commercially available
three-dimensional (3D) High Frequency Electromagnetic
Simulation Software (ANSYS HFSS) [29] are presented.
Fig. 4 shows the simulated S parameters and input impedance
of Port 1 excited in the proposed antenna. Note that the
corresponding results of Ports 2-4 are same as that of Port 1,
owing to the symmetric structure of the proposed antenna.
As seen in Fig. 4(a), over the desired 2.4 GHz and 5/6 GHz
bands (see the colored frequency regions of 2.4-2.5 GHz and
5.15-7.125GHz in the figure), the impedancematching is less
than -10 dB. The transmission coefficients of Port 1 to Ports
2-4 are less than -20 dB, indicating that high port isolation of
larger than 20 dB is obtained for the four ports in the proposed
antenna.

Also note that both the S12 (=S14) for two adjacent ports
and the S13 for two opposite ports have a dip at about 2.4 GHz.
This behavior is owing to the presence of the decoupling
half-wavelength diagonal open-slots and hybrid metal wall.
The simulated input impedance of Port 1 shown in Fig. 4(b)
indicates that two resonances (zero input reactance) occur at
about 2.4 GHz and 6.1 GHz. Also, relatively very smooth
variations in the input resistance in the 5/6 GHz band is seen.
This accounts for the obtained wideband operation (high-
band bandwidth larger than 2 GHz) of the proposed antenna
to cover the 5/6 GHz for WiFi-6E application.

To analyze the two resonant modes excited for the 2.4 GHz
and 5/6 GHz bands, the simulated vector surface current
distributions at 2.45 GHz and 6.1 GHz for Port 1 excited in
the proposed antenna are shown in Fig. 5. Similar surface cur-
rent distributions are seen for both frequencies. The surface
currents are seen to be symmetric with respect to the diagonal
open-slot in the resonant quadrant of Port 1.

Additionally, the surface currents are generally directed
toward the two orthogonal outer shorting metal walls (see
the red arrows indicating the 0.25λ resonance direction along
two orthogonal patch edge directions in the figure). This type
of surface current distributions with two orthogonal 0.25λ
resonances excitation is similar to that of the TM1/2,1/2 mode
[4], [24] for the resonant cavity of the patch antenna bounded
by two orthogonal metal walls. The resonant mode for the
2.4 GHz band is therefore denoted as the TM1/2,1/2 mode
here.

On the other hand, the resonant mode for the 5/6 GHz
band is denoted as the TM1/2,1/2-like mode here. This is to
consider that, at 6.1 GHz, its excited surface currents near
the coupling feed are slightly modified owing to the coupling
feed strip having a length of about 12.4 mm (10.4 mm for its
vertical height plus 2 mm for its horizontal extended length),
close to 0.25λ at 6.1 GHz. The coupling feed strip will
therefore be expected to contribute to the antenna radiation
at around 6.1 GHz. This also helps in obtaining the wide high
band of the proposed antenna.

Fig. 6 shows the simulated antenna efficiency of
Port 1 excited in the proposed antenna. The simulated antenna
efficiency includes the mismatching loss. The antenna

FIGURE 8. Geometries of (a) the case with simple shorting metal walls
and no diagonal open-slots (Case A), (b) Case A with diagonal open-slots
(Case B), and (c) Case B with discrete (inner and outer) shorting metal
walls (Case C). Corresponding dimensions are same as those shown in
Fig. 1 for the proposed antenna.

efficiency reaches about 90% in the 2.4 GHz band and is
larger than 92% in the 5/6 GHz band. That is, high antenna
efficiencies of Ports 1-4 are obtained, which is owing to the
high port isolation and good impedance matching obtained
for the proposed antenna in the 2.4 GHz and 5/6 GHz bands.

Furthermore, to consider Ports 1-4 of the proposed antenna
to operate at the same time for MIMO operation, the simu-
lated total active reflection coefficient (TARC) [30], [31] is
presented in Fig. 7. For considering Ports 1-4 to transmit four
synchronized MIMO signal streams with same amplitudes
and phases, the obtained TARC values are seen to be less than
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FIGURE 9. Simulated S parameters of Port 1 excited in Cases A, B, and C.
(a) Case A. (b) Case B. (c) Case C.

−10 dB in the 2.4 GHz and 5/6 GHz bands. That is, the active
reflection coefficients obtained by considering the four ports
as a whole are also good for practical applications. This may
also be owing to the high isolation of the four ports in the
proposed antenna.

III. DESIGN CONSIDERATIONS
To further demonstrate the design considerations of the pro-
posed antenna, Fig. 8 shows three geometries of Cases A,
B, and C. The case with simple shorting metal walls and
no diagonal open-slots is denoted as Case A in Fig. 8(a).
Case A can be considered as the initial design of the proposed
antenna without the proposed decoupling structures in this
study. Case B in Fig. 8(b) is formed by adding diagonal
open-slots to Case A. Case C in Fig. 8(c) is obtained by using
discrete (inner and outer) shorting metal walls in Case B.

FIGURE 10. Comparison of the simulated vector surface current
distributions for Port 1 excitation. (a) 2.30 GHz, Case A. (b) 2.45 GHz,
Case B. (c) 2.45 GHz, Case C. (d) 2.45 GHz, Proposed.

FIGURE 11. Simulated electric field distributions in the plane of the
square patch for Port 1 excited in Case B at 2.45 GHz.

Corresponding dimensions of the three cases are same as
those shown in Fig. 1 for the proposed antenna.

For comparison, Fig. 9 shows the simulated S parameters
of Port 1 excited in Cases A, B, and C. The obtained S
parameters of Case A in Fig. 9(a) show that the port isolation
in the antenna’s low band is less than 15 dB, while that in the
antenna’s high band (5/6 GHz band) is larger than 20 dB.

Note that the resonant mode excited in the antenna’s low
band in Case A occurs at a frequency lower than 2.4 GHz.
This is because the antenna dimensions in Case A are kept as
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FIGURE 12. Simulated S parameters of Port 1 for varying the circular plate
diameter (D) of the inner gap-coupled metal wall. (a) S11. (b) S12 (= S14).
(c) S13. Other dimensions are fixed as in Fig. 1.

same as those in the proposed antenna. By slightly adjusting
the design dimensions in Case A, its low band can be adjusted
to cover the 2.4 GHz band. However, the port isolation in its
low band will still be lower than about 15 dB.

In Fig. 9(b), it is observed that a dip in the S13 of
Ports 1 and 3 (two opposite ports) is obtained in the antenna’s
low band, which greatly enhances the isolation of two oppo-
site ports in the 2.4 GHz band to be larger than 20 dB.
In addition, the impedance matching in the antenna’s low
band is improved. The results are attributed to the presence
of decoupling half-wavelength diagonal open-slots in Case B.
The dip in the S13 can be adjusted when the effective length
of the diagonal open-slots is varied. Also, very slight effects
in the S parameters of the antenna’s high band are seen. The
isolation of Ports 1 and 2 or Ports 1 and 4, however, is not

FIGURE 13. Simulated S parameters of Port 1 for varying the shorting
strip width (w) of the inner gap-coupled metal wall. (a) S11.
(b) S12 (= S14). (c) S13. Other dimensions are fixed as in Fig. 1.

improved in the antenna’s low band [see the S12 (=S14) in the
figure].

By comparing to the results shown in Fig. 4(a) for the
proposed antenna in which the S13 and the S12 (= S14) are
all greatly improved to be larger than 20 dB in the 2.4 GHz
band. The enhanced isolation of two adjacent ports is owing
to the inner gap-coupled metal walls applied in the proposed
antenna. Its decoupling principle as a series LC structure or a
band-pass resonant structure has been addressed in Section II.

When both the inner and outer metal walls use the same
simple shorting metal plates (that is, Case C here), the
obtained S parameters shown in Fig. 9(c) are similar to those
for Case B in Fig. 9(b). Then, by replacing the inner shorting

81302 VOLUME 10, 2022



K.-L. Wong et al.: Decoupling Hybrid Metal Walls and Half-Wavelength Diagonal Open-Slots Based Four-Port SPA

metal plate with the gap-coupled metal wall introduced in the
study, the proposed antenna in Fig. 1 is obtained.

Fig. 10 shows the comparison of the simulated vector
surface current distributions for Port 1 excitation in the low
band of Cases A-C and the proposed antenna. The surface
current distributions in the resonant quadrant of Port 1 in
Fig. 10(a) for Case A and in Fig. 10(b) for Case B are
seen to be very similar. This confirms that the adding of the
diagonal open-slots generally does not affect the resonant
mode excitation of the proposed antenna. Also note that the
surface current distribution in Fig. 10(a) can be considered to
be a close-to-ideal TM1/2,1/2 mode. Since the surface current
distributions at 2.45 GHz and 6.1 GHz shown in Fig. 5 are
very similar to that in Fig. 10(a), the obtained modes of
the proposed antenna are denoted as the TM1/2,1/2 mode as
discussed earlier.

In addition, from the simulated electric field distributions
in the plane of the square patch at 2.45 GHz for Port 1 in
Case B (see Fig. 11), very strong electric fields occur along
the diagonal open-slot with Ports 1 and 3 at its two opposite
sides. This causes relatively very weak electric field seen at
Port 3. This is mainly owing to the effective length of the diag-
onal open-slot being about a half-wavelength at 2.45 GHz,
thereby causing a dip in the S13 in the 2.4 GHz band. High
isolation of two opposite ports is therefore obtained.

On the other hand, by comparing the results in
Fig. 10(c) and (d), the surface current distributions on the
adjacent patch quadrants of Port 1 are detoured from toward
Ports 2 and 4 in Case C to toward the patch center for
the proposed antenna. This also confirms that the applied
gap-coupled metal wall in the proposed antenna can lead to
enhanced isolation of two adjacent ports in the antenna’s low
band or the 2.4 GHz band.

IV. PARAMETRIC STUDY
To demonstrate the fine adjustment of the port isolation and
impedance matching of the proposed antenna, a parametric
study is conducted. Fig. 12 shows the simulated S parameters
of Port 1 for varying the circular plate diameter (D) of the
inner gap-coupled metal wall. The results for D varied from
13.6 mm to 15.6 mm are presented. Very small effects on the
S11 are seen in Fig. 12(a). For the S12 (=S14) of two adjacent
ports shown in Fig. 12(b), the dip in the antenna’s low band
is shifted to lower frequencies with an increase in the circular
plate diameter. This is reasonable, because a large circular
plate diameter increases the equivalent capacitance of the
gap-coupled metal wall and therefore decreases the resonant
frequency thereof. For the S13 shown in Fig. 12(c), similar
behavior as the S12 (=S14) is observed. This may be owing
to the effective length of the diagonal open-slots being varied
in a similar trend, thereby varying the dip of the S13 of two
opposite ports as well.

Fig. 13 shows the simulated S parameters of Port 1 for
varying the shorting strip width (w, varied from 5 mm to
6 mm) of the inner gap-coupled metal wall. Effects on the
S11 are also very small as shown in Fig. 13(a). The dip of

FIGURE 14. Simulated S parameters of Port 1 for varying the diagonal
open-slot width (t). (a) S11. (b) S12 (= S14). (c) S13. Other dimensions are
fixed as in Fig. 1.

the S12 (=S14) shown in Fig. 13(b) is slightly shifted to lower
frequencies when the shorting strip width is smaller. Since a
smaller shorting strip width leads to a larger equivalent induc-
tance [27], the resonant frequency of the gap-coupled metal
wall as a band-pass resonant structure will be decreased.
However, the effect is relatively smaller than that of varying
the circular plate diameter shown in Fig. 12. Small effects on
the S13 shown in Fig. 13(c) are also seen.

Effects of varying the diagonal open-slot width (t) from
1 mm to 3 mm are shown in Fig. 14. Relatively larger
effects on the S11 in Fig. 14(a) and the S13 in Fig. 14(c)
are observed, which are larger than the effects on the S12
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FIGURE 15. Simulated S parameters of Port 1 for varying the coupling gap
(g) between the L-strip feed and the square patch. (a) S11. (b) S12 (= S14).
(c) S13. Other dimensions are fixed as in Fig. 1.

(=S14) in Fig. 14(b). This behavior is because the variations
in the open-slot width will vary the capacitive coupling of the
probe feed and also affect the effective length of the diagonal
open-slots.

Fig. 15 shows the simulated S parameters of Port 1 for
varying the coupling gap (g) between the L-strip feed and the
square patch. Small effects on the S12 (=S14) in Fig. 15(b)
and the S13 in Fig. 15(c) is seen. On the other hand, rela-
tively larger effects on the S11, especially in the antenna’s
low band, are observed [see Fig. 15(a)]. The results indicate
that the impedance matching or reflection coefficients of the

FIGURE 16. Simulated S parameters of Port 1 for varying the outward
extended length (m) of the L-strip feed’s horizontal part. (a) S11. (b) S12
(= S14). (c) S13. Other dimensions are fixed as in Fig. 1.

proposed antenna can be adjusted by varying the coupling
gap (g) at each feed, with small effects on the transmission
coefficients of the four ports.

To effectively vary the impedance matching in the
antenna’s high-band or the 5/6 GHz band, Fig. 16 shows the
simulated S parameters of Port 1 for varying the outward
extended length (m) of the L-strip feed’s horizontal part from
1 mm to 3 mm. In Fig. 16(a), the S11 shows relatively larger
effect in the 5/6 GHz band and very small effect in the
2.4 GHz band. Small effects on the S12 (=S14) and the S13 in
Fig. 16(b) and (c) are also seen. The relatively larger effect in
the 5/6GHz band is because the feed strip has a length close to
a quarter-wavelength at 6.1 GHz and will therefore contribute
to the antenna’s wide high-band operation. By varying the
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FIGURE 17. Fabricated four-port single-patch WiFi-6E MIMO antenna.

length m, the total length of the feed strip will be varied, thus
causing some variations in the impedance matching in the
5/6 GHz band.

V. EXPERIMENTAL STUDY
Fig. 17 shows the top, bottom, and side views of the fab-
ricated four-port single-patch WiFi-6E MIMO antenna. The
measured S parameters of Ports 1-4 in the fabricated antenna
are presented in Fig. 18. The reflection coefficients are shown
in Fig. 18(a). The transmission coefficients of two adjacent
ports (S12, S23, S34, S14) and two opposite ports (S13, S24) are
respectively shown in Fig. 18(b) and (c). Themeasured results
generally agree with the corresponding simulated results
included in the figure for comparison. Over the 2.4 GHz and
5/6 GHz bands, the measured reflection coefficients are less
than −10 dB. For the measured transmission coefficients,
they are all less than −20 dB. The desired high port isolation
is obtained.

Fig. 19(a) and (b) show the measured antenna efficiency
and antenna gain of Ports 1-4 in the fabricated antenna. The
fabricated antenna was tested in a far-field anechoic chamber
and the measured data also generally agree with the corre-
sponding simulated results. A snapshot of the measurement
setup of the fabricated antenna in the anechoic chamber is
shown in Fig. 20.

The measured antenna efficiency is determined based on
integrating the measured radiated electric field intensity over
the entire sphere surrounding the tested antenna in the far-
field anechoic chamber. The tested antenna is mounted on
a two-axis positioner to be rotated from θ = 0o-180o and
φ = 0o-360o (generally using 5o-10o as an interval), with the
calibrated horn antenna as the transmitting antenna fixed in
the measurement (Great circle test method [32]). The total
radiated power can therefore be obtained and the antenna
efficiency can be determined.

The obtainedmeasured antenna efficiency of the fabricated
antenna is larger than about 86% and 90%, respectively, in the
low (2.4 GHz) and high (5/6 GHz) bands. The measured
antenna gain is about 4.5-5.0 dBi in the low band and about
4.0-5.9 dBi in the high band.

FIGURE 18. Measured S parameters of Ports 1-4 in the fabricated
antenna. (a) Reflection coefficients. (b) Transmission coefficients of two
adjacent ports. (c) Transmission coefficients of two opposite ports.
Corresponding simulated results are included.

Also note that, as shown in Fig. 18, although the S11 at
2.45 GHz is about -11.5 dB only, the transmission coeffi-
cients of Port 1 to Ports 2-4 (S12, S13, S14) are lower than
about -24 dB. With the very high port isolation obtained, the
measured antenna efficiency at 2.45GHz is about 88%.When
the S11 at 2.45 GHz can be further decreased, with high port
isolation still obtained, even better antenna performance can
be expected.
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FIGURE 19. Measured (a) antenna efficiency and (b) antenna gain of
Ports 1-4 in the fabricated antenna. Simulated results of Port 1 are
included for comparison.

FIGURE 20. Measurement setup of the fabricated antenna in the
anechoic chamber.

Fig. 21 shows the measured and simulated normalized
radiation patterns of Port 1. The results in two principal planes
(x-z and y-z planes) at the center or about the center frequen-
cies (2.45 GHz and 6.1 GHz) of the low and high bands
are plotted. Since the TM1/2,1/2 mode with two orthogonal
quarter-wavelength resonances is excited in the low band,
the Eθ and Eϕ components are seen to be comparable at
2.45 GHz. Symmetric patterns in the x-z and y-z planes are
also seen.

On the other hand, the TM1/2,1/2-likemode is excited in the
high band, which is modified by the coupling feed also con-
tributing to the antenna radiation as discussed in Section II.

FIGURE 21. Measured and simulated normalized radiation patterns of
Port 1. (a) 2.45 GHz. (b) 6.1 GHz.

FIGURE 22. Calculated ECC based on measured three-dimensional
radiation patterns.

This makes the Eθ component relatively much stronger than
the Eφ component as seen in the radiation patterns at 6.1 GHz.
Both the measured and simulated results also agree well.

Fig. 22 shows the calculated ECC by applying the
measured amplitudes and phases of the electric fields in the
three-dimensional radiation patterns [31], [33]. The corre-
sponding radiation-based equation given in [33] is applied.
The obtained ECCs between the radiation patterns of Ports 1,
2 (ECC12), Ports 1, 3 (ECC13), Ports 1, 4 (ECC14), Ports 2,
3 (ECC23), Ports 2, 4 (ECC24), and Ports 3, 4 (ECC34) are
less than 0.01 in both the low and high bands. Note that the
corresponding simulated results obtained using the simulated
(ANSYS HFSS [29]) electric fields in the radiation patterns
are lower than 0.001. The simulated ECCs are not shown
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in the figure for comparison. Even with the ECCs results
shown in Fig. 22 less than 0.01, the four radiated waves of
the four ports in the proposed antenna can be considered to
be uncorrelated.

VI. CONCLUSION
A four-port square patch MIMO antenna having attractive
features of all-metal structure, small patch size (0.41λ ×
0.41λ at 2.45 GHz), high port isolation (> 20 dB), low
radiation correlation (ECC < 0.01), and high antenna effi-
ciency (> 86%) in the 2.4 GHz and 5/6 GHz WiFi-6E bands
has been proposed. The decoupling techniques of the hybrid
metal walls and half-wavelength diagonal open-slots applied
in the proposed antenna have been demonstrated to achieve
enhanced port isolation of the four ports to generate four
uncorrelated waves. The operating principle and design con-
siderations of the proposed antenna have been addressed. A
parametric study for fine adjustment of the antenna’s design
dimensions has been presented. The experimental results of
the fabricated prototype have also been shown to verify the
simulation results. With the obtained antenna performance,
the proposed four-port square patch antenna will be promis-
ing for WiFi-6E 4 × 4 MIMO access-point application to
cover the 2.4 GHz and 5/6 GHz bands.
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