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Abstract—Developing an accurate and mathematically tractable
high-speed railway (HSR) channel model is a key issue to provide
reliable, cost-effective wireless services for the HSR operators and
users. Although finite-state Markov chain (FSMC) has been ex-
tensively investigated to describe fading channels, most of FSMC
channel models are designed based on the first-order Markov
chain, which are no longer valid when the transceivers operate in
high mobility scenarios, specially in HSR communications. In this
letter, an advanced FSMC channel model for HSR is proposed,
which incorporates the impacts of moving speed on the temporal
channel statistical characteristic. The closed-form expressions of
state transition probabilities between channel states are derived.
The accuracy of the proposed FSMC channel model is validated
via extensive measurements conducted on the Zhengzhou-Xi’an
HSR line in China.

Index Terms—Fast time-varying fading channels, finite-state
Markov chain, high-speed railway communications.

I. INTRODUCTION

IGH-SPEED RAILWAYs (HSRs) have been widely de-

ployed over the world because of their high capability
in passenger transportation and low gas emission. Being a key
subsystem of HSRs, the mobile communication system is re-
quired to provide reliable information transmission services for
railway-specific signaling and efficient wireless multimedia ser-
vices for passengers. As a result, an accurate description on the
fading and the temporal variations of high-speed railway chan-
nels is highly demanded [1].

Although several physical layer channel models for HSRs
exist in the literature [2]-[4], they are over-complex for upper-
layer protocol design and performance analysis. On the other
hand, finite-state Markov chain (FSMC) channel models can
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provide accurate and mathematically tractable description of
steady and temporal characteristic of fading channels [5], which
have been extensively studied in different scenarios [6]-[11].
However, most existing FSMC channel models adopt the first-
order Markov chain to describe their fading processes, such as
[10], which are based on the simplified assumption that each
channel state only transits to the adjacent states. This assump-
tion may not be hold anymore in high-speed mobile systems
such as HSRs due to the fast time-varying channel character-
istic, e.g., the normalized fading rates of HSR channels fq7
> 0.1 [5], [12], where f, is the Doppler shift and 7 is the
time slot duration. The impacts of moving speed on the tem-
poral characteristic of fading channels are insufficiently tackled
in the literature, which motivates us to reinvestigate the FSMC
channel modeling for HSRs.

In this letter, we propose an advanced FSMC channel model
for HSRs, which assists the performance evaluations and net-
work design of HSR communications. The impacts of moving
speed on the temporal channel statistical characteristic are in-
corporated in the proposed channel model. The channel states
are defined based on their signal to noise ratios (SNRs) via
the equal step-size partitioning method. Furthermore, a novel
method in identifying the state transition probabilities of the fast
time-varying channels is proposed to ensure the modeling ac-
curacy. We validate the accuracy of the proposed model based
on extensive measurements conducted on the Zhengzhou-Xi’an
HSR line in China.

II. THE FINITE-STATE MARKOV CHAIN MODEL

To capture the variation of HSR fading channels, the channel
states are defined according to their received SNR levels. We
use FSMC to track their time-varying processes.

A. The Finite-State Markov Chain Model

Since the small-scale fading characteristic impacted by the
moving speed is still a vacancy, in this letter, we mainly focus
on the variation of small-scale fading in HSR channels.

In our modeling, we discretize the time into equal slots
each of duration 7. Let <, denote the received SNR in
the kth slot, where v, € [0,00). The range of SNR is
divided into N nonoverlapping intervals with thresholds
Inin =0,1,2,---,N), where I’y = 0 and 'y = cc. The
channel state is S,, (n > 1) when the received SNR falls in
the SNR interval [I,,_1,T",). The slot duration 7 and the SNR
intervals should be selected carefully to keep the stability of
channel state in one slot duration. Generally, the slot duration
should be less than the coherent time and the range of SNR
intervals should achieve well balance between accuracy and
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complexity. The details of slot duration and state number
selection will be explained in Section [V-A.

It is clear that the channel state partition is the key factor
that determines the accuracy and practicality of the FSMC
channel model [5]. Different channel state partition methods
exist in the literature, such as equal-probability method [13],
equal-duration method [6], and equal step-size method [9].
In many modern mobile communication systems, such as
LTE system, the effective SNR range is divided into several
equal-size intervals in decibel. Each SNR interval corresponds
to a channel quality indicator (CQI) value [14], which can be
used for adaptive transmission schemes selection. So we select
the equal step-size method to partition the SNR states as it is
more practical for performance evaluation of mobile commu-
nication systems. The SNR interval size AT is calculated as,
Al =T1,-T,_1 = % where I'y_1 and I'y are the
thresholds of effective SNR range. For example, I'y = —9 dB
and ['y_; = 20 dB are adopted in LTE system [14].

B. FSMC Channel Model Parameters

In general, there is a dominant line of sight path in HSR
channels making the Rician fading channel and Nakagami-m
fading channel applicable [3], [11]. As Nakagami-m fading
channel model is more mathematically tractable and Rician
fading channel can be approximated by the Nakagami-m fading
channel [15], the small-scale fading is modeled as Nakagami-m
distribution in this work. Given the local mean SNR as 2, the
probability distribution function (PDF) of the received SNR of
a Nakagami-m channel can be expressed as

)= (5)" T e (-7)

where I'(+) is the Gamma function and m is the fading param-
eter. Next, we derive the key model parameters including the
steady state probabilities and state transition probabilities.

Steady State Probability: With the Nakagami-m model, the
steady state probability of state ,S,, can be calculated as

Tt
T = / Fy(Mdy = Fy(Toi1) — Fy(T) (1)

n

where F,(-) is the cumulative distribution function (CDF)

G(m, o™
W, G(s,z) =

of =, specifically, F,(T'n) =
Jo 2 texp(—t)di.

State Transition Probability: To determine the state transi-
tion probabilities, an approximation method was proposed in
[13], with which the transition probability from state S,, to state
S,,—1 is approximated to be the ratio of the level crossing rate
at point I',,_; to the average number of symbols per second
that is transmitted in the state S,,. The above approximation
method is based on the assumption that the channel state only
can transit to neighboring states in adjacent slots. However, the
time-varying fading process of HSR cannot always be accu-
rately captured by the first-order FSMC, especially for trains
moving in high-speed. Therefore, we adopt the definition to
determine the state transition probabilities. The state transition
probability p,, ; is defined as the probability that the channel
state changes from $,, in the kth slot to S; in the (k + 1)th
slot. In other words, it is the probability that the fading channel
amplitude moves from the nth SNR interval [T',,_1,T,) at the

kth slot to the jth SNR interval [I';_1,T;) at the (k + 1)th slot,
which can be calculated by integrating the joint PDF of the Nak-
agami-m fading channel over two consecutive time indices and
over the desired intervals as

vam r;
f\/m f\/\/% Tr2(r1,rasm, p)dridry

ﬂ-?l
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where r; and ry are the two samples of the Nakagami-m fading
envelope at two adjacent slots, and fr 2 (r1, 72; m, p) is the joint
PDF of two correlated Nakagami-m random variables, which is
given by [15]

Pn,j =

Am™ (pyry)™

T(m) (1 - p) (VU Qop)"
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where ; = E{r?}, I,(-) is the nth order modified Bessel
function of the first kind, p is the power correlation coefficient
between the two samples, and E{-} represents the expectation
operation. The correlation coefficient of two random variables

R, and R, is defined as pr, R, 2 COU{I;—I’RZ’} where cov{}

fR72<7“1,T2;m,p) -

3

R2
denotes the covariance operation, and 0'12%1 , 0% R, represent the
variance of the random variables R; and R, respectively. The
most common correlation coefficient model of two SNR sam-
ples in adjacent slots can be expressed as [9]

p=J5 (2 far) @)

where Jy(+) is the zero-order Bessel function of the first kind
and f, is determined by the moving speed. The correlation co-
efficient of two SNR samples also can be obtained according to
the measurement results.

According to (2), the state transition probabilities between
two channel states S, and S; can be expressed by the CDF of
bivariate distribution as

Pnj = (Fra2(y/Toi1, /Tit1im, p)
~ Fra(v/Tay v/Tis15m, p)
— Fra(v/Tas1,V/Tiim, p)
+ Fr2 (VT /T53m.p) [ )

where Fg 2(u,v;m, p) is the corresponding CDF of bivariate
distribution of two correlated Nakagami-m random variables

Fro(u,v;m, p) / / fra(ri,ra;m, p)dridrs.  (6)

To calculate the CDF of bivariate Nakagami-m distribution,
Lopez-Martinez et.al. derived the exact closed-form expres-
sions for positive integer fading factor m[16], which can be
expressed as finite sum of elementary functions and bivariate
confluent hypergeometric functions as (7), where ®3(b, ¢; w, 2)
is the confluent hypergeometric function, which (7), shown at
the bottom of the next page, can be approximated by the sum
of the first (20 — 1) terms

_ k
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Fig. 1. Measurement scenario. (a) Transmitting antenna. (b) Willtek 8300
Griffin fast measurement receiver. (¢) Receiving antenna.

and (b)y is the Pochhammer symbol defined as (b)g = 1 and

III. MEASUREMENT CAMPAIGN

To evaluate the accuracy of the proposed FSMC model,
we perform extensive measurements in the deployed
GSM-for-railway (GSM-R) network of the Zhengzhou-Xi’'an
HSR line in China. In our measurements, existing base stations
(BSs) of GSM-R network are adopted as the transmitters.
The carrier frequency and bandwidth of BSs are 930 MHz
and 200 KHz, respectively. The cross-polarization directional
antennas (specifically, with 17-dBi gain, 43 dBm Tx power, 65°
horizontal, 6.8° vertical beamwidths, and a height of 25-35 m
above the rail surface) are connected to the BSs. The Willtek
8300 Griffin fast measurement receiver is adopted to collect
the data. The omnidirectional receiver antenna is deployed
on top of the high-speed trains, with 4-dBi gain, 80° vertical
beamwidths, and a height of 30 cm above the train roof. The
measurement scenario is shown in Fig. 1.

The measurement locations and train speed are collected via
Global Positioning System (GPS) receiver and the distance
sensor deployed on the wheel of the locomotive, respectively.
To investigate the effects of moving speed on the temporal
channel statistical characteristic, the trains move at two
speed modes: low-speed mode (70-85 km/h) and high-speed
mode (300-350 km/h). We sample SNRs at 3 cm intervals in
low-speed mode and at 10 cm intervals in high-speed mode for
small-scale fading.

IV. MODEL EVALUATION

The identified channel parameters of the proposed FSMC
model are compared with measurement results.
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Fig. 2. CDF of the small-scale fading of measurement data and Nakagami-m
channel model.

A. Parameters Selection

According to measurement setup, the carrier frequency of
analysis model is 930 MHz. The highest movement speed of the
train is 350 km/h, and the coherent time 7. of HSR channels can
be approximated as 0.423/ f4 ~ 1.4 ms[17], which is also vali-
dated by measurement results [3]. The slot duration 7 is selected
as the transmission time slot of LTE system 1 ms [18], which is
less than the coherent time 7. of HSR channels to ensure that
the channel state is essentially invariant in one slot. The number
of FSMC state is V = 8, which has been shown to well balance
between accuracy and model complexity [5]. Although the HSR
channels have much higher temporal variation on different SNR
interval, the slot duration is less than the coherent time of HSR
channels. So N = 8 is still applicable in HSR scenario.

The fading parameters and correlation coefficients in our
model are selected according to the measurement results.
The small-scale fading measurement results are collected by
removing the effects of large-scale path loss from the raw mea-
surement data. The 40-wavelength sliding window is used to
average the raw measurement data for obtaining the large-scale
path loss [3]. For HSR channels, the mean Rician K -factor is
about 2.5 [3]. According to the relationship between Rician

channel and Nakagami-m channel, m (fléj)lz , where K is
Rician K -factor. Therefore, the fading parameteris setasm = 2.
The CDFs of small-scale fading of measurement data and Nak-
agami-m channel model are shown in Fig. 2. It is found that the
accuracy of fading parameter m = 2 can be accepted. Then we
selectI'y 14dBandT'y_; = 10 dB according to the CDF
of small-scale fading measurement data. Eq. (4) is selected as
the correlation coefficient model, which can be transformed to
p = J2(2r Adf /c), where Ad indicates the sampling distance, f
isthe carrier frequency, and ¢ is the speed of light. Fig. 3 shows the
absolute values of envelope autocovariance of measurements and
the correlation coefficients of the model. It can be seen that the
correlation coefficient of the model can accurately describe the
envelope autocovariance characteristic of HSR fading channels.
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Fig. 3. Correlation coefficients of the envelope autocovariance function and
measurement data.
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Fig. 4. State transition probabilities of the proposed model and measurement
data under low-speed mode. (a) Analysis results. (b) Measurement results.
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Fig. 5. State transition probabilities of the proposed model and measurement
data under high-speed mode. (a) Analysis results. (b) Measurement results.

TABLE 1
STEADY STATE PROBABILITIES
n=1 n=2 n=3 n=4
Model 0.003 0.015 0.073 0.269
Measurements | 0.017 0.044  0.066 0.221
n=5 n=6 n=7 n=38
Model 0.465 0.172 0.003 4.33 x 10~8
Measurements | 0.397 0.195 0.058 0.003

B. Model Validation

The steady state probabilities of the proposed model and mea-
surement data are compared in Table I. The state transition prob-
abilities of the proposed model and measurement data at dif-
ferent speed modes are illustrated in Figs. 4 and 5. The compar-
isons show high similarity of the proposed FSMC model and
the measurement data, which validate that the proposed model
can accurately describe the steady and temporal channel statis-
tical characteristic of HSR channels. The reason of the small gap
between proposed model and measurements is that, the fading
parameter of real HSR channel is not a constant, which varies
at different locations.

Comparing the state transition probabilities under different
speed modes shown in Figs. 4 and 5, we find that, the channel
states only transit to neighboring channel states at the low speed
mode but the channel states transit to further states at the high
speed mode. This is because that, the normalized fading rates
change from fgq7 ~ 0.075 in low speed mode to fg7 ~ 0.25,
which leads the correlation between the two samples in adjacent
slots becoming weak. It means that the fading process should be

described by high-order Markov chain in the high speed mode.
Furthermore, Figs. 4 and 5 show that our proposed model can
break the assumption of first-order Markov chain to accurately
describe the temporal channel statistical characteristic at any
speed conditions.

V. CONCLUSION AND FUTURE WORK

In this letter, an advanced FSMC channel model was pro-
posed for HSR fading channels. We derived the generalized
closed-form expression of state transition probabilities, which
is free for any moving speed. We referred the LTE system to
set the channel parameters, so the proposed model is practical,
and its accuracy was validated by extensive measurements. We
concluded that the fast time-varying fading channel should be
modeled by the high order or even memoryless Markov model
to guarantee the model accuracy.
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