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Abstract—TIn this letter, we provide a correlated channel model
for a dual-polarization antenna in indoor small-cell multiple-
input multiple-output (MIMQO) systems. In an indoor envi-
ronment, we confirm that the cross-polarization discrimination
(XPD) in the direction of angle-of-departure can be represented
as the spatial correlation of the MIMO channel. We also evaluate
a dual-polarization antenna-based MIMO channel model and a
spatially correlated channel model using a three-dimensional (3D)
ray-tracing simulator. Furthermore, we provide the equivalent
distance between adjacent antennas according to the XPD,
providing insights into designing a dual-polarization antenna and
its arrays.

Index Terms—Dual-polarization antenna, XPD, MIMO, spatial
correlation, and 3D ray-tracing.

I. INTRODUCTION

Researchers have been able to extend mobile service
coverage and network capacity through their development
of small-cell technology [1]. In next-generation communi-
cations, researchers are considering multiple-input multiple-
output (MIMO) techniques [2]. One such technique is massive
MIMO, in which base stations (BSs) are equipped with many
antennas to increase capacity and to conserve energy [3], [4].
To establish MIMO schemes in small-cell systems, researchers
must address certain issues. MIMO capacity can be degraded,
for example, by a compact antenna array for small-sized BS.
The degradation is due to the high spatial correlation of
channels [3], [5]. A good solution for installing a compact
antenna array could involve a collocated dual-polarization an-
tenna system. One dual-polarization antenna could then play,
equivalently, the roles of two dipole/patch-type antennas as
long as there is high cross-polarization discrimination (XPD).
Here, XPD is the ratio of the copolarization received power
and the cross-polarization received power.

To establish a dual-polarized MIMO system, we should
investigate channel modeling, which is critical for performance
evaluation [6]. In prior work [7], [8], the authors focused
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on the channel from a dual-polarization antenna to a dual-
polarization antenna. Meanwhile, it is also important, in prac-
tice, to study channels from a dual-polarization antenna to
dipole/patch-type antennas because a typical MS is likely to
be equipped with dipole/patch-type antennas.

It is necessary to have, as noted above, a high XPD to set
up dual-polarized MIMO systems. Researchers have developed
dual-polarization antennas that have a high XPD in the main
direction of radiation [9], [10]. It is also important, on the
other hand, to consider the average XPD in all directions in
indoor environments, for signals go through a wall-induced
reflection in all directions [11]. Although the conventional
approach to designing a dual-polarization antenna with higher
XPD provides better MIMO performance, to make such a
antenna at a small size for small BSs may be a costly and
complex process. From this perspective, it remains an open
question as to how much XPD is needed to sustain MIMO
performance at reasonable cost and level of complexity.

In this letter, we provide a correlated channel model for a
dual-polarization antenna in indoor small-cell MIMO systems.
This channel model reflects the relationship of XPD in the
direction of angle-of-departure (AoD) of a dual-polarization
antenna and correlation of MIMO channel. We evaluate the
dual-polarization antenna-based MIMO channel model by
using a three-dimensional (3D) ray-tracing simulator that can
exploit physically specific behaviors of the polarized chan-
nel [12], [13]. We also investigate the equivalent distance
between adjacent antennas according to the XPD, and we
provide insights into the antenna design aspect regarding the
XPD. To the best of our knowledge, this letter is the first work
to explain and validate the relationship between an XPD and
spatial correlation by utilizing the presented channel model
and a 3D ray-tracing tool. In 3GPP, this problem has been an
open issue.

II. SYSTEM MODEL

Fig. 1 illustrates a block diagram of a dual-polarization
antenna-based MIMO system. We consider a single-user
MIMO with one collocated dual-polarization antenna that
serves one MS equipped with two omnidirectional antennas.
This model is considered as a 2x2 MIMO system, since
horizontally and vertically polarized waves are respectively ra-
diated from Port-1 and Port-2 of the dual-polarization antenna;
the waves go through the channel almost independently due
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Fig. 1. Block diagram of the dual-polarization antenna-based MIMO system.

to zero cross-correlation between the orthogonally polarized
waves [6], [11], [14]. Let h,; denote the channel coefficient
between the t™ port at the BS and the " antenna at the
MS, which is an independent and identically distributed (i.i.d.)
complex Gaussian random variable with zero mean and unit
variance. From the channel model with a polarization transfer
matrix that consists of random phases for different polarization
combinations in [14], [15], the coefficient of the effective
channel (H.g) is given by
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where t # t'.! The notations ®"* and ®"V are random
initial phases, the distributions of which are uniform within
(—m,+m), for the horizontal and vertical polarization combi-
nations at the " MS antenna. In addition, c,; and 3,; are the
propagation gains from copolarization and cross-polarization,
and G4, and Gg g, are, respectively, the antenna gain of
copolarization and cross-polarization in the direction of AoD,
which is denoted as ¢. Finally, L, is the path loss. Thus,
the effective channel can be decomposed into the channels
from copolarization and cross-polarization, which is given by
H. = H + G, where
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We assume that the large-scale parameters from the ™ port
at the BS are the same, regardless of the antenna index at
the MS (i.e., ays = oy, Byt = B¢ and L., = Ly = L). This
assumption is valid when the MS is a small device [12]. The
XPD at the MS with the corresponding AoD from the ¢ port
of a dual-polarization antenna is then expressed by
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III. CORRELATED CHANNEL MODEL FOR A
DUAL-POLARIZATION ANTENNA

From the effective dual-polarization channel, we recognize
that despite of the orthogonal polarization, G affects the

IThe conventional dual-polarization channel models in [6]-[8] can be
obtained by letting G g, = 0. Since they did not consider the propagation of
cross-polarized waves, they applied statistical XPD values to the off-diagonal
elements in the polarization transfer matrix.
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Fig. 2. On the left are pictures of the fabricated dual polarization antenna
(up: top view, down: bottom view). On the right are the radiation patterns
of different XPD cases (up: E-plane, down: H-plane, solid line (outside):
copolarization, dashed line (inside): cross-polarization). The shapes of patterns
are measured from the fabricated dual-polarization antenna. Meanwhile, the
gains of patterns of each XPD are estimated under the same power constraint.

correlation between its components in the real propagation
channel. From (1), while the formula of XPD is a function of
the average received powers (o and f3;) in a certain AoD, XPD
can be calculated from the measured radiation pattern in an
anechoic chamber. The spatial correlation between adjacent BS
antennas depends on the antenna configuration and the AoD
in the conventional spatial MIMO channel model. In contrast,
since two ports are collocated in the dual-polarization antenna,
to investigate such correlation, we consider XPD parameters
rather than adjacent antenna spacing.

To construct the correlated channel model for a dual-
polarization antenna, we first assume that there is a negligible
spatial correlation at the MS. This assumption ensures that
the effective channel consists of only transmit side effects.
From (1), the effective channel is decomposed into
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From (2), the effective channel can be represented as the Kro-
necker model (i.e., Hor = H R%(Q), a model that is commonly
used to analyze the correlation of channel components [14],
[15]. Thus, the effective correlation matrix at the transmitter
is expressed by

H =

2
Rrxap = | o VXL (3)
VX¢,2
with an approximation, —% ~ 1, in the high XPD

regime.? Equation (3) implies that the correlation coefficient
between the ports can be represented as pgp, = 2/,/X When the

2This approximation also holds in the typical range where the average XPDs
are 7-9 dB [15].
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Fig. 3. Perspective view of the test site for 3D ray-tracing simulations.

XPDs of both ports in the same direction are the same. The
effective correlation matrix implies that XPD affects the cor-
relation of channels, which affects the throughput of MIMO.
Consider, for example, the worst case of XPD (= 0 dB). Since
this yields a rank-1 MIMO channel, spatial multiplexing is not
available.

IV. 3D RAY-TRACING-BASED SYSTEM-LEVEL
SIMULATION

We develop a system-level simulator based on a 3D ray-
tracing tool (WiSE developed by Bell Labs) [16]. Fig. 3 shows
the building database of the test site from the perspective
view of the second floor of the Veritas C Hall at Yonsei
University [13]. The digital map includes concrete walls and
floors, metallic doors, glass windows, and sheetrock ceilings.
The BS is located immediately under a 3 m-high ceiling in a
hallway with one dual-polarization antenna facing the rooms
to the southeast. The system parameters are set to those for
the Long Term Evolution (LTE) systems; the FFT size =
1024 (8.4 MHz effective bandwidth), the system overhead =
25.22 percent, and the maximum modulation order = 64 QAM
(5/6 code rates). The propagation gains (ay; and f3;;) are
measured by using the 3D ray-tracing tool based on the
manufactured antenna pattern [11] in Fig. 2. From these
measurements, we construct channel matrices H and G. We
assume that, for notational convenience and for investigating
the effect of different XPDs on MIMO systems without loss
of generality, the shapes of the radiation patterns of both
copolarization and cross-polarization are the same.> We also
measure H,, whose elements are denoted by V/@omhy by
predicting the propagation gain () from the BS with two
omnidirectional antennas through 3D ray-tracing simulation
(for the conventional antenna configuration).

We set the four effective channel models for simulations:
i) the whole measured channel from the dual-polarization
antenna (ﬁ ofiidpy = H + G); ii) the analytical channel with
the effective correlation matrix (Hefrap) = H R%(?dp)); iii) the
whole measured channel with the spatial correlation matrix
of two omnidirectional antennas (fI effom) = H. ong(Q(om));

3This assumption holds for a high average XPD in all directions, which is
desired for a MIMO system in an indoor environment [11], and the extension
for any pattern is straightforward.
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Fig. 4. CDF of the ergodic throughput for Jj eff(dp) and H eff(dp)-

iv) the analytical channel with the effective correlation matrix
assuming the omnidirectional pattern (H effom) = H OmR%f(dp))
The purpose of both H offdp) and H offdp) 1S to validate the
tlghtness of applylng Rqxp) in practice, and that of both
H eff(om) and H effom) 1S to analyze the relationship between
the antenna spacing of two omnidirectional antennas and the
XPD of one dual-polarization antenna. Such a relationship
in the manner of the correlation comparison has not been
investigated, while prior work has focused on the relationship
between the cross-correlation of each polarization and the slant
angle [6], [14]. Note that Rrx(om) and Rrxqp) are not the same
in practice, since the spatial correlation coefficient (the element
of Rrx(m)) is @ complex number in most cases.

To measure H eff(om)> W€ consider two types of AoD distribu-
tion, isotropic and Laplacian, for calculating Rrx(om). Isotropic
distribution is usually used for the rich-scattering environments
while Laplacian distribution reflects the real measurements,
which is fitted to the measured AoDs of each MS from the 3D
ray-tracing simulation. From the given AoD distribution, we
get the spatial correlation coefficient of the th row of Rrx(om)
as Pomt = E¢[e’jkd5in ], where k is the wavenumber and
d is the distance between adjacent antennas. Then, for each
MS, the effective channel with the measured spatial correlation
matrix of two omnidirectional antennas is derived as
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where p, is the power-delay profile for the /" tap and L is
the total number of the channel taps for an MS, which are
measured from the 3D ray-tracing simulation.

We assume a zero-forcing receiver described as W7 =
(He) ™" (ice., open-loop spatial multiplexing assuming per-
fect channel estimation at the MS). Thus, the signal-to-
interference- plus -noise-ratio (SINR) of the i received signal
is SINR; = W where w; and p,, are the i column vector
of W and the background noise (-174 dBm/Hz), respectively.
The average throughput is calculated from the results of 1,000
simulations for 802 differently located users of which the
distribution is uniform within 1 m above the floor in the shaded
region of the figure, assuming a single-user MIMO system (the
BS serves only one MS at a time).
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TABLE I
EQUIVALENT SPATIAL SEPARATION BETWEEN ADJACENT ANTENNAS
COMPARED WITH XPD

XPD (dB) 3 5 10 20 30
pap (Eq. (3) 0.9432 | 0.8545 | 0.5750 | 0.1980 | 0.0632
dLaplacian (Fig. 5) 0.100X | 0.150Xx | 0.255X\ | 0.820A | 0.850X
disotropic 0.076X | 0.124X\ | 0.220A | 0.326A | 0.364\

A. Comparison of the Measured and Analytical Channels

Fig. 4 shows the cumulative distribution function (CDF)
of the average throughput of Hap) and Hgap) extracted
from our system-level simulation. It shows that the higher
the XPD of the dual-polarization antenna, the higher the
throughput of the MIMO channel it provides. Besides, the
average throughput of the analytical channel well approaches
that of the whole measured channel. There are small gaps
between them because the 3D ray-tracing simulator measures
accurate polarized-propagation.

B. Relationship between XPD and Antenna Spacing

Fig. 5 shows a comparison of the CDF of the average
throughput calculated from H effomy With Laplacian AoD dis-
tribution and H effom)- Lhe equivalent separations between
adjacent omnidirectional antennas are derived from (4) by
setting d where the throughput calculated from the both
channels are the same.

It shows that there is a relationship between the XPD and the
spatial correlation and this affects the throughput. In Table I,
we show an example (for our simulation set up) that compares
the derived equivalent separation (i.e., disotropic, @Laplacian) and
the effective correlation coefficient, pqp, for different XPD
values. As pq, decreases with the increasing XPD, disotropic
and dpgplacian increase. Note that the gaps of the equivalent
separation between XPD = 20,30 dB in both the cases of
isotropic and df aplacian are much smaller than the others, which
supports the result in Fig. 4.

C. Antenna Design Aspect

From the relationship between the XPD and the spatial
correlation, we can gain two valuable insights into antenna
design. First, our research shows a negligible difference in
throughput between the cases of XPD = 20 dB and 30 dB.
This result implies that it may be inefficient to make a
very high XPD-dual-polarization antenna for MIMO, given
the high complexity and cost of such an endeavor for small
BSs/devices. Second, using the equivalent separation, we can
simply design various uniform arrays, which are organized by
dual-polarization antennas. Here, we use as an example the
equivalent separation derived in Table I. If we make a uniform
planner array with dual-polarization antennas with 20 dB of
XPD for the compact antenna array, the distance between the
adjacent dual-polarization antennas will be 0.820\.

V. CONCLUSION

In this letter, we have presented a correlated channel model
for a dual-polarization antenna in indoor small-cell MIMO
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Fig. 5. CDF of the ergodic throughput for a effom) With Laplacian AoD
distribution and H ef(om). The antenna separations (dLaplacian) corresponding
to the XPD are given in Table 1.

systems. The presented effective correlation matrix of a dual-
polarization channel reflects the relationship between the XPD
and the spatial correlation. From the analysis and the results
through extensive 3D ray-tracing-based simulations, we have
confirmed that the presented effective correlation matrix could
be a potential tool for both evaluating and designing dual-
polarization antennas. In future work, we will extend our
research to various environments and systems.
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