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Abstract

In this paper, a polarized Multiple-Input Multiple-Output
(MIMO) channel model is proposed by using a geomet-
rical theory based on the "two-cylinder" reference mod-
el. The modeling method reveals MIMO channel depo-
larization and provides a mechanism for computing cross-
polarization discrimination (XPD) analytically. The XPD
of single-bounced at the transmitter side mode in the polar-
ized MIMO model is analytically discussed, and numerical
simulation is conducted to address the impacts of scatterer
distribution on XPD. It is found that the resulting XPD of
the polarized MIMO channel depends on the MIMO sub-
channel index and array orientation. This should be care-
fully considered in multi-polarized antenna system design.

1 Introduction

Channel depolarization has attracted considerable attention
as it significantly affects multi-polarized antenna system
performance. Channel depolarization between a transmit-
ter (TX) and a receiver (RX) is mainly caused by the plane
waves that arrive at the RX via scattering objects [1], and
channel polarization functions are widely used to represent
channel depolarization. The radio channel can be character-
ized in terms of four orthogonal polarization functions fVV,
fHV, fVH, and fHH, where H and V refer to horizontal and
vertical polarizations, respectively. The degree of depolar-
ization is often measured in terms of the cross-polarization
discrimination (XPD), and a few papers have investigat-
ed XPD based on channel measurements [2, 3]. How-
ever, the above work cannot provide a close-form mathe-
matical model for the simulations of channel depolariza-
tion. In [1], a geometrical theory based reference model
for narrow-band channel depolarization is proposed, which
can be used for quantitatively computing XPD. However,
this work is limited to Single-Input Single-Output (SISO)
system and cannot be used in the multi-polarized Multiple-
Input Multiple-Output (MIMO) system. To clearly address
MIMO channel depolarization, in this paper, channel polar-
ization functions are derived by using a geometrical based
two-cylinder 3D MIMO statistical model. The approach in
[1] is followed, however, the derivations in this paper are
modified and extended to a generic MIMO scenario.

2 Polarized MIMO Channel Model

In this paper, a two-cylinder 3D MIMO mobile-to-mobile
channel model is considered, as in [4], with channel depo-
larization. In the following, the model structure and pa-
rameters in Fig. 1 are briefly summarized. Linear arrays
with Lt TX and Lr RX omnidirectional antenna elements
and used. M and N fixed scatterers lie on the surface of two
cylinders with radii of Rt and Rr, respectively. The distance
between TX and RX, i.e., εO′T O′R , is D, where εXY indicates
the distance between points X and Y in Fig. 1. The spac-
ing intervals between two antenna elements at TX and RX
are denoted by dT and dR, respectively. Indices of TX and
RX antenna elements are denoted by p and q, respectively.
Parameters θT and θR describe the orientations of the TX
and RX, ψT and ψR describe the elevations of TX and RX,
αT,m and βT,m are the azimuth angle of departure (AAoD)
and elevation angle of departure (EAoD), respectively, of
TX element OT for the waves that impinge on the scatter-
ers ST,m. Similarly, αR,n and βR,n are the azimuth angle of
arrival (AAoA) and elevation angle of arrival (EAoA), re-
spectively, of RX element OR for the waves that received
via the scatterer SR,n.

Fig. 1 shows that there are generally four different propa-
gation modes: LOS mode, single-bounced at the TX side
(SBT) mode, single-bounced at the RX side (SBR) mode,
and double-bounced (DB) mode. Due to space limitations,
in this paper, the proposed polarized MIMO channel mod-
el is only introduced for SBT mode, and the rest results of
other modes and further discussions can be found in [5].

Fig. 2 shows the SBT mode where a vertically polarized
plane wave

−→
V emitted from TX can lead to a horizontally

polarized plane wave received at RX.
−→
V ′ is the correspond-

ing polarization vector of
−→
V after reflection from a scatter-

er ST,m, which is not entirely vertically polarized anymore
and has a cross-polarization component, as shown in Fig.
2. This phenomenon is channel depolarization and is found
to depend on the angles in Fig. 2 and other parameters in
Fig. 1. Here we name the plane that is defined by TX, RX,
and scatterer as a conservation-of-polarization plane as sug-
gested in [1], and θV is the angle between

−→
V and the line

that includes the projection of
−→
V onto the conservation-of-



Figure 1. Two-cylinder 3D MIMO channel model with Lt = Lr = 3 antenna elements.

polarization plane. Consider a vertically polarized plane
wave from TX. By using the geometries of conservation-
of-polarization plane in [1], the SBT MIMO channel polar-
ization functions, for the p-q link and the m-th scatterer at
TX side can be obtained, as follows

f SBT
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where |·| denotes the absolute value operation. The an-
gles cosϕ5 and cosϕ6 can be obtained by using the law of
cosines and combining the derivations in [1] with our ge-
ometry of 3D MIMO M2M scenario in Figs. 1 and 2, as
follows
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For the above equations, distances ε can be calculated by
using the law of cosines and the geometries in Figs. 1 and
2. Due to space limitations, in this paper, the calculated e-
quations are not presented, and detailed derivations of the
above equations can be found in [5]. With the derived chan-
nel polarization functions, the XPD for SBT MIMO sce-
nario can be obtained.

3 XPD

XPD measures depolarization of the propagation environ-
ment and is the fundamental parameter for modeling dual-
polarized systems. The average XPD for the p-q link is
defined as follows

XPDpq =
PVV,pq

PHV,pq
(10)

where PVV,pq and PHV,pq are the received powers through
the VV and HV channels, respectively. It is noteworthy
that as M,N → ∞, discrete departure and arrival angles (in
both azimuth and elevation) can be replaced with contin-
uous random variables having a joint probability density
function [1]. Therefore, we have

PSBT
VV/HV,pq=

A2
V,pq

2
ηSBT

∫ π

−π

∫ β ′
T,Max

−β ′
T,Max

( f SBT
VV/HV,pq,m)

2

× pr(β ′
T )pr(α ′

T )dβ ′
T dα ′

T

(11)

where AV,pq is the amplitude of the received polarization
vector after scattering from a vertically polarized plane
wave.

For the azimuth distribution, the von Mises distribution [6]
is used, which has been widely employed as it approximates
many classical distributions. For the elevation distribution,



Figure 2. SBT propagation mode for XPD on 3D MIMO channels.

the cosine distribution in [7] is used. The probability densi-
ty functions of angular distributions are expressed as

pr(α ′
T ) =

exp[kT cos(α ′
T −µT )]

2πI0(kT )
(12)

pr(β ′
T ) =

π
4β ′

T,Max
cos

(
πβ ′

T
2β ′
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)
(13)

where α ′
T ∈ [−π,π) and I0(·) is the zero-order modified

Bessel function of the first kind, µT ∈ [−π,π) is the mean
AAoD, kT indicates the spreads of the scatterers around
mean AAoD, and β ′

T,Max controls the elevation range of
scatterers.

4 Numerical Analysis

In this section, based on the above derivations, the impact-
s of reference model parameters on XPD are numerical-
ly analyzed in detail for the SBT mode. This paper only
discusses the impact of angular distribution parameters of
scatterers on SBT channel depolarization; further investi-
gations of polarized MIMO channels can be found in [5].
The following SBT scenario is considered based on [1, 8]:
f = 2.435 GHz, ψT = ψR = 0◦, D = 500 m, Lt = Lr = 3,
Rt =Rr = 50 m, hT = hR = 1.5 m, µT = 31.3◦, µR = 141.7◦,
and dT = dR = 60λ . Figs. 3 and 4 show the analytical XPD
curves of SBT mode as kT ranges from 0 to 300, with dif-
ferent β ′

T,Max, p, and q. It is observed that the XPD curve
tends to decrease as kT increases from 0 to 10, and after
that the curve increases as kT increases from 10 to 300,
which is similar to the observations in [1]. Furthermore,
it is found that a large value of β ′

T,Max leads to a reduced
XPD, which implies that scatterers with large elevation an-
gles lead to strong cross-polarization components. Final-
ly, the results from link p = q = 1 are compared with link

p = q = 2, where a large array spacing of dT = dR = 60λ
is used to clearly show the curve difference. It is found that
when θT = θR = 90◦ in Fig. 3, both links have the same X-
PD curves, since both links have the same direction (along
LOS path); when θT = 90◦ and θR = 270◦ in Fig. 4, it is
observed that link p = q = 1 has a larger XPD compared
with link p = q = 2. The difference is mainly caused by
a different conservation-of-polarization plane and relevant
angles. The results in Figs. 3 and 4 show that the polarized
MIMO channel is different from SISO channel and should
be carefully considered in system design.
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Figure 3. XPD curves of SBT mode for different kT , where
θT = θR = 90◦.

5 Conclusion

In this paper, a “two-cylinder" based geometrical reference
model is proposed for polarized MIMO channels. The
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Figure 4. XPD curves of SBT mode for different kT , where
θT = 90◦ and θR = 270◦.

mechanisms of channel depolarization are considered in
model derivations and analytical methods of calculating
XPD for MIMO channel is proposed. The SBT mode of the
“two-cylinder" polarized MIMO model is discussed with
details and numerical analysis of the impact of angular pa-
rameters on XPD is presented. It is found that the polarized
MIMO channel is different from polarized SISO channel,
and the resulting XPD depends on MIMO sub-channel in-
dex and array orientation, which should be carefully con-
sidered in system design.
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