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ABSTRACT A very-wide-band six-port circular patch antenna for MIMO access-point application is
presented. The six-port patch antenna can radiate six uncorrelated waves (envelope correlation coefficients
<0.01) in a very wide band of about 3.1-7.2 GHz (fractional bandwidth about 80%), which can be applied
to cover 3.3-5.0 GHz for 5G communication and 6.425-7.125 GHz for possible new mobile band. The six
uncorrelated waves are generated by using six coupling L-strip feeds to respectively excite six 60°-resonant
sectors isolated by six radial shorting metal walls connecting the circular patch to the ground plane. Enhanced
port isolation (>20 dB) is obtained by embedding six decoupling radial slots along the centerlines of the six
60°-resonant sectors, with very small effects on the excited resonant modes. Details of the proposed six-port
six-uncorrelated-wave single-patch MIMO antenna are addressed. Experimental results of the fabricated
prototype are presented.

INDEX TERMS MIMO access-point antennas, six-port single-patch MIMO antennas, wideband multi-port

single-patch antennas, wideband patch antennas.

I. INTRODUCTION

The wideband multi-port single-patch antenna (SPA) has the
attractive feature of generating multiple uncorrelated waves
in a compact antenna structure for wideband mutli-input-
multi-output (MIMO) applications [1]-[10]. The three-port
SPAs reported in [1]-[4] can radiate three uncorrelated waves
by exciting the circular patch [1] or Y-shaped patch [2], [3] or
equilateral triangular patch [4] in three different polarization
planes with the port isolation larger than about 15 dB over an
operating band of about 3.3-4.2 GHz (fractional bandwidth
about 24%).

The four-port SPAs radiating four uncorrelated waves have
also been reported [5]-[9]. The shorting metal walls (or in
the form of multiple shorting pins [6]) are used to achieve
four resonant quadrants in a square patch [5], [6] to achieve
good port isolation to generate four uncorrelated waves. The
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port isolation of the four ports larger than 15 dB over a wide
band of 3.3-5.0 GHz (fractional bandwidth about 42%) for
fifth-generation (5G) MIMO operation is obtained [5]. In [7],
the four-port SPA with an annular-ring (AR) patch generating
four uncorrelated waves in 3.3-5.0 GHz is reported. The
AR patch is modified to have four isolated 90° resonant
AR sectors to support the monopolar patch mode (MPA)
[11] excitation for each port. Four uncorrelated waves with
the port isolation larger than 15 dB over the wide band of
3.3-5.0 GHz are also achieved.

With the aid of an external feed network to excite multiple
modes with enhanced port isolation, it has also been shown
that the four-port SPA with a modified square patch or the
four-port multi-mode antenna can generate four uncorrelated
waves with port isolation larger than 20 dB over a wide
band of 6.0-8.5 GHz (fractional bandwidth about 35%) [8].
A similar four-port multi-mode antenna covering a wide band
of 3.0-6.0 GHz (fractional bandwidth about 67%) with high
port isolation (>20 dB) has also been reported [9].

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

VOLUME 10, 2022

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

69555


https://orcid.org/0000-0001-6858-3060
https://orcid.org/0000-0002-2781-7964

IEEE Access

K.-L. Wong et al.: Very-Wide-Band Six-Port SPA With Six Uncorrelated Waves for MIMO Access Points

TABLE 1. Comparison of reported wideband six-port single-patch
antennas with six uncorrelated waves for MIMO access points.

Ref. [10] This work (Design B)
Operating bandwidth 6.0-8.5GHz (35%) 3.1-7.2 GHz (80%)
: 12.5 mm 14 mm
Antenna height (0.250@6.0GH?z) (0.15%@3.3GHz)
Square patch, Circular patch,
Patch shape/size side length 45 mm diameter 68 mm

(0.90M(@6.0GHz) (0.75A@3.3GHz)

Resonant patch area
including the feed for
each port (total area/6)

0.1352%@6.0GHz
(side length 45 mm)

0.112*@3.3GHz
(diameter 83 mm)

44-64% for Ports 1-6 > 85% for Ports 1-6

Antenna efficiency

at 7.25 GHz in the operating band
ECC <0.05 <0.01
Port isolation >20dB >20dB
Required, multi-layer
External feed network technology applied No
All-metal structure No Yes

For the multi-port SPA to have more than four isolated
ports to generate more uncorrelated waves over a wide band
is even more challenging. Recently, based on the multi-mode
MIMO antenna design concept [8], [9], a six-port SPA or
a six-port multi-mode antenna has been reported [10]. The
six ports collocated in a modified square patch can generate
six uncorrelated waves in a wide band of 6.0-8.5 GHz with
the port isolation larger than 20 dB. However, the antenna
efficiency of the six radiating waves is only about 44%-64%
[10]., which will limit its practical application. This char-
acteristic is largely in part owing to the required large-size
external feed network to excite multiple modes with enhanced
port isolation. The large-size external feed network also com-
plicates the antenna design.

In this study, a very-wide-band six-port SPA with a simple
all-metal structure to generate six uncorrelated waves in about
3.1-7.2 GHz (fractional bandwidth about 80%) is presented.
In addition to the simple all-metal structure, no external
feed network as required in [10] is needed. The operating
band has a fractional bandwidth larger than those reported
in [1]-[10] for the multi-port SPAs and can be applied to
cover 3.3-5.0 GHz for 5G MIMO operation [12], [13] and
6.425-7.125 GHz for possible new mobile band [14].

The proposed 6-port SPA is based on using a wideband
circular patch antenna in which six radial shorting metal
walls connects the circular patch to the ground plane to form
six isolated 60°-resonant sectors. Six coupling L-strip feeds
(Ports 1-6) are then applied to respectively excite the six iso-
lated resonant sectors to generate six uncorrelated waves over
the wide operating band. The antenna height and the resonant
patch area including the feed for each port are all smaller
than those in the reported six-port multi-mode antenna [10]
as shown in Table 1.

Additionally, the obtained envelope correlation coeffi-
cients (ECCs) of the six generated waves in the proposed
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antenna is less than 0.01. High port isolation of the six ports
to be larger than 20 dB is also obtained over the wide band by
embedding six radial decoupling slots along the centerlines of
the six 60°-resonant sectors. The obtained antenna efficiency
of the six-port SPA is also larger than 85% over the antenna’s
wide operating band. A comparison of the proposed six-port
SPA and the reported related antenna are also listed in Table 1.

Details of the six-port SPA with six uncorrelated waves
are addressed in the study. The six-port SPA is also fab-
ricated and studied. The experimental results are presented
and discussed. The proposed six-port SPA has the advantages
of simple all-metal structure, high port isolation (>20 dB),
very low ECCs (<0.01), high antenna efficiency (>85%),
and wide operating band (about 80% in fractional band-
width) and is expected to be suitable for MIMO access-point
applications.

II. SIX-PORT SIX-UNCORRELATED-WAVE

SINGLE-PATCH ANTENNA
Figs. 1 and 2 show the very-wide-band six-port circular SPA

with six uncorrelated waves. Two designs of the six-port SPA
(Design A in Fig. 1 and Design B in Fig. 2) with Ports
1-6 are presented. The dimensions of both designs are the
same, except that there are six radial decoupling wide slots
embedded in the circular patch to achieve enhanced port
isolation in Design B.

As shown in the figure, the SPA has a simple structure
consisting of a circular patch, six shorting metal walls, and
six L-shape feed strips. The circular patch has a diameter of
68 mm (about 0.75A at 3.3 GHz, the desired lowest operat-
ing frequency in the study). The circular patch is mounted
13.8 mm above the ground plane of diameter 110 mm (about
1.2A at 3.3 GHz). Note that the proposed six-port SPA is an
all-metal structure with the 0.2 mm thick copper plate used.
The total antenna height above the ground plane is therefore
14 mm (about 0.15A at 3.3 GHz), including the copper-plate
thickness.

The six shorting metal walls are of same dimensions
(length 27 mm, width 13.8 mm) and connect the circu-
lar patch to the ground plane. Each metal wall is aligned
in the radial direction and spaced by 60° to its two
nearby metal walls. Six 60°-resonant sectors (Sectors 1-6)
are therefore formed between the circular patch and the
ground plane. Since each resonant sector is bounded by
two metal walls spaced by 60°, it is expected to support
the quarter-wavelength resonance in two different direc-
tions, which is similar to the TMj,2,1/2 mode excited in the
90°-resonant quadrant in the four-port SPA reported in [5].
For this reason, the corresponding resonant mode excited
in each 60°-resonant sector in this study is denoted as the
600-TM1/2’ 1/2 mode.

The six L-shape feed strips also have same dimensions
and are placed along the circumference of the circular patch
to respectively excite Sectors 1-6. Each L-shape feed strip
consists of a vertical rectangular strip (13 mm x 9 mm) and
a horizontal rectangular strip (7 mm x 4 mm). The vertical
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FIGURE 1. Geometry of the very-wide-band six-port circular SPA with six
uncorrelated waves (Design A).

strip is at a position of 41.5 mm to the antenna center,
while the horizontal strip is in the same plane as the circular
patch.

Through a coupling gap (g) of 3.5 mm, each L-shape strip
positioned at the centerline of a 60°-resonant sector success-
fully excites the 60°-TM; /2,12 mode. Effects of varying the
coupling gap on the excited resonant mode will be analyzed
later. Also, the wide width (9 mm) of the vertical strip can
lead to a much decreased input inductance seen at the feed
port, which helps to achieve a smooth variation of the input
impedance over a wide band. This in turn helps to obtain a
wide operating band for the proposed six-port SPA.

By including the L-shape feed strips and the circular patch,
the total diameter of the 6-port SPA studied here is 83 mm
(about 0.91A at 3.3 GHz). The average size for each port
including the L-shape feed strip is therefore about 0.1112,
which is smaller than that (about 0.1352) in the 6-port multi-
mode antenna [10] (also see the comparison listed in Table 1).

For Design B, in which along the centerline of each
60°-resonant sector, a radial wide slot of width 5 mm and
length 25 mm (about 0.275A at 3.3 GHz) is embedded. The
radial slot is placed along the centerline of each resonant
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FIGURE 2. Geometry of the very-wide-band six-port circular SPA with six
uncorrelated waves (Design B).

sector and will therefore be in parallel to the excited surface
currents on the top patch for the 60°-TM 2,12 mode. In this
case, it is expected that the radial slot will have small or
negligible effects on the impedance matching or reflection
coefficient of the excited resonant mode for each port. That
is, Design B can have a similar wide operating band as
Design A.

On the other hand, for each port excitation (for example,
Port 1 for Sector 1), the radial slots in its two nearby resonant
sectors (Sectors 2 and 6 with respect to Sector 1) will behave
like a decoupling slot, when the slot length is adjusted to be
around a quarter-wavelength of the desired frequency [15],
[16] (around 3.3 GHz in this study). That is, for Port 1 excita-
tion, the possible coupling of the excited surface currents on
Sector 1 to Sectors 3-5 can be greatly suppressed, owing to the
trapping effects of the decoupling slots in Sectors 2 and 6. The
port isolation of Port 1 to Ports 3-5 can therefore be greatly
enhanced. On the other hand, the isolation improvement of
Port 1 to its two nearby ports (Ports 2 and 6) is relatively not
so significant as Port 1 to Ports 3-5.

To verify the antenna performance and operating principle
of the six-port SPA with Designs A and B, a simulation study
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FIGURE 3. SimulatedSparameters of Port 1 in Designs A and B. (a) Sy;.-
(b) S12(=S16). S13(=S15)- () S14-

using the commercially available tool of High Frequency
Structure Simulator (HFSS) version 19.1 is conducted [17].
The simulated S parameters of Port 1 in Designs A and B are
presented in Fig. 3. The colored region in the figure indicates
the desired frequency range of 3.3-7.125 GHz for possible
practical applications covering 3.3-5.0 GHz for 5G MIMO
operation [12], [13] and 6.425-7.125 GHz for possible new
mobile band [14]. Note that, owing to the symmetric structure
of Ports 1-6 in the proposed design, only the results of Port 1
are shown.

As seen in the reflection coefficient S1; in Fig. 3(a), a very
wide band of about 3.1-7.2 GHz (fractional bandwidth about
80%) with —10 dB impedance matching is obtained for
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FIGURE 4. Simulated input impedance of Port 1 in Designs A and B.

Designs A and B. The very wide band is formed by two
resonances at about 3.6 GHz and 6.6 GHz. The first resonance
occurs slightly at a higher frequency for Design B than for
Design A. This may be owing to the radial wide slots added
in Design B, which slightly decreases the effective resonant
length for the first resonance at a lower frequency. On the
other hand, the second resonance at a higher frequency is
almost the same for both designs. In general, the S1; for both
designs are very similar and it can be concluded that the radial
wide slots embedded in Design B show small effects on the
impedance matching of the antenna.

The transmission coefficients S1» (= Sig) and Si3 (= S15)
are presented in Fig. 3(b), while the transmission coefficients
S14 is shown in Fig. 3(c). For Design A, the transmission
coefficients are all less than about —18 dB over the wide
band. While for Design B, the S;3 is significantly decreased
from below —30 dB to less than —40 dB over the wide band.
The S14 is also greatly decreased to be less than —30 dB over
the wide band for Design B. The S12 of Port 1 to its nearby
port is also slightly decreased to be less than —20 dB over
the wide band for Design B. That is, all the port isolation for
Design B is larger than 20 dB. The enhanced port isolation in
Design B is mainly owing to the presence of the decoupling
radial wide slots whose length is adjusted to be around a
quarter-wavelength at around 3.3 GHz. The results of the sim-
ulated transmission coefficients verify the decoupling effects
explained earlier in this section.

Fig. 4 shows the simulated input impedance seen at Port 1
in Designs A and B. In the desired wide band, smooth varia-
tions of the input resistance (Re) and input reactance (Im) are
seen. The input resistance is slightly varied around 50 ohms,
while the input reactance shows zero reactance at similar
frequencies of the two resonances seen in Fig. 3(a). To ana-
lyze the two resonances seen in the antenna’s impedance
matching, Fig. 5 shows the simulated vector surface current
distributions at 3.6 GHz and 6.6 GHz of Port 1 excitation in
Design A, with other ports terminated to 50 2. The corre-
sponding results for Design B are shown in Fig. 6.

Similar surface current distributions at the two frequencies
for Designs A and B are observed. This confirms that the
embedded radial wide slots for enhanced port isolation show
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FIGURE 5. Simulated vector surface current distributions of Port 1
excitation in Design A. (a) 3.6 GHz and (b) 6.6 GHz.

small or negligible effects on the excited resonant modes of
the antenna. Also, the surface currents are generally confined
in Sector 1 for Port 1 excitation. This verifies the high port
isolation seen in Fig. 3(b) and (c). The surface currents are
also seen to be symmetric with respect to the centerline of
Sector 1 and respectively toward both metal walls. This sug-
gests that the resonant modes at 3.6 GHz and 6.6 GHz are both
excited with quarter-wavelength resonance in two different
directions, which is therefore denoted as the 60°-TM; /2,172
mode here. In addition, since similar surface currents are
excited at the two resonances at 3.6 GHz and 6.6 GHz, it is
considered that the 60°-TM| /> 12 mode with dual resonance
[5]is generated in this study to form the wide operating band.

A parametric study for varying the dimensions of the
decoupling radial wide slots to finely adjust the port isola-
tion in the six-port SPA is also conducted. Fig. 7 shows the
simulated S parameters of Port 1 as a function of the radial
slot length in Design B. The results for the slot length (m)
varied from 21 mm to 25 mm are shown. The S1; shown in
Fig. 7(a) shows very small variations, again indicating that
the impedance matching is almost not affected by the radial
wide slot in each resonant sector. As shown in Fig. 7(b), very
small effects on the S17 (= S;¢) are seen.

Conversely, the dip in the S;3 (= Sis5) near the lower-
edge frequency of the operating band is shifted to a higher
frequency with a decrease in the slot length. Similar behavior
is seen for the S14 shown in Fig. 7(c). The results further
confirm that, for Port 1 excitation in Sector 1, the radial
wide slots in Sectors 2 and 6 behave like quarter-wavelength
decoupling elements and they can be adjusted to suppress
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FIGURE 6. Simulated vector surface current distributions of Port 1
excitation in Design B. (a) 3.6 GHz. (b) 6.6 GHz.

the possible coupling of the excited surface currents from
Sector 1 to Sectors 3, 4, and 5. Therefore, when the slot
length is varied, the S13 (= S15) and S14 can be adjusted, with
relatively small effects on the S12 (= Si6).

Effects of varying the width of the radial wide slot are also
studied. Fig. 8 shows the simulated S parameters of Port 1 as
a function of the radial slot width in Design B. The results for
the slot width (n) varied from 1 mm to 5 mm are shown. Sim-
ilar small effects on the Sy [see Fig. 8(a)] and the S12 (= S16)
[see Fig. 8(b)] as observed in Fig. 6 are also seen. The effects
on the S13 (= Si5) in Fig. 8(b) and the S14 in Fig. 8(c) are
also relatively large as in Fig. 6. From the simulation study,
the dimensions of the decoupling wide slots are selected to
be 25 mm x 5 mm in Design B to obtain high port isolation
of Ports 1-6 to be larger than 20 dB over the wide operating
band (about 3.1-7.2 GHz here). Note that although the S is
about —10 dB at about 3.0 GHz, the S is larger than —20 dB
around 3.0-3.1 GHz [see Fig. 8(a) and (b)]. Therefore, the
operating band of Design B is considered to start from about
3.1 GHz here.

Effects of varying the coupling gap between the L-strip
feed and the circular patch are also investigated. Fig. 9 shows
the simulated S parameters of Port 1 for the coupling gap
(g) varied from 3.0 mm to 4.0 mm. In contrast to the results
obtained in Figs. 6 and 7 for the decoupling radial wide slots,
very small effects on the transmission coefficients are seen
[see the S12 (= S16), S13 (= S15), and S14 in Fig. 9(b) and (c)].
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FIGURE 7. Simulated S parameters of Port 1 as a function of the radial
slot length (m) in Design B. (a) Sy;. (b) S12 (= S16): S13 (= S15)- (€) Sq3-

On the other hand, it is seen that the Sy; in Fig. 9(a) can
be adjusted by varying the coupling gap. With a smaller
coupling gap, it is expected that the capacitive input reactance
seen at the feed port will be larger. This will in turn cause
the first resonance to be shifted to lower frequencies. While
for the second resonance at about 6.6 GHz, which has a
smaller wavelength, the variation in the coupling gap will
have smaller effects on varying the effective capacitive input
reactance seen at the feed port. Smaller variations on the
S11 for the second resonance at about 6.6 GHz is therefore
observed. From the parametric study in Figs. 7-9, it indi-
cates that the dimensions of the radial wide slots and the
coupling gaps can be varied to respectively finely adjust
the port isolation and impedance matching of Ports 1-6 in
Design B.
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For considering the six-port SPA as a whole to trans-
mit six MIMO streams, the simulated total active reflec-
tion coefficient (TARC) [5], [18] for Design B is shown in
Figs. 10 and 11. The results in Fig. 10 are for the assumption
that the six MIMO streams are synchronized to have same
amplitude and phase. The results show that the TARC is also
less than —10 dB over the desired wide operating band. Those
shown in Fig. 11 are for the case that Ports 1-6 have an interval
of 30 degrees in phase. Again, the TARC is also almost
less than —10 dB over the wide band. This characteristic is
expected to be owing to the high port isolation of Ports 1-6 in
Design B.

In Fig. 12, the simulated mean effective gain (MEG) [19]
of Port 1 in Design B is presented. The results are obtained
by assuming the isotropic uniform incident wave condition.
Also, owing to the symmetric structure of Ports 1-6, the
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simulated MEG values of Ports 2-6 are same as that of Port 1.
The MEG values over the wide band are very slightly varied.

Fig. 13 shows the channel capacity loss (CLL) [20], [21]
between Ports i and j in Design B. Typical results of CLL|>
(between Ports 1 and 2), CCL13 (between Ports 1 and 3), and
CCL 14 (between Ports 1 and 4) are demonstrated. Note that,
owing to the symmetric structure of Design B, the CCL,
and CCL13 are respectively same as the CCL¢ and CCL5.
The CCL values in the wide band of 3.3-7.125 GHz are less
than about 0.2 bits/s/Hz, which are less than 0.4 bits/s/Hz for
practical application requirement and are expected to ensure
high throughput of the proposed MIMO antenna in practical
applications [21].
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FIGURE 12. Simulated mean effective gain (MEG) of Port 1 in Design B.

Ill. EXPERIMENTAL RESULTS AND DISCUSSION
The experimental results of Design B are presented to verify
the simulation study. Fig. 14 shows the fabricated prototype
of Design B in which the 0.2 mm thick copper plate is used
to obtain an all-metal structure. Each port in Design B is
respectively excited through a SMA connector attached on
the back side of the ground plane. The measurement setup
for the S parameters is shown in Fig. 15. Any two ports are
measured with others terminated to 50 €2.

The measured reflection coefficients of Ports 1-3 and
4-6 in the fabricated Design B are respectively shown in
Fig. 16(a) and (b). It is seen that the measured data conform
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FIGURE 13. Simulated channel capacity loss (CCL) in Design B; the CCL;
indicates the CCL between Ports i and j.

Perspective view

FIGURE 14. Fabricated prototype of Design B.

FIGURE 15. Measurement setup for the S parameters.

to the simulated results shown in the figure. It also shows that
a wide operating band of larger than 3.3-7.125 GHz (colored
frequency region in the figure) with impedance matching
better than —10 dB is obtained.

The representative measured transmission coefficients of
Ports 1-6 in the fabricated Design B are shown in Fig. 17.
The results for two nearby ports (S12, S23, S34, S45, S56) are
shown in Fig. 17(a). Those for the two ports spaced by one
60°-sector (S13, S24, S35, S46) and spaced by two 60°-sectors
(814, S25, S36) are respectively shown in Fig. 17(b) and (c).

69562

o
T
s
]
=)
Qo
E 40 o Simulated S, (=8§,,=8;;)
LU:L'; 2 Measured S, #S,, &S,
Z -50 T 33-7125GHz T

_60 1 1 1 I I L 1 1 1

3.0 4.0 5.0 6.0 7.0 8.0
Frequency (GHz)
(a)

Simulated --S,, (=85=54)

Reflection Coeff. (dB)

40 b p
3 Measured -4 S,, + S;; %S,
-50 |
_60 1 1 1 I I L 1 1 1
3.0 4.0 5.0 6.0 7.0 8.0
Frequency (GHz)
(b)

FIGURE 16. Measured and simulated reflection coefficients of the
fabricated Design B. (a) Sy1, S22 S33- (b) S34: S55. Se6-

The measured data also generally agree with the simulated
results [the Sjqy1) in Fig. 17(a), the Sjiyo) in Fig. 17(b),
the Sji+3) in Fig. 17(c)] and indicate that high port isolation
(> 20 dB) of Ports 1-6 is obtained over the wide band. Espe-
cially, those of the two ports spaced by one or two 60°-sectors
show very high port isolation of larger than 30 dB over the
wide band [see Fig. 17(b) and (c)].

The radiation performance is measured in a far-field
anechoic chamber with a standard horn antenna used for cal-
ibration. The measurement setup for the fabricated prototype
in the anechoic chamber is shown in Fig. 18. The measured
antenna efficiencies of Ports 1-3 and Ports 4-6 in the fabri-
cated Design B are respectively shown in Fig. 19(a) and (b).
The corresponding measured antenna gain is also respectively
shown in Fig. 20(a) and (b). The measured data generally con-
form to the simulated result of Port 1 (=Ports 2-6) included
in the figure.

The measured antenna efficiency is larger than 85% over
the antenna’s operating band. The obtained high antenna
efficiency is also attributed to the high port isolation, simple
all-metal structure, and no external feed circuitry for the
six-port SPA studied here. Additionally, the antenna gain
is smoothly varied (the measured data varied from about
4.7 dBi to 6.2 dBi). This may also be attributed to the two
resonances at about 3.6 and 6.6 GHz showing similar antenna
performance as discussed in Section II.

Fig. 21 shows the measured and simulated normalized
radiation patterns of Ports 1-3 at 3.6 GHz and 6.6 GHz
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FIGURE 17. Measured and simulated transmission coefficients of the
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FIGURE 18. Radiation performance measurement setup in the anechoic

chamber.

for Design B. The corresponding results of Ports 4-6 are
plotted in Fig. 22. The radiation patterns of each port in the
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FIGURE 19. Measured antenna efficiency of the fabricated Design B.
(a) Ports 1-3. (b) Ports 4-6. Simulated results are included for comparison.
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plane along the centerline of its resonant sector are shown.
For example, for Port 1 excitation, the radiation patterns
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FIGURE 21. Measured and simulated normalized radiation patterns at
3.6 GHz and 6.6 GHz for Design B. (a) Port 1, ¢ = 0° plane. (b) Port 2, ¢ =
60° plane. (c) Port 3, ¢ = 120° plane.

at 3.6 GHz and 6.6 GHz in the ¢ = 0° plane (along the
centerline of Sector 1) is shown in Fig. 21(a). For Port 2 and
Port 3 excitation, the corresponding results in the ¢ = 60°
plane (along the centerline of Sector 2) and in the ¢ =
120° plane (along the centerline of Sector 3) are presented
in Fig. 21(b) and (c).

Similarly, the results for Port 4 in the ¢ = 180° plane
(along the centerline of Sector 4), for Port 5 in the ¢ = 240°
plane (along the centerline of Sector 5), and for Port 6 in
the ¢ = 300° plane (along the centerline of Sector 6) are
plotted in Fig. 21(a), (b), and (c). Good agreement of the
measurement and simulation is obtained. Similar radiation
patterns of Ports 1-6 are seen.

Also, for each port, its radiation patterns are seen to be
tilted away from the z direction (6 = 0°) toward the circular
edge of the ground plane, especially in the direction of each
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FIGURE 22. Measured and simulated normalized radiation patterns at
3.6 GHz and 6.6 GHz for Design B. (a) Port 4, ¢ = 180° plane. (b) Port 5,
¢ = 240° plane. (c) Port 6, ¢ = 300° plane.

port. This can be seen more clearly from the correspond-
ing simulated three-dimensional (3-D) total-power radiation
patterns at 3.6 and 6.6 GHz for Ports 1-3 and Ports 4-6
respectively shown in Figs. 23 and 24.

The Ey radiation is also seen to be dominant in the radiation
pattern along the centerline of each sector, with the E4 radi-
ation much weaker. Note that the simulated E4; component
in the radiation plane along each sector’s centerline is very
weak (less than —40 dB) and is not shown in the patterns
in Figs. 21 and 22. This radiation characteristic can also be
expected from the excited surface currents at 3.6 GHz and
6.6 GHz seen in Fig. 6.

Based on the measured three-dimensional radiation pat-
terns [19], [22], the envelope correlation coefficients (ECCs)
of any two radiating waves are also calculated. The ECC
equation given in [19] is applied and representative ECC
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FIGURE 23. Simulated 3-D total-power radiation patterns at 3.6 and
6.6 GHz. (a) Port 1. (b) Port 2. (c) Port 3.
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FIGURE 24. Simulated 3-D total-power radiation patterns at 3.6 and
6.6 GHz. (a) Port 4. (b) Port 5. (c) Port 6.

results are shown in Fig. 25. The ECC; indicates the
correlation between the radiating waves of Ports i and j.
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FIGURE 25. Calculated envelope correlation coefficients (ECCs) based on
measured three-dimensional radiation patterns.

All the measured ECCs are less than 0.01 over the wide band.
That is, very low correlation of the six radiating waves in
the six-port SPA is obtained. Also note that the simulated
ECCs based on using the simulated radiation patterns are
even lower than 0.001 and are not shown in the figure for
comparison. The very low ECCs are attractive for practical
MIMO applications.

IV. CONCLUSION

A six-port SPA capable of radiating six uncorrelated waves
over a very wide band (about 3.1-7.2 GHz in this study)
has been proposed. The six-port antenna has the advantages
of simple all-metal structure, high port isolation (>20 dB),
high antenna efficiency (>85%), and very low ECCs (<0.01)
over the very wide band of fractional bandwidth about 80%.
Details of the antenna structure have been described. The
design considerations and operating principle for generat-
ing the six uncorrelated waves over the very wide band
have been addressed. The experimental results have also
been shown to verify the simulation prediction. The six-port
SPA is expected to be applicable for MIMO access-point
applications.
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