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Abstract—An 18-port compact antenna cube is proposed in this
paper. The cube, which has a volume of 0.76 0.76 0.76 ,
provides 18 individual channels and is ideal for multiple-input
multiple-output (MIMO) wireless communications. On each of
the total six faces of the cube, a three-port tri-polarization antenna
is installed. All antennas adopt a metal backing configuration,
so the ground of all antennas forms a well shield Faraday cage,
in which other functional circuits can be installed. Experimental
measurements were carried out to evaluate the performance of
the antenna cube in different MIMO scenarios. The results show
that MIMO systems with the proposed compact antenna cube
outperform those with dipole antennas which occupy the same
number of RF channels but with much larger space. When a
vertical 3-dipole array, a horizontal 3-dipole array and a dual
polarization antenna are used in the user end (UE), respectively,
the capacity of the global selected MIMO systems with antenna
cube is about 2.7, 4.6, and 2.9 bits/s/Hz more than the full MIMO
systems with a vertical 3-dipole array as the access point (AP)
antennas. It is 1.9, 3.9, and 2.0 bits/s/Hz more than the full MIMO
systems with a vertical 5-dipole array as AP antennas. The perfor-
mance differences between the MIMO systems using global and
simplified selection circuits are small.

Index Terms—Antenna cube, antenna selection, multiple-input
multiple-output (MIMO), polarization.

I. INTRODUCTION

A PPLYING multiple-input multiple-output (MIMO) tech-
nology especially with antenna selection in access points

(AP) can improve the overall system capacity. However, to con-
struct enough antennas within a small volume is always a chal-
lenge.
In previous works, a number of compact MIMO antennas

have been proposed consisting of up to four ports, compact an-
tenna designs with more than 10 ports are less common and
mainly consist of a flat panel approach and are used in large size
base station. Recently an interesting approach, the antenna cube,
emerges. An antenna cube takes advantage of spatial and polar-
ization orthogonality to implement a large amount of antennas
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within a constrained volume. In [1]–[3], MIMO cube accommo-
dates up to 12 electrical dipole antennas on all its 12 edges. The
24-port and 36-port antenna cubes suitable for MIMO wireless
communications are presented in [4].
However, existing cubes [1]–[4] demand a completely ded-

icated space for antennas. As the antenna elements in those
cubes are omni-directional, the inner space must be kept empty
to avoid performance degradation, i.e., other circuits cannot
be installed in the space. To resolve the problem, a compact
18-port planar tri-polarization antenna cube for MIMO systems
is proposed in this paper. A tri-polarization antenna makes full
use of the promising polarization domain, which is considered
an important resource for constructing compact antenna arrays
and enhancing system performance [6]–[8]. The antenna cube
employs tri-polarization antennas [9] as the basic elements.
To form a compact antenna cube, six tri-polarization antennas
are distributed on separate faces of a cube. This arrangement
achieves low mutual coupling and wide coverage within a
small volume mm with an operating frequency
band of 2.40–2.48 GHz.
In a real communication system, it is difficult to implement

a large amount of RF channels even at AP. Thus some sorts
of antenna switching must be involved for antenna-abundant
MIMO systems [10]–[12]. Accompanying with the antenna
cube, two simplified antenna switching schemes are proposed
in this paper. Measurement results demonstrate that in an indoor
environment, performance achieved by simplified switching
schemes is almost as good as that of a fully switching system.
Antenna design, measurement results and experimental ver-

ifications of the proposed compact planar tri-polarization an-
tenna cube are described in Sections II–V. Specifically, the tri-
polarization antenna is briefly introduced in Section I. Mea-
surement results of the 18-port antenna cube are presented and
discussed in Section II. Measurement procedure and analysis
framework are explained in Section III. Experimental results of
MIMO systems between the antenna cube and various terminal
antennas are discussed in Section IV. Conclusion is drawn in
Section V.

II. ANTENNA CUBE DESIGN

The conformal and low-profile tri-polarization antenna which
was proposed in [9] is a fundamental building block in the planar
MIMO cube and is briefly introduced here. The configuration
of the tri-polarization antenna is shown in Fig. 1. A ring patch,
which functions as two independent orthogonal polarized an-
tennas, and a disk-loaded monopole compose the tri-polariza-
tion antenna, and the operating frequency band is chosen to be
2.4–2.48 GHz.

0018-926X/$26.00 © 2011 IEEE
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Fig. 1. Geometry of the tri-polarization antenna: (a) top view and (b) side view.

Different from antennas used in other MIMO cubes proposed
in the literature, the planar tri-polarization antenna has a very
low profile, and the total height of the tri-polarization antenna is
5.8 mm. Furthermore, the full 74 74 mm sized ground plane
of the tri-polarization antenna makes it particularly suitable for
antenna mounted on the equipments. The advantage of low pro-
file together with the easiness of its conformal integration on a
cube surface makes the tri-polarization antenna a good candi-
date to construct the MIMO cube.
Apart from the above advantage of the tri-polarization

antenna, most importantly, the patch antenna mode and the
monopole antenna mode of the tri-polarization have the or-
thogonal polarization property to each other. With three ports
of this antenna working independently, the far field of this
antenna has three orthogonal linear polarizations. Specifically,
when the tri-polarization antenna is placed as in Fig. 1, i.e., the
monopole is along the -axis while the feed lines P1 and P2
are along the - and -axes in horizontal plane, respectively,
the E-field radiated by the ring patch is parallel to the ground
plane and can provide two orthogonal polarizations excited
through P1 and P2, while the monopole provides the vertical
polarization component and has an omni-directional radiation
in the azimuth plane. Fig. 2 shows the measured radiation
patterns of the tri-polarization antenna at 2.42 GHz. As shown,
the radiation pattern of monopole mode (port M3) and patterns
of the patch mode (port P1 and port P2) have orthogonal
polarizations to each other. The gains of the directional slot-fed
antennas at 2.42 GHz are 7.5 dBi for P1 and P2, while the
gain of the omni-directional coaxial-fed disk-loaded monopole
fed by M3 is 2.5 dBi. The main reason for the lower gain of
M3 compared with the gains of other two ports is the different
radiation properties between monopole and patch antennas.

The omni-directional radiation property gives the monopole
mode lower gain compared to the directional patch mode.
In real communication applications, the position of mobile

terminals may rotate due to different communication scenarios
and the arbitrariness of user’s behavior. For the fact that the
three ports of this antenna radiate three polarized fields that
are orthogonal to one another, this antenna could receive elec-
tromagnetic wave with any kind of polarization by switching
among the ports of the antenna cube, thus avoid situations of
the polarization mismatch.
The tri-polarization antenna has a low planar profile and the

complete common ground, thus it is easy to construct the planar
tri-polarization antenna cube by embedding one tri-polarization
antenna on each face of a cube. The structure of the planar tri-po-
larization antenna cube is shown in Fig. 3. As shown, the six
planar tri-polarization antennas are fixed on the six faces of
the cube. Each antenna has 3 ports, and the antenna cube has
18 ports, which can provide up to 18 individual communica-
tion channels. The antenna cube operates at 2.4–2.48 GHz, and
the volume is 94 94 94 mm , about 0.76 0.76 0.76
where is the wavelength in vacuum. For convenience of de-
scription, the faces of the cube are numbered as shown in Fig. 3,
the up face is #1, the front, right, back and left faces are num-
bered as #2, #3, #4, and #5 respectively, and the bottom face
is #6. The three ports in a face are noted as P1, P2, and M3.
Each port in the antenna cube is denoted with the numbers of
faces and ports, for example, F#1-P1 represents the P1 port of
the tri-polarization antenna in the #1 face of the cube.
For the three ports of each tri-polarization antenna in the face

have three orthogonal polarizations, it is easy to obtain the full
radiation coverage in the whole sphere. Therefore, the MIMO
cube can provide good convergence for user terminals with any
rotation and position.
An important aspect to construct the antenna cube is to main-

tain relative low mutual coupling between any individual ports,
as mutual coupling will deteriorate the performance of MIMO
wireless communication systems. For the compact tri-polariza-
tion antenna cube, relatively low mutual coupling between an-
tennas of the proposed MIMO cube is mainly due to the choices
of antenna types, positions and orientations. As the three an-
tennas in a tri-polarization antenna employ orthogonal polariza-
tions, the mutual coupling between each port is relatively low.
The tri-polarization antenna has a ground backing, so the tri-po-
larization antennas in different faces radiate toward different di-
rections and inherently have low mutual coupling.
To verify the performance of the planar tri-polarization an-

tenna cube, a prototype antenna cube was fabricated, and the
photo of the cube is shown in Fig. 3. Due to the symmetric char-
acteristic of the antenna cube, only the tri-polarization antenna
#1 is measured. The measured reflection and transmission coef-
ficients are shown in Fig. 4. The results are pretty much identical
to the results reported in [9].
Between any two tri-polarization antennas in adjacent faces,

there are nine sets of transmission coefficients. As shown in
Fig. 5, there are three most significant results between antennas
in face #1 and #3. The isolations at 2.4–2.48 GHz band are all
better than 20 dB. The isolations between ports in opposite
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Fig. 2. Measured electrical patterns of the tri-polarization antenna: (a) , plane; (b) , plane; (c) , plane; (d) , – plane; (e) ,
– plane; (f) , – plane.

Fig. 3. Structure and photograph of the planar tri-polarization antenna cube.

antennas are all better than 25 dB, which is not illustrated here
for the reason of concision.
Overall, these results show that the proposed planar tri-polar-

ization antenna cube has good isolation among the individual
ports, which satisfies the requirement of MIMO systems.

III. MIMO SYSTEMS WITH THE ANTENNA CUBE

In prior works, the antennas presented for MIMO systems
were often validated by examining the channel capacity of the
full MIMO systems between antenna cubes in a narrow fre-
quency band. However, the full MIMO systems which support
more than 10 individual channels are too expensive and compli-
cated to use in personal wireless communication systems nowa-
days, such as WLAN equipments, and the communication sys-
tems mostly are wideband. To overcome these shortcomings,
the performance of the MIMO systems employing the antenna
cube is examined in typical indoor scenarios with antenna se-
lection among the whole WLAN frequency bands.
Themeasurements were carried out in Room 1010 on the 10th

floor of Weiqing Building in Tsinghua University, which is a

Fig. 4. (a) Measured return loss of the tri-polarization antenna #1 in the cube.
(b) Measured isolation between ports in antenna #1.

typical laboratory room as schemed in Fig. 6. The framework
of the room is reinforced concrete, the walls are mainly built
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Fig. 5. Measured isolation between ports in adjacent tri-polarization antennas.

Fig. 6. Structure of the measured office.

by brick and plaster, and the ceiling is made with plaster plates
with aluminium alloy framework.
The scheme of the test-bench is shown in Fig. 7. Themeasure-

ment system consists of an Agilent E5071B network analyzer,
AP antennas, user equipment (UE) antennas, RF switches, a
computer, an auxiliary amplifier, and RF cables. The AP and the
UE are connected to a 16-to-1 RF switch and a 4-to-1 RF switch
respectively, and the switches are then connected to the network
analyzer. The auxiliary amplifier is between the transmit an-
tenna and the network analyzer to amplify the transmit signal.
The computer controls the measurement procedure and records
the data.
In the measurement, the transmit power of network analyzer

is set to 10 dBm, IFBW is 10 kHz, and sweep averaging is set on
with sweep averaging factor as 16, the noise floor of the network
analyzer is below than 90 dB when measuring S21. The loss
of the cable is less than 15 dB, the insertion loss of the switch
is about 4 dB and the power gain of the amplifier is about 10

Fig. 7. Schematic of test-bench for MIMO system.

Fig. 8. Antennas used in measurement besides antenna cube: (a) vertical
5-dipole array; (b) vertical 3-dipole array; (c) horizontal 3-dipole array; (d)
dual-polarization antenna.

dB. With the SNR limitation of 15 dB, the dynamic range of the
measurement system is above 66 dB.
For the conveniences of measurement and installation, the

tri-polarization antenna in the bottom face of cube was removed,
thus only 15 ports of the cube were used.
The configurations of the measurements are listed in Table I.

The measurement campaign was carried out for twelve repre-
sentative MIMO systems, and the measured channel responses
are noted as , here is the type number of AP antennas and
is the one of UE antennas. On the AP side, four different arrays
were used respectively. They are a vertical three-dipole array, a
vertical five-dipole array, and an antenna cube with three/five
selected branches. The separation between adjacent antennas
of the dipole array is one wavelength, so the three/five-dipole
array’s size is two/four wavelengths. On the UE side, three dif-
ferent arrays were used alternatively. They are a vertical three-
dipole array, a horizontal three-dipole array and a compact dual
polarization antenna [13]. The size of three-dipole array is two
wavelengths and the dual polarization antenna is 0.8 wavelength
in size. The schemes of all dipole arrays and the dual-polariza-
tion antenna are shown in Fig. 8.
In each measurement, the AP antenna was fixed in the

center of the office roomwith a height of 1.2m, andUE antennas
were placed in the 10 locales around the room sequentially with
a height of about 0.8 m. The locales UE2, 5, 8, 10 had Line-of-
sight (LOS) paths and UE1, 3, 4, 6, 7, 9 only had non-line-of-
sight (NLOS) paths, as illustrated in Fig. 6, where the locales
UE5, 10 and the locales UE2, 8 were in the broad-sight and
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TABLE I
MEASUREMENT CONFIGURATIONS

TABLE II
CONFIGURATIONS OF THE STUDIED MIMO SYSTEMS

end-fire directions of the referenced dipole array at AP. In each
place, channel matrices at 4 points separated by 6.5 cm, i.e.,
half-wavelength, were measured in order to obtain independent
fading, and denoted as , where represents the serial
number of the locale and is the serial number of measurement
point in the locale place. For each , the responses over
the whole WLAN band were measured.
As we measured the channel responses after midnight and

before dawn, the channels were supposed to be static, so the
elements in the channel matrix were measured
in sequence and the switching of the was completed by
using RF switches.
In the measurements of referenced MIMO system with a ver-

tical 5-dipole at AP and a 3-dipole array at UE, the maximum
measured S21 is 45 dB, and the average measured S21 is 52
dB. That is, the average SNR of the measurement is about 52
+ 90 dB 38 dB with referenced linear dipole arrays, here 90
dB is the S21 noise floor of the proposed measurement system.
The measured channel responses are assorted to construct the

wideband channel of referenced dipole-array MIMO systems
andMIMO systems with antenna cube. The frequency bands are
divided following the IEEE 802.11 specifications as shown in
Table II. That means, when studying the channel capacity of any
MIMO system with specified antennas and places, 14 wideband
channels are adopted based on the frequency partition of IEEE
802.11 specifications.

A. Transmitter Power Constraints

As the received power and richness of scattering are quite dif-
ferent at different UE locations, the measured channel response
matrices must be appropriately normalized. For the rich scat-
tering required to achieve low correlations for MIMO commu-
nications often produces low SNR, which in turn decreases the
channel capacity [14], we adopt the MIMO system with vertical
5-dipole at AP and vertical 3-dipole at UE as reference to nor-
malize the channel responses with average transmitted power

as discussed in [15]. This normalization considers not only
richness of the multipath but also the power gain.
Obviously, the can be expressed as in

(1)

where , which is different with the average SNR of the
measurements, is the assumed average SNR of the referenced
MIMO systems with channel response , is the number
of the locales and is the number of the measured points in
each locale, denotes the number of the channel bands,
and are the numbers of transmit and receive antennas
of channel responses, respectively, and is the number of
the measured frequency bins in the th band. means the
average received noise per frequency bin, and is the trace
operation.
In the following, the assumed average SNR is set to 15 dB

in analyzing the channel capacity.

B. Channel Capacity of MIMO Systems With Antenna
Selections Over Wide Bands

Though prior proposed cubes were demonstrated in full
MIMO systems, the transceivers of a full MIMO system using
antenna cubes might be too expensive to accommodate in
today’s personal wireless communication systems. Antenna
selection is a good approach to reduce a system’s cost while
maintain its performance. The bulk selection [16], [17] method
is adopted as a reference. Bulk selection method is a global
optimization method, which assumes there is a direct path
between any input port and output port.
The channel capacity with equal power emission strategy [18]

is adopted to evaluate performance of measuredMIMO systems
covering the th band. Then channel capacity of wideband sys-
tems with bulk antenna selection is

(2)

where denotes the different combination of AP antenna el-
ements and is the set of the selectable antenna combina-
tions. Assuming there are 15 ports in the AP, each time the
total number of combinations is 455 and 3003 when 3 and 5
branches are selected respectively. On the UE side, all available
antennas are always used. is the channel capacity of
the MIMO systems with selected antennas combination over
the th band, and expressed as

(3)
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Fig. 9. Configurations of the switching circuits: (a) 15-to-3 global selection
circuit; (b) pattern selection circuit; (c) 15-to-5 global selection circuit; (d) po-
larization selection circuit.

C. Simplified Pattern and Polarization Selection Methods

Although antenna selection is capable of reducing the cost
of the RF channels while maintaining the performance of the
MIMO systems, determinations of the forms of the antenna
array and implementations of the RF selection circuits are
not trivial [12], [19]–[21]. The existing research activities on
antenna selection little involve designs of antenna arrays and
selection circuits. The often used or assumed global selection
circuits require many RF switches and complicated RF circuits,
which are difficult to realize and may introduce inevitable high
insertion loss.
Two simplified selection circuits with low complexity and

cost are presented to reduce the complexity of global selec-
tion circuit and maintain a comparable performance, which are
pattern and polarization selection circuits. As shown in Fig. 9,
global selection methods select the best channels irrespective of
the polarizations and antenna types by a complex RF switch ma-
trix. While when pattern selection is applied, each port with the
same polarization in each tri-polarization antenna is connected
to a 5-to-1 RF switch. The pattern selection generates three
output ports. The pattern combinations approaching the most
channel capacities are then selected in the performance evalua-
tion. In polarization selection, the three ports in each tri-polar-
ization antenna are connected to a 3-to-1 RF switch. The polar-
ization selection generates five output ports.
The proposed antenna selection schemes consist of

-to-1 switches while the global selection cir-
cuits consist of an -to- switch matrix, here is the
number of the selected antennas and is the number of the
available receive antennas. The switch matrix is much more
complex than -to-1 switches.

IV. RESULT COMPARISONS

Because the spread of multi-path in elevation direction and
polarization rotation are significant in indoor scenarios, the per-

formance of the MIMO systems will depend not only on the
number of the antennas used in the base station but also on the
radiation pattern, polarization and array structure.
The whole spherical coverage characteristic and capability of

receiving any polarized impinging wave make the compact an-
tenna cube particularly suitable for indoor communications. We
examined the performance of the MIMO systems with the an-
tenna cube and various terminal antennas in different locales and
postures as followed. The performance of the selection MIMO
systems with antenna cube in AP is compared with that of the
referenced full MIMO systems with the often used uniformly
spaced vertical dipole arrays.
In the following studies, the measured data of all locations

illustrated in Fig. 6 is adopted. The number of locations is 10.
Four spots are measured at each location. Each measurement
includes 14 channels. The total size of the channel samples for
all following figures is and in each channel
sample, 23 frequency bins are measured with a frequency step
of 1 MHz to cover the 22 MHz channel bandwidth.

A. Average Normalized Receive Power

In wireless communication systems, the performance is af-
fected by the signal to noise ratio. Thus, the capability of col-
lecting more power is quite important to AP antennas. The av-
erage normalized receive power of the compact antenna cube
and the referenced dipole arrays with various antenna at UE are
listed in Table III, which is normalized according to the average
receive power on each port of referenced vertical 5-dipole array
at AP with vertical 3-dipole array at UE as

(4)

where , and are the numbers of the transmit and the
receive antennas of the normalized MIMO channels.
In Table III, normalized receive powers over different sets

of scenarios are listed. In the column of “All Scenarios”, the
locales UE1-10 are considered. In the columns of “LOS Sce-
narios” and “NLOS Scenarios”, the locales UE2, 5, 8, 10 and
UE1, 3, 4, 6, 7, 9 are taken into accounted, respectively. Fur-
ther, “Broad-sight” (locales UE5, 10) and “End-Fire” scenarios
(locales UE2, 8) are compared.
As shown, when vertical 3-dipole array is used at UE, the

average received power of the antenna cube, which is calculated
on each port over all locations, is similar to that of the referenced
dipole array.
However, in other situations, i.e., horizontal dipole array and

dual-polarization antenna are used at the UE, the received power
of the reference array at AP deteriorates. The average power
of the referenced dipole array over all scenarios is 6.14 and
6.01 dB with horizontal 3-dipole and is 3.14 and 3.00 dB

with dual-polarized antenna when and , re-
spectively. While the power of the antenna cube with selections
maintains in all circumstances.
When LOS and NLOS scenarios are considered separately,

the received power on ports of antenna cube with selection is
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TABLE III
AVERAGE NORMALIZED RECEIVE POWER OF AP ANTENNAS

Fig. 10. Capacity CCDFs of MIMO systems with cube using 15-to-3 global
and pattern selection circuits and vertical dipoles while and vertical
3-dipole array is applied in UE.

mostly larger than that of the referenced 5/3-dipole array. In few
situations, the received power of antenna cube is less than that
of the referenced dipole array, but the difference is quite small.
It also can be drawn that in almost all the situations, the re-

ceived power of antenna cube with global selection is slightly
stronger than that of antenna cube with simplified selection.

B. Channel Capacity and Eigenvalues

1) Vertical/Horizontal Three-Dipole Array is Employed as
UE Antennas: First, the scenarios that the vertical 3-dipole
array is applied as UE antennas are considered. The channel ca-
pacity complementary cumulative density functions (CCDFs)
of studied MIMO systems are shown in Fig. 10, when
is considered, the 50% outage capacity of full MIMO system
with antenna cube is 7.2 bits/s/Hz more than that of full MIMO
system with dipole array. The selection MIMO systems with
antenna cube also perform better than the full MIMO system
with dipole array in general, no matter whether global or
simplified pattern selection circuit is used. Considering the

Fig. 11. Capacity CCDFs of MIMO systems with cube using 15-to-3 global
and pattern selection circuits and vertical dipoles while and vertical
3-dipole array is applied in UE: (a) LOS and NLOS; (b) broad-sight and end-fire
scenarios.

50% outage capacity of the systems, the capacity of MIMO
systems using global selection is about 2.7 bits/s/Hz more than
the full MIMO systems with dipoles as AP antennas, while the
difference between the selection MIMO systems with global
and pattern selection circuits is less than 0.5 bits/s/Hz.
The comparisons between LOS and NLOS scenarios and be-

tween the broad-sight and end-fire scenarios (which all have
LOS path) are demonstrated in Fig. 11. For the average transmit
power normalization is performed with respect both LOS and
NLOS scenarios dependently, the MIMO systems in LOS sce-
narios performs better those in NLOS scenarios for the rela-
tive power gain advantage, which is different from the com-
monly used SNR normalization [15]. As shown in Fig. 11(a),
the channel capacity differences between MIMO systems with
cube and dipole array at AP are nearly same in LOS and NLOS
scenarios when the 50% outage capacity is considered, which
are 2.1 and 2.3 bits/s/Hz, respectively. But when the UE an-
tenna is in end-fire direction of the dipole array, as shown in
Fig. 11(b), the channel capacity deteriorates because of lower
received power which is shown in Table III.
When is considered, which is shown in Fig. 12, the

50% outage capacity of full MIMO system with antenna cube
is 4.5 bits/s/Hz more than that of full MIMO system with dipole
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Fig. 12. Capacity CCDFs of MIMO systems with cube using 15-to-5 global
and polarization selection circuits and vertical dipoles while and ver-
tical 3-dipole array is applied in UE.

Fig. 13. Capacity CCDFs of MIMO systems with cube using 15-to-5 global
and polarization selection circuits and vertical dipoles while and ver-
tical 3-dipole array is applied in UE: (a) LOS and NLOS; (b) UE in broadsight
and endfire of vertical dipoles at AP in LOS scenarios.

array. The capacity of MIMO systems using global selection
and polarization selection is 1.9 and 1 bits/s/Hz more than that
of the full MIMO systems with vertical 3-dipole array.
The comparison between LOS and NLOS scenarios and that

between the broad-sight and end-fire scenarios are shown in

Fig. 14. Eigenvalue PDFs of normalized MIMO channels with vertical
3-dipole array at UE and: (a) vertical 5-dipole array at AP; (b) antenna cube
using simplified selections at AP; (c) antenna cube using global selection at
AP; (d) full cube at AP, where .

Fig. 13. In Fig. 13(a), the 50% outage capacity differences be-
tween MIMO systems with cube and dipole array at AP are
1.1 and 0.7 bits/s/Hz for LOS and NLOS scenarios. As shown
in Fig. 13(b), it is obvious that the capacity of MIMO system
with referenced 5-dipole array is more susceptible to the envi-
ronment than that of the MIMO system with selected antenna
cube. The slops of the capacity curves of MIMO system with
dipole array in broad-sight and end-fire scenarios vary consid-
erably, but those of MIMO systems with cube antenna change
little. The capacity of MIMO channel with global selected an-
tenna cube is 0.1 and 2.3 bits/s/Hz more than that of MIMO
channel with vertical 5-dipole array.
The eigenvalue probability density functions (PDFs) of the

normalized MIMO channel are studied. The
normalization operation is according to as

(5)

The eigenvalue PDFs of MIMO systems with vertical
3-dipole at UE are illustrated in Fig. 14. In most situations,
the full MIMO system with antenna cube has three significant
eigenvalues with vertical 3-dipole array at UE, which is equal
to the number of transmit antennas.
When is considered, which is denoted with solid

symbols in Fig. 14. For the selection systems, about 50% of the
second maximum eigenvalues are larger than 0 dB, while for
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Fig. 15. Capacity CCDFs of MIMO systems with cube and dual polarization
antenna while the number of selected branch is: (a) (15-to-3 global and
pattern selection), (b) (15-to-5 global and polarization selection).

the MIMO system with dipole array, only about 20% of the 2nd
maximum eigenvalues are larger than 0 dB. Most the minimum
eigenvalues of MIMO system with dipole array are less than
10 dB, and are quite less than those of MIMO systems with

selections.
When is considered, which is denoted with hollow

symbols in Fig. 14. The eigenvalue PDFs of MIMO channels
with full cube are similar to those of the full MIMO system with

for full 15 RF branches are used. The full MIMO sys-
tems with antenna cube have three significant eigenvalues in
most situations. For the MIMO channels with global and po-
larization selected antenna cube and vertical 5-dipole array, the
differences between the distribution of the first maximum and
second maximum eigenvalues are small. The minimum eigen-
values of MIMO channels with antenna cube are mostly larger
than 10 dB, but a fairly large number of the minimum eigen-
values of MIMO channels with vertical 5-dipole array are less
than 10 dB. This shows the antenna cube is likely to provide
more effective subchannels.
Secondly, the MIMO systems with horizontal 3-dipole array

at UE are considered. In practical communication systems, per-
formance of the communication system often deteriorates be-
cause of undesirable factors, such as polarization mismatch and

Fig. 16. Eigenvalue PDFs of normalized MIMO channels with dual polariza-
tion antenna at UE and: (a) vertical 5-dipole array at AP; (b) antenna cube using
simplified selections at AP; (c) antenna cube using global selection at AP; (d)
full cube at AP, where .

so on, that is quite common in wireless communications for the
UE antennas are often rotated for the randomness of user behav-
iors. Considering the MIMO system with vertical dipoles at the
AP, the performance badly degrades with horizontal dipoles at
UE because the polarization mismatch seriously deteriorates the
received power as listed in Table III. However, for the MIMO
system with the cube, it works both well when either vertical
or horizontal dipoles at the UE. This means that the MIMO
systems with the antenna cube are more robust. When hori-
zontal 3-dipole is adopted at UE, the 50% outage capacity of
global selection MIMO systems with antenna cube is 4.6 and
3.9 bits/s/Hz better than those of the full MIMO systems with
vertical 3-dipole and 5-dipole arrays at AP, respectively.
2) Dual Polarization Antenna is Employed as UE Antenna:

In these scenarios, dual polarization antenna is employed in
UE. As shown in Fig. 15(a), the selection MIMO system with
antenna cube performs much better than the full MIMO system
with dipole array when , the 50% outage capacity
of global selection MIMO system with antenna cube is 2.9
bits/s/Hz more than that of the full MIMO system, and is nearly
the same with the capacity of MIMO systems with pattern se-
lection circuits, the 50% outage capacity of full MIMO system
with antenna cube is 5.4 bits/s/Hz more than the capacity of
the MIMO systems with dipole array, as shown in Fig. 15(a).
When , the MIMO systems with simplified polarization
selection circuit also perform better than the referenced full
MIMO systems. As shown in Fig. 15(b), the 50% outage
capacity of the MIMO systems with global and polarization
selection is 2.0 and 1.6 bits/s/Hz more than the capacity of
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Fig. 17. Statistics of the selected antennas: (a) numbers of selected faces when ; (b) numbers of selected specific antennas when .

the referenced MIMO system when dual polarization antenna
is used in UE. The capacity of the full MIMO systems with
cube is 3.6 bits/s/Hz more than that of the MIMO system with
referenced vertical 5-dipole array.
The eigenvalue PDFs of MIMO systems with dual polariza-

tion antenna are illustrated in Fig. 16, where solid and hollow
symbols are used to denote situations of and re-
spectively. The eigenvalues of selection MIMO systems with
antenna cube at AP are located in higher range than that of
MIMO systems with vertical dipole. Furthermore, the second
maximum eigenvalues of MIMO systems with vertical 3-dipole
array are much less than that with vertical 5-dipole array while
the difference between eigenvalues of MIMO systems with an-
tenna cube when and are little. Almost all the
second maximum eigenvalues of MIMO systems with vertical
3-dipole array are less than 0 dB while 50% of the second max-
imum eigenvalues of selection MIMO systems with antenna
cube when are large than 0 dB even simplified selection
circuit is implied.
As above, the antenna cube performs well when linking with

different equipment antennas in various scenarios, and satis-
fies the requirements of MIMO systems especially with antenna
selection. It is noted that the capacity of the MIMO systems
with antenna cube maintains no matter what UE antennas are
adopted.

C. Statistics of the Selected Antennas

To further reveal the impact of antenna cube on channel
capacity of selection MIMO systems, the statistics of the se-
lected antenna in each MIMO channel realizations are shown in
Fig. 17. The number of the accounted MIMO channel realiza-
tions is 560. Particularly, when pattern or polarization selection
circuit is implied, the numbers of the selected specific ports or
the faces that the selected antennas lie on are equal because of
the constraints of the selection circuits.
When , the numbers of faces that the selected an-

tennas lie in are accounted and shown in Fig. 17(a). As shown
in Fig. 17(a), the tri-polarization antenna in the #1 (up) face is
more likely to be selected for a fairly large part of the trans-
mitted waves are reflected by the ceiling. The numbers of the
selected tri-polarization antennas vary little when different UE
antennas are used.

The numbers of the specifically selected antenna in all the
faces are accounted and shown in Fig. 17(b) when .
The P2 ports have more probability to be selected when vertical
3-dipole array is used as UE antenna for the antennas have ver-
tical polarization radiation patterns and high gain.

V. CONCLUSION

This study proposes a planar tri-polarization antenna for
MIMO systems with antenna selection. The total volume of
the antenna cube is 0.76 0.76 0.76 . The designed pro-
totype was fabricated and tested, and measured data validating
simulation results were compared.
By comparing the channel capacity of MIMO systems be-

tween cube and several terminal antennas and the capacity of
MIMO systems between dipole array and the same terminal an-
tennas, the validation of the tri-polarization antenna cube for
MIMO system with antenna selection is approved. The mea-
surement reveals that the compact tri-polarization antenna cube
with the full coverage and polarization diversity is suitable for
MIMO systems with antenna selection indoors, and can provide
high quality communications in various scenarios with different
terminal antennas.
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