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PAPER

Polarization and Spatial Statistics of Wideband MIMO Relay
Channels in Urban Environment at 2.35 GHz

Xin NIE†a), Student Member, Jianhua ZHANG††, and Ping ZHANG†, Members

SUMMARY Relay, which promises to enhance the performance of fu-
ture communication networks, is one of the most promising techniques
for IMT-Advanced systems. In this paper, multiple-input multiple-output
(MIMO) relay channels based on outdoor measurements are investigated.
We focus on the link between the base station (BS) and the relay station
(RS) as well as the link between the RS and the mobile station (MS). First of
all, the channels were measured employing a real-time channel sounder in
IMT-Advanced frequency band (2.35 GHz with 50 MHz bandwidth). Then,
the parameters of multipath components (MPCs) are extracted utilizing
space-alternating generalized expectation algorithm. MPC parameters of
the two links are statistically analyzed and compared. The polarization and
spatial statistics are gotten. The trends of power azimuth spectrum (PAS)
and cross-polarization discrimination (XPD) with the separation between
the RS and the MS are investigated. Based on the PAS, the propagation
mechanisms of line-of-sight and non-line-of-sight scenarios are analyzed.
Furthermore, an approximate closed-form expression of channel correla-
tion is derived. The impacts of PAS and XPD on the channel correlation are
studied. Finally, some guidelines for the antenna configurations of the BS,
the RS and the MS are presented. The results reveal the different character-
istics of relay channels and provide the basis for the practical deployment
of relay systems.
key words: MIMO relay channels, wideband outdoor measurements,
cross-polarization discrimination, power azimuth spectrum, channel cor-
relation

1. Introduction

Recently, the relay-based communication system has been
attracting great attention because of its various advantages
over conventional cellular systems regarding the enhance-
ment of diversity, achievable rates and coverage [1], [2].
Relay-based multi-input multi-output (MIMO) system typi-
cally comprises the base station (BS), the relay station (RS),
and the mobile station (MS), each equipped with multiple
antennas. The RS forwards the data received wirelessly
from the BS to the MS, and vice versa. Accordingly, the
relay channel consists of three individual links, i.e., the link
between the BS and the RS (BS-RS link), the link between
the RS and the MS (RS-MS link), as well as the link between
the BS and the MS (BS-MS link). In a typical application
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scenario, there is LOS existing between the BS and the RS
to maximize the coverage [3]. The height of relay antennas
is lower than that of BS antennas in order to reduce operat-
ing and maintenance costs [2].

Most theoretical works on relay-based systems have
been carried out under simplified assumption for the chan-
nel properties. For example, the Rayleigh channel, which
no longer applies when the line-of-sight (LOS) exists, is
widely used for analysis [4], [5]. As a result, the deviation
of the actual performance from theoretical performance is
still of great significance. More details of the relay chan-
nels need to be included in the channel model to narrow the
gap. Although the most effective and straightforward way to
obtain the channel characteristics is to conduct channel mea-
surements, former researches mainly focus on the measure-
ment and modeling of the conventional BS-MS link. For
an overview of state-of-the-art channel measurements and
models, see [6]–[8] and the references therein. The reduc-
tion in RS antenna height gives rise to changes in scattering
environments. The results measured from the BS-MS link
are not suitable for the BS-RS and RS-MS links. Current re-
searches related to relay channel measurements lay empha-
sis on the validation of relay performance, i.e., data rate and
bit error ratio (BER). In [9], [10], the channel impulse re-
sponses (CIRs) of indoor relay channels were measured and
rate improvements of different relay schemes were assessed
based on CIRs. The effect of relay location on channel ca-
pacity was reported in [11]. The achievable date rate of relay
system in real outdoor-to-indoor scenario was predicted in
[12], [13]. In [14], a real-time DSP-based testbed was con-
structed and BERs of cooperating relaying schemes were
tested. Due to the limitation of experimental facilities, the
propagation statistics of relay channels were not discussed
in these works. Besides, the measurement results of wide-
band outdoor relay channel are scarce. Moreover, the relay
measurements conducted in IMT-Advance frequency bands
were not reported in the previous works.

In order to obtain a more thorough understanding of the
fundamental properties of relay channels, we conducted a
measurement campaign at the center frequency of 2.35 GHz
with 50 MHz bandwidth. As mentioned above, the height
of RS antennas is lower than that of BS antennas. The
different properties of BS-RS and RS-MS links are of our
main concern. The channel correlation greatly impacts on
the relay performance [15]. Polarization diversity and spa-
tial diversity are two main approaches to reduce the channel
correlation and to enhance the diversity/multiplexing gain
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[16], [17]. The polarization diversity is mainly determined
by the cross-polarization discrimination (XPD) [18], while
the spatial diversity is primarily decided by the power az-
imuth spectrum (PAS) [19]. The impacts of antenna height
on the polarization and spatial statistics were not consid-
ered in previous channel models, , which means that the pa-
rameters for describing the spatial and polarization statistics
of the channel are regarded as independent on the antenna
height. Thus, we lay our emphasis on the polarization and
spatial statistics. The main contributions of this paper are:
a) we present the polarization and spatial statistics of BS-RS
and RS-MS links; b) we analyze the distribution of XPDs
in vertical and horizontal polarization and the dependence
of XPDs on distance; c) we propose a multi-cluster Lapla-
cian distribution to model the PAS, and study the dominat-
ing propagation mechanisms in LOS and non-line-of-sight
(NLOS) scenarios; and d) we derive a closed-form approxi-
mation to investigate the impacts of both XPDs and PAS on
the channel correlation. The results and analysis given here
are informative to provide guidelines for antenna configura-
tions and the deployment of relay-based systems.

The rest of this paper is organized as follows. Section 2
describes the measurement equipments and environment.
Section 3 shows the procedure of data post-processing. Sec-
tion 4 presents polarization and spatial statistics of measured
relay channels, mainly including XPD, PAS, and chan-
nel correlation. The propagation mechanisms in LOS and
NLOS scenarios are also analyzed. Section 5 gives the con-
clusion of our work.

2. Measurements

2.1 Equipment

The Elektrobit PropSound Channel Sounder was employed,
which is described in more detail in [20]. The sounder
worked in a time-division multiplexing mode. Periodic
pseudo random binary signals (PRBS) were transmitted be-
tween different Tx-Rx antenna pairs. The interval within
which all antenna pairs are sounded once is referred to as
a measurement cycle. The omnidirectional array (ODA),
which consists of 28 dual-polarized elements, was employed
at the BS, the RS and the MS. Every element of the ODA
consists of two co-located feeds, the polarization directions
of which are +45◦ and −45◦ with respect to the vertical, re-
spectively. The spacing between the neighboring elements
is half a wavelength. The ODA used in measurements is
shown in Fig. 1. The resolution of parameter estimation is
determined by the number of antennas [21]. A large number
of antennas are required in the measurement to obtain accu-
rate estimation. Thus, one ring of the elements was selected
as the active antennas, i.e., 16 feeds in total. Employing
the dual-polarized antennas helps to estimate channel pa-
rameters in polarization domain. The antenna pattern was
obtained from Satimo SG128 antenna measurement system
[22]. The measurement settings are summarized in Table 1.

Fig. 1 Dual-polarized omnidirectional array used in measurements.

Table 1 Measurement parameters.

Items Settings
Carrier Frequency (GHz) 2.35
Bandwidth (MHz) 50
Code length (chips) 255
Transmitting power (dBm) 26
Types of antennas ODA
Number of active antennas at BS 16
Number of active antennas at RS 16
Number of active antennas at MS 16
Height of BS antenna (m) 22
Height of RS antenna (m) 7
Height of MS antenna (m) 1.8

Fig. 2 Vertical view of measurement scenario. The circle mark indicates
the position of the BS, while the star mark indicates the position of the
RS. The straight links with arrow denote routes of the MS, and the arrow
indicates the movement direction of the MS, which is opposite to the 0◦
direction of the antenna.

2.2 Environment

The measurement was carried out in a typical urban area of
Beijing, China. The measurement scenario is illustrated in
Fig. 2. The measurement area is characterized by buildings
ranging from 4 to 5 floors. Antennas of the BS were placed
on the roof top of a 5-floor building, which is about 22 m
in height. To agree with the practical application scenario,
the height of RS antennas was set to around 7 m above the
street. In addition, LOS propagation exists between the BS
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and the RS. The horizontal distance between the BS and the
RS is 107 m. The MS antennas were mounted on a trolley.
The height of the MS antennas was adjusted to about 1.8 m
in order to imitate the height of human body. By moving the
MS antennas, eight continuous routes were measured. In the
RS-MS link, routes 1, 2, 5, 6 are in the LOS propagation en-
vironment, and routes 3, 4, 7, 8 are in the NLOS propagation
environment. The positions of MS were recorded by Global
Positioning System (GPS).

3. Data Post-Processing

Data post-processing consists of three procedures: (1) ob-
taining CIR from measured raw data, (2) estimating channel
parameters using space-alternating generalized expectation
(SAGE) algorithm, and (3) partitioning estimated parame-
ters into local areas (LAs) according to position information
of the MS.

3.1 Channel Impulse Response

Raw data collected by the receiver of channel sounder are
the spread signals with the system impulse response of the
sounding system. The system impulse response, which was
obtained from the calibration of the sounder, was removed
from raw data. Then, CIRs were calculated through the
cyclic correlation with the known PRBS.

Since the noise level Pnoise varies with time, the noise
level estimation was done for each measurement cycle. To
ensure that the signal is much stronger than the noise so that
the additive noise does not affect the inherent characteristic
of the channel, a threshold Pth was then determined by both
the estimated noise level Pnoise and the peak power of CIRs
Ppeak,

Pth = max
{
Pnoise + Dm, Ppeak − Dr

}
, (1)

where Dm is the noise margin from noise floor Pnoise, and
Dr denotes the dynamic range from the peak power Ppeak.
Paths with power below the threshold Pth were ignored. The
dynamic range Dr was set to 25 dB and the margin Dm was
set to 6 dB, empirically.

3.2 Signal Model

Consider an M × N MIMO channel, the component con-
tributed by the �th multipath component (MPC) to the signal
at the output of receive array can be modeled as

s(t; θ�) � [s1(t; θ�), . . . , sM(t; θ�)]
T

= exp{ j2πν�t}C2(Ω2,�)A�C1(Ω1,�)
Tu(t − τ�). (2)

The MPCs can be described by a parameter set θ �{
(Ω1,�,Ω2,�, τ�, ν�,A�) : � = 1, 2, . . . , L

}
. Ω1,�,Ω2,�, τ�, ν�,A�

denote, respectively, the angle of departure (AOD), the angle
of arrival (AOA), the propagation delay, the Doppler shift
and the polarization matrix. The reference angle of angu-
lar estimation results is the boresight of the antennas. The

polarization matrix of the �th MPC, A�, reads

A� �
[
α�,V,V α�,V,H
α�,H,V α�,H,H

]
. (3)

The entry α�,p,q, p, q ∈ {V,H} is the complex gain of q-to-p
polarization of the �th MPC. Ck(Ω) = [ck,1(Ω), ck,2(Ω)], k ∈
{1, 2}, is the complex response of the kth antenna array.
ck,1(Ω) is in the vertical polarization, while ck,2(Ω) is in the
horizontal polarization.

3.3 Channel Parameter Estimation

SAGE algorithm [23] is used to extract the channel pa-
rameters. SAGE is based on the maximum likelihood
method and allows joint estimation of the parameter set
θ �

{
(Ω1,�,Ω2,�, τ�, ν�,A�) : � = 1, 2, . . . , L

}
from the CIRs.

In order to extract all dominant paths to exactly character-
ize the propagation environment, 30 MPCs with strongest
power are estimated in each measurement cycle, namely,
L = 30.

3.4 Local Area Partitioning

The longitude-latitude coordinates recorded by GPS are
converted into 2D-Cartesian coordinates with the Tx posi-
tion of the link as the origin. Let r = (x, y) be the vector
indicating Rx location of the link at any instance. Corre-
spondingly, ‖r‖ denotes the distance between the Tx and the
Rx. Define the LA of position r as the circular range cen-
tered at position r with a constant radius R, and letA(r; R) =
{s1, s2, . . . , sK} be the set of measurement positions within
the LA of position r, where K is the cardinality of A(r; R).
For every si∈A(r; R), i = 1, 2, . . . ,N, there exists a parame-
ter set θi =

{
(Ω1,�,Ω2,�, τ�, ν�,A�) : � = 1, 2, . . . , L

}
, L = 30.

We collect these θi to construct a new parameter setΘ(r,R),
which corresponds to the LA with centered at r. We use the
parameters inΘ(r,R) to investigate the statistics of channels
at position r, i.e., H(r). In our analysis, the R is set to 20λ,
where λ is the wavelength.

4. Measurement Results and Analysis

In this section, the measurement and analysis results are
presented. The channel statistics in polarization and spatial
domain are firstly obtained, and the corresponding distribu-
tions for XPD and PAS are proposed. Then, a closed-form
approximation of the channel correlation, which takes into
consideration the impact of XPD and PAS, is derived to in-
vestigate the channel correlation. Based on typical channel
parameters measured from the LOS and NLOS scenarios,
the channel correlation values of uni- and dual-polarized an-
tenna arrays are assessed.

4.1 Polarization Statistics

4.1.1 The Distribution of the XPD

XPD has an important influence on the diversity gain [17].
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Fig. 3 The distribution of XPD and corresponding Gaussian fitting for
Θ(r,R) with ‖r‖ = 25 m in LOS andNLOS scenarios.

Table 2 Gaussian fitting parameters in RS-MS link for Θ(r,R) with
‖r‖ = 25 m.

LOS NLOS
XPDV XPDH XPDV XPDH

μ 5.3 5.2 5.7 5.0
σ 9.7 9.6 8.8 8.5

XPD is defined as the co-polarized received signal power to
the cross-polarized received power, which is given by

XPDV = 10 · log10

(∣∣∣∣∣ αV,V

αH,V

∣∣∣∣∣2
)

(dB), (4)

XPDH = 10 · log10

(∣∣∣∣∣αH,H

αV,H

∣∣∣∣∣2
)

(dB). (5)

The XPD value of every path in one LA is calculated ac-
cording to (4) and (5). About 900 values of XPD can be
gotten in one LA. Then, the set of all XPD values is used
to estimate the distribution of the XPD. Thus, the obtained
distribution is independent of the AOA and AOD.

The distribution of the XPD can be modeled as XPD ∼
N(μ, σ2) [24]. The XPDV and XPDH for both LOS and
NLOS scenarios in RS-MS link are shown in Fig. 3. It can
be found that both XPDV and XPDH fit Gaussian distribu-
tion very well. The mean value μ and standard deviation
σ of the least square fitting are given in Table 2. It can be
observed that, when the distance from the RS to the MS
is 25 m, the distribution of XPDV and XPDH for LOS case
manifests similar mean values and standard deviations. For
NLOS case, the mean value of XPDV is larger than that of
XPDH. The results indicate that the vertical polarization
preserves better than the horizontal polarization during the
propagation when the scatters are rich. Furthermore, we find
that the standard deviation of LOS scenario is larger than
that of NLOS scenario.

Table 3 The parameters a and n for XPDV and XPDH.

LOS NLOS
XPDV XPDH XPDV XPDH

a 5.3 5.2 5.7 5.0
n 0.22 −0.14 0.34 −0.52

4.1.2 Dependence of XPD on Distance

For outdoor environments, the dependence of XPD on dis-
tance in conventional BS-MS link was reported by [25]. For
indoor environments, the relation between XPD and dis-
tance was discussed in [24], [26]. In [26], the exponential
law was used. On the contrast, the power law was adopted
by [24]. The applicability of different models was attributed
to the propagation characteristics [26]. When there are rich
local scatters, the power law applies, and vice versa. In
the RS-MS link, both the RS and the MS antennas are sur-
rounded by local scatters due to lower height of RS anten-
nas. Based on the results of least square fitting, we find that
the relation between XPD and distance can be best described
by the power law, especially for NLOS scenarios. The XPD
as a function of distance can be modeled as

XPD(d)
∣∣∣
dB
= a + n · 10log10

(
d
d0

)
, (6)

where n is the exponent indicating the rate at which the
XPD varies with the distance, 25 ≤ d ≤ 300 is the sepa-
ration distance in meters, d0 is the reference distance and
a = XPD

∣∣∣
d0=25m

. The constants a and n for modeling the
dependence of XPD in different polarization on the distance
are given in Table 3. It can be observed that the XPDV and
XPDH manifest different changing trends over distance. The
XPDV increases as the distance increases, while the XPDH

decreases. The reason is that the complex gains of q-to-p,
p, q ∈ {V,H} polarization fall off at different rates. From
the changing trends of XPDV and XPDH, we conclude that
the complex gain of V-to-H polarization falls off faster than
that of V-to-V polarization. Similarly, the complex gain of
H-to-H polarization decays faster than that of H-to-V polar-
ization. The difference between XPDV and XPDH is more
obvious for NLOS case than for LOS case. The results re-
veal that the vertical polarization preserves better than the
horizontal polarization during the propagation, especially
in the RS-MS link where the RS antennas height is rela-
tively lower. Based on the Table 3, an empirical formula for
predicting the difference between XPDV and XPDH can be
given as follows

XPDdi f (d) = XPDV(d) − XPDH(d)

=

⎧⎪⎪⎨⎪⎪⎩3.6 · log10(d) − 4.1, for LOS,

8.6 · log10(d) − 11.3, for NLOS,
(7)

4.1.3 Comparison of XPDs in BS-RS and RS-MS Links

The mean value and standard deviation of BS-RS link were
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Fig. 4 Measured PAS and corresponding multi-cluster truncated Laplacian fitting in LOS scenario.

also obtained using (4) and (5). In the BS-RS link, the MPCs
that arrive at the RS undergo less scatters due to the larger
height of the BS antennas. The μ and σ of XPDV for BS-
RS link are 9.1 dB and 8.0 dB, while the μ and σ of XPDH

for the BS-RS link are 6.0 dB and 9.0 dB. As mentioned in
Sect. 2.2, the distance from the BS to the RS is 107 m. The
mean values of XPDV and XPDH in the RS-MS link with the
same separation distance, which are calculated based on Ta-
ble 3, are 9.6 dB and 2.6 dB, respectively. While the XPDV

values in BS-RS and RS-MS links are almost the same, the
XPDH values in RS-MS link are much smaller.

4.2 Spatial Characteristics

4.2.1 The Distribution of PAS

PAS, from which the information about the scattering ob-
jects can be derived, is an important statistical property of
the wireless channel, since it directly influences the Doppler
power spectrum and the spatial correlation of the wireless
MIMO channel. The truncated Laplacian distribution has
been introduced in [27] as the best fit to measured PAS in
urban and rural areas for the conventional BS-MS link. The
truncated Laplacian distribution can be expressed as

pφ(φ)=

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
ηφ√
2σφ
· exp

⎛⎜⎜⎜⎜⎝−
√

2|φ − φ0|
σφ

⎞⎟⎟⎟⎟⎠ , for φ ∈ [−π, π),
0, otherwise,

(8)

where φ is the azimuth, φ0 ∈ [π, π) is the mean angle, ηφ =

1/(1− e−
√

2π/σφ) is the normalized factor, and σφ is the root-
mean-square (RMS) angular spread (AS). The AS in the kth
cluster can be calculated as [28]

σk= min
Δ
σk (Δ) =

√√√ Nk∑
n=1

(
θn,u (Δ)

)2·Pn

/ Nk∑
n=1

Pn, (9)

where Nk is the number of MPCs in the kth cluster, Pn is the
power of the nth path and Δ ∈ [−π, π) is the compensation

angle. θn,μ is defined as

θn,μ(Δ) =

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
2π + (θn(Δ) − μθ(Δ)) (θn(Δ) − μθ(Δ)) < −π
(θn(Δ) − μθ(Δ)) |(θn(Δ) − μθ(Δ))| < +π
2π − (θn(Δ) − μθ(Δ)) (θn(Δ) − μθ(Δ)) > +π

,

(10)

where μθ(Δ) is defined as μθ(Δ) =
∑Nk

n=1 θn(Δ)·Pn/
∑Nk

n=1 Pn

and θn(Δ) = θn + Δ.
The measured PASs in RS-MS link for Θ(r,R) with

‖r‖ = 50 m are illustrated in Figs. 4 and 5. It can be found
that for LOS case, the PAS at the RS side fits the Laplacian
distribution. The MPCs departing the RS gather in one clus-
ter with small AS. However, at the MS side, besides the clus-
ter introduced by the LOS propagation, another cluster ap-
pears with mean angle of 90o. For the NLOS case, the PASs
in both RS and MS sides consist of two dominating clusters
and the clusters overlap. Thus, we propose a multi-cluster
Laplacian distribution for modeling the measured PAS. The
PAS of multi-cluster Laplacian distribution was observed in
our previous measurements in the indoor hotspot scenarios
[29]. We attribute the observed phenomenon in our mea-
surement to the lower height of RS antennas. In the RS-MS
link, both the RS and MS antennas are surrounded by local
scatters, which yields a link with rich scatters. The multi-
cluster Laplacian distribution can be expressed as

pφ =
NC∑
n=1

pn
φ

=

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
NC∑
n=1

Qnηn
φ√

2σn
φ

exp

⎛⎜⎜⎜⎜⎜⎝−
√

2|φ − φn
0|

σn
φ

⎞⎟⎟⎟⎟⎟⎠ , for φ ∈ [−π, π),

0, otherwise,

(11)

where NC is the number of clusters, φn
0∈[−π, π) is the mean

angle of the nth cluster, σn
φ is the AS in the nth cluster, Qn

is the ratio of the nth cluster power to the total power, and∑Nc

n=1 Qnη
n
φ = 1. Parameters for describing PASs in Figs. 4

and 5 are shown in Table 4. The parameters of PASs in the
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Fig. 5 Measured PAS and corresponding multi-cluster truncated Laplacian fitting in NLOS scenario.

Table 4 Parameters for describing the distribution of PAS with ‖r‖ =
50 m.

cluster index Qn φn
0(◦) σn

φ(
◦)

BS-RS,LOS,Tx cluster 1 1 −113 3.5
BS-RS,LOS,Rx cluster 1 1 151 3.2
RS-MS,LOS,Tx cluster 1 1 180 2.6

RS-MS,LOS,Rx
cluster 1 0.80 −176 11.6
cluster 2 0.20 −90 19.6

RS-MS,NLOS,Tx
cluster 1 0.52 −154 9.4
cluster 2 0.48 134 13.7

RS-MS,NLOS,Rx
cluster 1 0.52 162 10.8
cluster 2 0.48 −136 31.2

Table 5 Parameters for describing the distribution of PAS with ‖r‖ =
200 m.

cluster index Qn φn
0(◦) σn

φ(
◦)

RS-MS,LOS,Tx cluster 1 1 −178 1.0
RS-MS,LOS,Rx cluster 1 1 −172 5.0

RS-MS,NLOS,Tx
cluster 1 0.50 142 11.4
cluster 2 0.49 −160 9.8

RS-MS,NLOS,Rx
cluster 1 0.57 174 7.5
cluster 2 0.31 162 8.5
cluster 3 0.11 −132 6.8

BS-RS link are also included. The small ASs at both the BS
and RS side imply that the LOS propagation is dominant
and the contribution from all the scatters is small.

To investigate the trend of PAS against the distance,
the parameters for describing the PAS in Θ(r,R) with ‖r‖ =
200 m are given in Table 5 gives. It can be found that in
the case of the LOS scenario, the ASs in the cluster at both
the RS and the MS side decrease as the distance increases.
The number of the clusters at the MS side reduces to 1. This
is mainly because MPCs attenuate more after traveling for
longer distance and undergoing more interaction with the
scatterers. Only MPCs with stronger power survive, and
MPCs become more concentrated. In the case of the NLOS
scenario, the ASs in the cluster at the RS side show little
change when the distance increases to 200 m. However, the
number of clusters at the MS side increases to 3, and the

Fig. 6 Illustration of measured PAS for Θ(r,R) with ‖r‖ = 50 m in LOS
scenarios for the analysis of propagation mechanism.

ASs in the cluster increase.

4.2.2 Propagation Mechanisms

We import the measured PAS into the site-map to investi-
gate the relationship between the propagation environment
and the PAS. Examples of measured PAS results are shown
in Fig. 6 for LOS propagation and in Fig. 7 for NLOS prop-
agation. With the data in Tables 4 and 5, the following ob-
servations are made:

1. LOS scenario: As shown in Fig. 6, when the LOS ex-
ists, the strongest cluster always comes from the di-
rection of LOS. The first-order reflected MPCs from
buildings along the street also contribute to the PAS
(cluster 2 of Rx PAS in RS-MS link for the case of
LOS, in Table 4). The order of reflection refers to the
number of reflections that MPC goes through before it
reaches the receiver. At the MS side, the cluster in-
troduced by the LOS (cluster 1 of Rx PAS in RS-MS
link for the case of LOS, in Table 4) has a significantly
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Fig. 7 Illustration of measured PAS forΘ(r,R) with ‖r‖ = 50 m in NLOS
scenarios for the analysis of propagation mechanism.

higher power than the cluster caused by the first-order
reflection. 80% of the total power are in cluster 1. An-
alyzing the cluster parameters in Table 5 helps to gain
insight into the propagation mechanism as the distance
increases. The reduction of the cluster number at the
MS side indicates that the LOS propagation becomes
more dominant. The contribution from all the scatters
can be neglected.

2. NLOS scenario: It can be observed from Fig. 7 that the
PAS seems to be more diffuse compared to the LOS
propagation. The diffraction at the edges of roofs and
the second-order reflection contribute to the majority
of the PAS. The cluster introduced by diffraction (clus-
ter 1 in RS-MS link for the case of NLOS, in Table 4)
has larger power than the cluster caused by the second-
order reflection (cluster 2 in RS-MS link for the case
of NLOS, in Table 4). The two clusters show similar
power, i.e., 52% in cluster 1 and 48% percent in cluster
2. As the distance increases, the cluster number at the
MS side increases to 3, which implies a complicated
propagation mechanism. After importing the PAS into
the site-map, it can be inferred from the mean angles of
the clusters (see Table 5) that the clusters are also gen-
erated by the diffraction and second-order reflection.

Therefore we can conclude that in the RS-MS link, the LOS
propagation is the dominating propagation mechanisms in
LOS scenarios. When the MS is near the RS, the first-order
propagation is also an important propagation mechanism.
Meanwhile, the diffraction from the roofs and second-order
reflection are main propagation mechanisms in NLOS sce-
narios.

4.3 Channel Correlation

In this section, we investigate the channel correlation of
the BS-RS and RS-MS links. When polarized antennas are
adopted, the channel correlation is contributed by both spa-
tial and polarization correlation. In order to make our re-
sults applicable to a more flexible geometry of the antenna,

we use the field pattern model for slanted dipole antennas
in [24]. The antenna responses in vertical and horizontal
polarization, namely c1(φ) and c2(φ), are given by{

c1(φ) = cos θ,
c2(φ) = sin θ cosφ,

(12)

where φ is the azimuth and θ is the slanted angle with refer-
ence to vertical plane. For the case when only single cluster
exists in PAS and slanted antennas with certain spacing are
employed, the intermediate results of the channel correla-
tion were given in [30]. The covariance between the (u, s)
and (u′, s′) antenna pairs can be obtained as

ru′ s′
us ≈ Pn · cu′ s′

us ·K · y(φ, ϕ), (13)

where

K = diag(1, κ1, κ2, 1) (14)

cu′ s′
us =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
c11

c12

c21

c22

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
T

=

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
cos θs cosϑu cos θs′ cosϑu′

cos θs sinϑu cos θs′ sinϑu′

sin θs cosϑu sin θs′ cosϑu′

sin θs sinϑu sin θs′ sinϑu′

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
T

(15)

y (φ, ϕ) =
(
y(1)
φ y

(1)
ϕ y(1)

φ y
(2)
ϕ y(2)

φ y
(1)
ϕ y(2)

φ y
(2)
ϕ

)T
, (16)

y(1)
φ =

π∫
−π

pφ(φ) exp[ jkΔdTx (φ0 − φ)]dφ, (17)

y(1)
ϕ =

π∫
−π

pϕ(ϕ) exp[ jkΔdRx (ϕ0 − ϕ)]dϕ, (18)

y(2)
φ =

π∫
−π

pφ(φ)cos2(φ0 − φ) exp[ jkΔdTx(φ0 − φ)]dφ, (19)

y(2)
ϕ =

π∫
−π

pϕ(ϕ)cos2(ϕ0 − ϕ) exp[ jkΔdRx(ϕ0 − ϕ)]dϕ, (20)

where k is the wave number 2π/λ, κi, i ∈ {1, 2} are the in-
verse of the XPD in vertical and horizontal polarization,
θ j, j ∈ {u, u′}, ϑk, k ∈ {s, s′} are the slanted angle of Tx and
Rx antennas, Δdl, l ∈ {Tx,Rx} are the wave-path difference
between antennas, and pm(m),m ∈ {φ, ϕ} are the PAS of Tx
and Rx. Note that here the reference angle of φ and ϕ are
the mean angle φ0 and ϕ0, respectively. The closed-form so-
lution of (13) when the antenna spacing is nonzero was not
given in [30]. We extend the expression to a general case
when multiple clusters exist and give a closed-form expres-
sion. For the PAS of multi-cluster Laplacian distribution,
the y(1)

φ , y(2)
φ , y(1)

ϕ and y(2)
ϕ can be calculated as (22), (23),

(24) and (25). The detailed derivation is given in the Ap-
pendix. Then, the channel correlation coefficient ρu′ s′

us can
be calculated as

ρu′ s′
us =

ru′ s′
us

σusσu′ s′
, (21)

where σ2
us = rus

us |ΔdTx=ΔdRx=0 and σ2
u′ s′ = ru′ s′

u′ s′ |ΔdTx=ΔdRx=0. We
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y(1)
φ =

NC∑
n=1

Qnη
n
φ exp

[
jkd

(
u − u′

)
sin(φn

0)
]
· 2

2 +
[
σn
φkd (u − u′) cos(φn

0)
]2

(22)

y(1)
ϕ =

NC∑
n=1

Qnη
n
ϕ exp

[
jkd

(
s − s′

)
sin(ϕn

0)
]
· 2

2 +
[
σn
ϕkd (s − s′) cos(ϕn

0)
]2

(23)

y(2)
φ =

1
2

NC∑
n=1

Qnη
n
φ exp

[
jkd

(
u − u′

)
sin(φn

0)
]
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

(
2

2+
[
σn
φkd(u−u′) cos(φn

0)
]2

)
+ exp

(
− j2φn

0

) (
1

2+
[
2σn
φ+kd(u−u′) cos(φn

0)σn
φ

]2

)

+ exp
(

j2φn
0

) (
1

2+
[
2σn
φ−kd(u−u′) cos(φn

0)σn
φ

]2

)
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (24)

y(2)
ϕ =

1
2

NC∑
n=1

Qnη
n
ϕ exp

[
jkd

(
s − s′

)
sin(ϕn

0)
] ⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

(
2

2+[σn
ϕkd(s−s′) cos(ϕn

0)]2

)
+ exp

(
− j2ϕn

0

) (
1

2+[2σn
ϕ+kd(s−s′) cos(ϕn

0)σn
ϕ]2

)
+ exp

(
j2ϕn

0

) (
1

2+[2σn
ϕ−kd(s−s′) cos(ϕn

0)σn
ϕ]2

)
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (25)

Fig. 8 The channel correlation for both LOS and NLOS scenarios at the Rx side.

use the parameters in Table 4 and XPDs of corresponding
measurement location to evaluate the channel correlation.
The following two antenna configurations are studied. In
case I, the vertical polarized antennas were used at both Tx
and Rx sides, i.e., θu = θu′ = ϑs = ϑs′ = 0◦, where the chan-
nel correlation is only contributed by spatial correlation. In
case II, θu = θu′ = −45◦, ϑs = −45◦, and ϑs′ = +45◦, then
the channel correlation includes both spatial and polariza-
tion correlation. The diversity gain could be obtained if the
correlation is less than ρ ≤ 0.5 [31]. We define the distance
beyond which the correlation is lower than 0.5 as correlation
space.

Assuming ΔdTx = 0, namely, there is no spacing be-
tween the uth and u′th Tx antennas, the absolute values of
correlation coefficient |ρu′ s′

us | as a function of ΔdRx for BS-
RS and RS-MS links are given in Figs. 8(a) and 8(b). It can
be observed from Fig. 8(a) that for case I, due to the small
AS, the correlation in BS-RS link decreases slowly as the
ΔdRx increases. The correlation space is 4.6λ, which im-
plies that in the system implementation, the dimension of

the antennas needs to be large in order to reduce the corre-
lation between channels. For the LOS case in the RS-MS
link, the correlation curve is lower than 0.5 once the ΔdRx is
larger than 1.5λ. As the ΔdRx increases, the curve oscillates
around the value 0.2. For the NLOS case in the RS-MS link,
the correlation curve falls down rapidly owing to the larger
AS. The corresponding ΔdRx is about 0.3λ when the corre-
lation is 0.5. We can see that for NLOS case in the RS-MS
link, the correlation can be reduced to be low enough un-
der the constraint of the antenna array dimension. However,
this is not the case for BS-RS and RS-MS link under LOS
propagation condition. For LOS case, the size of antennas
arrays needs to be fairly big to meet the requirement of low
channel correlation. From Fig. 8(b), it can be found that the
correlation shows an significant reduction in case II. The
correlation space of BS-MS link for LOS case is 1.8λ. The
channel correlation values in RS-MS link are below 0.5 for
all ΔdRx.

The absolute values of correlation coefficient |ρu′ s′
us | as

a function of ΔdTx for BS-RS and RS-MS links are given
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Fig. 9 The channel correlation for both LOS and NLOS scenarios at the Tx side.

in Figs. 9(a) and 9(b), assuming there is no spacing between
the sth and s′th Rx antennas. From the comparison of Figs. 4
and 5, we can see the AS at the Tx side is smaller than
that at the Rx side. As expected, the channel correlation
is higher than that at the Rx side with the same separation
(see Figs. 8(a) and 9(a)). However, comparing Fig. 8(b) with
9(b), we find that when utilizing the dual-polarized anten-
nas, the channel correlation at the Tx side is equivalent to or
even lower than that at the Rx side, which reveals that the
reduction of channel correlation is more significant. There-
fore, we conclude that adopting antennas of different polar-
ization performs better when the AS is small than when the
AS is large.

The results above indicate that for the dimension-
limited RS and MS, employing cross-polarized antennas is
an effective way to fulfill the requirement of low correlation,
especially when the AS is small. The constraint on the di-
mension of BS arrays is not as strict as that on the MS array,
thus, flexible antenna configurations can be utilized at the
BS according to the actual situation.

5. Conclusion

In this paper, the propagation statistics of MIMO relay
channels are investigated based on outdoor measurements
in IMT-Advanced frequency band (2.35 GHz with 50 MHz
bandwidth). The polarization and spatial statistics are got-
ten based on parameters of MPCs, which are estimated us-
ing SAGE. First of all, the measurement and analysis re-
sults reveal different characteristics of the RS-MS link. The
XPDs in different polarization, namely, XPDV and XPDH,
manifest different dependence on the separation distance be-
tween the RS and the MS. The XPDV increases as the dis-
tance increases and the opposite for XPDH. The PASs of the
RS-MS link agree well with the multi-cluster Laplacian dis-
tribution, which indicates the number of scatters increases
due to the lower height of RS antennas. Based on the PAS,
the propagation mechanisms in LOS and NLOS scenarios
are studied. It is found that the LOS propagation and the

first-order reflection are the main propagation mechanisms
in LOS scenarios. While in NLOS scenarios, the diffraction
from the roofs and high-order reflection are dominating. We
attribute the different characteristics of RS-MS link to the
lower height of RS antennas. Both the RS and MS antennas
are surrounded by local scatters, which constitutes a link
with rich scatters.

Furthermore, a approximate closed-form expression of
channel correlation is derived. The expression takes into
consideration the impact of both XPDs and PAS. The chan-
nel correlation for two antenna configurations is investi-
gated. In case I when vertical polarized antennas are uti-
lized, the channel correlation is high for LOS scenarios. The
correlation spaces of BS-RS and RS-MS links are 4.6λ and
1.5λ, respectively. In case II when antennas of different po-
larization are used, the channel correlation decreases signif-
icantly. The correlation space reduces to 1.8λ for LOS sce-
narios in BS-RS link. The correlation values are all below
0.5 in the RS-MS link for all antenna separations. From the
comparison of the correlations at Tx and Rx sides, we also
observe that adopting dual-polarized antennas is more ef-
fective when the AS is small than when the AS is large. We
can conclude that utilizing antennas of different polarization
provides a rich MIMO solution for dimension-limited RS
and MS.
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Appendix: Derivation of (22), (23), (24) and (25)

This appendix is devoted to the derivation of (22), (23), (24)
and (25). In the nth cluster, we choose the mean angle φn

0 as
the reference angle, then we have

y(1)
φ,n =

π∫
−π

pn
φ(φ) exp

[
jkΔdBS

(
φn

0 − φ
)]

dφ, (A· 1)

where

pn
φ(φ) =

Qnη
n
φ√

2σn
φ

exp

⎛⎜⎜⎜⎜⎝−
√

2|φ|
σn
φ

⎞⎟⎟⎟⎟⎠ . (A· 2)

For uniformly spaced antennas with separation dTx, the
wave path difference between the uth and u′th antennas,
which is introduced by the nth cluster of the PAS at the Tx
side, is given by

ΔdTx

(
φn

0 − φ
)
= dTx

(
u − u′

)
sin

(
φn

0 − φ
)
. (A· 3)

Expanding sin(φn
0 − φ) with a first-order Taylor series, we

have

sin(φn
0 − φ) = sin(φn

0) cos(φ) − cos(φn
0) sin(φ)

≈ sin(φn
0) − φ cos(φn

0). (A· 4)
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For brevity, define the following quantities

α(φn
0) = kdTx(u − u′) sin(φn

0), (A· 5)

β(φn
0) = kdTx(u − u′) cos(φn

0). (A· 6)

Since

y(1)
φ =

NC∑
n=1

y(1)
φ,n

=

Nc∑
n=1

π∫
−π

pn
φ(φ) exp

[
jkΔdTx

(
φn

0 − φ
)]

dφ, (A· 7)

substituting (A· 4), (A· 5) and (A· 6) into (A· 7), we get

y(1)
φ ≈

NC∑
n=1

⎧⎪⎪⎪⎨⎪⎪⎪⎩exp[ jα(φn
0)]

π∫
−π

pn
φ(φ) exp[− jβ(φn

0)φ]dφ

⎫⎪⎪⎪⎬⎪⎪⎪⎭
=

NC∑
n=1

{
exp[ jα(φn

0)]Fω[pn
φ(φ)]

}∣∣∣∣∣
ω=β(φn

0)
, (A· 8)

where Fω(·) denotes the Fourier transform evaluated at ω =
β(φn

0). Using (A· 9) [32], we get (22).

Fω [
exp (−a|x|)] = 2a

a2 + ω2
(A· 9)

Similarly, y(2)
φ can be expressed as

y(2)
φ ≈

NC∑
n=1

⎧⎪⎪⎪⎨⎪⎪⎪⎩ exp[ jα(φn
0)]

·
π∫
−π

pn
φ(φ)cos2(φ − φn

0) exp[− jβ(φn
0)φ]dφ

⎫⎪⎪⎪⎬⎪⎪⎪⎭ . (A· 10)

By expanding the trigonometric function in the integral, we
get

cos2(φ − φn
0) =

1 + cos
[
2
(
φ − φn

0

)]
2

=
1 + cos(2φ) cos

(
2φn

0

)
+ sin(2φ) sin

(
2φn

0

)
2

. (A· 11)

Substituting (A· 11) into (A· 10), we have

y(2)
φ =

1
2

NC∑
n=1

exp[ jα(φn
0)]

{
Fω[pn

φ(φ)]

+ cos(2φn
0)Fω[cos(2φ)pn

φ(φ)]

+ sin(2φn
0)Fω[sin(2φ)pn

φ(φ)]
}∣∣∣∣∣
ω=β(φn

0)
. (A· 12)

Applying (A· 9) and (A· 13) [32], the (A· 12) can be solved.
Then, we achieve (24).

Fω [
exp(−a|x| cos(bx))

]
=

[
a

a2 + (b + ω)2
+

a
a2 + (b − ω)2

]
(A· 13)

The (23) and (25) can be obtained similarly.
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