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Abstract—An omnidirectional dual-polarized antenna with high
port isolation is presented for 2.4-GHz wireless local area network
(WLAN) applications. The omnidirectional patterns of both
vertical and horizontal polarizations in the azimuthal plane are
achieved by positioning two orthogonal slots cut onto the walls of a
slender columnar cuboid. The overall volume of the proposed an-
tennais only 83 X11x11 mm?® (0.664X, X0.088), X 0.088X¢),
with low mutual coupling between two radiating slots. A prototype
of the proposed antenna is fabricated and tested. The measured
results show that the 10-dB reflection coefficient bandwidths of
dual polarizations cover the desired band of 2.4-2.48 GHz and
the port isolation is lower than —33.5 dB. Stable gains are greater
than 3.17 and 1.19 dBi for vertical and horizontal polarizations,
respectively. The diversity performance is also evaluated, in-
cluding the correlation coefficient, mean effective gain (MEG)
ratio, and diversity gain.

Index Terms—Antenna diversity, antenna radiation patterns,
mutual coupling, slot antennas.

I. INTRODUCTION

N MODERN wireless communication systems, dual-po-
larized antennas are widely adopted to increase spec-
trum efficiency and mitigate polarization mismatch between
the transmitter and the receiver. In particular, for the mul-
tiple-input-multiple-output (MIMO) systems, dual-polarized
antennas are usually employed to substitute two specially
separated single-polarized antennas, saving the space between
them. Such polarized MIMO antennas have been proved to
show good performance in increasing the channel capacity and
the diversity gain in real MIMO systems [1]-[5]. However,
the mutual coupling between different polarizations must be
reduced to assure the benefit of MIMO applications.
In recent publications, a series of dual-polarized antennas
are designed with different radiating structures, such as the
patches [6]-[8] and the slots [9], [10]. Good port isolation
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is achieved by properly arranging the feeding structures of
dual polarizations. The radiation patterns of these designs are
unidirectional [6]-[8] or bidirectional [9], [10]. However, to
cover a large service area, the antennas with omnidirectional
pattern in the azimuthal plane are required in base stations or
portable access points.

Different methods are utilized to design omnidirectional
antennas with vertical or horizontal polarization. To achieve
vertical polarization, a coaxial collinear antenna is investigated
in [11], and similar designs using the microstrip [12] and the
dipoles [13], [14] are also reported. Another low-profile slot
loop antenna with a back cavity is presented in [15]. For the
horizontally polarized omnidirectional pattern, the magnetic
dipole is a classical solution, achieved by a small loop with
a uniform current distribution [16]. However, the impedance
of the small loop is difficult to match due to its small dimen-
sions. Other sophisticated structures including the Alford loop
structure [17], [18] and the left-handed loading loop [19] are
also employed with good impedance matching. Combining the
vertically and the horizontally polarized antenna elements is a
direct solution to achieve dual omnidirectional polarizations.
In [20], a collinear antenna is positioned upward for the ver-
tical polarization, and a slot antenna downward to achieve the
horizontal polarization. However, a tilt beam appears in the
elevation plane due to the asymmetrical structure. The overall
dimension of this antenna is also quite large, which is not
suitable for the volume-limited portable devices.

This paper solves two major problems of the MIMO antenna
design in a volume-limited system. One is to achieve omni-
directional radiation patterns for both vertical and horizontal
polarizations in a small volume, and the other is to reduce
the mutual coupling between dual polarizations in such a
small volume. Based on these requirements, two colocated
slots cutting onto the walls of a slender columnar cuboid are
presented to achieve the vertically and the horizontally polar-
ized omnidirectional radiation patterns. Low mutual coupling
between dual polarizations is achieved in a small volume
of 83 x 11 x 11 mm?® (0.664\ x 0.088)g x 0.088Xg). A
prototype of the proposed antenna is tested to validate the
design strategy. The measured results including .S-parameters,
radiation patterns, and gain are also reported and discussed.

II. ANTENNA DESIGN

Fig. 1 shows the geometry and the dimensions of the pro-
posed antenna. As shown in the 3-D view in Fig. 1(a), a
metallic columnar cuboid is supported by an FR4 substrate
(e; = 4.4, tand = 0.01) in the center. Four walls of the
cuboid are named Sides 1-4, with a thickness ¢ = 1 mm. The
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Fig. 1. Geometry and dimensions of the proposed antenna. (a) 3-D view.
(b) Expanded view.

TABLE I
DETAILED DIMENSIONS (UNITI MILLIMETERS)
Parameter n s I8 Iy s Iy
Value 11 9 83 29 73 16
Parameter /7 s Wy W ) i
value 545 3.7 2 1.1 1.9 1

expanded view of the proposed antenna cut along the trace AA’
is shown in Fig. 1(b). The dark area expresses the back side,
and the light area the front side. A vertical slot is positioned
in the center of Side 2, with the dimension /5 X ws. A 50-€2
open-ended microstrip line on the back of Sides 1 and 2 is used
to feed the vertical slot by capacitive coupling, with the length
(Ig +17 +12). Another horizontal slot is positioned in the middle
of the cuboid, with the dimension ({3 X 3414 X 2) X wy. Itis also
fed by a 50-02 open-ended microstrip line on the back of Side 4,
with the length I3 x 0.5 4 Ig. The values of each parameter
are optimized by using the Ansoft High Frequency Structure
Simulator (HFSS) software. The detailed values are listed in
Table I. When fed through Port 1, the proposed antenna oper-
ates at a vertical polarization mode. The horizontal polarization
is provided by feeding the proposed antenna through Port 2.
These two colocated slots are able to provide omnidirectional
patterns in the azimuthal plane with low mutual coupling and
acceptable bandwidth. The volume of the proposed antenna is

onlyl3 X ll X ll =83 x11x11 mms.

A. Operating Mechanism

The operating mechanisms of the two slots are different. The
horizontal slot is cut onto the walls of all four sides to provide
vertically polarized omnidirectional pattern. It is clear that the
gain variation in the azimuthal plane varies with different [, as
shown in Fig. 2(a). The values of maximum minus minimum
of gain in each pattern are listed in Table II. By decreasing the
value of /1, a gain variation less than 3 dB can be achieved in
zy-plane. However, /3 also determines the operating frequency
of the horizontal slot. Using the values in Table I, the length of
the horizontal slotis /3 x 3414 X 2 = 38.8 mm, which is nearly a
half of the resonant wavelength (38 mm at 2.4 GHz). The mag-
nitude distributions of current and electric field are shown in
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Fig. 2. Simulated normalized radiation pattern in azimuth plane with different
[, at 2.44 GHz for (a) vertical polarization and (b) horizontal polarization.

TABLE 11
GAIN VARIATIONS
Polarization /=11 mm ;=12 mm =13 mm
Vertical 2.43 dB .55 dB 2,78 dB
Horizontal 1.67 dB 2.07 dB 4.79 dB

Figs. 3 and 4, and the half-wavelength mode appears in the hor-
izontal slot. The impedance of this mode is matched by tuning
the length /g of feeding microstrip, shown in Fig. 5. When /g
equals 3.7 mm, the 10-dB reflection coefficient bandwidth is
from 2.29 to 2.59 GHz.

For the horizontal polarization, the vertical slot cut onto the
wall of Side 2 also provides a uniform omnidirectional pattern
with a small value of /1, shown in Fig. 2(b). The electric field
radiating from the front side can creep along the walls of the
slender columnar cuboid to the back side. However, the vertical
slot is also difficult to match when /; is small. The reason can
be the cavity-backed slot antenna model built in Fig. 6. The
folded ground can be treated as an open-ended back cavity of
the vertical slot. To study the effect of this cavity, the impedance
curves are shown in Fig. 7 with different /1, with other values
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Fig. 3. Current magnitude distribution of the horizontal polarization mode fed

through port 1 at 2.44 GHz. (a) Sides 1 and 2. (b) Sides 3 and 4.
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Fig. 4. Electric field magnitude distribution of the horizontal polarization mode
fed through port 1 at 2.44 GHz. (a) Sides 1 and 2. (b) Sides 3 and 4.

listed in Table I. With a decrease of /1, the impedance curve
moves out of the VSWR = 2 : 1 circle on the Smith chart.
When /; = 5 mm, the impedance curve moves to the top left
corner, with a small value of real part and a large value of image
part. To achieve an omnidirectional pattern with {; = 11 mm,
the impedance of the slot is difficult to be matched. There is a
conflict between the omnidirectional radiation pattern and the
impedance matching.

The open-ended microstrip line is able to match the antenna
as a shunt capacitance. Also, the position of feeding (I5) is
helpful in impedance matching. However, it is hard to match
the slot in a wide bandwidth. The radiation resistance of the slot
is dictated by its length. As shown in Fig. 8, the length of the
vertical slot (I5) is used for wideband impedance matching. All
the other parameters use the values of Table I, but with different
l5. With the increase of /5, the impedance curve moves into the
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Fig. 7. Impedance curves of the antenna on Smith chart with different I, based
on the model in Fig. 6.

circle of VSWR = 2 : 1, then moves out of this circle. Atan op-
timized value of 73 mm, the slot has been matched with a 10-dB
reflection coefficient bandwidth wider than 2.4-2.48 GHz. Al-
though the length of the vertical slot is nearly one wavelength
of 2.4 GHz, the current of the matched slot is still a half-wave-
length mode in the desired band, as shown in Fig. 9. For single
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Fig. 8. Impedance curves of the horizontal polarization mode on Smith chart
with different 5.
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Fig. 9. Current magnitude distribution of the horizontal polarization mode fed
through port 2 at (a) 2.4 and (b) 2.48 GHz.

73-mm slot without the back cavity, the operation frequency of
half wavelength mode is approximately 1.25 GHz. Due to the
effect of back cavity and capacitive feeding, the operation fre-
quency of half-wavelength mode is shifted to 2.4 GHz with ac-
ceptable bandwidth. Obviously, the electric field magnitude dis-
tribution in Fig. 10 also indicates the half-wavelength mode in
the vertical slot.

B. Isolation Analysis

The mutual coupling between two radiating element is an-
other important issue in the MIMO antenna design. It is a chal-
lenge to achieve high isolation between two ports in such a small
volume. To enhance the isolation, the two slots are positioned
orthogonally and symmetrically. The current distributions along
the colocated slots are investigated to explain the isolation en-
hancement method. The vector current distributions for both
polarizations at 2.44 GHz are shown in Figs. 11 and 12. The
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Fig. 10. Electric field magnitude distribution of the horizontal polarization
mode fed through port 2 at (a) 2.4 and (b) 2.48 GHz.
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Fig. 11. Vector current distribution of the antenna fed through port 1 at
2.44 GHz on (a) horizontal slot and (b) vertical slot.

current relations of two slots are indicated in Figs. 13 and 14,
based on the vector current distributions in Figs. 11 and 12, re-
spectively. When the antenna is fed through Port 1, the current
along the horizontal slot is shown in Fig. 13(a). Strong current
on the narrow edges is coupled to the middle of the wide edges
of the vertical slot. However, the coupled current is with the
same amplitude and in phase, as shown in Fig. 13(b). As a re-
sult, an extremely weak field is coupled to the vertical slot.
When the antenna is fed through Port 2, the current distri-
butions along two slots are shown in Fig. 14. The vertical slot
operates at a half-wavelength mode, and the middle of the wide
edge is the current null. The coupled current on the horizontal
slot is also in phase along two opposite wide edges. Therefore,
the coupled field in the horizontal slot is also very weak. High
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Fig. 12. Vector current distribution of the antenna fed through port 2 at
2.44 GHz on (a) horizontal slot and (b) vertical slot.
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Fig. 13. Current relation of two slots when the antenna fed through port 1 at
2.44 GHz on (a) horizontal slot and (b) vertical slot.
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Fig. 14. Current relation of two slots when the antenna fed through port 2 at
2.44 GHz on (a) horizontal slot and (b) vertical slot.
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port isolation can be achieved by this arrangement of colocated
slots.

C. Performance Impact of Ground

As mentioned in the Introduction, the proposed antenna is de-
signed for the access points or mobile terminals. For this ap-
plication, the antenna should be mounted with a large ground
plane nearby. The proposed dual-polarized antenna was sim-
ulated with a metal box to study the effect the ground plane.
As shown in Fig. 15, the antenna is mounted above the metal
box with a distance of lg. The dimensions of the metal box are
140 x 80 x 10 mm?.

From the simulation results, the ground plane has little ef-
fect on the impedance matching (511, S22) and the ports isola-
tion (So1 ). However, the radiation patterns of both polarizations
vary with different /9. The simulated normalized radiation pat-
terns in the azimuthal plane at 2.44 GHz are shown in Figs. 16
and 17. Fig. 16 shows the copolarizations, and Fig. 17 shows
the cross polarization for both two feeding modes. When the
antenna is fed through port 1, the gain variation degrades with
the decreasing of lg. The gain variation is 3.8 dB at ly = 5 mm,
3.2dBatly = 10 mm and 2.8 dB at [ = 20 mm. Compared to
the value of 2.43 dB (single antenna without the ground plane),
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Fig. 18. Photograph of the proposed antenna.

the gain variation is still good with a ground plane nearby. When
the antenna is fed through port 2, the worst gain variation is
2.8dBatly = 5 mm.

Another effect is the deterioration of the cross polarization.
For both of the two modes, the cross polarization increases with
the decrease of /5. When /g is 5 mm, the gain levels between
copolarization and cross polarization are 10.2 and 19.5 dB for
both of the two modes. The results are acceptable for the prac-
tical application of access points.

III. EXPERIMENTAL RESULTS

To validate the design strategy, a prototype of the proposed
antenna was built and measured, as shown in Fig. 18. The
antenna prototype was fed by two 50-{} coaxial cables. The
feeding coaxial cables can be treated as an extension of the
ground. To maintain the beam in the azimuthal plane, a series
of magnetic beads are used to prevent surface current on the
feeding cables.

A. S-Parameters

The measured results of S-parameters are illustrated in
Fig. 19, which agreed well with the simulated results. The
bandwidths of the reflection coefficient better than —10 dB
are 2.31-2.54 GHz for the vertical polarization mode and
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Fig. 21. Simulated and measured radiation patterns of the proposed antenna
fed though Port 2 at 2.44 GHz in (a) xy-plane and (b) 2z -plane.

2.39-2.49 GHz for the horizontal polarization mode, both
covering the 2.4-GHz WLAN band of 2.4-2.48 GHz. In this de-
sired band, the isolation between two feeding port is lower than
—33.5 dB. Once again, high port isolation is achieved in a small
volume of 83 x 11 x 11 mm? (0.664Xg x 0.088Xg X 0.088¢).

B. Radiation Performance

The normalized measured and the simulated radiation pat-
terns of the proposed antenna fed through Ports 1 and Port 2 in
the zy- and the zz-planes at 2.44 GHz are shown in Figs. 20
and 21. Clearly, an omnidirectional pattern is achieved in
the zy-plane for vertical and horizontal polarizations. The
measured values of maximum minus minimum of gain in the
zy-plane are 2.9 dB for vertical polarization and 2.1 dB for
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Fig. 23. Simulated directivity and efficiency of the proposed antenna.

horizontal polarization. Low cross-polarization level is also
achieved for both polarizations.

Fig. 22 shows the measured gain of the proposed an-
tenna compared with the simulation results. In the band of
2.4-2.48 GHz, the gain of vertical polarization is greater than
3.17 and 1.19 dBi for horizontal polarization. An average gain
difference of 1.8 dB exists between dual polarizations. The
reason is that the efficiency of horizontal polarization is lower
than that of vertical polarization. The simulated directivity and
efficiency of both polarizations are shown in Fig. 23. In the
band of 2.4-2.48 GHz, the efficiency of vertical polarization
is higher than 85.5% and 65.3% for horizontal polarization.
As discussed in Section II-A, the back cavity serves as a shunt
capacitance and affects the impedance matching of vertical slot.
Therefore, the radiation efficiency is lower than a regular slot.

C. Diversity Performance

The correlation coefficient, the mean effective gain ratio, and
the achievable diversity gain are the most important measures
of multiple antennas in MIMO systems [21]-[26]. In this part,
the complex correlation coefficient, and the mean effective
gain (MEG) ratio are briefly evaluated based on the simulated
results. The diversity performance of the proposed antenna is
calculated in terms of diversity gains using Maximum Radio
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TABLE III
CORRELATION COEFFICIENT AND MEG RATIO

XPR T'=6dB T'=0dB T =-6dB
Pe 0.013 0.0021 0.0417
_ MEG amds | -360ds | -743dB
(vertical polarization)
. MEGy 8.80 dB -4.85 dB 281 dB
(horizontal polarization)
| MEG{MEG» 7.09 dB 1.16 dB 4.62 dB

Combiner (MRC) by interacting with a statistical propagation
model.

The proposed antenna is potentially applicable in indoor
MIMO systems, where the reflection and diffraction are rich
and the channel response is Rayleigh-distributed. In this en-
vironment, the multipatch signal is assumed 3-D uniform
distributed in a full sphere. The complex correlation coefficient
and envelope correlation coefficient in this environment is
computed as [21], [22]

ol § A (2)dQ

- /A ()AL Ags (2)d$2

)

where
Aij = ]._‘Eg’l(Q)E;J(Q) [)g(ﬂ)+E¢,Z(Q)E;’7(Q)p@(ﬂ) (2)

in which Ef and F¢ denote the # and ¢ components of the
complex electrical field, I is the average cross-polarization ratio
(XPR), the power ratio of vertical polarization and horizontal
polarization, and pg(€2) and py(§2) are the multipath angular
density function of the # and ¢ polarization.

The MEG ratio is derived as [23]-[25]

MEG;
r

, 1
:ﬂ [H—FGG’i (V) pe () + TG (Y pe ()| A
(3)

in which Gy ; () and G4, (?) are the spherical power gain
of the ith element of the # and ¢ polarization. The calculated
complex correlation coefficient and the MEG ratio of the pro-
posed antenna in a uniform propagated environment are listed
in Table III. For I' = 6 dB, the incident wave is mainly ver-
tical polarized. Most of the energy is received by the horizontal
slot with the vertical polarization. MEG; is much bigger than
MEGs;. For I' = 0 dB, the powers of the vertical and horizontal
polarized incident wave are statically equal. The difference be-
tween MEG; and MEG; is mainly contributed from the radi-
ation efficiency. Seen from the results, the proposed dual-po-
larized antenna shows good performance in the indoor environ-
ment, where I' = 0 dB.

The receive signals by different slot antennas are combined
by using MRC, and the combined gains are compared to the ones
received by each single slot. In each simulation, 10 000 round
random channels are generated to study the performance of di-
versity. In each channels, 100 multipaths are generated, which
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TABLE IV
OUTAGE DIVERSITY GAIN AT 1% PROBABLITY
Reference antenna - XPR -
I'=6dB I'=0dB I'=-6dB
Horizontal slot 398 dB 574 dB 6.95 dB
(vertical polarization)
Vertical slot
(horizontal polarization) 746 dB 6.17dB 4.77dB

randomly distributed in the whole spherical angle and with iden-
tical and independent complex Gaussian distribution. The cu-
mulative distribution functions (CDFs) of the diversity gain are
shown in Figs. 24 and 25. The calculated diversity gain in this
paper is the effective diversity gain, considering the radiation
efficiency for both two polarizations [26].

The outage level at 1% probability of diversity gain is also
calculated by comparing the outage level at 1% probability of
the power received by the reference antenna and the proposed
antenna. Single vertical polarization or horizontal polarization
slot is used as the reference antenna. The calculated results are
shown in Table IV. Good diversity gain is achieved when the
vertical and horizontal components are almost equal. The outage
level at 1% probability of diversity gain is greater than 5.74 dB
in the indoor environment by using the proposed dual-polarized
MIMO antenna.

IV. CONCLUSION

This paper proposed a dual-polarized MIMO antenna with
omnidirectional radiation pattern in the azimuthal plane.
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Two orthogonally arranged colocated slots are designed to
provide vertical and horizontal polarizations. The omnidi-
rectional pattern is achieved by cutting the slots onto the
walls of a slender columnar cuboid. In a small volume of
83 x 11 x 11 mm?® (0.664)¢ x 0.088) x 0.088)), the iso-
lation between dual operating modes is lower than —33.5 dB,
whose 10-dB bandwidths of reflection coefficient cover the
2.4-GHz WLAN band. The gains of each polarization are
greater than 3.17 and 1.19 dBi, respectively. The proposed
dual-polarized antenna shows the merits of omnidirectional
coverage, small volume, high port isolation, and low cross po-
larization. It shows the potential application in WLAN MIMO
antenna design, especially in the volume-limited systems, such
as portable access points and mobile terminals.
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