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Abstract—In the design of diversity and fast handover schemes
for high-speed railways (HSRs), a better understanding of the
shadow fading correlation properties is required. In this paper,
both auto- and cross-correlation models of shadow fading in HSR
environments are proposed based on a large set of measurements
with 6146 cells in China. The measurements are conducted using
a practically deployed and operative GSM-Railway (GSM-R)
system at 930 MHz, to reflect the real conditions of shadow
fading in the HSR environments. 7 typical HSR environments
and the realistic base station (BS) parameters are considered
in the analysis. It is found that the decorrelation distance is
correlated with the standard deviation of shadow fading, and
is generally larger than 100 m in most of HSR environments.
The cross-correlation of shadow fading between two neighboring
BSs dependents on the BS height and the tilt angle of the
antenna, and a heuristic truncated Gaussian distribution model
of cross-correlation is proposed. The model is validated by the
measurements conducted in another operative HSR line. The
results can be used to exploit the simulation algorithms, to
analyze the signal-to-interference-ratio (SIR) properties, and to
develop new and better handover schemes for HSRs.

Index Terms—Correlation, high-speed railways (HSRs), prop-
agation, railway communications, shadow fading.

I. INTRODUCTION

IGH-SPEED railways (HSRs) are increasingly consid-

ered as a fast, safe and green transportation system. In
China, the operative railway lines will be up to 120,000 km
long by 2020, including over 16,000 km of HSR lines [3].
This also causes a dramatic increase in HSR communications,
so that additional techniques are required to enhance the
performance of the GSM-Railway (GSM-R) based control
system. Among the many challenges faced when designing
a safe and reliable GSM-R network for HSR, handover is
prevalent because of the high handover frequency. A deep
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understanding of shadowing fading is thus required to design
and test improved handover algorithms, slow power control,
and network planning [4]-[6]. The impact of shadow fading on
handover performance is of particular interest, as the handover
performance has been found to be sensitive to the standard
deviation and correlation properties of shadow fading. The
fluctuations of signal strength associated with shadow fading
cause a call sometimes to be repeatedly handed over back and
forth between neighboring base stations (BSs), which is mostly
called the “ping-ponging” effect [7]. In [8], it is observed
that the handover rate and handover initiation delay increases
and decreases with the standard deviation of shadow fading,
respectively. The effect of the hysteresis margin on handover
performance is also found to depend on its relative value in
terms of the standard deviation of shadow fading in [8]. In [9],
the lognormally distributed shadow fading component is used
for the simulation of handover scheme performance in HSR
environments, however, the correlation properties of shadow
fading are not considered in [9].

It has also been claimed that the handover performance
is sensitive to the correlation properties of shadow fading.
In [10], a least squares estimate of path-loss parameters
of the various radio links is proposed based on the auto-
correlation model of shadow fading, and is found to have better
performance than the handover algorithm based on averaging
the signal strength [11]. In [12], the simulation shows that the
call dropping performance of a wireless network displays a
“resonance”-like behavior, i.e. the call dropping curve peaks
at a critical correlation length of shadow fading. It is thus
critical to capture spatial auto-correlation of shadow fading
when studying the performance of wireless network. In [13],
the cross-correlation is found to determine an increase of
probability of handover with respect to the case of non-cross-
correlated shadowing, and significant variations are observed
in both the number of handovers and handover delay due to the
presence of cross-correlation. In [14], an improved location-
based handover algorithm is proposed, which exploits the auto-
and cross-correlation properties of shadow fading to avoid
unnecessary handovers.

In addition, characterizing shadow fading correlation is
useful in the analysis of macrodiversity and system de-
sign, e.g., the decorrelation distance dictates how rapidly
the large-scale signal-to-noise ration (SNR) changes, whereas
the cross-correlation significantly affects the gain achieved
by macroscopic diversity. Moreover, the effects of shadow
fading correlation must be accounted for in order to decrease
the difference between simulation results and experimental
deployment results.
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TABLE 1
SUMMARY OF INVESTIGATION ON SHADOW FADING IN HSR ENVIRONMENTS

. Using high-speed | Shadow fading | Shadow fading | Shadow fading
Reference | Frequency | Scenario ; . . .

train distribution auto-correlation | cross-correlation
[1] 930 MHz Urban v/ X v/ X
[1] 930 MHz | Suburban N X vV X
[1] 930 MHz Rural v X v X
[2] 930 MHz | Viaduct vV X X v/
[15] 5.2 GHz Rural X vV X X
[16] 930 MHz | Viaduct vV vV N X
[17] 2.35 GHz | Viaduct v v v X
[18] 930 MHz | Viaduct v vV X X
[19] 2.35 MHz | Viaduct V vV X X
[20] 2.35 GHz | Viaduct v vV X X
[21] 2.6 GHz Viaduct vV N X X
[22] 930 MHz | Cutting vV vV X X
[23] 2.35 GHz | Cutting v N X X
[24] 2.4 GHz Hilly vV N4 X X
[25] 400 MHz Rural X X X X

Subsequent to the above analysis, a shadow fading model
for HSRs is required to tackle the following issues: i) an auto-
correlation model and the prediction of decorrelation distance;
ii) a cross-correlation model for two neighboring BSs. To this
end, a large set of measurements is required. Therefore, we
carried out an extensive measurement campaign, with 6146
cells, along Chinese HSR lines. In this paper, we extend our
previous work [1], [2] to 7 typical HSR environments: urban,
suburban, rural, viaduct, cutting, station, and river. For each
environment, the shadow fading behavior is analyzed, auto-
and cross-correlation models are proposed, implemented and
validated.

The paper is organized as follows: Section II summaries
the related work about shadow fading correlation. Section III
introduces the measurement system and environments. Section
IV outlines the basic theory of shadow fading. Section V
presents the shadow fading models, and the implementation
and validation of models. Finally, Section VI concludes the

paper.

II. RELATED WORK

In the past decades, HSR radio channel modeling has
attracted much interest due to the high demand for GSM-R
network planning. In our previous work, the auto-correlation
characteristics in urban, suburban, and rural were analyzed
[1], and the cross-correlation characteristics in the viaduct
environment were investigated [2], both at 930 MHz. In the
WINNER II model [15], the shadowing standard deviation
in rural environments was analyzed, however, it did not rely
on using high-speed trains for the measurements. In [16],
the auto-correlation of shadow fading in an HSR viaduct
scenario was investigated and the double exponential model
was suggested to describe the shadow fading auto-correlation.
In [17], the shadowing correlation and the cross-correlation
between shadow fading and delay spread were investigated
in HSR viaduct environments at 2.35 GHz. In [18]-[21],

the standard deviation of shadow fading in HSR viaduct
environments was analyzed at 930 MHz, 2.35 GHz, and 2.6
GHz, respectively. In [22], [23], the standard deviation of
shadow fading in HSR cutting environments was analyzed
at 930 MHz and 2.35 GHz, respectively, and the impact of
structure of cutting on shadow fading was modeled. In [26],
cutting in HSRs was considered as an open area and the
shadow fading was analyzed. The impact of overbridges on
shadow fading was discussed, though without any realistic
measurements in [26]. In [24], HSR channel measurements
were conducted in hilly terrains at 2.4 GHz and shadow fading
distribution was compared with viaduct measurements. In [25],
a train-to-train channel model was developed at 400 MHz for
train collision avoidance and shadow fading was analyzed.
Finally, some recent measurements investigated the delay and
Doppler characteristics in HSR environments. As those those
do not deal with shadow fading, we do not detail them here,
but invite the reader refer to [27], [28], and the references
therein.

In Table I, we summarize and classify the existing measure-
ment campaigns about shadow fading in HSR environments,
according to frequency, scenario, whether using the high-speed
train in the measurements, and which issues of shadow fading
are addressed. We can see that most works focus on the viaduct
scenario and that the correlation properties, e.g., the auto- and
cross-correlation behaviors, are largely neglected.

Naturally, some results exist as far as cellular channels are
concerned. While these works might not be readily scalable
to HSR environments (because those results are based on
measurements either outside the GSM-R frequency band or in
non-railway environments), they provide some insight into the
correlation properties of shadow fading. For example, in [29]-
[31], an exponential model was suggested to describe the auto-
correlation function of shadow fading in suburban and urban
environments, which is consistent with the HSR measurements
in [17]. In [6], [32]-[36], the cross-correlation of shadow
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Fig. 1. Measurement system. (a) Base station and APX86-906515S-CT0O TX
antenna, mounted with a tilt angle against the tower. (b) High-speed train in
the measurements. (c) 900/2400-HBNT RX antenna, placed on the roof of
the train. (d) Willtek 8300 Griffin receiver.

fading was experimentally characterized and models were
proposed based on the distance and/or the angle difference
between the links. In HSRs, as the BSs are located along the
linear rail track, the distance and angle differences are mostly
affected by the BS height and tilt angle (as detailed in Section
V).

III. MEASUREMENTS
A. Measurement Campaign

We conducted an extensive measurement campaign along
the “Zhengzhou-Xian” HSR lines of China at 930 MHz.
A practically deployed and operative GSM-R system was
used. The GSM-R BSs were placed along the HSR line,
generally 10 m away from the rail track. The BS antennas
were 20-40 m higher than the surface of the rail track so
that our measurements were generally conducted in line-of-
sight (LOS) conditions. Fig. 1 depicts the measurement system
(more details of the system can be found in [37]-[39]). To
record sufficient data, we conducted repeated measurements
for over one year and measured 6146 HSR cells. We used
a distance sensor to trigger the system and ensure that the
spatial sampling interval was fixed at 53 cm, irrespective
of the train speed. Using the sweeping mode of a Willtek
8300 Griffin receiver, the received power was measured from
both neighboring BSs. The difference of frequency for two
neighboring BSs was 12 MHz. Since GSM-R has a bandwidth
of 0.2 MHz, the interference between two neighboring BSs is
thus negligible. The average SNR was generally larger than
30 dB, so that an accurate estimation of channel parameters
is possible.

B. Environment

Radio propagation depends on topographical and electro-
magnetic features of the operating environment. A propagation
scene partitioning for HSR scenarios was first proposed in
[40], where HSR environments are divided into 19 envi-
ronments. We selected 7 most typical HSR environments to
conduct our measurements. Brief descriptions are as follows':

TA detailed description of each environment can be found in [41].
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Fig. 2. Railway-specific environments. (a) Left to right: urban, suburban
and rural. (b) Viaduct. (c) Cutting, from [38]. (d) Railway station with large
awnings on top, from [40]. (e) River.
TABLE II
CELL NUMBER OF EACH RAILWAY ENVIRONMENT IN THE
MEASUREMENTS

Environment | Number

Urban 66
Suburban 1500
Rural 808
Viaduct 2114
Cutting 638
Station 772
River 248

1) Urban: large and densely built cities with most buildings
over 10 floors.
2) Suburban: low residential or townhouses with one or
few floors; a few trees.
3) Rural: mostly open areas, with very few buildings along
the track.
4) Viaduct: viaduct with heights ranging from 10 m to 30
m [37].
5) Cutting: cuttings with steep walls on both sides [38].
6) Station: regular railway cell with one railway station
(usually with awnings on top) at the beginning or end of
the cell (awning is usually 0.4-0.8 km long, 0.1-0.5 km
wide, and 50-80 m high; BSs are mostly located outside
the awnings).
7) River: rivers (usually 50-200 m wide) either on one side
of the track, or crossing the rail line.
Fig. 2 illustrates these railway-specific environments. Table II
summarizes the number of cells used in the measurements for
each environment. Generally, over hundreds of cells are used
to ensure the accuracy of analysis.
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Fig. 3. Sketch map of two neighboring BSs.

IV. SHADOW FADING MODEL

Fig. 3 shows a sketch map of two BSs and one high-
speed train. For convenience, we name the pair of BSs in
Fig. 3 the neighboring cells (NCs). Each BS in a NC has two
parameters: the antenna height h over the rail track surface
and the tilt angle 6 against the BS tower. Parameter D is the
separation distance between the two BSs. We denote as r;
and ro the local measured mean power of the signals received
from BS1 and BS2, i.e., transmitter 1 (TX1) and transmitter
2 (TX2), respectively. The mean power values are obtained
after averaging the instantaneous received power over a 40-
wavelength sliding (non-overlapping) window. Both 71 and 7
can be modeled as [42]

rs(ds) = As + 10nslogyo(ds) + X | (1)

where s = 1,2 denote the TXI1-RX and TX2-RX links,
respectively; Ag is the intercept value and ns is the path loss
exponent, both of which are obtained by using a Least Square
(LS) regression fit; ds is the TX-RX separation distance; X
denotes the shadow fading component.

The shadowing fluctuation (in decibels) is usually charac-
terized by a zero-mean Gaussian distribution,

XS ~ N[O)Ué] b (2)

where N[0, 0] represents a Gaussian distribution with zero
mean and a standard deviation of o,.

To analyze the correlation characteristics, the auto- and
cross-correlation coefficients are estimated from the shadow-
ing samples as follows:

o the auto-correlation coefficient estimate for a given TX-
RX link is defined as in Eq. (3), where N is the number
of the samples; Ad represents the distance difference; (-)
denotes the sample mean value of the set (-).

« the cross-correlation coefficient between the TX1-RX and
TX2-RX links is estimated as

N o .
Z: (X1 — X1) (X2, — Xo)

Pcross —
N

i=1
2
5 (- X0 [ (-
“)
To increase the reliability of the analysis, the confidence
interval (CI) of the estimated correlation coefficients p is

—

TABLE III
PASSING RATE OF THE GAUSSIAN DISTRIBUTION AND STANDARD
DEVIATION (STD) OF SHADOW FADING IN RAILWAY ENVIRONMENTS

Environment \ KS Passing Rate (%) \ Mean STD, o (dB)

Urban 96.97 3.19
Suburban 85.48 3.33
Rural 93.61 2.85
Viaduct 91.92 2.73
Cutting 91.60 3.63
Station 84.59 2.77
River 91.09 3.09

analyzed based on the Fisher z-transformation [43]. The
transformation is defined by

1 1+p
=1 . 5
-~ b (1£2) ©

For a given significance level q, i.e., the Cl is 1 —a, the lower
and upper limits are expressed as [44]

exp(2z1) =1 exp(2z2) — 1
exp(2z1) +1  exp(2z2)+1]

(pl—a/Q ) ( @1—0(/2 >
- =, =24+ ——=), 7
1T < N-3) 277 N -3 ™

and ®,_,/; is the appropriate value from the standard Gaus-
sian distribution for the 1 —« percentile, which can be found in
[45]. In the following, the 95% CIs of the estimated correlation
coefficients are used.

(6)

V. RESULTS
A. Shadow Fading Standard Deviation

Our measurements suggest that the zero-mean Gaussian
distribution fits the shadowing data (in dB) in each environ-
ment. We use the Kolmogorov-Smirnov (KS) test with a CI of
95% to validate this assumption. The statistic of the KS test
is defined as the maximum value of the absolute difference
between the cumulative distribution function (CDF) of the
measured shadow fading components Y; and the CDF of the
estimated distribution Y5, which can be expressed as

Dis = max (|F(Y1) — F(Y)]) | ®)

where F'(-) denotes the CDF of (-). |(-)| denotes the absolute
value of (-). To test the goodness of fit, the KS test compares
Dxs to a threshold Dy, corresponding to a given significance
level cv. In our analysis, & = 5%, i.e., the CI is 95%. Therefore,
we have Dy, = 1.36/ VN [46]. Any distribution for which
Dxs > Dy, is rejected with significance 95%, while any
distribution for which Dkg < Dyy is accepted with the same
level of significance. Table III summarizes the KS passing rate
of the zero-mean Gaussian distribution in each environment.
It is found that the KS passing rate is larger than 84% in all
environments.
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Fig. 4. Example plot of the measured pauto(Ad) in one cell of the viaduct
environments, together with an exponential decay model.

The mean value of the standard deviation of shadowing in
each environment is also presented in Table III: it ranges from
2.7 to 3.7 dB. We also note that o is significantly less in HSR
scenarios than in classical cellular systems, e.g., in [31], o
is larger than 7 dB in urban areas, in [47], 0 = 8.2 dB in
suburban areas, and in [48], o is large than 6 dB in urban
and rural areas. This is because in HSR networks, the high
BS leads to clear LOS propagation with reduced shadowing
effects.

B. Shadowing Auto-Correlation Characteristics

For the measurements from each BS in Fig. 3 (in a particular
scenario), we estimate the auto-correlation coefficient payto
from (3). In our measurements p,y, has been found to follow
an exponential decay function [29], expressed as

Ad)

cor,j

where j is the index of the specific railway environment; d,
represents the decorrelation distance, which depends on the
scenario and is usually defined to be the distance at which the
correlation drops to 1/e. The decorrelation distance reflects
how fast the large-scale parameters are changing over the
route. Example plot of the measured j,,t, in viaduct environ-
ments is shown in Fig. 4, where we can see that the exponential
decay function offers a good fit to the measurements. Note that
Eq. (9) ranges between 0 and 1, and can not reflect the negative
Pauto, as in Fig. 4. However, the estimated p,ut, drops below
0 only for large Ad (three times of d.oy). In that range, the
variation of |pPauto| is at most 0.2. Therefore, we still use the
classical exponential decay model of Eq. (9) in this paper.

ﬁauto,j(Ad) = exp (_ (9)
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TABLE IV
SHADOWING AUTO-CORRELATION ANALYSIS

Environment | Mean, dc.,, (m) ‘ I';, [95% CI]

Urban 57.12 0.28, [0.04 0.49]
Suburban 112.48 0.38, [0.34 0.42]
Rural 114.79 0.25, [0.18 0.32]
Viaduct 115.44 0.23, [0.19 0.27]
Cutting 88.78 0.34, [0.28 0.39]
Station 101.22 0.42, [0.36 0.48]
River 114.58 0.19, [0.07 0.31]

In Fig. 4, the various measurement curves are plotted
together with with the 95% CI estimated for each particular
Pauto(Ad) from Eq. (5)-(7). We can see that the CI is
reasonably narrow before p.uto drops to 0.2, which shows
that the estimation of d.,, with 1/e threshold has sufficient
accuracy. Note that the CI tightness depends on the number of
samples. As we use a 40-wavelength sliding non-overlapping
window to remove small-scale fading effects, in each cell the
number of shadow fading samples is less than 300, which
limits the CI tightness.

For the estimated distance d.,, in each environment, we
examine the dependency of d.., on the scenario parameters: h,
0, D and h/0, as in Fig. 3. As we find that d,, is independent
of those parameters, we directly model the mean value of
dcor for each railway environment (see Table IV). We observe
that in most railway environments, d.., is larger than 100
m; only in the urban and cutting environments, values less
than 90 m are observed. We conjecture that it is caused by
the rich reflection/scattering components in urban and cutting
environments. This result is consistent with the results in [15]
and [34], where dco; < 90 m is suggested for LOS urban
areas.

Furthermore, we note that, in each cell, a higher shadow
fading standard deviation o usually corresponds to a larger
value of d.,, as shown in Fig. 5. It is conjectured that the
scatterers that increase the decorrelation distance usually lead
to a larger variation of shadow fading. We therefore derive a
correlation coefficient fj in the j-th environment, expressed
as

M=

A S (oli) -7

I = :

(10)

N

i

i) = deor)”

dcor ] *E)
>, (i) = _

) (deor (1)
5)2 . \/Iz_vjl (dcor(

The coefficient f‘j is summarized in Table IV, together with
the 95% Cls estimated from Eq. (5)-(7). The values of CIs
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Fig. 5. Example plots of dcor Vs o in suburban and station environments.

indicate a reasonable estimation accuracy, because of the large
data set in Table II. Generally, fj is larger than 0.2, and its
positiveness confirms that larger o values are associated with
larger dcoy-

C. Shadowing Cross-Correlation Characteristics

For each NC (in a particular scenario) as in Fig. 3, we
estimate the cross-correlation coefficient by (4). The 95% Cls
of the estimated p..oss are plotted in Fig. 6, using Eq. (5)-
(7). The estimated CIs in Fig. 6 are limited by the number
of shadowing samples in each cell, as discussed before. It is
found that the 95% CI is reasonably narrow. A relatively wide
CI is only observed for a small value of |pcross|-

1) Discussions: It is found that the cross-correlation coeffi-
cient pcross €xhibits a large fluctuation from cell to cell. It is
conjectured that p.,oss 1 affected by factors such as antennas,
BSs, environments, etc. We thus examine some of these factors
in the following and then propose a heuristic model for pPcyoss-

Several factors are considered: the environment where the
NC is located; the separation distance D between the two
BSs; the heights h of the two BSs; and the tilt angles 6 of the
antennas against the BS towers:

o Environment: It has been found in [37], [38] that the en-
vironment type significantly affects the large- and small-
scale characteristics. The same is observed for pcross-
Therefore, we distinguish different environments when
we model peross- As shown in Table II, we have sufficient
measurements in each environment to ensure an accurate
analysis.

o Separation distance D: A dependency of pcross On D is
not observed in our measurements. One possible reason
is that D in our measurements is always around 3-4 km,
which does not cover a sufficiently large range. We also
note that, as reported in [35], a clear dependency of cross-
correlation can only be observed when TX/RX separation
distance is around 1000 m, which is not a realistic case
for HSR deployment. Since we use the operative GSM-
R network in the measurements, changing D to have
more realizations is not feasible in our current work. We

L Upper Bounds| : . |
0.8 »°
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0.4 R
[2]
kel
€ 02f R
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Fig. 6. Example plots of the 95% CI bounds of pcross in all environments.
Diagonal line is plotted for reference.

therefore do not consider the impact of D on peress in
the following model.

e h and 0: As indicated in [49], [50], for a particular
antenna gain pattern, the BS antenna height h and angle
0 determine the gain and the received power at different
locations. A large h or a small # usually lead to better
coverage for most of the railway cell. We therefore intro-
duce a heuristic term of i /6 to represent the impact of BS
on the cross-correlation characteristics®. The difference of
h/6 between the two BSs can be expressed as

b ke

o e

A small £ means that the two neighboring BSs generally
have similar impacts on the shadow fading of the two
TX-RX links, i.e., a large |peross| is expected. In Table
V, we summarize the number of measured p.,oss for each
realization of ¢ in the measurements. We observe that
except for urban areas, sufficient realizations enable to
examine the dependency of pcross On &, and that for each
realization of &, we generally have sufficient samples of
Deross tO ensure an accurate analysis.

(11

2) Notation: Before proposing the model, we define the
following notations:

e &j 4 denotes the g-th realization of & in the j-th scenario,
where ¢ = 1,2,--- ,Q; and @; is the total number of
realization £ in the j-th scenario.

o ®; ., denotes a set of cross-correlation coefficients, which
correspond to the NCs with a realization of ¢;, in the
j-th scenario.

e Pecross,j,q,p denotes the p-th cross-correlation coefficient

in the set ®; ,, where p = 1,2,--- , P; 4, and P; , is the

total number of cross-correlation coefficients in the set

D, 4
3) Model: Example plots of pcross Values measured in the
viaduct and cutting environments are shown in Fig. 7. Our first

2Other terms like h/tan(6) were also examined. However, the term h /0
offers the best fit to the data.
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TABLE V
NUMBER OF MEASURED pcross VALUES FOR EACH REALIZATION OF £ IN THE MEASUREMENTS

Environment \ Realizations of & \ Number of pcposs for each realization of &

Urban (1.6) (33)

(0, 0.71, 1.25, 1.42, 1.43, 1.71, (355, 18, 95, 24, 26, 26,
1.96, 2.29, 2.46, 2.86, 3.39, 5.71) 25, 78, 26, 26, 26, 25)

Rural (0, 0.40, 0.71, 1.25, 2.14, 4.25, 11.79) (78. 107, 26, 26, 26, 35, 106)
Viaduct | (0, 0.15, 0.71, 1.25, 1.75, 2.46, 2.50, 3.00) (524, 16, 30, 193, 103, 59, 26, 106)
Cutting (0, 0.71, 1.04, 1.25, 1.43, 1.86, 3.54) (93, 24, 26, 104, 52, 20, 181)
Station (0, 0.86, 3.04, 3.54, 4.25, 5.18, 6.21) (50, 3, 14, 100, 109, 26, 84)
River ©, 1.5, 2.5) (74, 24, 26)

Suburban

0.6 O P cross MeEAN 0.4 : O P cross’ std
——— LS Fit 03

: : 2 L (@)
02 . 02 o (0]0)
“05p % : 0 %\OO\ 0.1 o 0O

(@)

0.4 O P cross? MEAN 0.4 O P cross’ std
= LS Fit 0.3

02

O 0.1

(e
f)
(©]
%
o e
0]

Fig. 7. Example plots of pcross. (a)-(c): Viaduct environment. (d)-(f): Cutting environment.

observation in Fig. 7(a) and (d) is that within each set of ®;, as
(i.e., for each particular &; ), Pcross,j,q,p generally has a large
variation, and a distribution ranging between -1 and 1 should 1 R B 9
be used to describe the variation. Meanwhile, the mean value ~ Zcross.j.a = a : Z (Peross,juqp — Peross,jq) | > (13)
Of peross,j,q,p Within the set ®; ,, defined as 7 p=t

Pj.q

- is found to be independent of §; 4, as shown in Fig. 7(c) and

Pcross,j,q = PL . Z (Peross.am) | (12) ;f). the that Wh@n calculating 0¢ross,j,q in Fig. 7 and in the

Jha ollowing analysis, we drop the sets of ®;, where P;, <

20, because the size of those sets can not guarantee sufficient

accuracy of standard deviation estimation. Measurements for

other environments were verified, though relevant plots are not
shown here due to space limitations.

Summarizing, our model of p¢yoss 1S as follows:

o We use the truncated Gaussian distribution bounded be-
tween -1 and 1 to describe the variation of peross,j,q.p
within the set of ®; ;. The truncated Gaussian distribution
bounded between -1 and 1 is defined as in Eq. (14), where

P

p=1

is found to follow a linear function of &; 4, as shown in Fig.
7(b) and (e). It is observed that in suburban, rural, viaduct,
station, and river scenarios, peross,j,q decreases with increasing
&;,¢> while in the cutting scenario, peross, j,q 1S found to increase
with &; 4. Our measurements show that the cutting structure,
as discussed in [22], [38], leads to a negative cross-correlation
coefficient at small values of £. Note that in all six scenarios,
a small value of |peross,j q| 1S generally observed at large &; 4,
which follows the physical insight that a small &;, implies

x
that the scenario difference’ betw.een.the two link§ is small erf(z) = 2 / exp(—tz) dt (15)
and therefore a large cross-correlation is observed. Finally, the VT Jo
standard deviation of peross,j,q,p Within the set @, 4, defined is the error function.
o Pecross,j,q 18 modeled as a linear function of §; ,, expressed
as
ﬁcross,j,q =a- fj.,q +b 5 (16)
3Here the “scenario” includes the environment and BS/antenna character- . )
istics. where a and b are obtained through a LS regression fit.
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f (pCross,j,q,p € (I)j,q; ﬁcross,j,qa Ocross,j,q» _1a 1) =

1
—— exp 0.5<

Peross,j,q,p — Peross,jg

2
Ocross.j.q )

V2T (14)
0.5 |1+ ext [ Lo Perosmia ) | 5|1 4 epf [ 1 Perossia
ﬂacross,j,q \/iacross,j,q
TABLE VI
CROSS-CORRELATION MODEL PARAMETERS IN RAILWAY 1 . . .
ENVIRONMENTS Measurements
E = = = Truncated Gaussian
= O 05f == Unif b
Environment a \ b \ O cross \ RMSE © nem —
Suburban -0.055 | 0.25 0.16 0.08 0 ,—"" : ‘ ‘ ‘ ‘ ‘
Rural -0.016 | 0.066 | 0.18 0.07 08 -06 -04 -02 0 0z 04 06 08 1
Viaduct | -0.086 | 0.16 | 0.17 | 0.06 P aross
Cutting 0.056 | -0.16 0.17 0.09 .
Station -0.053 | 0.23 0.14 0.09 Measurements i
River -0.016 | 0.22 0.21 0.03 o) = = = Truncated Gaussian ’,“‘
2 0.5f == Uniform ' b
) il
0 e ‘ . ‘ :
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6
e Instead of modeling ocross,j,q as a function of &g, P eroce
we simply average Ocross,j,q in the j-th environment,
expressed as i . )
Fig. 8. Example plots of pcross When & = 0 , together with the CDFs of

1 Qj
5'cross,j = a : Z (Ucross,j,q)
J

g=1

a7

This is because i) no distinct dependency of O¢ross,j,q
on §; 4 is observed, as shown in Fig. 7(c) and (f); and
ii) Eq. (17) reduces the estimation error caused by the
different P; 4, in each set of ®;, and avoids misleading
conclusions.

In Fig. 8, we show the example CDF plots of the estimated
Peross for & = 0 case in the viaduct and cutting environments.
It is found that the truncated Gaussian distribution offers a
reasonable fit, which has a KS passing rate larger than 87%
in all six environments. The goodness-of-fit of the Uniform
distribution is also examined but it generally exhibits a KS
passing rate lower than 50%.

In Table VI, we summarize the obtained parameters of the
cross-correlation model in Eq. (16) and (17) 4. Note that our
model is derived from the measurements conducted with a
particular GSM-R system, and it is therefore limited to these
conditions, e.g., the range of £ in Table V. The root mean
squared error (RMSE) of (16), as defined in [38], is calculated
and summarized in Table VI. We can see that the RMSE
is generally less than 0.1, which means the model has a
reasonable fit.

D. Model Implementation and Validation

Since it is very difficult to conduct practical channel mea-
surements in HSR, a recipe of the generation of the large-
scale fading channel is very useful for system design. Based
on the results in this paper, it is possible to model shadow

4Urban is not included due to the insufficient realizations.

truncated Gaussian and uniform distributions. (a) Viaduct. (b) Cutting.

fading by generating a sequence of values (in dB) that have
the desired normal distribution, and possess the necessary
correlation properties. We describe below the steps required to
generate the shadow fading channels in HSR with the desired
properties of Table III, IV, and VI [51]:

1) Choose a particular environment of HSR.

2) Generate a covariance matrix K using the model of Eq.
(9) and Table IV. Perform the following factorization:
K = PAPT, where P is the matrix whose columns
are the eigenvectors of K and A is the diagonal ma-
trix of eigenvalues. (-)T denotes transpose. Generating
two independent identically distributed zero-mean, unit-
variance Gaussian random variables x; and xs5. The
sequences s; and sy, which both have the desired
covariance matrix K, can be obtained by

[51 32}:(P\/7\)[x1 xg],

3) Generating two Gaussian random variables S; and S
by

(18)

[Sl SQ]:O'~[81 SQ]’R, (19)

where o is the shadow fading standard deviation in Table
III. Matrix R is an upper triangular matrix that satisfies
the equation

where ()H denotes the hermitian transpose. peross 1S
from the proposed model in Table VI.

1 pCI’OSS

Pcross 1 20)

RHR:{
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Fig. 9. Validations using the measurements of “Beijing-Shanghai” HSR in

a suburban NC, where £ = 0. (a) CDF. (b) LCR.

S1 and Sy can thus be considered as the shadow fading
components of two neighboring BSs in one NC, with the
desired correlation properties.

To validate the proposed correlation model, we use the
measurements from 10 cells in another HSR line, i.e. the
“Beijing-Shanghai” line, whose measurements were not used
in the development of the above models. The measurement
system is the same as reported in Section III. We generate the
shadow fading components with the same number of samples
to the measurements. The generated sequences of shadow
fading, with full auto- and cross-correlation properties, are
compared with the measurements in “Beijing-Shanghai” line,
and both first- and second-order statistics are validated as
follows.

1) First-Order Statistics Validation: We compare the CDF of
the generated shadow fading components with measurements.
Examples of CDF comparisons in suburban and rural environ-
ments are presented in Fig. 9(a) and Fig. 10(a), where we can
see that the generated sequences offer a reasonable fit to the
measurements.

2) Second-Order Statistics Validation: We use the level
crossing rate (LCR) of the shadow fading to validate the
second-order statistics of our model. The LCR is defined as the
number of times that the signal crosses a given threshold level
from up to down within a unit of length (1 m) [52]. Examples
of LCR comparisons in suburban and rural environments are
presented in Fig. 9(b) and Fig. 10(b). We find the LCRs of the
generated shadow fading to be fairly close to the measurements
in both cases. Measurements for other environments were also
verified, though relevant plots are not shown here due to space
limitations.

VI. CONCLUSION

To develop new and better handover schemes for HSR,
a deep understanding of the correlation properties of the
shadow fading is required. In this paper, we have presented
a comprehensive analysis and modeling of shadow fading in
HSR environments. The work is based on a large experimental
dataset with 6146 cells along the HSR lines of China, using

0.8 f
L
o 06F Generated *
(@]
o4l A Measurements ||
T O
0.2f |
0 ! L L
-10 -5 0 5 10
Shadow Fading (dB)
10”" . ;
— : Generated
IE 102k == Measurements ||
14
(SR
— 107k J
o)
1074 L 1 L
-10 -5 0 5 10

Threshold Levels (dB)

Fig. 10. Validations using the measurements of “Beijing-Shanghai” HSR in
a rural NC, where £ = 5.83. (a) CDE. (b) LCR.

an operative GSM-R system at 930 MHz. The measurements
were conducted in 7 typical HSR environments. For each
environment, we analyze both auto- and cross-correlation
properties of shadow fading. It is found that the decorrelation
distance is correlated with the standard deviation of shadow
fading and is generally larger than 100 m in most HSR envi-
ronments. The cross-correlation of shadow fading between two
neighboring BSs depends upon the BS height and the tilt angle
of the antenna. A truncated Gaussian distribution is found to
fit the variation of cross-correlation coefficient reasonably, and
a heuristic model is then proposed. The model is validated by
measurements conducted in another HSR line. The results in
this paper can be used to exploit the simulation algorithms, to
analyze the signal-to-interference-ratio (SIR) properties, and
to develop the new and better handover schemes for HSRs.
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