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ABSTRACT Multiple-input multiple-output (MIMO) systems capacity is highly influenced by the cor-
relation between antennas, and the high correlation will result in a low capacity. Therefore, the multi-
polarized antennas have been implemented in MIMO systems to reduce the correlation between antennas
and realize the space efficiency. To better understand the performance of multi-polarized MIMO systems,
polarization channel modeling is of great importance. In this paper, we establish a 3-D geometrical
model for multi-polarized MIMO systems. Antenna cross-polar isolation (XPI), channel cross-polarization
discrimination (XPD) and antenna tilt parameters have been considered in our model. The correlation and
capacity of multi-polarized MIMO systems are analyzed, and we find that the XPI, XPD, and antenna tilt
have an effect on the correlation and capacity simultaneously, which cannot be analyzed separately. Also,
we compare our model with the existing measurements for validation, which shows that the proposed model
is well in agreement with the measurements. Finally, we compare the performance of multi-polarizedMIMO
systems with the traditional uni-polarized MIMO systems, which shows that the performance of multi-
polarized MIMO systems have robustness to the communication environment, and multi-polarized MIMO
systems outperform uni-polarized MIMO systems in many communication scenarios.

INDEX TERMS MIMO, multi-polarized antennas, polarization, channel modeling, XPD.

I. INTRODUCTION
Multiple-input multiple-output (MIMO) systems have
yielded high capacity in wireless communication. While one
major issue of MIMO systems is that the capacity is highly
influenced by the correlation between antennas, and the
high correlation between antennas results in a low capacity.
An antenna spacing of at least half a wavelength at the user
equipments and ten wavelengths at the base station (BS) are
typically required for achieving a significant MIMO gain [1].
As the number of antennas increases to a large scale antenna
array, it may not be achieved easily because of the space and
size restrictions. Therefore, themulti-polarized antennas have
been implemented in MIMO systems to reduce the correla-
tion between antennas and realize the space efficiency. Also,
it has been shown that the implementation of polarization
for spatial multiplexing-based MIMO systems can lead to
significant performance improvements [2].

To better understand the performance of multi-polarized
MIMO systems as compared to the traditional uni-polarized
MIMO systems (i.e., all the antennas have the same polar-
ization directions), polarization channel modeling is of
great importance. Polarization channel modeling is diffi-
cult because of the complexity of the polarization char-
acteristics. Reflections, diffractions and scattering [3]–[5]
of the electromagnetic signal in the wireless channel may
result in channel depolarization, which means the polariza-
tion orientation may rotate or change after passing through
the wireless channel [6]. A general method to measure the
channel depolarization is to use the cross-polarization dis-
crimination (XPD), which is defined as the ratio of the
average received power in the co-polarized channel to the
average received power in the cross-polarized channel [7].
Kwon and Stüber provided a geometric theory for channel
depolarization and provided a mechanism for calculating
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FIGURE 1. (a) 3-D uni-polarized MIMO systems transmission scenario. (b) 3-D multi-polarized MIMO systems transmission scenario.

XPD based on the locations of the scatterers [8]. While [7],
[9], [10] proposed 3-D sphere geometrical models for polar-
ized channels, which are somewhat complex and only
have theoretical simulations without comparison with mea-
surements. Other references [2], [11]–[14] modeled the
multi-polarized MIMO systems channel as a Ricean fading
channel, such that the channel matrix is composed of a
line-of-sight (LoS) part and a scattering or non-line-of-
sight (NLoS) part. They focused on just one factor such
as the XPD, antenna cross-polar isolation (XPI) or antenna
tilt. Many experiments in [15]–[19] have been carried out
and measurements of multi-polarized MIMO systems from
2 GHz to 3.5 GHz were presented. While carrying out exper-
iments is expensive and time-consuming, and some particular
parameters are difficult to measure.

Although many researchers have considered polarization
channel modeling, most of them focused on just one factor
and considered the three factors separately. Actually, XPI,
XPD and antenna tilt will happen simultaneously in the sys-
tem link, and they have effect on the system link perfor-
mance simultaneously, which can not be analyzed separately.
In this paper, we propose a 3-D geometrical model for multi-
polarized MIMO systems, and both the azimuth angles of
arrival (AAoAs) and elevation angles of arrival (EAoAs)
have been taken into account. The multi-polarized MIMO
systems channel is modeled as a Ricean fading channel,
and we consider antenna XPI, channel XPD and antenna
tilt simultaneously. The correlation between multi-polarized
antennas and the system capacity are analyzed. XPI, XPD and
antenna tilt have effect on the correlation and system capac-
ity simultaneously, which can not be analyzed separately.
We compare our model with the existing measurements for
validation, which shows the proposed model is well in agree-
ment with the measurements. Also, we compare the perfor-
mance of multi-polarized MIMO systems with uni-polarized

MIMO systems in different communication scenarios, and
it is found that the performance of multi-polarized MIMO
systems have robustness to the change of antenna spac-
ing, XPD, antenna tilt and etc. Finally, we summarize the
comparison between the multi-polarized MIMO systems and
uni-polarized MIMO systems in different communication
scenarios to help choosing the suitable MIMO systems in
different communication scenarios.

The remainder of this paper is organized as follows.
Section II analyzes the correlation between multi-polarized
antennas by considering XPI, XPD and antenna tilt.
In Section III, the multi-polarized MIMO systems channel
model is formulated and compared with the existing mea-
surements. Section IV compares the performance of multi-
polarized MIMO systems with the traditional uni-polarized
MIMO systems. We conclude this work with some remarks
in Section V.

II. ANALYSIS OF CORRELATION BETWEEN ANTENNAS
The correlation between antennas (both for transmitting
antennas and receiving antennas) is a very important param-
eter in MIMO communication systems. It is significant to
decrease the correlation between antennas to increase the
MIMO systems capacity by using multi-polarized antennas.
In this section, we analyze the correlation between multi-
polarized antennas, and the correlation is influenced by many
parameters such as XPI, XPD, antenna tilt and etc.

A. CORRELATED TRANSMISSION SCENARIO
A 3-D uni-polarized MIMO systems transmission scenario
of two antennas is shown in Fig. 1(a). The x-S1-y plane is the
horizontal plane. Usually, we regard the ground as a refer-
ence, which means the antennas perpendicular to the ground
are vertically polarized antennas, and the antennas parallel
to the ground are horizontally polarized antennas. The two
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TABLE 1. Comparison of mean AS under different communication environments [21].

antennas Rx1 and Rx2 are perpendicular to the x-S1-y plane,
thus they are vertically polarized antennas. The two antennas
are in the far-field of the signals, therefore, the directions
of the incident waves at the two antennas are parallel and
they only have a transmission distance difference SS1. This
is a typical traditional uni-polarized MIMO systems. The
multipath signals come from arbitrary directions with the
AAoAs αn (n ∈ {1, 2 . . .N }) and EAoAs βn (n ∈ {1, 2 . . .N })
for both antennas. The antenna spacing S1S2 is d, and S1S0
is the projection of S1S on the x-S1-y plane. 6 SS1S0 is the
EAoAs βn, and 6 yS1S0 is the AAoAs αn, then the angle
6 S0 S1 S2 equals to (π/2−αn). Therefore, the angle 6 SS1 S2
is given by

cos6 SS1S2 = cos6 S0S1S2cos6 SS1S0
= cos(π/2− αn)cos(βn). (1)

The transmission distance difference of the antennas
is SS1, and the corresponding time delay difference is
SS1/c=dcos(π/2 − αn)cos(βn)/c. Regarding antenna Rx2 as
a reference antenna, the channel impulse responses at two
antennas can be expressed as

h1 =
N∑
n=1

Anej(φn+2πdcos(
π
2 −αn)cos(βn)/λ) (2)

h2 =
N∑
n=1

Anejφn (3)

where An is the nth path receiving amplitude and φn is the
nth path receiving phase. The total number of the multipath
is N . λ is the carrier wavelength. Therefore, the correlation
between antenna Rx1 and Rx2 is given by

ρ12 = E{h1h2∗}

= E{
N∑
n=1

A2ne
j2πdcos( π2 −αn)cos(βn)/λ}. (4)

As N → ∞, the discrete AAoAs αn and discrete EAoAs
βn can be replaced with continuous random variables α and
β having joint probability density function (pdf) p(α, β) [8].
It is assumed that AAoAs and EAoAs are independent of
each other, then we have p(α, β) = p(α)p(β). The discrete
amplitude An can be also replaced with receiving amplitude

FIGURE 2. Correlation between uni-polarized MIMO antennas versus
antenna spacing.

variable A. (4) can be written as

ρ12 = A2
∫ ∫

ej2πdcos(
π
2 −α)cos(β)/λp(α)p(β)dβdα. (5)

Both AAoAs and EAoAs distributions are determined
by the communication environment (e.g., indoor or out-
door, urban or suburban, macrocell or microcell). There are
many different distributions to characterize the AAoAs and
EAoAs distributions, such as uniform, Gaussian, Laplacian.
Usually, we use the uniform distribution with certain angle
spread (AS) to characterize the AAoAs distribution, which is
defined as

p(α) =
1

21α
, −1α + α0 ≤ α ≤ 1α + α0 (6)

where α0 is the mean AAoAs, 1α =
√
3σA [20], and

σA is the AS. Table 1 has summarized the mean AS under
different communication environments [21]. For the EAoAs
distributions, we use the cosine pdf [22]

p(β) =
π

4βmax
cos(

π

2
β

βmax
), |β| ≤ βmax ≤

π

2
(7)

where βmax lies in the range 20◦ < βmax < 45◦.
We can obtain the correlation between antennas by sub-

stituting (6), (7) to (5), and the correlation curves are shown
in Fig. 2. The amplitude is normalized and the mean AAoAs
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FIGURE 3. Correlation between multi-polarized MIMO antennas at
different XPI.

is set to be 0◦. From Fig. 2 we can see that the correla-
tion is sensitive to the AAoAs distribution while the EAoAs
distribution has a slight effect on the correlation, and the
larger AS results in a lower correlation. The AS dimension
depends on the scattering of the communication environment,
which means the richer scattering makes the AS larger at the
receiver, and the small AS represents the insufficient scat-
tering. Hence, the traditional uni-polarized MIMO systems
need a rich scattering or large antenna spacing to decrease
the correlation to achieve significant MIMO gain.

B. CORRELATION ANALYSIS OF MULTI-POLARIZED
MIMO ANTENNAS
A 3-D multi-polarized MIMO systems transmission scenario
of two antennas is shown in Fig. 1(b). The transmission
scenario in Fig. 1(b) is the same as Fig. 1(a), and the only
difference is the antenna Rx2. Rx2 parallels to the horizontal
plane, therefore, Rx2 is a horizontally polarized antenna.
They compose dual-polarized (or cross-polarized) antennas,
which is a typical multi-polarized MIMO system. Theoreti-
cally, the correlation between two cross-polarized antennas
should be 0, but such is not the case in practice due to three
main mechanisms [23]. The first is that the antenna has a
finite XPI, which means the antenna can more or less receive
the cross-polarization component as well. The second is the
tilt of antennas, which can take place at both ends of the
link. Finally, the most important mechanism is the channel
depolarization, and it can be described by the channel XPD.
Hence, we take all the three mechanisms into account to
analyze the correlation between multi-polarized antennas.

Usually, an antenna is designed to receive a signal hav-
ing a certain polarization, and it is completely isolated to
the cross-polarization component (i.e., the vertically polar-
ized antennas have zero gain to the horizontally polarized
direction signal and vice versa) [6]. But the antennas can
more or less receive the cross-polarization component on the
basis of the antenna theory. A commonly used method for

describing this antenna performance is to define the cross-
polar isolation (XPI), which is the ratio of the co-polarization
receive gain to the cross-polarization receive gain

XPI =
GVV
GVH

=
GHH
GHV

(8)

where GVV and GHH are co-polarization receive gain, which
should be 1 for both antennas, and GVH and GHV are cross-
polarization receive gain. We assume that the antenna receive
gain is identical to every multipath. The antenna XPI is influ-
enced by the antenna design regardless of the communication
environment, and it is the performance of the antenna itself.
Then the channel impulse responses at two multi-polarized
antennas including antenna XPI can be expressed as

hXPIV1 =

N∑
n=1

(GVVAV ,n + GVHAH ,n)

× ej(φn+2πdcos(
π
2 −αn)cos(βn)/λ) (9)

hXPIH2 =

N∑
n=1

(GHHAH ,n + GHVAV ,n)ejφn (10)

where AV ,n is the nth path vertically polarized receiving
amplitude and AH ,n is the nth path horizontally polarized
receiving amplitude. For Rx1(V), it can receive the vertically
polarized signals andmore or less can receive the horizontally
polarized signals due to the finite XPI. Therefore, the nth path
receiving amplitude for Rx1(V) is (GVVAV ,n+GVHAH ,n), and
the nth path receiving amplitude for Rx2(H) is (GHHAH ,n +
GHVAV ,n). Therefore, the correlation between Rx1(V) and
Rx2(H) is expressed as

ρXPIVH = E{hXPIV1
∗hXPIH2 }

= (GVVAV + GVHAH )(GHHAH + GHVAV )

×

∫ ∫
ej2πdcos(

π
2 −α)cos(β)/λp(α)p(β)dβdα (11)

where AV is the vertically polarized receiving amplitude and
AH is the horizontally polarized receiving amplitude.
Fig. 3 shows the correlation curves at different XPI values.

The AS is set to be a typical value 5◦, βmax = 40◦ and
the arriving signals are assumed to be vertically polarized.
XPI indicates the ability to isolate the cross-polarized signal
of antennas, and the higher XPI means less cross-polarized
receive power. Therefore, the correlation declines as the XPI
increases because of the improvement of isolation ability.
When XPI = 0 dB, the antennas can receive all the cross-
polarized signal and it reduces to the traditional uni-polarized
MIMO systems. When XPI goes to infinite, the correlation
will be 0 because of the complete isolation of the cross-
polarized signal, and they become two completely uncorre-
lated antennas. We can see that the multi-polarized antennas
obtain a low correlation at the cost of power loss.

In real wireless communication channels, the reflections,
diffractions, and scattering of signals in the wireless channel
may result in channel depolarization, and the polarization
orientation may change after passing through the wireless
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channel. A commonly used method for describing channel
depolarization is to define the cross-polarization discrimina-
tion (XPD) [24]

XPDV =
E{|hVV |2}
E{|hHV |2}

=
1− aV
aV

, aV =
1

XPDV + 1
(12)

XPDH =
E{|hHH |2}
E{|hVH |2}

=
1− aH
aH

, aH =
1

XPDH + 1
(13)

where hXY (X ,Y ∈ V ,H ) is the component in theXY channel,
and E{} represents the expectation operator. aX (0 < aX ≤ 1)
is defined for the convenience of modeling and computing,
which is directly related to the XPDX for the channel and
corresponds to the part of the radiated power that is cou-
pled from V to H and vice versa [6]. When there is no
leakage from the X polarized component to the Y polarized
component, aX is equal to 0, otherwise, there is leakage
between the polarizations when 0 < aX ≤ 1. Jian et al. [24]
pointed out that the received power in the vertical-to-vertical
channel is normally higher than that in the horizontal-to-
horizontal channel, and polarization selectivity favors vertical
polarization, which means E{|hVV |2} > E{|hHH |2}. Another
parameter is the co-polar ratio (CPR) to describe the imbal-
ance between vertical-to-vertical channel and horizontal-to-
horizontal channel, which is defined as

CPR =
E{|hVV |2}
E{|hHH |2}

=
1− aV
1− aH

. (14)

Then the channel impulse responses at two antennas
including antenna XPI and channel XPD can be expressed
as

hXPI ,XPDV1 =

N∑
n=1

(GVV [AV ,n(1− aV )+ AH ,naH ]

+GVH [AH ,n(1− aH )+ AV ,naV ])

× ej(φn+2πdcos(
π
2 −αn)cos(βn)/λ) (15)

hXPI ,XPDH2 =

N∑
n=1

(GHH [AH ,n(1− aH )+ AV ,naV ]

+GHV [AV ,n(1− aV )+ AH ,naH ])× ejφn . (16)

AX ,n(1 − aX ) is the nth path signal maintain in the co-
polarization and AX ,naX is the nth path signal leakage to the
cross-polarization at the antennas [25]. Then the correlation
between Rx1(V) and Rx2(H) is expressed as

ρ
XPI ,XPD
VH = E{hXPI ,XPDV1

∗hXPI ,XPDH2 }

= (GVV [AV (1− aV )+ AHaH ]

+GVH [AH (1− aH )+ AV aV ])

× (GHH [AH (1− aH )+ AV aV ]

+GHV [AV (1− aV )+ AHaH ])

×

∫ ∫
ej2πdcos(

π
2 −α)cos(β)/λp(α)p(β)dβdα.

(17)

FIGURE 4. Correlation between multi-polarized MIMO antennas vs. XPD.

FIGURE 5. Antenna tilt.

Fig. 4 shows the correlation between multi-polarized
MIMO antennas vs. XPD (CPR=0 dB), and the antenna spac-
ing equals to λ/2. The correlation reaches themaximumvalue
when XPD=0 dB. This is because half of the signals leakage
to the cross-polarizationwhenXPD=0 dB, and this makes the
strongest correlation between two cross-polarized antennas.
As the XPD increases or decreases, the correlation declines
because more signals will maintain in the co-polarized chan-
nel or leakage to the cross-polarized channel to weaken the
correlation. Unlike the XPI, XPD is used to describe the
wireless channels and is determined by the communication
environment regardless of the antennas.

The antenna tilt is another factor that can influence the
correlation and power imbalance. In fixed-to-mobile commu-
nications systems, the antenna tilt takes place in the mobile
terminals, and in mobile-to-mobile communication systems,
it happens in both transmitting and receiving terminals.
Fig. 5 shows the transmission scenario with antenna tilt, and
here we use the co-located cross-polarized antennas. There is
an angle of tilt θ (0◦ ≤ θ ≤ 90◦) between the Rx1(V) and
the vertical direction. As θ increases, the vertically polarized
antenna becomes the horizontally polarized antenna, and the
horizontally polarized antenna becomes the vertically polar-
ized antenna.When θ = 90◦, they are completely exchanged.
Hence, it is a symmetrical process and the receiving ampli-
tude can be decomposed to the two cross-polarized antennas.
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The channel impulse responses can be expressed as

hXPI ,XPD,TiltV1 =

N∑
n=1

(GVV {[AV ,n(1− aV )+ AH ,naH ]cos(θ )

+ [AH ,n(1− aH )+ AV ,naV ]sin(θ )}

+GVH {[AH ,n(1− aH )+ AV ,naV ]cos(θ )

+ [AV ,n(1− aV )+ AH ,naH ]sin(θ )})

× ej(φn+2πdcos(αn)cos(βn)/λ) (18)

hXPI ,XPD,TiltH1 =

N∑
n=1

(GHH {[AH ,n(1− aH )+ AV ,naV ]cos(θ )

+ [AV ,n(1− aV )+ AH ,naH ]sin(θ )}

+GHV {[AV ,n(1− aV )+ AH ,naH ]cos(θ )

+ [AH ,n(1− aH )+ AV ,naV ]sin(θ )})× ejφn .

(19)

The correlation between Rx1(V) and Rx2(H) including
XPI,XPD and antennas tilt can be expressed as

ρ
XPI ,XPD,Tilt
VH = E{hXPI ,XPD,TiltV1

∗hXPI ,XPD,TiltH2 }

= (GVV {[AV (1− aV )+ AHaH ]cos(θ )

+ [AH (1− aH )+ AV aV ]sin(θ )}

+GVH {[AH (1− aH )+ AV aV ]cos(θ )

+ [AV (1− aV )+ AHaH ]sin(θ )})

× (GHH {[AH (1− aH )+ AV aV ]cos(θ )

+ [AV (1− aV )+ AHaH ]sin(θ )}

+GHV {[AV (1− aV )+ AHaH ]cos(θ )

+ [AH (1− aH )+ AV aV ]sin(θ )})

×

∫ ∫
ej2πdcos(

π
2 −α)cos(β)/λp(α)p(β)dβdα.

(22)

Fig. 6 shows the correlation between multi-polarized
MIMO antennas vs. θ . Also, the antenna spacing is set to
be λ/2 and XPI equals to 10 dB. The correlation reaches the
maximum value when θ = 45◦ at different XPD values, and
the correlation is symmetrical about θ = 45◦ because the
antenna tilt process is symmetrical about 45◦.

FIGURE 6. Correlation between multi-polarized MIMO antennas vs. θ .

III. CHANNEL MODELING AND VALIDATION FOR
MULTI-POLARIZED MIMO SYSTEMS
In this section, we model the multi-polarized MIMO systems
channel as a Ricean fading channel including XPI, XPD and
antenna tilt. Then we compare our model with the exist-
ing measurements for validation, and it shows the proposed
model is well in agreement with the measurements.

A. CHANNEL MODELING
Multi-polarized MIMO systems channel can be modeled as
a Ricean fading channel, which means the channel matrix
is composed of a fixed (LoS) part and a random or scatter-
ing (NLoS) part according to [12]

H =

√
K

K + 1
H̄+

√
1

K + 1
H̃ (23)

where K is the Ricean K -factor, and it is defined as the
power ratio of the LoS component to the NLoS component.
H̄ is a deterministic matrix representing the LoS part while
H̃ is a random matrix representing the NLoS part. When
K → ∞, only the LoS component is considered, and the
channel matrix is determined by the LoS component. When
K = 0, there is only a scattering component and it becomes
a Rayleigh fading channel [6]. Otherwise, the Ricean fading
channel has both LoS and NLOS scattering components,
which can well describe the transmission channel in reality.

H̃ =
{[

GVV GVV
GHH GHH

]
�

([
cos(θ ) sin(θ )
sin(θ ) cos(θ )

] [
1− αV αH
αV 1− αH

])
+

[
GVH GVH
GHV GHV

]
�

([
cos(θ ) sin(θ )
sin(θ ) cos(θ )

] [
αV 1− αH

1− αV αH

])}
�

([
1 ρr
ρ∗r 1

]
Hi.i.d.

[
1 ρt
ρ∗t 1

])
(20)

H̄ =
[
GVV GVH
GHV GHH

] [
cos(θ ) sin(θ )
sin(θ ) cos(θ )

]
� H̄d (21)
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In addition, the correlated channel model can be modeled as
Kronecker model [21]

H̃c = (R1/2
r Hi.i.d.R

1/2
t )

Rr =

[
1 ρr
ρ∗r 1

]
, Rt =

[
1 ρt
ρ∗t 1

]
(24)

where Hi.i.d. is a matrix of independent and identically dis-
tributed (i.i.d.) zero mean complex-valued Gaussian random
variables to describe the uncorrelated channel with power
balance. Rr and Rt are receiving and transmitting antennas
correlation matrices. ρr and ρt are receiving and transmitting
antennas correlation, which are obtained from (22). In addi-
tion, the power imbalance has to be considered in the multi-
polarized MIMO systems. The power imbalance caused by
the polarization mismatch (XPD, antenna tilt) and the finite
XPI, and it can be described by polarization matrix

H̃p = G̃|| � (T̃H̃||)+ G̃|− � (T̃H̃|−)

G̃|| =
[
GVV GVV
GHH GHH

]
, G̃|− =

[
GVH GVH
GHV GHV

]
H̃|| =

[
1− αV αH
αV 1− αH

]
, H̃|− =

[
αV 1− αH

1− αV αH

]
T̃ =

[
cos(θ ) sin(θ )
sin(θ ) cos(θ )

]
(25)

where G̃|| is the co-polarization receive gain matrix, and
G̃|− is the cross-polarization receive gain matrix. H̃|| is the
co-polarization XPD matrix to describe the signals main-
tain in the co-polarized channel, and H̃|− is the cross-
polarization XPDmatrix to describe the signals leakage to the
cross-polarized channel. T̃ is the antenna tilt matrix. Hence,
the Rayleigh matrix (or channel) including correlation and
power imbalance is

H̃ = H̃p � H̃c (26)

and it is shown in (20), as shown at the bottom of the previous
page, where � is the corresponding elements multiplication.
Then the fixed (deterministic) matrix is shown in (21), as
shown at the bottom of the previous page, where the elements
of H̄d have unit power.

B. VALIDATION OF THE MODEL
The whole channel can be obtained by substituting (20) (21)
to (23), and the generalized MIMO systems capacity formula
is expressed as [26]

C = log2[det(I+
γ

Nt
HHT)]bps/Hz (27)

where I is the identity matrix, and H denotes the channel
matrix,HT is its conjugate transpose. γ is the average receive
signal-to-noise ratio (SNR), and Nt is the number of the
transmitting antennas.

Soma et al. presented outdoor 2× 2 MIMO fixed wireless
propagation measurements at 2.48 GHz conducted in the
suburban residential areas of San Jose, California [27]. The
measurements included path loss, Ricean K-factor, XPD and

FIGURE 7. Comparison of multi-polarized MIMO systems capacity and
measurements at 2.48 GHz.

capacity. Both the transmitting antennas and the receiving
antennas are dual-polarized antennas, and we compare our
model with themeasurements for validation. All themeasure-
ments in [27] are expressed as a set of equations by fitting
the measured data with least mean square error (LMSE)
regression curves and given by

Km = 5.53− 2.93log10(D/D0) (28)

XPDm = 3.7− 2.93log10(D/D0) (29)

Cm = 8.27− 0.26log10(D/D0) (30)

where D is the distance between transmitting antennas and
receiving antenna, and D0 corresponds to a reference dis-
tance in the far-field of the antenna, which is typically set to
be 1 km. We substitute the XPD and K-value with the mea-
surements XPDm and Km in our model, then we can obtain
the correlation and capacity as a function of the distance
between transmitting antennas and receiving antennasD, and
we compare the capacity of our model with the measured
capacity Cm.
We set the simulation parameters according to themeasure-

ment environment in [27] strictly. The two transmitting anten-
nas were separated by 10 wavelengths and at the receiver
side, two co-located receiving antennas were used. Therefore,
the antenna spacing is set to be 10λ at the transmitter and 0
at the receiver. The XPI and antenna tilt were not considered
in [27], hence, θ equals to 0◦ and XPI is set to be a typical
value 10 dB. Since the measurements were conducted in
outdoor suburban residential areas, the AS is chosen to be
a mean value 10◦ according to the table 1. The SNR is a fixed
value of 15 dB in the measurements, and we set the SNR
to be 15 dB in the simulation. Fig. 7 shows the comparison
of the capacity in our model with the measurements. The
simulations and measurements are well in agreement and the
simulations have slightly lower capacity, which is most likely
due to the pessimistic complex envelope correlation [19].
And the measurements in [27] have considered the path loss,
which we did not take into account in our model. Hence,
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TABLE 2. Comparison between the multi-polarized MIMO systems and uni-polarized MIMO systems in different communication scenarios.

FIGURE 8. Comparison of capacity between multi-polarized MIMO
systems and uni-polarized MIMO systems (d=λ/2, XPI=10 dB,
XPD=10 dB, θ=0◦, K=8 dB).

we improve our SNR a little to 16.2 dB, and from Fig. 7 we
can see that the proposed model capacity perfectly matches
the measurements when SNR=16.2 dB.

IV. COMPARISON AND ANALYSIS
According to the reported measurements in [27], Ricean
K-factor can be equaled to a mean value 8 dB and θ=0◦

when considering other parameters. d=λ/2 and XPI is a
typical value 10 dB. XPD is set to be 10 dB to observe
the effect of other parameters on the systems performance.
SNR is 15 dB and AS is set according to table 1. When
considering one parameter of all, the other parameters are
fixed. The number of antennas at both ends for two cases is
two (2×2 MIMO). For uni-polarized MIMO systems, they
are vertically polarized antennas, and for the proposed multi-
polarized MIMO systems, they are cross-polarized antennas
structure. Fig. 8 is the comparison of capacity between multi-
polarized MIMO systems and uni-polarized MIMO systems,
and from which we can see that the uni-polarized MIMO
systems capacity is sensitive to the AS while the perfor-
mance of multi-polarized MIMO systems is unaffected by
AS. For uni-polarized MIMO systems, the larger AS makes
the lower correlation between antennas, hence resulting in
a higher capacity. Therefore, the uni-polarized MIMO sys-
tems need rich scattering in the communication environment
to reduce the correlation and obtain the high capacity. The
AS almost has no effect on the multi-polarized MIMO sys-
tems because the correlation between multi-polarized anten-
nas is already extremely low, and the AS has no influence

on it (actually, there are also three curves of multi-polarized
MIMO systems with different AS, but they are overlapped).
For a multi-polarized MIMO system, it does not need rich
scattering because the correlation is already low, and its
performance is robust to the communication environment.
Although the multi-polarized MIMO system has low cor-
relation, it also has the power loss because of the polar-
ization mismatch. Fig. 8 shows the multi-polarized MIMO
systems do not always outperform uni-polarized MIMO sys-
tems. In the high SNR region, the multi-polarized MIMO
systems are more effective because of the reduction in
the correlation between antennas. While in the low SNR
region, the reduction in the correlation of the multi-polarized
MIMO systems is not enough to compensate for the power
loss in the co-polarized component [7]. Hence, the multi-
polarized MIMO systems have lower capacity when SNR is
low.

AS is set to be a small value of 5◦ to make the correlation
strong to show the effect of antenna spacing and XPI on
the systems performance in Fig. 9 (a) and (b). The uni-
polarized MIMO systems capacity increases as the antenna
spacing increases as shown in Fig. 9 (a), because the corre-
lation decreases as the antenna spacing increases. In com-
parison, the multi-polarized MIMO systems capacity has a
slight change, because the antenna spacing has a slight effect
on the correlation between multi-polarized antennas and the
correlation is already very low even when the two antennas
are co-located. Therefore, the multi-polarized antennas can
realize compact structure and the space efficiency especially
in the user terminals. Fig. 9 (b) shows how the capacity is
influenced by the XPI.When the XPI=0 dB, the antennas can
receive all the cross-polarized power, and the multi-polarized
MIMO systems reduce to the uni-polarized MIMO systems.
The multi-polarized MIMO systems capacity increases as
the XPI increases because the correlation decreases as the
XPI increases, therefore, it is significant to improve the XPI
during the antenna’s design.

Ricean K-factor is set to be 0 dB to enhance the scatter-
ing component to show the effect of XPD on the systems
performance in Fig. 9 (c), and AS is set to be a big value
20◦ to weaken the correlation effect to show the effect of
XPD and antenna tilt on the systems performance in Fig. 9
(c) and (d). Fig. 9(c) shows the capacity changes as the XPD
varies. From which we can see the capacity of uni-polarized
MIMO systems decreases drastically as the XPD decreases.
This is because the uni-polarized MIMO systems will lose
most of the power due to the polarization mismatch at
low XPD. And multi-polarized MIMO systems always have
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FIGURE 9. (a) Capacity of multi-polarized MIMO systems and uni-polarized MIMO systems vs. antenna spacing (XPI=10 dB, XPD=10 dB, θ=0◦,
K=8 dB, AS=5◦). (b) Capacity of multi-polarized MIMO systems and uni-polarized MIMO systems vs. XPI (SNR=15 dB, d=λ/2, XPD=10 dB, θ=0◦,
K=8 dB, AS=5◦). (c) Capacity of multi-polarized MIMO systems and uni-polarized MIMO systems vs. XPD (d=λ/2, XPI=10 dB, θ=0◦, K=0 dB,
AS=20◦). (d) Capacity of multi-polarized MIMO systems and uni-polarized MIMO systems vs. antenna tilt (d=λ/2, XPI=10 dB, XPD=10 dB,
K=8 dB, AS=20◦).

cross-polarized antenna to receive the cross-polarized signal,
therefore, the XPD has a slight effect on the multi-polarized
MIMO systems and it achieves better performance in such
situations. We change the antenna tilt at one end in Fig. 9 (d),
and the capacity is symmetrical about tilt angle equals to 45◦

because the antenna tilt process is symmetrical about 45◦

for the multi-polarized MIMO systems. While the capacity
of uni-polarized MIMO systems decreases drastically as the
tilt increases because the uni-polarized MIMO systems will
lose most of the power due to the polarization mismatch
when the antenna tilt angle is large. The worst case for uni-
polarized MIMO systems is when the tilt angle becomes 90◦,
it becomes cross-polarization reception resulting in the most
power loss scenario.

The multi-polarized antennas have been implemented
in MIMO systems to reduce the antenna correlation

and realize the space efficiency, but it also causes the
power loss and imbalance between antennas. Therefore,
the multi-polarizedMIMO systems do not always outperform
uni-polarized MIMO systems. Table 2 summarizes the com-
parison between the multi-polarized MIMO systems and
uni-polarized MIMO systems in different communication
scenarios.

√
means we can choose this kind of MIMO

systems in this communication scenario. The performance
of multi-polarized MIMO systems have robustness to the
communication scenarios including antenna spacing, scat-
tering condition, XPD and antenna tilt. But if the SNR is
low, the multi-polarized MIMO systems can not be used
because of the severe power loss. Finally, if the space effi-
ciency and the miniaturization of equipments are of primary
concern, the multi-polarized antennas would be the best
choice.
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V. CONCLUSION
In this paper, a geometrical model for multi-polarized MIMO
systems including antenna XPI, channel XPD, antenna tilt
parameters is proposed. The correlation between multi-
polarized antennas is analyzed. Multi-polarized MIMO sys-
tems obtain a low correlation at the cost of power loss, and it is
found that the correlation is not sensitive to the scattering con-
dition. The multi-polarized MIMO systems is modeled as a
Ricean fading channel, and it is shown that the XPI, XPD and
antenna tilt have effect on the correlation and capacity simul-
taneously. The comparison between the proposed model and
the existing measurements shows that the proposed model is
well in agreement with the measurements. The comparison
between the multi-polarized MIMO systems with the tradi-
tional uni-polarized MIMO systems shows that the perfor-
mance of multi-polarized MIMO systems have robustness
to the communication environment and the multi-polarized
MIMO systems outperform the uni-polarizedMIMO systems
in many communication scenarios. Finally, as the number of
antennas in MIMO systems increases to a large number in
massive MIMO systems in the future 5th generation (5G)
cellular networks, the multi-polarized antennas would be the
best choice to realize the space efficiency and the miniatur-
ization of equipments.
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