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ABSTRACT A wideband four-port single-patch antenna for fifth-generation (5G) MIMO access-point
application in 3.3-5.0 GHz (41% centered at 4.15 GHz) is presented. The antenna uses a simple square patch
of size 42 mm x 42 mm (0.58λ x 0.58λ at 4.15 GHz) mounted 10 mm above a ground plane. To generate
four isolated waves in a wide band for MIMO application, the square patch is short-circuited to the ground
plane using four simple L-shape metal walls to form four resonant quadrants for the quasi-TM1/2,1/2 mode
excitation. Each resonant quadrant is excited using a slot-coupled probe feed to have dual-resonance behavior
with good impedance matching over a wide band. It is obtained that the single-patch antenna can generate
four isolated waves in 3.3-5.0 GHz with impedance matching better than −10 dB, port isolation >15 dB,
antenna efficiency >80%, and envelope correlation coefficients <0.03. Details of the proposed antenna are
presented. An extended design for enhanced port isolation of the proposed antenna is also studied.

INDEX TERMS Four-port single-patch antennas, MIMO antennas, 5G access-point antennas, TM1/2,1/2

modes.

I. INTRODUCTION
For fifth-generation (5G) 4 x 4 multi-input-multi-output
(MIMO) operation, both the terminal device and access point
require multiple antennas to be embedded therein. For this
purpose, compact four-antenna elements capable of gener-
ating four isolated waves are attractive for the terminal-
device and access-point applications [1]–[7]. For the terminal
device, the four-antenna elements backed by a ground plane
and having a low-profile structure of about 1 mm to be
especially suitable for application in the back cover of the
terminal device have been reported [2]–[4], which leads to
compact integration of the MIMO antenna and the terminal
device.

For the access point, it has been shown that the four-
antenna elements can lead to large size reduction for the
MIMO antenna array [5]. For example, the antenna array
formed by using the four-antenna element, such as the
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four-port single-patch antenna [5], [6], can have a much
smaller array size (less than about one half) as compared to
a conventional antenna array based on using the traditional
two-port dual-polarized antenna element.

In order to achieve the four-port single-patch antenna gen-
erating four isolated waves over a wide band, the excitation of
multiple (five) resonant modes for each port on a single slot-
ted square patch mounted about 15.7 mm (0.38λ at 7.25 GHz)
above a ground plane has been demonstrated to cover
6.0-8.5 GHz (bandwidth 34.5% centered at 7.25 GHz) [5].
The outer dimensions of the multimode square patch are
0.85λ x 0.85λ at the center frequency. Recently, a four-port
annular-ring patch antenna generating four isolated waves
in 3.3-5.0 GHz (bandwidth 41% centered at 4.15 GHz) for
the MIMO access-point application has also been shown [7].
The annular-ring patch has an outer diameter of 56 mm,
about 0.77λ at 4.15 GHz. Four isolated waves related to the
monopolar patch antenna (MPA) mode [8], [9] are generated
with very low envelope correlation coefficients (ECCs less
than 0.05) over the wide band [7].
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TABLE 1. Comparison of reported wideband four-port single-patch
antennas with four isolated waves for MIMO access-point application.

However, it is noted that, in order to achieve four-port
operation with good port isolation for the wideband MIMO
access-point application, the outer dimension of the reported
four-port antenna is still as large as 0.85λ in [5], [6] or
0.77λ in [7]. The four-antenna elements with more compact
in patch size and much simpler in antenna structure are still
demanding for MIMO access-point antenna application.

In this study, a new wideband four-port single-
patch antenna for 5G MIMO access-point application in
3.3-5.0 GHz (41% centered at 4.15 GHz) is presented.
To achieve a compact single-patch structure yet supporting
four isolated waves, a simple square patch is formed into four
quadrants by using four simple L-shape metal walls to short-
circuit the square patch to the ground plane. In this case, each
cavity quadrant between the square patch and ground plane
can support the quasi-TM1/2,1/2 mode excitation. With the
slot-coupled feed, the excited quasi-TM1/2,1/2 mode can have
dual-resonance behavior to achieve a wide band of larger than
40%. Additionally, the four excited quasi-TM1/2,1/2 modes
for the four resonant quadrants of the square-patch antenna
show good isolation in the wide band.

A comparison of the proposed antenna (this work) and the
reported wideband four-port single-patch antennas [5]–[7]
for MIMO access-point application is also summarized in
Table 1. Note that the length of the square patch in the
proposed design is only 42 mm (0.58λ at 4.15 GHz), which
is relatively much smaller as compared to the reported wide-
band four-port single-patch antennas in [5]–[7]. In addition,
in the wide band of 3.3.-5.0 GHz, the proposed antenna
generates four isolated waves with antenna efficiency>80%,
good port isolation >15 dB, and envelope correlation coef-
ficients (ECCs) <0.03. With a relatively smaller patch size,
the proposed antenna also generates four isolated waves over
a wide band.

Different resonant modes are also excited in [5]–[7] and in
the proposed antenna for each port to achieve the wideband
operation. In [5], [6], multiple (five) resonant modes are
required for each port to achieve the wideband operation

FIGURE 1. Geometry of the proposed four-port single-patch MIMO
antenna. (a) Top view. (b) Exploded view.

and the external feed network is also required, which makes
its antenna structure complex. In [7], the monopolar patch
antenna (MPA) mode for each port is excited. Its patch struc-
ture is also relatively complex and has a larger size than the
proposed antenna.

The proposed antenna requires no external feed network,
which is needed in [5], [6]. Additionally, the use of a simple
square patch with the quasi-TM1/2,1/2 mode excitation leads
to a simpler antenna structure and also a smaller patch size
than those used in [5]–[7]. Details of the proposed antenna
and the experimental results are presented. To further enhance
the port isolation of the four ports in the proposed antenna,
an extended design is also studied.

II. FOUR-PORT SINGLE-PATCH ANTENNA
Fig. 1 shows the proposed four-port single-patch MIMO
antenna. The antenna dimensions are selected to cover
3.3-5.0 GHz for 5G MIMO access-point application. The
single patch is a simple square patch of length 42 mm (0.58λ
at 4.15 GHz) and is mounted 10 mm (0.14λ at 4.15 GHz)
above a ground plane of size 100mmx 100mm. The length of
the ground plane is selected to be larger than one wavelength
of the lower-edge frequency (3.3 GHz) in the wide band,
so that the possible contribution of the ground plane to the
antenna’s resonant modes in the study can be reduced to be
minimum.Additionally, the large ground plane can also result
in a higher antenna gain.

To support the quasi-TM1/2,1/2 mode, the square patch is
short-circuited to the ground plane by using four L-shape
metal walls (0.2 mm thick copper plate) with an inner metal
wall of length 10 mm (m) along the patch’s center line and
an edge metal wall of length 4.5 mm (n) along the patch’s
side edge. Four inner metal walls configure the cavity region
between the square patch and ground plane into four cavity
quadrants. For each cavity quadrant, there are two shorting
metal walls of lengthm along two orthogonal directions, mak-
ing it capable of supporting the quarter-wavelength resonance
in two orthogonal directions. That is, the excitation of the
TM1/2,1/2 mode can be supported.

Note that, by considering that the resonant cavity has a
height of 10 mm (0.14λ at 4.15 GHz), not like the con-
ventional cavity model applied for the patch antenna with a
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FIGURE 2. Simulated (a) S parameters and (b) input impedance of
Port 1 in the proposed design.

FIGURE 3. Simulated vector surface current distributions of Port 1 (other
ports terminated to 50 �) in the proposed design. (a) 3.45 GHz.
(b) 4.5 GHz.

FIGURE 4. Simulated S11 of Port 1 in the proposed design and the case of
Port 1 only (Ports 2-4 in Fig. 1 not present).

very low profile [10], [11], the quasi-TM1/2,1/2 mode is used
here. As for applying the edge metal wall of length n along

FIGURE 5. Simulated S parameters of Port 1 in the proposed design, the
case without the edge metal walls (n = 0), and the case without the
L-shape metal walls (m = n = 0). (a) S11. (b) S12 (= S14). (c) S13.

the patch’s side edge, it enhances the isolation between the
excited quasi-TM1/2,1/2 modes in the desired wide band.

In order to excite the quasi-TM1/2,1/2 mode, the ring
slot-coupled probe feed is placed along the diagonal lines
of the square patch. The ring slot has an inner diameter of
3.4mmand a gap of 2.7mm to compensate for the contributed
inductance of the 10 mm long probe conductor. Owing to the
slot-coupled probe feed, the dual-resonance behavior [12] of
the excited quasi-TM1/2,1/2 mode is obtained, which leads to
a wide band of 3.3-5.0 GHz.

Also, for easy implementation of the feed structure, the
square patch is printed on a thin FR4 substrate (thick-
ness 0.4 mm, relative permittivity 4.4, loss tangent 0.024)
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spaced 9.6 mm to the ground plane to keep an antenna
height of 10 mm. In this case, the effective relative per-
mittivity of the antenna substrate is close to unity. Wider
bandwidth and higher antenna efficiency for the four cavity
quadrants operated like quarter-wavelength patches can be
obtained [11].

By applying the simulation tool of the high-frequency
structure simulator (HFSS) [13], the selected dimensions of
the proposed design are shown in Fig. 1. The simulated S
parameters and input impedance of Port 1 are shown in Fig. 2.
Owing to the symmetric structure of the proposed design, the
results of Ports 2-4 are same as those of Port 1 and are not
shown for brevity. The colored region in the figure indicates
the desired band of 3.3-5.0 GHz, in which the reflection
coefficient S11 is less than−10 dB and the transmission coef-
ficients (S12, S13, S14) are all less than−15 dB [see Fig. 2(a)].

Also, because of the symmetric structure, both the S12 and
S14 are the same. Due to the two resonant modes at about
3.45 and 4.5 GHz seen in the S11 curve, the proposed design
achieves a wide operating band. The two resonant modes
occur at frequencies close to the zero imaginary (Im) part of
the input impedance seen in Fig. 2(b). Smooth variation of
the input impedance in the desired wide band is also obtained,
which is owing to the use of the ring slot-coupled probe feed.
This makes the two resonant modes with good impedance
matching in 3.3-5.0 GHz.

Note that when the square patch in the proposed antenna
is printed on a thicker FR4 substrate (for example, 0.8 mm
thick FR4 substrate spaced 9.2 mm above the ground plane)
instead of the 0.4 mm thick FR4 substrate spaced 9.6 mm
above the ground plane in the study, the coupling ring-slot
gap of the probe feed in the square patch can be increased
from 2.7 mm here to be 3.6 mm to achieve similar impedance
matching. Both cases are of the same 10 mm thick antenna
substrate. In this case, the reflection coefficient of the
excited two resonant modes in 3.3-5.0 GHz can also be less
than −10 dB.

This is mainly because, by adjusting the ring-slot gap,
similar coupling of the ring slot-coupled probe feed for both
cases of using 0.4 mm and 0.8 mm thick FR4 substrates
can be obtained. However, in order to make the effective
relative permittivity of the antenna substrate to be close to
unity so as to achieve wider bandwidth and higher antenna
efficiency [11] for the proposed design, the FR4 substrate of
a smaller thickness is used here.

To further analyze the two resonant modes, Fig. 3 shows
the simulated vector surface current distributions of Port 1 at
3.45 and 4.5 GHz in the proposed design. It is seen that the
surface current distributions of Port 1 at the two frequencies
are similar and are mainly confined within the same quadrant.
The current distributions indicate that the quarter-wavelength
resonance along each one of the two orthogonal patch edges is
excited at both 3.45 and 4.5 GHz. That is, the quasi-TM1/2,1/2
mode with dual resonance in 3.3-5.0 GHz is excited in the
cavity quadrant formed by two nearby L-shape metal walls.

Additional results of the simulated S11 of Port 1 in the
proposed design and the case of Port 1 only (Ports 2-4 in

FIGURE 6. Simulated S parameters of Port 1 in the proposed design with
various lengths of the inner metal walls. (a) S11. (b) S12 (=S14) (c) S13.

Fig. 1 not present) are shown in Fig. 4. It is seen that similar
S11 curves with dual resonance are observed. This indicates
that when Ports 2-4 are added in the other three quadrants,
small effects on the Port 1 excitation are obtained. This
suggests that simply owing to the four L-shape metal walls,
the four cavity quadrants in the proposed design can support
the quasi-TM1/2,1/2 mode excitation with small coupling to
each other in a wide band.

Effects of the inner and edge metal walls are also studied.
Fig. 5 shows the simulated S parameters of Port 1 in the pro-
posed design, the case without the edge metal walls (n = 0),
and the case without the L-shape metal walls (m = n = 0).
The S11, S12 (= S14), and S13 are shown in Fig. 5(a), (b),
and (c), respectively. When both the inner and edge metal
walls are not present (m = n = 0), poor impedance matching
and isolation of Ports 1-4 in 3.3-5.0 GHz are seen. With the
presence of the inner metal wall only (m = 10 mm, n = 0 in
Fig. 1), both impedance matching and isolation of Ports 1-4
are greatly improved.
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FIGURE 7. Simulated S parameters of Port 1 as a function of the feed
position (d ) to the patch center. (a) S11, S12 (= S14). (b) S13.

When the edge metal wall of length n is also added (the
proposed case), the isolation can be further enhanced. It is
obtained that the S12 and S13 are lower than −15 dB in
3.3-5.0 GHz, with the S11 kept to be lower than −10 dB.
Based on the results, it is suggested that the inner metal
walls of length m mainly form the required cavity quadrants
for Ports 1-4 to excite the quasi-TM1/2,1/2 mode with dual-
resonance behavior to cover a wide operating band. For the
edgemetal walls of length n, it can achieve enhanced isolation
of Ports 1-4.

To finely adjust the dual-resonance behavior of the quasi-
TM1/2,1/2 mode, the length of the inner metal walls can be
adjusted. Fig. 6 shows the simulated S parameters of Port 1 in
the proposed design with various lengths of the inner metal
walls. The length of the edgemetal walls is fixed to be 4.5mm
as in Fig. 1. Results of the S11, S12 (= S14), and S13 for the
length m varied from 7 mm to 13 mm are shown. For m =
10 mm and 13mm, the dual resonance of the quasi-TM1/2,1/2
mode is seen to have better impedance matching than that
for m = 7 mm in the desired 3.3-5.0 GHz [see the S11 in
Fig. 6(a)].

In addition, around the lower and upper edges of
3.3-5.0 GHz, the S11 is lower for m = 10 mm than for
m = 13mm. Also, as seen in Fig. 6(b) and (c), the S12 and S13
around 3.3 GHz are both lower than −15 dB for m = 10 mm
and 13 mm. From the results in Fig. 6, the length m in the
proposed design is selected to be 10 mm (about one quarter
of the patch length 42 mm) as in Fig. 1.

Furthermore, the effects of the feed position (d) to the patch
center and the ground plane size in the proposed antenna

FIGURE 8. Simulated S parameters of Port 1 as a function of the ground
plane size. (a) S11, S12 (= S14). (b) S13.

are analyzed. Fig. 7 shows the simulated S parameters of
Port 1 for the feed position varied from 17.4 mm to 19.4 mm
along the diagonal line to the patch center. Other dimensions
are fixed as shown in Fig. 1. The results indicate that the S11
can be adjusted by varying the feed position. On the other
hand, relatively small effects on the S12 (= S14) and S13 are
seen.

Fig. 8 shows the simulated S parameters of Port 1 for
the ground plane size varied from 100 x 100 mm2 to 200 x
200 mm2. Other dimensions are also fixed as shown in Fig. 1.
Small variations on the S11, S12 (= S14), and S13 are observed.
The results confirm that the ground plane selected as 100 x
100 mm2 in the study does not contribute to the antenna’s
resonant modes.

III. EXPERIMENTAL RESULTS AND DISCUSSION
The proposed antenna was fabricated as shown in Fig. 9.
Note that the probe pins of Ports 2 and 4 are behind the
L-shaped shorting walls in the side-view photo seeing from
the direction of Port 1. Also, since Port 3 is in the opposite
side of Port 1, the probe pin of Port 3 is behind that of Port 1.
All the probe pins use copper posts of diameter 1.6 mm.

The measured reflection coefficients of Ports 1-4 are
shown in Fig. 10(a), and the measured transmission coeffi-
cients of Port 1 to Ports 2-4 are shown in Fig. 10(b). The
measured data generally agree with the simulated results
of Port 1 shown in the figure. Note that, owing to the
symmetric structure of the proposed antenna, the simulated
results of Ports 2-4 are same as that of Port 1. The measured
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FIGURE 9. Photos of the top and side views of the fabricated prototype.

FIGURE 10. Measured (a) reflection coefficients and (b) transmission
coefficients; Simulated S parameters of Port 1 are shown for comparison.

reflection coefficients of Ports 1-4 are lower than −10 dB in
3.3-5.0 GHz and the measured transmission coefficients are
lower than −15 dB. The port isolation of the four ports is
larger than 15 dB in the proposed 4-port patch antenna using
a simple and compact square patch.

Fig. 11(a) and (b) show the measured antenna efficiency
and antenna gain of Ports 1-4. The simulated results of
Port 1 are shown in the figure for comparison. Fair agreement
between themeasured and simulated results is seen. Themea-
sured antenna efficiency is better than 80% and the measured
antenna gain is about 6.1-7.5 dBi in 3.3-5.0 GHz.

The measured and simulated normalized radiation pat-
terns of Port 1 at 3.45 and 4.5 GHz are plotted in Fig. 12.
The radiation patterns in the two vertical planes (x-z and
y-z planes) are shown. Fair agreement of the measured and
simulated patterns is observed. It is seen that the radiation
patterns with comparable Eθ and Eϕ components are similar
at the two frequencies. The obtained results are reasonable,

FIGURE 11. Measured (a) antenna efficiency and (a) antenna gain of
Ports 1-4 in the fabricated prototype; Simulated results of Port 1 are
shown for comparison.

FIGURE 12. Measured and simulated normalized radiation patterns of
Port 1. (a) 3.45 GHz. (b) 4.5 GHz.

since the TM1/2,1/2 mode with dual resonance at 3.45 and
4.5 GHz is excited for the proposed antenna as discussed
in Section II. For the TM1/2,1/2 mode excitation, the same
quarter-wavelength resonance in two orthogonal directions is
supported. This agrees with the results of comparable Eθ and
Eϕ components seen in the radiation patterns. This radiation
characteristic can be advantageous in achieving rich multi-
path propagation for MIMO operation, especially in indoor
MIMO propagation environment.

The simulated total active reflection coefficient (TARC)
[14], [15] for the proposed antenna is also shown in Fig. 13.
The TARC values are obtained by assuming that Ports 1-4
are all excited with same amplitude and phase for trans-
mitting four synchronized MIMO signals in the HFSS
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FIGURE 13. Simulated total active reflection coefficient (TARC) for the
proposed antenna.

FIGURE 14. Simulated mean effective gain (MEG) of Port 1 in the
proposed antenna.

FIGURE 15. Calculated ECCs based on the measured radiation patterns;
the HFSS simulated results are shown for comparison.

simulation [13]. The results show that the TARC values are
less than −10 dB in 3.3-5.0 GHz. Also note that when the
phases between the four ports are varied, there will be some
variations on the TARC values.

In Fig. 14, the simulatedmean effective gain (MEG) [14] of
Port 1 in the proposed antenna is demonstrated. The isotropic
uniform incident wave condition is assumed. In this case,
owing to the symmetric structure of the four ports in the
proposed antenna, the simulatedMEG results of Ports 1-4 are
the same. Therefore, only the result of Port 1 is shown in the
figure. It is seen that the variations of the MEG of Port 1 are
small (less than 1 dBi) in 3.3-5.0 GHz.

The calculated ECC based on the measured radiation pat-
terns [14], [16] is presented in Fig. 15. The result between
the radiating waves generated by Ports 1 and 2 is indicated

FIGURE 16. Four decoupling linear slits embedded along the diagonal
line of the square patch in the proposed antenna (extended design). The
antenna dimensions not given in the figure are same as in Fig. 1.

as ECC12. The corresponding result between Ports 1 and 3
(Ports 1 and 4) is indicated as ECC13 (ECC14) in the figure.
For comparison, the HFSS simulated ECC is also shown,
which is very low (lower than 0.01). Very lowmeasured ECCs
(<0.03) are also obtained. The results suggest that the four
radiating waves generated by Ports 1-4 can be considered
to be isolated to each other. This characteristic is good for
MIMO applications.

IV. STUDY ON ENHANCED PORT ISOLATION
The port isolation of the four ports in the proposed antenna in
Fig. 1 is larger than 15 dB in the wide band of 3.3-5.0 GHz.
A study on further enhancing the port isolation is also con-
ducted. Fig. 16 shows an extended design of the proposed
antenna by embedding four decoupling linear slits along the
diagonal lines of the square patch. Each decoupling linear slit
has an opening at the patch corner and also integrates with the
ring-slot coupled feed for each port in the square patch.

The integrated linear slit and ring slot together have an
effective slit length of 25.3 mm, about 0.22λ or close to one
quarter-wavelength at 2.6 GHz. In this case, a band-notching
characteristic for the transmission coefficients at around
2.6 GHz, outside the desired operating band, is obtained.
This can lead to decreased port isolation in the operating
band, with small effects on the impedance matching inside
the desired operating band.

Also, the linear slits are embedded along the patch’s diag-
onal lines, which are parallel to the excited surface currents
of the quasi-TM1/2,1/2 mode in the proposed antenna (see
Fig. 3). Small effects on the antenna’s resonant mode exci-
tation are therefore expected. However, the embedded four
decoupling linear slits still slightly increase the lower-edge
frequency of the antenna’s operating band. To compensate for
this effect, the patch length is slightly increased from 42 mm
in Fig. 1 to 44 mm in the extended design. The position of
the ring-slot coupled feed is finely adjusted from 17.4 mm
in Fig. 1 to be at 19.8 mm to the patch center. The coupling
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FIGURE 17. Simulated S parameters of Port 1 in the extended design.
Results of Ports 2-4 are same as that of Port 1.

FIGURE 18. Simulated antenna efficiency of Port 1 in the extended
design. Results of Ports 2-4 are same as that of Port 1.

ring-slot gap is adjusted to be 2.8 mm (2.7 mm in Fig. 1).
Other antenna dimensions are same as given in Fig. 1 (the
proposed antenna).

The simulated S parameters of Port 1 in the extended
design are shown in Fig. 17. It is seen that, in the desired oper-
ating band of 3.3-5.0 GHz, the reflection coefficients are less
than −10 dB. The transmission coefficients of S12 (= S14)
and S13 of Port 1 to Ports 2-4 are all lower than −17 dB over
the wide band. The enhanced port isolation in the extended
design as compared to the proposed antenna is related to the
band-notching behavior seen in the transmission coefficients
at about 2.6 GHz (see the dips in the S12 and S13 curves in
the figure), which causes a decrease in the S12 and S13 in the
operating band. The minimum S12 reaches −21 dB around
4 GHz and the minimum S13 is about −26 dB at 5.0 GHz.
The minimum S12 and S13 are also lower than those in the
proposed antenna [see Fig. 17 vs. Fig. 2(a)].

The simulated antenna efficiency (mismatching loss
included) of Port 1 in the extended design is shown in Fig. 18.
The antenna efficiency is larger than 83% in 3.3-5.0 GHz,
similar to that in the proposed antenna [see Fig. 18 vs.
Fig. 9(a)]. That is, the four ports in the extended design
shows similar antenna performance as those in the proposed
antenna, with better port isolation over the wide band of
3.3-5.0 GHz.

V. CONCLUSION
A four-port square-patch antenna generating four isolated
waves in a wide band of 3.3-5.0 GHz for 5G MIMO access-
point application has been presented. The proposed antenna
has a compact single-patch structure to generate four iso-
lated waves for the MIMO application. By applying four
L-shape metal walls between the square patch and ground
plane, four cavity quadrants can be formed to support the
excitation of four dual-resonance quasi-TM1/2,1/2 modes
with good impedance matching and good port isolation in
3.3-5.0 GHz. Operating principle of the proposed antenna has
been addressed, and experimental results have been shown to
validate the simulation study. An extended design to achieve
enhanced port isolation of the four ports is also demonstrated.
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