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Measurement-Based Multiple-Scattering Model of
Small-Scale Fading in High-Speed Railway Cutting
Scenarios

Bei Zhang,Student Member, IEEE, Zhangdui ZhongSenior Member, |IEEE, Ruisi He, Member, |EEE, Fredrik
TufvessonSenior Member, |IEEE, and Bo Ai, Senior Member, |EEE

Abstract—In this paper, the fading statistics of wireless chan-
nels in high-speed railway cutting scenarios are characterized
based on measurements. A multiple scattering model called
second-order scattering fading (SOSF) is used to model the small-
scale fading considering the influence of cuttings and bridges. The
SOSF model can offer the possibility of analytical estimation for
different fading severities via a simple moment-based estimator.
It is demonstrated that Ricean fading is the dominant fading
distribution in cutting scenarios but deep fades also occur. The
fading process is therefore described by a hidden Markov model,

TABLE |
MEASUREMENTPARAMETERS.

Parameter Value
Center frequency 930 MHz
Bandwidth 200 kHz

Tx antenna height (to cutting top) 28 m

Rx antenna height (including train) 41m
Tx power at antenna output 43 dBm

Sampling interval 10 cm
Average Rx speed 270 km/h

which is validated statistically by measurement data. Directivity of Tx/Rx antenna Directional/omnidirectional

Index Terms—High speed railway, cutting, small-scale fading,
multiple scattering channel model.
are proposed for the cutting scenario [3] [4]. In [5] the ausho

analyzed the SSF characteristics including multipath number,

I. INTRODUCTION
delay spread, and Doppler spread on the basis of wideband

T O enable reliable communication in high speed railwasg channel measurements. However, little work on the SSF
(HSR) wireless networks, a thorough understanding modeling of cuttings has been undertaken.

the channel behavior is vital. Channel fading is usually divided |, previous work [6-8], the SSF characteristics, includ-
into_large-scale fading (LSF) and small-scale fading (SSK)q fading depth, level crossing rate, average fade duration
SSF refers to the changes in signal amplitude and ph Riceank -factor were studied. It was shown that based
. ) . s information criterion evaluation, the Ricean
and destructive summation of multi-path components. Thgsuintion can be used to describe the SSF in HSR cutting
characteristics of the SSF have a strong influence on §&,naris. In this letter, we make a detailed investigation of the

selection of radio transmission technologies such as diversfgéF by using a multi-scattering model to analyze occasional
schemes and equalization methods. Various statistical disw&%’anges in the fading statistics

tions, including Rayleigh, Rice, Nakagamiand Weibull, are
used to describe the SSF in multipath propagation channels.
While the Ricean distribution can be used to represent line-
of-sight (LOS) fading conditions of differing severity, the Narrowband measurements are performed along the
parametrization of the fading severity parameter is less fl&sghengzhou-Xi'an” HSR line in China. Real base stations are
ible. Moreover, empirical and theoretical studies have showsed as transmitters (Tx), usually positioned 15 m to the side
that the commonly used Nakagamifading model cannot of the cutting. The receiver (Rx) is composed of a Willtek
represent LOS wireless channels well [1] [2]. In terrain cutting300 Griffin fast measurement receiver, a distance sensor, and
(also called U-shape cutting) scenarios, the SSF behaviolGPS receiver. A more detailed description of the measurement
also different from the classical fading distributions given thgystem can be found in [7]. A summary of the measurement
particular layout and the occasional presence of blocking gbarameters is given in Table I.

jects such as bridges. Recently, some geometry-based modefs terrain cutting is a semi-enclosed construction usually

. ) ) ) _with two slopes along the track, and constitutes a common
This work is supported by the National Natural Science Foundation

of China (61501020, 61222105, 61471030, U1334202), the Fundamert@€Nario in HSR environments. Usually, the slope is com-
Research Funds for the Central Universities (2016J8Z006, 2016YJsopnsed of concrete and stone with some grass covering the

2016JBM075), State Key Lab of Rail Traffic Control and Safety Project (RGrface. In addition, there are typically scatters such as pillars
S20162T021), and China Postdoctoral Science Foundation (2016M5913

) . .
(Corresponding author: Ruisi He) B. Zhang, Z. Zhong, R. He and B. Aiﬁﬂ Iding the power lines along the track. It is noteworthy
are with the State Key Laboratory of Rail Traffic Control and Safety, Beijinghat bridges, that cross the railway, are common in order
Jiaotong University, Beijing 100044, China (e-mail: zbandysun@gmail.corfg) enable necessary transportation on both side of terrain
zhdzhong@bijtu.edu.cn; ruisi.he@ieee.org; boai@bjtu.edu.cn). F. Tufvessont. h . lead . | l f-sigh
is with the Department of Electrical and Information Technology, Lunguttings. The cross-bridges lead to occasional non-line-of-sight

University, 221 00 Lund, Sweden (e-mail: fredrik.tufvesson@eitlth.se). (NLOS) propagation. As a result, there is in general clear

Il. MEASUREMENTDESCRIPTION
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wherewgel? is the LOS component with weighting factey
and 6 is an uniformly distributed phase in [0 G, are
independent identically distributed (i.i.d.) complex Gaussian
random variables with zero mean and unit variance. More-
over, the weighting factor§w, }2_, are non-negative real-
valued constants adjusting the relative powers of the multiple
scattering components. It is assumed tBé&t?} = 1, so that
wi +w? +w3 = 1. These terms can be interpreted as the
power weighting of a LOS component, a Rayleigh fading
(first-order scattering) component, and a double Rayleigh
fading (second-order scattering) component, respectively.
Double scattering has a special importance in physical
geometry-based stochastic channel models [11], as it can
result in severe degradation in symbol error probability and
diversity gain [12]. In our case, double-Rayleigh fading may
originate from second-order scatters, but it also describes the
deep fades caused by occasional blocking and interaction
from, e.g., bridges. The train carriage can be considered as
electrically conducting planes, which lead to strong reflected
At i A At o and diffracted components. In addition, there is equipment
= s for other systems located on the roof of Rx train, creating
\ a complicated scattering propagation environment. Therefore,
l the train itself, together with scatters on both sides of slopes
|

N
=]

o

o

in cuttings and the occasional interaction by bridges and other
“small” objects may result in fading that statistically can be
described by double-Rayleigh fading phenomena.

) | |®[ | - To establish a model of the SSF for HSR cutting envi-
0 R dsaneerm ronments, we use the statistics of=|Ssosr|, Which is

Fig. 1. Estimated results in Cutting 1: Cutting scenario watrcrossing characterized by its cumulative distribution function (CDF) as
bridge, aerial view, weighting factors, and Rice&nfactor versus distance. [9]
Red circles indicate the positions of cross bridges.
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LOS in the cutting scenario. However, the effects of reflected

and scattered components can sometimes be strong dud/§§"€-/o andJ; are the Bessel functions of the first kind and

occasional blocking zeroth and first-order, respectively. Following the definition in
In order to investigate the SSF statistics, six cuttings alofi2): e SOSF model can be specified by two parameters as

the HSR track are taken and the measurements are condufg4gWs

four times in cutting 1, 2 and three times for the rest of them. 8= wj o — w3 3)

Two kinds of cutting environments, including suburban (No. 1- wE +w? + wi wg +w? + w3’

3, buildings are typically low residential or townhouses Wit hareq >0, 3> 0,anda + 8 < 1. A largea value indicates

one or few floors) and rural (No. 4-6, a predominantly Op&isre severe fading conditions. Thus, we can define three
area), are used for the analysis. Detailed structural parameg?gécim cases of the distribution of in SOSF model: if

of the cuttings are given in [7]. a =0, > 0, the SOSF distribution turns to a Ricean distribu-
tion; if 0 < a < 1,8 = 0, the SOSF distribution simplifies to
IIl. SECOND-ORDER SCATTERING FADING DISTRIBUTION 4 Rayleigh and double-Rayleigh (RDR) distribution; a combi-
Overlapping windows with an interval of ten wavelengtheation of Rice and double-Rayleigh (RiDR) is achieved when
and a window size of twenty wavelengths, are used to provitle< o < 1,0 < § < 1,a + < 1. More importantly, we can
the mean signal level for the evaluation of the SSF. Themasily calculate the Riceali-factor with the parameter in the
sampling interval (10 cm) is less than half the waveleng®OSF distribution a&” = /1 — 3, which is convenient when
and we have 222300 samples in total. This gives us sufficiemalyzing the statistics of the Ricean distribution.
statistics for the analysis of the SSF distribution.

In order to analyze the SSF, we model the channel as IV. EXPERIMENTAL CHARACTERIZATION OF
a sum of multiple scattering components. In peer-to-peer  SMALL -SCALE FADING STATISTICS IN CUTTING
communication systems, the time-variant SSF can in some SCENARIOS

cases be described by a second-order scattering fading (SO§Fparameter Estimation

model as proposed in [9] [10] as The weighting factors (3) can be estimated based on a com-

Ssosr(t) = weel + w1 G (t) + weGsa(t)Gs(t), (1) putationally simple method of moments [9]. The assumption
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Parameter values for SOSF distribution

Ricean distribution

B ~ Gev(-0.57,0.28,0.47)

o
©

RDR

distribution
p=0.08

a ~ Beta(0.46,0.54
3=0

o
o

distribution
p=0.35

a ~ N(0.03,0.01)
B~ N(0.64,0.21)
p=0.99

N
~

3 (LOS component)

o
S

| Ricean |

o (DR component) Fig. 3. State transition probabilities for the high speetlaaiting scenarios.

0 02 04 06 08 1

Fig. 2. Estimated parameters of the SOSF distribution.
appear in this scenario. It is noted that the probability of

of this method is that there is no LOS component, therefore@S condition, which occurs for more than 90% (Ricean

by settingwo = 0 as the initial iteration parameter, the rest of2ding and RiDR fading) is dominant, as expected. In order
the estimated weighting factors appear as to simulate the weighting factors, we parameterize 3)
based on measurement data using a probabilistic approach.

w; = My — W3, (4)  The distribution of the parametén, 3) can be expressed as
R 1
@5 = /5 Ms = M3, B (a,8) ~ 0.575(a)GEV(B| — 0.57,0.28, 0.47)
where M, is thekth moment of SSF samples. The estimation + 0.088(|0.44,0.53)4(8) (6)
process is then refined through an approximate maximum + 0.35N,,=[0.03,0.64],0=[0.01,0.21],p=0.99 (@, B),

likelihood estimayor. In this paper, we use the measuremeffge e 5 is the Dirac delta functionGEV is a Generalized
No.r11 tr(i) 5 tr? dens1t|mattre :Qenfilram:;q? 5 forr th\? I(i:;tttlin% Extreme Value distribution is a Beta distribution, and/ is
scenario, a easureme 0. b lor a coarse valldation.  yo-dimensional normal distribution with mean standard
deviationo and correlation coefficien.
B. Fading Distribution Analysis
The SOSF model can indicate the locations where degp Hidden Markov Model
fades occur. An example of the environment, distance-variant]

estimated factor&y, 3), and Riceark -factors in cutting No. 1 . . .
o - . . describe the evolutional process of the SSF properly. A hidden
's given in Fig. 1. It can be concluded that the Ricean fad'%‘arkov model (HMM), which can represent probability distri-

is the main fading distribution. Only scarcely, the dOUble?Htions over sequences of observations, is used to describe the

Rayleigh fading components (red circles) are indicated wh o ) . .
the Rx is passing below the crossing bridge (CBr 1-3). Wh rnansmons between different fading states [15]. Since the SSF

the train is under the bridge, multipath propagation dominatwgehi\ggr: tngﬂtea?eb}l/_';'f/lortT;b'rneat'rzgeonftt?:;et?;tsr:ggggnzs
and consequently it leads to a more severe fading in thi R vi 1o Tep . N !
region shown in Fig. 3, between (i) Ricean fading, (ii) RIDR fading

The Riceank -factor is widespread for describing the smaIIf’Ind ('.") RDR fading. First, we estimat@y, 5) within each
scale fading characteristics. ThE-factor in Fig. 1 also local interval @0)) of the measured SSF data, and then the

indicates the impact of bridges. Similarly, the results in [1§jd|ng state is determined according to the state definitions

n highly dynamic wireless scenarios it is important to

also verified that the-factor shows a significant decline an bove. Finally, we estimate the transition probabilities between

then rises again when the train passes through cross-bridg%%States' The proportion of RIDR and RDR fading states are

Infact, bridges have a non-negligile nfluence on propaganal? (Y 0 EES TISSE SEES O B SRCR RS o
characteristics including extra propagation loss, LSF, a?a ing is the primar pro a étion distribution but the dee
SSF. A more detailed analysis of propagation mechanism md 9 P y propag P

bridges can be found in [14]. Since Ricean fading with Logdes’ here represented by the double Rayleigh components,

conditions, covers most small-scale fading behavior in tﬁzgnnot be ignored in cutting propagation scenarios.

cutting scenario, it is necessary to investigate the statistics

of the Ricean distribution. It is found that thi-factor can V. MODEL IMPLEMENTATION AND VALIDATION

be modelled as an exponential function, when expressed inflo validate the proposed SOSF model for the SSF in cutting

decibels. The mediai -factor is found to be 2.1 dB, which environments, we use the measurement data in cutting No. 6,

is in agreement with the results in [7]. whose results were not used in the parameter estimation of the
Estimated parameters of the SOSF model, constrained talmove model. The generated SOSF amplitudes are compared

triangle of (o, ), are depicted in Fig. 2. We can see that allith the measurement data and both first- and second-order

three different distributions derived from the SOSF distributiostatistics. The generation process is described as follows [16]
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TABLE Il
KS TESTS OFSSFIN CUTTING NO. 6, WITH SIGNIFICANCE LEVEL 0.05.

SOSF | Rice | Nakagami| Weibull
Rejection rate| 19.1% | 26.7% 77.1% 98.1%

= = Empirical ||

= SOSF
Rice

== == Nakagami

| | ——— Vet distribution and other commonly used distributions areh@ t

5 10 fading model is flexible and it can represent LOS plus multiple
scatter components simply with two parameters, which allows
adjustment of the severity of fading. ii) all parameters have
clear physical meanings. iii) it is easily parameterized and can
give a good approximation of the measured statistics especially
at the deep fading zone in cutting scenarios.

-15 -10 - 0
Small-scale fading / dB

= =Empirical
e SOSF

e ACKNOWLEDGMENT
o a5 0 s 0 ; 0 We thank Prof. C. Oestges at Université catholique de

----- Weibull
b - Louvain for providing code of SOSF parameter estimation.

Fig. 4. Examples of CDF validation using the measurement ohataral
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