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Abstract—We investigate in this paper the use of dual po-
larized antennas in Multiple Input Multiple Output (MIMO)
systems[1][2]. Among the existing channel models for MIMO
systems, we perform the geometric NLOS (Non Line of Sight)
propagation channel model. Our analysis evaluates the gain
in capacity of a MIMO system with two transmit antennas
and two receive antennas when comparing the capacity of
the dual polarized MIMO system to the capacity of MIMO
system with single polarized antennas. The effect of the antenna
depolarization as well as the spatial correlation of antennas are
considered when evaluating the capacity gain.

I. INTRODUCTION

Antenna polarization has been proposed as an attractive
strategy for MIMO systems. Advanced polarization techniques
such as dual antennas polarization have been shown to improve
the channel spectral efficiency of multiple antennas systems
when comparing to the classical MIMO systems. Rigorous
channel modeling for MIMO systems should be considered
for propagation channel with rich scatterers where mismatch
in antenna polarization could occur. The presence of scatterers
results in the angular spreading phenomena which impacts the
spatial correlation of antennas. In this paper, we investigate the
use of dual polarized MIMO systems over NLOS propagation
with polarization discrimination and spatial correlation effects.
The remainder of this paper proceeds as follows. Section
II presents the geometric channel model for the performed

MIMO system with polarized antennas. Section III is at-
tempted to address the problem of antenna depolarization in
rich scattering environment. Channel modeling involving the
depolarization effect is then introduced. Section IV is devoted
to evaluate the spatial correlation between antennas over the
wide band channel propagation. Besides spatial correlation is
derived, section V provides the simulation results of the spatial
correlation for both the single and the dual polarized MIMO
systems. The gain in capacity that could be achieved via dual
polarization strategy is evaluated as a function of the spatial
correlation and the cross polarization discrimination. Finally,
we present our concluding remarks in section VI

II. COMMUNICATION SYSTEM MODEL

The communication system model is presented in Fig.1.
The performed model falls into the class of the Geometric-
Based Stochastic Channel Models (GSCMs). Two antennas
are implemented at both the transmit side and the receive side
of the communication link. Transmit antennas are denoted by
𝐴

(1)
Tx and 𝐴

(2)
Tx . The receive antennas are denoted by 𝐴

(1)
Rx

and 𝐴
(2)
Rx. We assume that scatterers are distributed in the

propagation environment. Clusters of scatterers are considered
around both the transmitter and the receiver. Clusters of index
ℓ; ℓ = 1, . . . , 𝐿 around the transmitter and the receiver are
respectively denoted by 𝐶

(ℓ)
Tx and 𝐶

(ℓ)
Rx where 𝐿 denotes the

number of clusters.



𝐶
(ℓ)
Tx contains 𝑀 scatterers 𝑆

(ℓ,𝑚)
Tx ; 𝑚 = 1, . . . ,𝑀 and 𝑁

scatterers 𝑆(ℓ,𝑛)
Rx ; 𝑛 = 1, . . . , 𝑁 are assumed to be within the

cluster 𝐶(ℓ)
Rx . In the following, we only consider one cluster of

scatterers at each end of the communication link. The index ℓ
will be omitted.

Fig. 1. MIMO channel model

We take for notations:
∙ RTx: Transmit cluster radius
∙ DTx: Distance between the reference transmit antenna

and the transmit cluster center
∙ 𝑑Tx: Transmit antennas spacing
∙ 𝑑Rx: Receive antennas spacing
∙ DTx↔Rx: Distance between the transmitter and the re-

ceiver
∙ RRx: Cluster radius at the receiver
∙ DRx: Distance between the reference antenna 𝐴

(1)
Rx and

the center of the cluster at the receiver.
∙ �⃗�Tx: Velocity of the transmitter.
∙ �⃗�Rx: Velocity of the receiver.
∙ The transmitter and the receiver have motions above the

plan (𝑥, 𝑦) with relative directions 𝛼Tx and 𝛼Rx.

III. ANTENNA DEPOLARIZATION

The polarization of the electric field is defined by its
direction and its magnitude. In rich scattering environment,
the electric field components are reflected. In matrix notations,
the reflected electric field represented by 𝐸r is expressed as
the product of the scattering matrix S and the radiation pattern
𝐸𝑖 as given by equation (1).

𝐸r = S× Ei (1)

where:

𝐸𝑖 =

[
𝐸𝑖,𝜃

𝐸𝑖,𝜙

]
(2)

𝐸𝑖 is expressed as a function of the azimuth and the ele-
vation amplitudes of polarization vectors in both the elevation
and the azimuth directions 𝜃 and 𝜙. The azimuth and the
elevation amplitudes are respectively denoted by 𝐸𝑖,𝜃 and
𝐸𝑖,𝜙.

∙ The matrix notation for the reflected electric field is
expressed as:

𝐸r =

[
𝐸𝑟,𝜃

𝐸𝑟,𝜙

]
(3)

𝐸𝑟,𝜃 and 𝐸𝑟,𝜙 are respectively the reflected elevation and
azimuth components of the incident electric field 𝐸i .

∙ S is the scattering matrix given by:

S =

[
𝜐𝜃𝜃 𝜐𝜃𝜙
𝜐𝜙𝜃 𝜐𝜙𝜙

]
(4)

where:

– 𝜐𝜃𝜃 is the co-polarization gain of the elevation trans-
mission.

– 𝜐𝜙𝜙 is the co-polarization gain of the azimuth trans-
mission.

– 𝜐𝜃𝜙 is the depolarization gain of the elevation polar-
ization relative to the azimuth polarization.

– 𝜐𝜙𝜃 is the depolarization gain of the azimuth polar-
ization relative to the elevation polarization.

Scattering phenomena results in the depolarization effect
which could be evaluated by the cross polarization dis-
crimination (XPD)[3][4][5].
We distinguish the cross polarization discrimination for
the elevation transmission and cross polarization discrim-
ination for the azimuth transmission which are respec-
tively given by equation (5) and equation (6).

𝑋𝑃𝐷𝜃 =
E∣𝜐𝜃𝜃∣2
E∣𝜐𝜙𝜃∣2 (5)

𝑋𝑃𝐷𝜙 =
E∣𝜐𝜙𝜙∣2
E∣𝜐𝜃𝜙∣2 (6)

In the following we denote:

𝜒𝜃 =
1

𝑋𝑃𝐷𝜃

and

𝜒𝜙 =
1

𝑋𝑃𝐷𝜙

The scattering matrix relative to the 𝑚𝑡ℎ scatterer at the
the transmit side and the 𝑛𝑡ℎ scatterer at the receive side
when considering the depolarization effect is denoted by
S
(𝑚,𝑛)
Tx,Rx and is expressed as:

S
(𝑚,𝑛)
Tx,Rx =

⎡
⎢⎢⎢⎣

√
1

1+𝜒
(𝑚,𝑛)

𝜃

𝑒𝑗𝜀
(𝑚,𝑛)

𝜃𝜃

√
𝜒
(𝑚,𝑛)

𝜙

1+𝜒
(𝑚,𝑛)

𝜙

𝑒𝑗𝜀
(𝑚,𝑛)

𝜃𝜙√
𝜒
(𝑚,𝑛)

𝜃

1+𝜒
(𝑚,𝑛)

𝜃

𝑒𝑗𝜀
(𝑚,𝑛)

𝜙𝜃

√
1

1+𝜒
(𝑚,𝑛)

𝜙

𝑒𝑗𝜀
(𝑚,𝑛)

𝜙𝜙

⎤
⎥⎥⎥⎦

where:
𝜀
(𝑚,𝑛)
𝜃𝜃 , 𝜀(𝑚,𝑛)

𝜃𝜙 , 𝜀(𝑚,𝑛)
𝜙𝜃 and 𝜀

(𝑚,𝑛)
𝜙𝜙 are the phase offsets.

We finally express the wide band GSCM channel coeffi-
cients ℎ𝑁𝐿𝑂𝑆

𝑞𝑝 ; 𝑞 ∈ {1, . . . , 𝑁𝑅} , 𝑝 ∈ {1, . . . , 𝑁𝑇 } in
terms of time and frequency [7] by equation (7).
The number of receive antennas and the number of
transmit antennas are respectively denoted by 𝑁𝑅 and
𝑁𝑇 .



In this paper, the number of antennas at both the ends of
the communication link are set to 2.

ℎ𝑁𝐿𝑂𝑆
𝑞𝑝 (𝑡, 𝑓) = lim

𝑀,𝑁→∞

√
𝑃𝐷𝑃

𝑀𝑁

𝑀∑
𝑚=1

𝑁∑
𝑛=1

𝑎(𝑝)𝑚 𝑏(𝑞)𝑛

× exp
{
𝑗
(
2𝜋(𝑓

(𝑚)
Tx +𝑓

(𝑛)
Rx )𝑡+𝜑𝑚,𝑛+𝜑0

)}
×
[

𝐺𝑞,𝜃

𝐺𝑞,𝜙

]𝑇
S
(𝑚,𝑛)
Tx,Rx

[
𝐺𝑝,𝜃

𝐺𝑝,𝜙

]
(7)

– 𝑃𝐷𝑃 denotes the power delay profile.
– 𝑎

(𝑝)
𝑚 is the transmitting steering vector expressed as:

𝑎(𝑝)𝑚 = exp{𝑗2𝜋(𝑝− 1)(𝑑Tx/𝜆)[cos(𝜃
(𝑚)
Tx ) cos(𝛽Tx)

+ sin(𝜃
(𝑚)
Tx ) sin(𝛽Tx) cos(𝜙

(𝑚)
Tx − 𝛾Tx)]}

– 𝑏
(𝑞)
𝑛 is the receiving steering vector expressed as:

𝑏(𝑞)𝑛 = exp{𝑗2𝜋(𝑞 − 1)(𝑑Rx/𝜆)[cos(𝜃
(𝑛)
Rx ) cos(𝛽Rx)

+ sin(𝜃
(𝑛)
Rx ) sin(𝛽Rx) cos(𝜙

(𝑛)
Rx − 𝛾Rx)]}

– The frequency for the transmitter relative to scatterer
of index 𝑚 is:

𝑓
(𝑚)
Tx = (∣�⃗�Tx∣/𝜆) sin(𝜃(𝑚)

Tx ) cos(𝜙
(𝑚)
Tx − 𝛼Tx)

𝜆 denotes the wavelength.
– The frequency for the transmitter relative to scatterer

of index 𝑚 is:

𝑓
(𝑛)
Rx = (∣�⃗�Rx∣/𝜆) sin(𝜃(𝑛)Rx ) cos(𝜙

(𝑛)
Rx − 𝛼Rx)

– The dephasing terms 𝜑0 and 𝜑𝑚,𝑛 are given by:
-𝜑0 = −2𝜋(DTx +DTx↔Rx +DRx)/𝜆
-𝜑𝑚,𝑛 ∼ 𝑈 [−𝜋, 𝜋]

– 𝐺𝑞,𝜃(𝜃
(𝑛)
Rx , 𝜙

(𝑛)
Rx ;𝛽Rx, 𝛾Rx) is the gain of the elevation

component for antenna 𝑞 with associated oriented di-
rection (𝛽Rx, 𝛾Rx) and a wave propagation direction
(𝜃

(𝑛)
Rx , 𝜙

(𝑛)
Rx ).

– 𝐺𝑞,𝜙(𝜃
(𝑛)
Rx , 𝜙

(𝑛)
Rx ;𝛽Rx, 𝛾Rx) is the gain of the azimuth

component for antenna 𝑞 with associated oriented di-
rection (𝛽Rx, 𝛾Rx) and a wave propagation direction
(𝜃

(𝑛)
Rx , 𝜙

(𝑛)
Rx ).

– 𝐺𝑝,𝜃(𝜃
(𝑚)
Tx , 𝜙

(𝑚)
Tx ;𝛽Tx, 𝛾Tx) is the gain of the el-

evation component for antenna 𝑝 with associated
oriented direction (𝛽Tx, 𝛾Tx) and a wave propagation
direction (𝜃

(𝑚)
Tx , 𝜙

(𝑚)
Tx ).

– 𝐺𝑝,𝜙(𝜃
(𝑚)
Tx , 𝜙

(𝑚)
Tx ;𝛽Tx, 𝛾Tx) is the gain of the az-

imuth component for antenna 𝑝 with associated ori-
ented direction (𝛽Tx, 𝛾Tx) and a wave propagation
direction (𝜃

(𝑚)
Tx , 𝜙

(𝑚)
Tx ).

IV. CHANNEL CORRELATION

We evaluate in this section the correlation coefficients
when considering the channel coefficients ℎ𝑁𝐿𝑂𝑆

𝑞𝑝 (𝑡, 𝜏)
and ℎ𝑁𝐿𝑂𝑆

𝑞𝑝 (𝑡, 𝜏). The correlation coefficient 𝑅𝑞𝑝,𝑞𝑝 is
given by:

𝑅𝑞𝑝,𝑞𝑝(𝜉, 𝜏 − 𝜏 ′) = E[hqp(t , 𝜏)h
∗
q̃ p̃(t − 𝜉, 𝜏 ′)] (8)

where:

– E(⋅) is the expectation operator.
– (⋅)∗ is the conjugate operator.

We assume that:
𝜒𝜃 = 𝜒𝜙 = 𝜒 (9)

The correlation coefficients 𝑅𝑞𝑝,𝑞𝑝(𝜉) are obtained as a
function of the product of three terms listed as follows:

1) Transmit spatial correlation: 𝑅⋅𝑝,⋅𝑝(𝜉)

𝑅⋅𝑝,⋅𝑝(𝜉) =
∫∫ [

𝐺𝑝,𝜃 ⋅𝐺𝑝,𝜃

𝐺𝑝,𝜙 ⋅𝐺𝑝,𝜙

]
× . . .

× exp {𝑗2𝜋(𝑝− 𝑝)𝑑Tx sin 𝜃Tx cos𝜙Tx/𝜆}
× exp {−𝑗2𝜋𝑓Tx𝜉 sin 𝜃Tx cos(𝜙Tx − 𝛾Tx)}
×𝑝 (𝛾Tx) 𝑝 (ΩTx) 𝑑𝛾Tx𝑑ΩTx (10)

2) Receive spatial correlation: 𝑅𝑞⋅,𝑞⋅(𝜉)

𝑅⋅𝑞,⋅𝑞(𝜉) =
∫∫ [

𝐺𝑞,𝜃 ⋅𝐺𝑞,𝜃

𝐺𝑞,𝜙 ⋅𝐺𝑞,𝜙

]
× . . .

× exp {𝑗2𝜋(𝑞 − 𝑞)𝑑Rx sin 𝜃Rx cos𝜙Rx/𝜆}
× exp {−𝑗2𝜋𝑓Rx𝜉 sin 𝜃Rx cos(𝜙Rx − 𝛾Rx)}
×𝑝 (𝛾Rx) 𝑝 (ΩRx) 𝑑𝛾Rx𝑑ΩRx (11)

The probability distribution of the scatterers around
the transmitter and the probability distribution of
scatterers around the receiver are respectively de-
noted by 𝑝 (ΩTx) and 𝑝 (ΩRx). We assume that
the probability density of the azimuthal and the
elevation components are independent.

– 𝑝 (ΩTx) = 𝑝 (𝜃Tx, 𝜙Tx)
– 𝑝 (ΩRx) = 𝑝 (𝜃Rx, 𝜙Rx)

We consider that the azimuth angle follows the Von
Mises distribution where the distribution function is
expressed as:

𝑝(𝜙Tx) =
exp {𝑘Tx cos (𝜙Tx − 𝜙𝑚𝑒𝑎𝑛)}

2𝜋𝐼0 (𝑘Tx)
(12)

where:

– 𝜙Tx ∈ [−𝜋, 𝜋].
– 𝜙𝑚𝑒𝑎𝑛 is the mean azimuth angle.
– 𝐼0(⋅) is the modified Bessel function of zeroth

order.
– 𝑘Tx evaluates the azimuth angle dispersion.
– 𝜃Tx ∈ [𝜃Tx − Δ𝜃Tx, 𝜃Tx + Δ𝜃Tx] , 𝜃Tx is the

mean elevation angle and Δ𝜃Tx is the standard
deviation of the angle spread [1].



The elevation angle is assumed to follow the uni-
form distribution where:

𝑝(𝜃Tx) =
1

2Δ𝜃Tx
(13)

3) Polarization correlation Υ:

Υ =

[
1 𝜒
𝜒 1

]
(14)

V. SIMULATION RESULTS AND COMMENTS

Once the channel model is introduced and spatial corre-
lation is evaluated, we firstly present in this section the
simulation results for the spatial correlation of both the
single and the dual polarized MIMO systems. Then, we
evaluate the gain in capacity that could be achieved by
the use of the dual polarized antennas.

A. Simulation for the spatial correlation

The concept of dual polarized MIMO system is depicted
in Fig. 2. Unlike single polarized MIMO systems, dual
polarized MIMO system deploys at both the ends of the
communication link orthogonal antennas with different
polarizations.

𝐴
(1)
𝑇𝑥 𝐴

(1)
𝑇𝑥𝐴

(1)
𝑅𝑥 𝐴

(1)
𝑅𝑥

𝐴
(2)
𝑇𝑥 𝐴

(2)
𝑇𝑥

𝐴
(2)
𝑅𝑥 𝐴

(2)
𝑅𝑥

Dual polarizedSingle polarized

MIMO(2× 2)MIMO(2× 2)

Fig. 2. Single polarized versus dual polarized MIMO (2× 2)

The transmit spatial correlation 𝑅⋅1,⋅2̃(𝜉) between trans-

mit antennas 𝐴
(1)
𝑇𝑥 and 𝐴

(2)
𝑇𝑥 is presented in Fig.3. The

variation of the spatial correlation for single polarized
MIMO system with z dipole antennas is evaluated in
function of the normalized antenna spacing at the trans-
mitter 𝑑𝑇𝑥/𝜆 and different values of the product 𝑓Tx ⋅ 𝜉
in the range of [0, 3]. For simulations, 𝑘Tx is set to 50,
𝜙𝑚𝑒𝑎𝑛 and 𝜃Tx equal 90∘ and the standard deviation of
the angle spread Δ𝜃Tx is of 90∘.
According to the simulation results plotted in Fig.3,
the spatial correlation is shown to decay in function of
the distance separation between antennas as well as in
function of the product 𝑓Tx ⋅ 𝜉.
In Fig.4, spatial correlation is presented for dual polarized
MIMO system where z dipole antenna and x dipole
antenna are deployed at the transmitter. The variation of
the spatial correlation is presented in function of the mean
elevation angle 𝜙𝑚𝑒𝑎𝑛 and is shown to decrease as the
mean elevation angle approaches 90∘ and orthogonality
between antennas is conserved.
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Fig. 3. Spatial correlation for single polarized MIMO system, 𝑅⋅1,⋅2̃
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Fig. 4. Spatial correlation at transmit side for dual polarized antennas, 𝑅⋅1,⋅2̃

B. Simulation of the capacity gain

We evaluate the gain in the ergodic capacity obtained as
the difference between the dual polarized MIMO system
capacity and the capacity of the single polarized MIMO
system. The gain in capacity is presented in Fig.5 as a
function of the inverse cross polarization discrimination
and the spatial correlation between antennas. According
to the simulation results, we conclude that the gain in
capacity is affected by the mismatch in antenna po-
larization which is evaluated by the cross polarization
discrimination 𝑋𝑃𝐷. In addition, the gain in capacity
with polarized antennas is shown to be more important
when antennas at the MIMO system with single polarized
antennas have higher correlation. Finally, it is important
to notice that the gain in capacity thanks to the use of
dual polarized antennas could be only achieved when the
cross polarization discrimination could not exceed certain
limits. Otherwise, single polarization strategy performs
better.
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Fig. 5. Gain in capacity of MIMO (2×2) as a function of spatial correlation
and the inverse XPD

VI. CONCLUSION

Throughout this paper, we have presented the wide band
channel model for the MIMO system with polarized
antennas. We have addressed the phenomena of an-
tenna depolarization in rich scattering environment and
evaluated the spatial correlation of antennas. Simulation
results for the spatial correlation have been presented
for both the single polarized MIMO systems and the
dual polarized ones. We have shown in this paper that
the gain in the MIMO system capacity achieved with
dual polarization technique when comparing to the single
polarization strategy depends on the cross polarization
discrimination level. In fact, with high levels of the
cross polarization discrimination, single polarized MIMO
system could perform better. The variation of the gain
in capacity as a function of the inverse value of the
cross polarization discrimination has been presented for
different levels of the spatial correlation. According to the
simulation results, we conclude that the gain in capacity
becomes more important when higher spatial correlation
is measured.
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