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ABSTRACT The high-speed railway (HSR) wireless channel models based on field measurements have
poor universality and low modeling accuracy due to the limitations of the experimental methods and the
terrain conditions. To overcome this problem, this paper considers the wireless channels in various HSR
scenarios (such as tunnels, mountains, viaducts, cuttings and plains) as the research objects and establishes
a novel finite-state Markov chain (FSMC) optimization simulation model based on the signal-to-noise ratio
(SNR) threshold, the channel states and the state transition probability matrix, by using the nonuniform
space division SNR quantization strategy (hereinafter referred to as Strategy 1) and the equal-area space
division SNR quantization strategy (hereinafter referred to as Strategy 2). The SNR curves that are obtained
via simulation closely fit the experimental results; therefore, the proposed simulation model can accurately
characterize the channel state in a variety of HSR scenarios. Furthermore, the simulation results demonstrate
that in the tunnel scenario, Strategy 1 realizes a smaller mean square error (MSE) and a higher modeling
accuracy than Strategy 2. The MSE values of the two strategies are similar in the plain scenario. Strategy 2
realizes a smaller MSE and a higher modeling accuracy in the mountain, viaduct and cutting scenarios.

INDEX TERMS Channel models, high-speed railway, Markov processes, railway communication, SNR

quantization strategy.

I. INTRODUCTION

With the fast deployment of high-speed railway (HSR) sys-
tems in the past several years, the speed of HSR has been
increasing and typically reaches 200 km/h-350 km/h [1],
[2]. In addition to the high mobility of the train, there are
growing demands on high-speed data services. To meet these
demands, HSR wireless communication systems must over-
come many problems, such as complex and changeable HSR
scenarios [3], [4], fast handoff [5] and Doppler shift [6],
among others. Therefore, the accurate recognition of HSR
wireless channels will facilitate the development, perfor-
mance optimization and parameter setting of HSR commu-
nication systems.

High-speed trains travel through a variety of scenarios
resulting in the diversity of wireless channels. According to
the channel fading characteristics of HSR scenarios, different
modeling methods are used to model the wireless channel,
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such as deterministic modeling, semi-deterministic modeling
and statistical modeling. Different channel models are estab-
lished according to different modeling methods. In [7]-[9],
a deterministic channel model of ray tracing algorithm is pro-
posed, which is commonly used in tunnels, viaducts and other
environments. In [10], [11], the geometric random model is
used, which is a semi-deterministic modeling method. This
modeling method has a good fit with the actual environment
and the complexity is not high. The [12], [13] use statistical
modeling method, in which [12] analyzes the angle charac-
teristics and the spatial correlation of HSR channels based
on a new measurement scheme of the mobile virtual antenna
array (MVAA). In addition, the angle power spectrum and
angle expansion are studied, and the measurement results are
modeled statistically. In [13], a tap delay model (TDL) is
proposed based on the analysis of the characteristics of delay
spread and Doppler frequency shift spread in HSR hills.

In this paper, we study finite-state Markov chain (FSMC)
channel modeling in various typical HSR scenarios, and
establish an FSMC model between the base station (eNB) and
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the relay on the top of the train. The main contributions are
as follows:

o Based on the path-loss model in each HSR scenario,
the equal-area space division strategy and the nonuni-
form space division strategy are used to divide the rela-
tive position of the high-speed train and the eNB, so as
to improve the accuracy of the channel model.

« Based on the comparison of MSE, the accuracy of two
FSMC channel modeling strategies in different HSR
scenarios is analyzed, and compared with the uniform
space division method, so as to realize the FSMC chan-
nel modeling suitable for different HSR scenarios.

The remainder of the paper is organized as follows: Section II
describes the related work of the FSMC model. Section III
describes the FSMC model. Section IV divides the distance
between the eNB and the relay into nonuniform spaces and
equal-area spaces, and determines the SNR threshold and
the channel state values according to the path-loss model
of each scenario. The simulation results are presented in
Section V, which compares and analyzes FSMC models that
are constructed via Strategy 1 and Strategy 2 in terms of
MSE. Finally, the conclusions of this study are presented and
discussed in Section VI.

Il. RELATED WORKS

In wireless fading channel modeling, the FSMC model is
adopted by many scholars. In [14], the nonstationary char-
acteristic is studied by using Markov chains to describe the
wireless signal propagation mechanism in the HSR viaduct
scenario. Based on the channel measurements of Beijing-
Tianjin HSR, the transition probability matrix and the steady-
state probability matrix of the Markov chains are determined,
and the similarities between the simulation results of models
of various orders and the measured data are analyzed in terms
of the Kullback-Leibler distance. In [15], an FSMC channel
model is established for HSR fading channels, which consid-
ers the influence of speed on the model, and an expression of
the state transition probability is derived. In addition, a new
FSMC channel model is proposed in [16], which takes into
account the fast fading characteristics in high-speed environ-
ment. The exact expression of the state transition probability
between any two channel states is obtained, and the accuracy
of the model is evaluated.

In [17], a new modeling method is proposed, which uses
the state transition probability of economics in FSMC model-
ing, and the received average SNR is divided equally by using
the substitution probability. Compared with the other FSMC
modeling, the modeling method in [17] has less computa-
tional complexity. An FSMC model based on the WINNER II
channel for HSR scenarios is proposed in [18], and the valid-
ity of the model is demonstrated. However, the model lacks
the measured data. In [19], the channel modeling between
wireless sensors and high-speed trains in a viaduct scenario
is studied. The communication distance between the high-
speed train and the ground sink node is nonuniformly divided
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TABLE 1. Notations.

7. The channel state in time slot &
N The number of SNR levels
I The threshold of the nth level of SNR

P, The transition probability from state S; to state S; in

the /th sub-space
S!  The channel state i in the /th sub-space

P'  The transition probability matrix in the /th sub-
space
D The distance between the transmitter and the
receiver
M The number of spaces
T  The number of sub-spaces

into several intervals according to the free-space path-loss
model, and an FSMC model is established in each interval.
This paper ideally use a free-space path-loss model to predict
the path-loss values at the receiver in the viaduct scenario.
In practical HSR scenarios, there exist many scatterers, and
the signal will be subjected to a variety of signal propaga-
tion mechanisms, which will substantially affect the received
SNR. Therefore, the free-space path-loss model is not suit-
able for practical HSR scenarios. In this paper, the path-
loss values take the measured data in the literature [21]-[24]
as references for FSMC channel modeling in various HSR
scenarios. In the above literatures, the multi-antenna wireless
broadband channel detector (Proposound) of Finland’s Elite
Bit was selected when measuring the viaduct and cutting.
In the test process, the receiving antenna uses the dedicated
roof-top HUBER + SUHNER to receive the excitation sig-
nal, which avoids the penetration loss of the windows and
compartments. Both the transmitter and receiver use an exter-
nal global positioning system GPS clock as the frequency
reference. In addition, the real-time train speed and location
information is also acquired through GPS equipment.

Ill. FSMC CHANNEL MODEL IN HSR SCENARIOS

The FSMC model is a statistical model that has been widely
used in fading channel modeling. The main strategy of FSMC
is to characterize the channel states with finite discrete values
and map them into Markov states.

In this paper, the FSMC model is constructed via the
method that is proposed in [17], and the channel state is
represented by the average SNR. In each HSR scenario,
the average SNR of the receiver changes nonlinearly with
the distance between the transmitter and the receiver due to
the high mobility of the train. Therefore, the communication
distance between the eNB and the relay is divided into n
nonuniform and nonoverlapping spaces, and each space is
divided into several uniform sub-spaces. Then, FSMC is used
to track the channel state in each sub-space.

In the /th sub-space, let I' = (I'g, I'1, ..., n—1) be the
SNR threshold vector of N elements, where I'g < '} <
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. < I'v—1 and Ty and I'yy_; are the maximum and the
minimum values of SNR in this sub-space. Assuming that
the train passes through each sub-space at a constant speed
and the total time of the train passing through the sub-space
is discretized into several equal time slots, to represent the
duration of the communication between the eNB and the relay
in each space, let yx denote the SNR of the received signal in
time slot k. If yx € [I',—1, ['s], then the channel state is S; in
time slot k, namely, yx = S;[20]. The channel state transition
probability is expressed as

plj =Py =Sjlv = Si} (D

where k = 1,2, ...,n,i,j € {0,1,2,..., N — 1},and the
probability of being in state S; is defined as

ph=ply = Si) )

In this paper, only the first-order Markov model is considered,
namely, it is assumed that the state transition only occurs
between the current state and an adjacent state

pij=0, if [i—il>1 (3)

The transition probability in /th sub-space is represented by a
probability matrix of size N x N, where each row of elements
satisfies the following requirements.

N—1
doplij=1 ie{0.1,....N-1 “
j=0

IV. FSMC WIRELESS CHANNEL MODELLING

In this section, the corresponding average SNR is obtained
based on the path-loss models of various HSR scenarios.
Then, the communication distance between the transmit-
ter and the receiver is divided according to two strategies,
namely, nonuniform space division and equal-area space divi-
sion, and FSMC channel modeling is conducted.

A. PATH LOSS FOR VARIOUS HSR TERRAINS
The signal will be affected by buildings, trees and undulating
terrain during the signal propagation. The received signal will
change dramatically, thereby resulting in the phenomenon of
fading. In this paper, the path-loss values take the measured
data in the literature [21]-[24] as references for FSMC chan-
nel modeling in various HSR scenarios. Some of the path-loss
models take the shadow fading into account, while the others
do not. In order to facilitate the analysis of the modeling
experimental results of each scenario, we have made a unified
treatment, that is, the shadow fading is not considered, so as
not to affect the SNR quantization strategy.

According to [21]-[24], the signal fading differs among
HSR scenarios, and the path-loss models in various scenarios

VOLUME 8, 2020
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FIGURE 1. Variation of SNR with T-R distance.

are as follows.

34.45 4 18.69log (d + dp) (tunnel)
32.4423.11
log (d +dy), d < 500m .
—9.15+438.11 (mountain)
PL(d) =
log(d +dy), d = 500m
11.0 4 42.41og(d + dp) (viaduct)
17.5 + 36.11og (d 4 dp) (cutting)
20.9 + 25.31og (d + dp) (plain)

&)

where d represents the distance between the eNB and the
relay, and dj is the reference distance. The average SNR at
the receiver can be expressed as

y(d) = P; — PL(d) — No Q)

where P; is the transmission power and N is the noise power.
During the train operation, the received signal will change
nonlinearly with the distance. When the train is near the eNB,
the electromagnetic wave fluctuates substantially; when it
is far away, its fluctuation is slower. Figure 1 depicts the
periodic change of SNR at the receiver with distance in HSR.
The interference of noise with the signal becomes large as the
distance increases. Therefore, the communication distance
of 500 m between the eNB and the relay is selected for
investigation in this paper.

B. TWO WIRELESS CHANNEL MODELLING STRATEGIES
From (5) and (6), the SNR at the receiver in various HSR
scenarios can be obtained.

P;—34.45—-18.691og (d + dp) —Np(tunnel)
P;—32.4—-23.111og (d 4 dp) — No(mountain)
P,—11.0—42.41og (d + do) —Np(viaduct) @)
P;—17.5—36.11og (d + dy) —Ny(cutting)
P;—20.9—-25.31og (d + dp) —No(plain)

y(d)=
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FIGURE 3. The diagram of equal area space division.

1) NON-UNIFORM SPACE DIVISION
The communication distance D between the eNB and the
relay is divided into M non-uniform spaces, and the SNR
values in each space are equal, namely, y; —y» = y» — y3 =
--- = YmM—1—¥YM, Then, these spaces are divided into several
sub-spaces equally, shown in Figure 2.
As can be seen from Figure 2,
Y= P = PLO) —No— it P PEO
Qo

According to (7) and (8), the reference distance of the
each dividing points in a space can be obtained, namely,
d® d', ..., dM, where d° = 0,d™ = D. Then, the space
(d', d'1)is evenly divided into T’ sub-spaces, where the sub-
space length is (d'! —d') /T. Letd/,t = 0,1,...,T — 1,
represents the rth division point in the sub-space.

) ) di+1 _ di
dj=d' 41— )

To facilitate calculation, d’' and d,i are regarded as inte-
gers in the simulation. The modeling process steps are as
follows.
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Strategy 1 FSMC Channel Modeling via Strategy 1

Input: the transmit power P;; the noise power Np; the

communication distance D

Output: MSE

Step1: Space division based on path loss
calculate the average SNR y(d) = P; — PL(d) — Ny
fori =0to M do
calculate y; = Py — PL (0) — Nog — iw
calculate the space dividing point d’ by 7(d) and y;
fort =0toT — 1do _ _
calculate the sub-space dividing pointd! = d'+t d’HT_d’
Step2: Determine the SNR threshold, channel state
value and state transition probability matrix

AN N AW =

1 determine the probability distribution function of SNR
in various HSR scenarios

2 calculate the steady-state probability of each state

Iy

= [, Py

3 equal probability method needs to be satisfied 71 =
my=---=7ny = (1/N)

4 calculate the average SNR in each state y, =
= 5" yp()dy

n—1

5 calculate the state transition probability

P {vir1 = sj, vk = su}
Pivk = sn}

i =Plvis1=silyc =su} =

Step3: MSE analysis
Output MSE

2) EQUAL AREA SPACE DIVISION

The area that is enclosed by the average SNR function at
the relay, X-axis and Y-axis is divided into M equal-area and
nonoverlapping spaces. Then, each space is equally divided
into several sub-spaces, as illustrated in Figure 3. The equa-
tion that is used to divide the area is as follows, where S is the
total area of all spaces and S; is the area of the ith space.

D
S =/0 y(x) — y(D)dx (10)

To distinguish the distance from d in the integral equation, the
distance d is denoted by x, and D is the maximum distance
between the relay and the eNB. The area that is enclosed by
the SNR, X-axis and Y-axis is obtained on the graph, and
each area is divided into 7 small areas evenly according to
the following equation.

l. [P y(x) — y(D)dx

Si = I (11)
) ) di+1 _di
dj = d' +1——— (12)

From (11) and (12), the distance value at the dividing point
of the space can be obtained, namely, do, dl, ..., d", where
d® = 0 and dM = D. Then, the space (d',d'*!) is
evenly divided into T sub-spaces, and the sub-space length is
(d't! —d') /T.Letd],t =0,1,...,T — 1, represent the tth
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division point in the sub-space. The modeling process steps
are as follows

Strategy 2 FSMC Channel Modeling via the Strategy 2
Input: the transmit power P;; the noise power Ny; the
communication distance D
Output: MSE
Step1: Space division based on path loss

calculate the average SNR y(d) = P, — PL(d) — Ny

area integration § = fOD y(x) — y(D)dx

Jo v @)=y (D)dx

M

calculate S; = i
calculate the space dividing point d by 7(d) and S;

fort =0toT — 1do _ _
calculate the sub-space dividing pointd! = d'+t d’HT_d’

AN DN AW N =

Step2: Determine SNR threshold, channel state value

and state transition probability matrix

1 determine the probability distribution function of SNR
in different HSR scenarios

2 calculate the steady-state probability of each state x,, =

Iy

Jrl p(dy

3 equal probability method needs to be satisfied 71 =
my=---=7ny = (1/N)

4 calculate the average SNR in each state y, =
e frn d
= Jr, yp(y)dy

5 calculate the state transition probability

p{ves1 = sj. vk = s}
p{ve = su}

i =Plvis1=silyk = s} =

Step3: MSE analysis
Output MSE

C. DETERMINATION OF THE SNR PROBABILITY
DISTRIBUTION AND THE SNR THRESHOLD

It is highly important to determine the distribution of SNR
during the division of the SNR threshold. Classical models
are available for describing the fading distribution, such as
the Rician [25], [26], Rayleigh [27], [28] and Nakagami-m
[29] distributions. Due to the characteristics of the tunnel
scenario, the Nakagami-m distribution, which is used in this
paper, can more closely match the real data in tunnels while
being consistent with the fading distribution of SNR at the

receiver. Its distribution [30] is
I,
exp (— %) (13)
14

e !
(7T (uh)

where y! is the SNR in the /th sub-space, 7/ is the mean value
of the SNR in the /th sub-space, i/ is the Nakagami fading
factor in the /th sub-space, and I" (-) is the gamma function.
In the simulation, /Ll can be obtained via maximum likelihood
estimation for each sub-space.

Due to the presence of scatterers in other HSR scenarios,
such as trees and buildings, not only line of sight (LOS) paths
but also nonline of sight (NLOS) paths are followed during

p(yh

VOLUME 8, 2020

the signal propagation. Therefore, the Rician channel model
can be used to approximate the SNR fading distribution. The
equation [18] is as follows:

K'+1 (K' + 1)y!
p(yh = 7 exp |:—Kl - _—y:|

)/l

1 ) 1
TR
14

where K is the fading factor in the /th sub-space, Ip[-] is the
zero-order modified Bessel function of the first kind, )7’ is
the average SNR. Both the K/ and 7' can be estimated via
the maximum likelihood function.

After obtaining the probability distribution function of
SNR in each HSR scenario, the SNR threshold and each state
value should be determined, which are especially important
for FSMC channel modeling. To select the SNR threshold,
the equal probability method [31], the Lloyd-Max method
[32] and other methods can be used. In practice, a suitable
method must be selected according to the application require-
ments. The equal probability method has been widely used in
studies on Markov models for wireless fading channels. In
this paper, the equal probability method is used to determine
the SNR threshold.

The steady-state probability of each state can be obtained
from the probability distribution function of SNR as

Cny1
7rn=/ p(y)dy, n=12,....N (15)

n

According to the equal probability method, 7 = mp = - -+ =
iy = (1/N), and the SNR thresholds are determined by the
following requirement

F)H~l 1
= f p(dy = — (16)
I, N

The average SNR in each state can be expressed as

_ 1 Cnt1
ynz—/ yp(y)dy, n=12,....N (A7)
TTn J1,

After dividing the SNR thresholds of each state, the average
SNR of the state can be obtained and expressed as the channel
state. Then, the first-order state transition probability of the
FSMC model is determined according to the conditional
probability.

}:p {Vk+1 =5j, Vk:Sn}

18
P {ve=sn} (18)

Prj=P{ves1=5j vk =sn
V. SIMULATION EXPERIMENTS AND ANALYSIS

In this section, FSMC wireless channel models are estab-
lished for various HSR scenarios via Strategy 1 and the Strat-
egy 2. The simulation parameters are presented in Table 2.
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TABLE 2. Simulation parameters.

TABLE 5. SNR thresholds in the space [150 200] (arched tunnel).

P/dBm Ny/dBm
tunnel 0 105 [150 [155 [160 [165 [170
mountain 47 497 155] 160] 165] 170] 175]
viaduct 45 -85 1 25.50  30.00 29.50 29.00 26.00
cutting 45 -70 2™ 26.62 3125 3137 30.75 27.25
plain 47 -59.6 3" 27.75 3250 3325 3250 28.50
TABLE 3. SNR thresholds in the space [150 230] (arched tunnel). 4th 28.87 33.75 35.12 34.25 29.75
5" 30.00 35.00 37.00 36.00 31.00
[150  [158  [l66  [174  [182 (175 [180  [185  [190  [195
158] 166] 174] 182] 190] 180]  185] 190] 195]  200]
1" 2550 2950  26.00 30.00 26.50 1 32.00 28.00 26.50 27.00 25.50
ond 27.12 3147 2874 3125 2851 2" 3275 29.62 2812 27775  26.87
3™ 28.75 3333 31.19 3250 30.36 39 33.50 3125 29.75 28.50  28.25
40 3037 35.19 33.64 33.75 32.22 4" 3425 3287 3137 2925 29.62
5" 32.00 37.00 36.00 35.00 34.00 st 35.00 3450  33.00 30.00 31.00
[190 [198 [206 [214 [222
198] 206] 214] 222] 230]
1™ 27.00 18.00 19.00 26.00 28.00 within 500 m is divided into 10 nonuniform spaces, and the
ond 2775 2193 2150 2990 30.69 lengths of these 10 spaces are 5 m, S m, 10 m, 15 m, 25 m,
3d 2850 25.04 2400 33.02 33.15 35 m, 55 m, 80 m, 110 m and 160 m. Furthermore, each
4 2925 2817 2650 3608 3561 space is divided evenly into 10 sub-spaces with corresponding
5h 30.00 31.00 29.00 39.00 38.00 lengths of 0.5 m,0.5m, I m, 1.5m,2.5m,3.5m,5.5m, 8 m,

TABLE 4. Quantized channel state value in the space [150 230] (arched

tunnel).
[150  [158 [l166 [174  [182
158]  166] 174]  182]  190]
1 26.43 30.61 27.68 30.67 27.67
o 28.04 3249 30.16 3191 29.56
3™ 29.65 3433 3257 33.16 31.39
4" 31.26 36.15 3493 3440 33.18
[190  [198 [206 [214  [222
198]  206]  214]  222]  230]
1 27.39 20.99 20.71 2854 29.60
2 28.14 24.03 2313 31.74 32.09
31 28.89 27.04 2556 3474 34.51
40 29.64 29.86 28.00 37.66 36.89

11 m and 16 m. Then, the SNR threshold and the channel state
quantization value in the tunnel are obtained. Consider the 8th
nonuniform space as an example, as presented in Table 3 and
Table 4. The state transition probability matrix of the space
[174 182] is presented as (20).

Strategy 2:

First, the area that is enclosed by the SNR at the relay, X-
axis and Y-axis is divided into 10 equal-area and nonoverlap-
ping spaces, and each space is further divided into 10 sub-
spaces. The FSMC channel model will be established in each
sub-space, and threshold and quantitative values of the SNR
can be obtained, as presented in Table 5 and Table 6. Con-
sider the space [180 185] as an example. The state transition
probability matrix is presented as (21).

Let D = 500 m, let the reference distance be dy = 1 m and
let the center frequency be 2.4 GHz. Then, (7) is converted to

70.55 — 18.691og (d + 1) (tunnel)

054 046 0 0
o 0 1 0

P=| 0 ;oY (20)
0 0.17 083
10 0 o0
0 05 05 0

P=1o 0o o 1 @D
0 0 033 067

64.3 — 23.111og (d + 1) (mountain)
119 — 42.41og (d 4 1) (viaduct)
97.5 — 36.11og (d + 1) (cutting)
85.7 —25.31og (d + 1) (plain)

y(d) = (19)

A. TUNNEL TERRAINS

Strategy 1:
First, by using the nonuniform division method, the com-
munication distance between the eNB and the relay

84966

According to the state probability transition matrix, the simu-
lation results of the FSMC channel model in tunnel scenarios
are obtained, which are presented in Figure 4.

B. NON-TUNNEL TERRAINS

In nontunnel scenarios, the two modeling methods are
also used to establish FSMC wireless channel models. The
SNR threshold and quantization value of each scenario are
obtained via the SNR probability distribution function of
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FIGURE 4. SNR quantization strategy in tunnel scenarios.

TABLE 6. Quantized channel state value in the space [150 200] (arched
tunnel).

[150  [155 [160  [165 [170
155]  160]  165]  170]  175]

1™ 2633 3090 3099 3037 2694
2" 2744 3214 3284 32.10 28.17
31 28.56 3338 34.69 3384 294l
4" 29.67 34.62 36.55 3557  30.65

[175 [180  [I85  [190  [195
180]  185]  190]  195]  200]

1™ 3247 2927 27778 2749  26.56
2" 3322  30.87 2939 2824 2792
34 33.97 3248 31.00 2899 29.28
4" 3472 34.09 32.61 29.73  30.64

each scenario. Then, the state transition probability matrix of
each scenario can be calculated from the threshold and the
quantization value.

Consider the sub-spaces [97 105] and [135 143] as exam-
ples in the mountain scenario. The state transition probability
matrices are obtained via Strategy 1 and Strategy 2 and are
presented in (22) and (23), respectively.

P = A ' A (Strategy 1) (22)
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05 05 0 0
0o 0 1 0

P=1025 05 025 of Otraeey2 23
o 0 0 1

Consider the sub-spaces [50 60] and [130 138] as examples in
the viaduct scenario. The state transition probability matrices
are obtained via Strategy 1 and Strategy 2 and are presented
in (24) and (25), respectively.

1 0 0 0
0.25 0.75 0 0
P = 0 1 0 0 (Strategy 1)  (24)

0 0 05 0.5

0 1 0 0
0.5 0.5 0 0
P = 0 1 0 0 (Strategy 2) (25)

0 0 05 05

Consider the sub-spaces [40 48] and [126 135] as examples in
the cutting scenario. The state transition probability matrices
are obtained via Strategy 1 and Strategy 2 and presented in
(26) and (27), respectively.

0 1 0 0
033 034 033 0

P = 0 1 0 0 (Strategy 1) (26)
0 0 1 0

o 1 0 0
05 05 0 0
P=109 0o o033 o6 | Otatey2 @D

0 0 0.5 0.5

Consider the sub-spaces [131 145] and [126 133] as examples
in the plain scenario. The state transition probability matrices
are obtained via Strategy 1 and Strategy 2 and are presented
in (28) and (29), respectively.

0.66 0.34 0 0
0 1 0 0
P = 0 0 071 0.9 (Strategy 1) (28)

0 0 0.5 0.5

0 1 0 0
0.33 0 0.67 0
P = 0 05 0 05 (Strategy 2) 29)

0 0 0 1

It is worth noting that the time that the state transition matrix
remains unchanged is related to the speed of the trains. In this
paper, the distance of 500 m between the eNB and the train
is firstly divided into 10 nonuniform spaces, and then each
space is equally divided into 10 sub-spaces, and the state
transition matrix is established in each sub-space. Taking the
mountain scenario as an example, for the average speed of
the high-speed train in the mountain is 200 km/h, the longest
time for the state transition matrix to remain unchanged is
about 3.6s, and the shortest time is about 0.18s.

Figure (5) - Figure (8) present the simulation results of
the FSMC channel models in the mountain, viaduct, cutting
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FIGURE 6. SNR in viaduct scenarios.

and plain scenarios, respectively, that were constructed via
Strategy 1 and the Strategy 2.
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TABLE 7. MSE for FSMC channel model.

tunnels mountains  viaducts  cuttings  plains
MSELl 0.55 2.55 2.11 2.07 1.003
MSE2 0.81 1.2 1.87 1.08 1.01
MSE3 1.79 4.39 3.32 2.47 1.21

To describe more intuitively the accuracies of the FSMC
models in various HSR scenarios, the MSE indicator is used.
Let MSE1, MSE2 and MSES3 represents the MSE values of
FSMC channel model based on nonuniform space division
SNR quantization strategy, equal-area space division SNR
quantization strategy and uniform space division SNR quan-
tization strategy [19], respectively. By calculating the MSE of
the source data and the simulation results of the FSMC model,
the MSE values for the FSMC channel models are obtained,
in Table 7. The accuracy of the model constructed by using
the two nonuniform space division strategies and the uniform
space division strategy is analyzed and compared.

According to Table 7, when the train is in a tunnel sce-
nario, the accuracy of the FSMC model that is derived via
Strategy 1 is higher than that of the model that is derived via
Strategy 2; when the train is in the plain scenario, the MSEs
of the FSMC models that are obtained via the two modeling
strategies are approximately equal; when the train is in other
HSR scenarios, the FSMC model based on Strategy 2 has
the higher accuracy. The MSE of uniform space division
strategy is higher than that of Strategy 1 and Strategy 2.

VOLUME 8, 2020
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It shows that the nonuniform space division strategy per-
forms well compared with the uniform interval division strat-
egy in the FSMC wireless channel modeling for the HSR
scenarios.

VI. CONCLUSIONS

In this paper, the problems of poor universality and low
modeling accuracy of HSR wireless channel models are
studied. The nonuniform space division SNR quantization
strategy and the equal-area space division SNR quantiza-
tion strategy are adopted. The mathematical relationships
among the SNR threshold, channel state and state proba-
bility transition matrix are analyzed, and a novel FSMC
simulation model for various HSR scenarios is established.
The simulation results that were obtained using the proposed
FSMC model closely fit the experimental results; therefore,
the proposed simulation model can better track the channel
state in various HSR scenarios and realizes higher modeling
accuracy.

In this paper, the influence of shadow fading on the fading
of the SNR is not considered in the FSMC path-loss modeling
experiments for various HSR scenarios, which will be further
studied. In addition, the effect of space division interval and
the number of Markov state on the accuracy of FSMC model
will be investigated in the future work.
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