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Polarization Dispersion Characteristics of Propagation Paths in
Urban Mobile Communication Environment

SUMMARY 1In order to employ Multiple-Input-Multiple-Output
(MIMO) techniques, multiple antenna branches are necessary and as a
consequence the installation space requirements are increased. Since the
installation space is limited, much attention is now focused on utilizing
polarization characteristics in MIMO configurations to relax the require-
ments. This is called Orthogonal Polarization-MIMO in this paper. To
evaluate accurately the performance of Orthogonal Polarization-MIMO, a
channel model that can handle the polarization dispersion characteristics of
propagation paths is essential. Up to now, the spatial-temporal dispersion
characteristics of paths have been investigated in detail. However, there
are only a few reports on the polarization dispersion characteristics. In this
paper, we propose a new power profile for the rotational polarized angle
as an evaluation model for polarization dispersion, and clarify the analyzed
power profile based on measurement data in an urban macrocell environ-
ment.
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1. Introduction

Multiple-Input-Multiple-Output (MIMO) transmission tech-
niques have been actively investigated in wide-band mo-
bile communication systems to achieve higher transmission
rates. These techniques utilize multiple orthogonal channels
and require antenna branches on both the transmission and
reception sides, where the number of antenna branches is
decided according to the required transmission rates. The
branches must be installed while maintaining the proper
spacing in order to maintain orthogonality between chan-
nels [1]-[4]. Therefore, the installation space requirements
increase when the number of branches increases. This im-
poses considerable constraints on introducing MIMO tech-
niques to actual mobile communication systems. To address
this, much attention is now focused on utilizing polarization
characteristics in MIMO configurations [5]-[7]. We call this
the Orthogonal Polarization-MIMO technique.

In order to evaluate the performance of Orthogonal
Polarization-MIMO, the polarization dispersion character-
istics of propagation paths between the transmitter (Tx) and
receiver (Rx) are needed in addition to the spatial-temporal
dispersion characteristics [2], [S]-[7]. In general, polariza-
tion characteristics have been evaluated using the Cross-
Polarization Power Ratio (XPR) as an evaluation indicator.
Up to now, there have been only a few reports on the XPR
characteristics of propagation paths in macro- and microcel-
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lular environments, even though the XPR characteristics of
a narrowband channel have been actively investigated [3],
[8]. We experimentally investigated the XPR characteristics
of the paths in a macrocellular environment and showed the
obtained results in [9]. However, the characteristics were not
modeled. In [10], an angular-delay power spectrum density
channel model was proposed. Since the model includes full
information of the polarization as polarimetric complex path
weights, we can estimate the polarization dispersion charac-
teristics. Here, the values for model parameters are given
for each measurement street; however, the behavior of the
parameter values over all measurement streets is not mod-
eled.

In [11], the XPR characteristics of paths were experi-
mentally investigated in an indoor environment and a model
for the XPR distribution based on a cluster was proposed.
We believe that this modeling method is not the best because
the relationship between power and the XPR of a path is not
clear. When modeling the polarization dispersion character-
istics of paths, the XPR is not suitable as an evaluation indi-
cator. In this paper, we define the rotational polarized angle
as an evaluation indicator and propose a new power profile
for the rotational polarized angle as an evaluation model for
polarization dispersion [12], [13]. We then clarify the actual
power profile by analyzing measurement data in an urban
macrocellular environment. Hereafter, we refer to the power
profile as the Power Polarization Profile or PPP.

2. Evaluation Model of Polarization Dispersion

In general, propagation paths between the Tx and Rx are
characterized by the time of arrival (TOA), angle of depar-
ture (AOD), and angle of arrival (AOA). Up to now, power
distributions with respect to the parameters have been theo-
retically and experimentally investigated and they have been
modeled as power profiles with respect to these parame-
ters [3]. As shown in Fig. 1, a vertically (or horizontally)-
polarized wave transmitted from a base station (BS) ar-
rives at a mobile station (MS), changing its rotational polar-
ized angle due to reflection, diffraction, and scattering from
the surrounding structures, e.g., buildings, and vice versa.
Therefore, the rotational polarized angle at the reception
point differs for each path. Taking these into consideration,
using the rotational polarized angle as an indicator is more
natural than using the XPR when evaluating the polarization
characteristics of a path. The proposed polarization model
is described in detail hereafter.

Copyright © 2013 The Institute of Electronics, Information and Communication Engineers
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Fig.1 Relationship between transmission and reception polarization in
an urban mobile communication environment.

Let P and P! be the power of the n-th path received
at a horizontal polarized antenna and a vertical polarized an-
tenna, respectively. In the model, the rotational polarized
angle of the n-th path, 6,, is defined as

0, = tan”' (PV /PV)). (1)

The range of 6, is [0, 90] in degrees because the values of
Pﬁ,H ) and PSZV) are never negative values. The 6, of 0 means
that the wave through the n-th path is vertically polarized
at the reception point, and the 6, of 90 degrees means that
the wave through the n-th path is horizontally polarized at
the reception point. The received power of the n-th path,
P,, is given by PE,H) + P(nv). We define the envelope of the
distribution of P, with respect to 6, as the PPP.

The spread for 6, can be defined similarly to a delay
spread and angle spread. We call this new spread a polariza-
tion spread. Letting P(6) be the power distribution function
of the rotational polarized angle, the polarization spread, o,
is expressed as

o= \/ f (0 - mp2P©)de| f " POs, @)
0 0

where my is the mean value of 6, expressed as

my = f : 0~P(0)d0/ f * po)de. 3)
0 0

Note that, in order to evaluate the polarization spread with
respect to the vertically (or horizontally) polarized direction
at the time of transmission, we treat the value of my as 0 and
90 degrees for vertical and horizontal transmissions, respec-
tively, in this paper.

When assuming the power distribution function of the
rotational polarized angle, the XPR of a narrow band chan-
nel can be easily given by

5 5
XPR = f P(6) cos(H)dH/ f P(0) sin(6)de. 4)
0 0
This is one of the advantages of the proposed model, be-
cause the XPR cannot be expressed from the above men-
tioned model based on the distribution of the XPR of the
paths [11].
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Table1  Experimental conditions.
Investigation area Yoyogi Aoyama Yokohama
Transmission power 2W
Frequency 2.2255GHz
Bit rate 30 Mbps
Txantenna Sleeve antennafor V-polarized wave
Slotted cylinder antenna for H-polarized wave
Txantenna height 150m 60m 40m
Eightdual (V and H)-polarized sub-array antennas
REEEE are vertically aligned
Rxantenna height 3.5m
Number of reception 41 (within 1 40 (within 1.5 | 40 (within 0.9
points km) km) km)

3. Measurement
3.1 Measurement System

Table 1 gives the primary experimental conditions. The
measurement system is constructed around a stepping-
correlator radio channel sounder, which is based on the pop-
ular pseudo noise (PN) correlation method [14]. The sys-
tem utilizes the maximum length sequence with a period of
1023 bits as the PN sequence. At the transmitter, a 2.2255-
GHz carrier is BPSK modulated using a 30-Mbps PN se-
quence and radiated from the Tx antenna. At the receiver,
16-complex impulse responses at maximum are obtained at
approximately the same time by switching the input ports
connected to the antenna elements at high speed. The time
resolution of the impulse responses is approximately 33 ns.

For the measurements, as the Tx antenna, a sleeve an-
tenna and a slotted cylinder antenna are used to transmit ver-
tically and horizontally polarized waves, respectively. The
directional radiation pattern and the top gain of both anten-
nas are almost identical (See Appendix). The top gain is ap-
proximately 2.2 dBi. The Rx antenna has eight dual (V and
H)-polarized sub-array antennas that are vertically aligned
with the spacing of 0.5 1. Here A denotes the wavelength.
Each sub-array antenna has two feeding ports to receive
the vertically and horizontally polarized waves, respectively.
The directional radiation pattern and the top gain for both
polarizations are almost identical. The vertical and horizon-
tal 3-dB beamwidth are 110deg. and 30 deg., respectively,
and the top gain is 8.29dBi. We describe the Rx antenna
configuration and its radiation patterns in detail in the Ap-
pendix.

3.2 Investigation Environment

We conducted the measurements in three urban areas in
Tokyo (Yoyogi and Aoyama) and Kanagawa (Yokohama),
Japan. Figure 2 shows the investigation areas. The Tx an-
tenna is mounted on the rooftop of a building as a BS an-
tenna, and the Rx antenna is mounted on a roof of a mea-
surement wagon as an MS antenna. The Tx antenna height
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Fig.2 Investigation areas. (a) Yoyogi, (b) Aoyama, (c) Yokohama.
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and the Rx antenna height are given in Table 1. The av-
erage building height is approximately 20m in all the in-
vestigation areas. Measurements are conducted while the
wagon is stopped beside a regular street. At each recep-
tion point (or MS location), the Rx antenna is rotated in the
horizontal plane and 24-azimuth directional (angle interval:
15deg.) data points are obtained. The number of snap-
shots of the complex impulse response at each input port
for each direction is 20. We first obtained data when trans-
mitting a vertically polarized wave from the sleeve antenna
and next obtained data when transmitting a horizontally po-
larized wave from the slotted cylinder antenna. Here, we
manually changed the sleeve antenna to the slotted cylinder
antenna because the measurement system is a single input
multiple output (SIMO) measurement system.

As indicated in Table 1 and Fig.2, there are 40 or 41
(non-line-of-sight) reception points, the distances of which
from the transmission point (or BS location) are distributed
within approximately 1 km (see Table 1 for details).

3.3 Data Processing

The data processing procedure in order to extract the arrival
paths for each MS location is described below.

First, the average power delay profile is calculated from
20 (snapshots) x 8 (Rx sub-array antennas) measured com-
plex impulse responses for each Rx antenna azimuth direc-
tion (hereafter referred to as azimuth directional bin) and
each polarization combination, i.e., (Tx Pol., Rx Pol.) = (V,
V), (H, V), (V, H), and (H, H). Next, the total power delay
profile is calculated by adding 24 (azimuth directional bins)
X 4 (polarization combinations) power delay profiles. The
peaks are detected in the overall power delay profile. In this
process, the peak that satisfies the following conditions is
disregarded because it is doubtful that such a peak is actu-
ally a propagation path.

e The delay time is within +33ns around the higher
peaks.

e The power ratio to the highest peak is less than —30 dB.

e The power ratio to the noise level is within 5 dB.

Each obtained peak is recognized to be the delay time of a
cluster of paths.

The arrival paths are obtained by detecting peaks in the
three-dimensional power angle profile at the delay time of
the cluster. This is achieved as described hereafter. First,
20 elevation power angle profiles at the delay time of the
cluster are calculated from the 20 measured complex im-
pulse responses for an azimuth directional bin and a polar-
ization combination by applying conventional beamforming
[15] with eight Rx sub-array antennas, and then they are
averaged. Next, the three-dimensional power angle profile
is calculated by joining the 24-azimuth-directional bins and
adding four polarization combinations. The final procedure
for detecting the peaks as paths is described below.

1. Project the three-dimensional power angle profile in the
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horizontal plane in order to obtain the azimuth power
angle profile.

2. Select the azimuth directional bins by detecting the
peaks in the azimuth power angle profile. Here, the
peaks for which the power ratio to the highest peak is
less than —20 dB are disregarded.

3. Detect the peaks as the paths in the elevation power
angle profile for each selected azimuth directional bin.
Here, the peaks for which the power ratio to the highest
peak is less than —10 dB are disregarded.

Here, the azimuth angle of each path is the angle corre-
sponding to the azimuth directional bin that includes the
path.

As a result, the path power for each polarization com-
bination is obtained. Hereafter, this paper uses the following
notations.

. P;BS X,MS:Y)

is the power of the n-th path where X is the
transmission polarization at the BS and Y is the recep-

tion polarization at the MS.

o PBSH s the total power of the n-th path for
. o . (BS:X,MS:V)
the X transmission polarization, i.e., P, +
P(BS X,MS:H)
p .
o PMST) s the total power of the n-th path for the Y re-

ception polarization, i.e., pBSVMSY) y pBSHMS:Y)

a'(eBS:X) is the polarization spread for the X transmission

polarization.

. O'fQMS:Y ) is the polarization spread for the Y reception
polarization.

. XPR(,,BS:X) is the XPR of the n-th path for the X trans-

mission polarization.

Here, with these parameters, the total power at the MS,
Prowi, 15 expressed as

BS:VMS:V BS:V.MS:H BS:HMS:V
Pt = ) P )+ P )+ P )

n

+ P;BS:H,MS:H)’ (5)

and the XPR of a narrowband channel for the X transmission
polarization, XPRBS X is expressed as

XPRBS X — Z PUBSXMS:X) / Z PUBSXMS:Y), ©)
n n

From our measurements, the PPP of four types

PPP when transmitting with vertical polarization,
PPP when transmitting with horizontal polarization,
PPP when receiving with vertical polarization,

PPP when receiving with horizontal polarization.

is obtained. Here when reception polarization is fixed as Y
(= V or H), the rotational polarized angle of a path is defined
by

9n — tan—l(PELBS:V,MS:Y)/P(nBS:H,MS:Y)). (7)

4. Polarization Dispersion Characteristics

In this section, we describe the polarization characteristics
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based on the analysis results of the measurement data. Note
that the cumulative 50% value of the number of paths at each
MS is 90 (Yoyogi), 168 (Aoyama), and 157 (Yokohama).

4.1 Cross-Polarization Power Ratio

Figure 3 shows the cumulative distributions of XPR®5:Y) in
Yoyogi, Aoyama, and Yokohama assuming a narrowband
channel. The distribution is approximately recognized as a
Gaussian distribution and the cumulative 50% value is ap-
proximately 8 dB, which is a typical value in an urban area
based on [3] and [8]. Figure 4 shows the cumulative dis-
tributions for the XPR of paths, XPRELBS:V), where the re-
sults from all MS locations are plotted. From this figure,
we understand that the cumulative 50% value is approxi-
mately 3 dB and the attribute is significantly different than
that for XPR®S"Y). We believe that this difference depends
on the power of each path. Figure 5 shows the relationship
between XPR Y and P in Aoyama. Here the value
of P;BS:V) is normalized by P, at each MS location. From
Fig. 5, we find that there is a tendency. The received power
increases when the XPR is larger. It is however difficult to
model this relationship.
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Fig.3  Cross-polarization power ratio of narrowband channel when
transmitting with vertical polarization.
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Fig.4  Cross-polarization power ratios of paths when transmitting with
vertical polarization.
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4.2 Evaluation Results Based on Proposed Model

Figure 6 shows the power polarization profiles in the
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Relative received power, P,85:V) (dB)

Fig.5 Relationship between received power and cross-polarization
power ratio for each path in Aoyama area when transmitting with vertical
polarization.
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Aoyama area, where the results from all MS locations are
counted. Note that each profile was obtained as follows.

1. The received power of each path was normalized based
on P, at each location.

2. The normalized power was moving-integrated over
1deg. in 0.1 deg. steps.

3. The integrated value is normalized by the maximum
value.

From these results, we find that the distribution of the ro-
tational polarized angle, 6,, has a peak of 0deg. when the
transmission/reception polarization is vertical. When the
transmission/reception polarization is horizontal, the peak
is 90 deg. We confirmed that the characteristics of the distri-
bution in Yoyogi and Yokohama are the same. This means
that we can easily characterize the polarization dispersion
by using the rotational polarized angle as an indicator.
Figure 7 shows the cumulative distribution of the po-
larization spread calculated at each MS location, which sug-
gests the spatial dispersion characteristics of the spread. The
mean value and the standard deviation of the polarization
spread are shown in Table 2. The mean value of the spread

Relative received power, P854 (dB)

15 30 45 60 75 a0
Rotational polaized angle, &, (deg)

(b)

Relative received power, P,M:# (cB)
3
™ T T T T lallwlllllll!l
P l
;‘
-

] 15 30 45 60 75 490
Rotational polarized angle. 8,,(deg)

(d)

Fig.6  Power polarization profile (a) When transmitting with vertical polarization, (b) when transmit-
ting with horizontal polarization, (c) when receiving with vertical polarization, (d) when receiving with

horizontal polarization.
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Fig.7 Cumulative distribution of polarization spread. (a) Yoyogi, (b)
Aoyama, (c) Yokohama.

increases in the order of Yoyogi, Aoyama, and Yokohama.
We expect that this behavior depends on the BS antenna
height. The lower the BS antenna height, the probability in-
creases that the polarization direction changes due to reflec-
tion, diffraction, and scattering from the surrounding struc-
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Table 2  Polarization spread.

SD: Standard deviation

Yoyogi Aoyama | Yokohama
Mean 16.1 226 242

GBSV e
SD 59 9.0 8.1
oBsH) | Mean 241 28.1 28.7
SD 97 11.5 9.2
o Msv | Mean 16.9 19.3 18.7
SD 109 86 8.4
agMs+H | Mean 255 331 356
SD 111 14.7 12.4

tures. On the other hand, we cannot find a tendency between
the areas with respect to the standard deviation. It is thought
that the relationship between the standard deviation of the
polarization spread and the BS antenna height is weak un-
like the case for the mean value.

5. Formulation of Power Polarization Profile

In this section, we formulate the PPP. Figure 8 shows the
regression results of the profiles shown in Figs. 6(a) and (b),
where the function is assumed as

P() = aexp(—|0 — my|/b) + c, ®)

where my is 0 and 90 degrees for vertical and horizontal
transmissions, respectively. In (8), parameters, a, b, and
¢, are the regression coefficients. The obtained regression
coefficients are shown in Table 3. Note that the regression
results for the profiles in Figs. 6(c) and 6(d) are also shown
in the table, and R is the correlation coefficient between the
sample (i.e. measured PPP) and the regression results. We
conclude that the PPP can be modeled by an exponential
distribution with a constant term, i.e.,

1
P (6) o 5P (=160 — mgl/B) + . ®

Here, 8 is a parameter in the term of the exponential distri-
bution and y represents the constant term.

When assuming (9) as a function of the PPP, the po-
larization spread for vertical transmission (or vertical recep-
tion) is expressed as

52 (L exp(-101/B) + ) do
IS exp(—1o1/p) + ¥} do

1 e2eepdo + gy [ 62d6
B e-vieag + gy [ a6

-~

=

|2 et (62 + 2800 + 28%) + 363 10
B \ 1 — e %IF + 6, ’
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Fig.8 Regression results of power polarization profiles. (a) When trans-

mitting with vertical polarization, (b) when transmitting with horizontal
polarization.

and the XPR of the narrow band channel for vertical trans-
mission (or vertical reception) is expressed by

1 P (6) cos (6) d6

fogo P (0) sin (0) d6

_ fo% { % exp (—|61/B) + 7} cos (0) df

_ foeo {é exp (=I61/8) + ¥} sin (9) do

foeo e 9B cos (0) dO + By fo % cos (0)do
[ e sin () do + By [ sin (6)do

1+ Be®F —y (1 + %)
NG, b
Here, 6y is n1/2 in (10) and (11). The relationship between
oy and the XPR, which is calculated from (10) and (11), is
shown in Fig.9. In the figure, we also show the measure-
ment results when the transmission polarization is vertical
in the Aoyama area. We understand that (9) is suitable as
the PPP model. Note that in the case of horizontal trans-
mission (or horizontal reception), i.e. my = 90 degrees, o7y is

identical to (10) and XPR is given by

XPR =

IEICE TRANS. COMMUN., VOL.E96-B, NO.10 OCTOBER 2013

Table3  Regression coefficients.
Transmission Reception
polarization polarization

Vertical | Horizontal | Vertical | Horizontal

a 0.99 0.85 1.33 0.65
b 3.7 3.0 1.5 52
c 0.018 0.022 0.011 0.035
R 0.97 0.97 0.97 0.89
15
10 F
= r
°
x
o N
X 5
ok

Polarization spread, o, (deg)

Fig.9  Relationship between oy and XPR based on proposed model.

1 P @) cos (6)db

B P@)sin©)do

I {3 exp (10— 60l/B) + 7} cos ) do
jo% {% exp (=160 — 6ol/B) + 7} sin (6) d6
{5 exp (-0/8) + ) sin @) do
foeo {% exp (=6/B) + )’} cos (6) df

B—e W —y(1+p)
- . (12)
1+ Be~0/B —y (1 +f2)

XPR =

6. Conclusion

In this paper, in order to evaluate the polarization disper-
sion characteristics of the propagation paths, we proposed a
power polarization profile, which is a power profile for the
rotational polarized angle of paths. The main features of this
profile are described below.

e The target propagation paths are separated in the time
and spatial domains.

e The rotational polarized angle of a path is defined
based on the ratio of the received power at the hori-
zontal polarization antenna to that at the vertical polar-
ization antenna.

o The power of a path is the sum of the received powers
at the vertical and horizontal polarization antennas.

o The power polarization profile is the averaged power



IMAI and KITAO: POLARIZATION DISPERSION CHARACTERISTICS OF PROPAGATION PATHS IN URBAN MOBILE COMMUNICATION ENVIRONMENT

distribution with respect to the rotational polarized an-
gle.

Here, the polarization spread, which is the spread for the
rotational polarized angle of paths, can be defined similarly
to a delay spread and angle spread.

In addition, the power polarization profile and spatial
distribution of the polarization spread were analyzed from
measurement data for a 2-GHz band in a macrocell scenario
in an urban area. Moreover, it was shown that the profile can
be formulated by an exponential distribution with a constant
term, and the relationship between the polarization spread
and the XPR of a narrow band channel was theoretically
analyzed based on the formula. The theoretical results agree
with the measurement results.
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Appendix

Figures A-1 and A-2 show radiation patterns of the sleeve
antenna and slotted cylinder antenna, respectively. These
were measured in an anechoic chamber. The radiation pat-
terns for co-polarization of both antennas are almost identi-
cal. The cross polarization discrimination (or XPD) in both
3-dB beamwidths is better than 15 dB in both antennas.

Figure A-3 shows our Rx antenna configuration. The
Rx antenna consists of ten vertically-aligned dual-polarized
sub-array antennas. Here, the top and bottom sub-array an-
tennas are dummy antennas to make the radiation patterns of
the operating sub-array antennas (#1 — #8) equal. The out-
put ports of the dummy sub-array antennas are terminated,
and the output ports of the operating sub-array antennas are
connected to the input ports of a receiver. Each sub-array
antenna consists of five printed dipole antennas, where three
antennas are elements for reception of vertically polarized
waves and two antennas are elements for reception of hori-
zontally polarized waves, as shown in Fig. A-3. Received
co-polarized waves are synthesized in each sub-array an-
tenna.

Figure A- 4 shows the radiation patterns of the 4th sub-
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Fig.A-1  Radiation patterns of sleeve antenna. (a) Azimuth pattern, (b)
elevation pattern.
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Fig.A-2  Radiation patterns of slotted cylinder antenna. (a) Azimuth
pattern, (b) elevation pattern.
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Fig.A-3  Rx antenna configuration.
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Fig.A-4  Radiation patterns of the 4th sub-array antenna. (a) Azimuth

pattern of V4 port, (b) elevation pattern of V4 port, (d) azimuth pattern
of Hy port, (d) elevation pattern of Hy port. Here, front of the sub-array
antenna is in the direction of 0 degrees.

array antenna, which were measured in an anechoic cham-
ber. We find that the main lobe patterns for co-polarization
of the V4 and Hy ports are almost identical, and the XPD
in both 3-dB beamwidths is better than 15 dB. Note that the
radiation characteristics of the other sub-array antenna are
almost identical to that for the 4th sub-array antenna.
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