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ABSTRACT In this paper, ray tracing (RT) is used to analyze the characteristics of Train-to-Train (T2T)
wireless channel in 2.1 GHz frequency band, including path loss, multipath clustering, delay spread, Rice
factor, angular spread and channel non-stationarity. It is found that the change of environment has a great
influence on the characteristics of wireless channel, which not only causes the birth and death of multipath
clusters, but also makes the channel appear non-stationary characteristics. In order to characterize the
non-stationarity of T2T wireless channel, we introduce the time correlation coefficient (TPCC) of power
delay profile (PDP), analyze the non-stationarity of T2T wireless channel, and give the quasi-stationarity
distance. The results are basically consistent with the measured data.

INDEX TERMS High-speed rail, T2T, Ray-tracing, Multipath clustering and tracking, Non-stationary channel
modeling

I. INTRODUCTION1

With the development of the next generation train con-2

trol system, T2T communication has gradually become the3

focus of academic research in order to ensure the real-time4

and accuracy of high-speed railway mobile communication5

system. T2T can assist train operation control system based6

on Train-to-Ground (T2G) wireless communication, reduce7

communication delay, strengthen collision danger detection8

and broadcast warning, and improve train operation effi-9

ciency and safety. At the same time, T2T is also a key10

technology for virtual coupling and autonomous driving.11

So far, the international academic research on radio12

wave propagation and wireless channel characteristics in13

railway scenarios has basically focused on the T2G wireless14

channel. For example, the channel models of tunnel scene [1–15

3], plain scene [4], viaduct scene [5–7], cutting scene [8, 9],16

bridge crossing scene [10] and so on are established. How-17

ever, the research on T2T wireless channel is relatively few.18

Compared with T2I communication, T2T communication19

presents high dynamic characteristics of both receiver and20

transmitter. The rapid change of environment and scatterers21

in a short time makes the channel characteristics change22

dramatically. T2T channel is not only fast time-varying, but23

also non-stationary.24

Given that the Multiple-Input Multiple-Output (MIMO)25

technology can effectively improve the channel capacity and26

channel reliability, and the large surface area of the train car27

is easy to install the MIMO antenna system, it is possible to 28

combine the MIMO technology with the channel spatial char- 29

acterization study of T2T. A large-scale MIMO channel mea- 30

surement campaign was conducted in an indoor metro envi- 31

ronment at 3.5 GHz carrier frequency and 160 MHz band- 32

width by Asad Saleem et al. The channel parameters were 33

investigated for both co-polarization and cross-polarization. 34

The results show that the antenna configuration and polariza- 35

tion type have a large impact on the channel characteristics. 36

The angular extension changes significantly when different 37

antenna polarizations are used on the transmit and receive 38

antenna sides [11]. Asad Saleem et al. investigated the statis- 39

tical properties of a novel geometry-based three-dimensional 40

(3D) stochastic model for next-generation vehicle-to-vehicle 41

(V2V) multiple-input-multiple-output (MIMO) communica- 42

tions in a non-isotropic scattering environment [12]. 43

The Roll2Rail project established by the European 44

Union in Shift2Rail is already conducting T2T wireless 45

channel research. Paul Unterhuber et al. conducted a mea- 46

surement campaign on an T2T channel traveling on two 47

parallel tracks in an open field environment. The GSCM 48

based on delay, doppler frequency and power output was 49

compared with measurements in equivalent environments 50

and scenarios. Finally, the model was qualitatively validated 51

based on PDP and DSD and found to be in good agreement 52

between the model and the measured data [13]. A train-to- 53
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train millimeter-wave propagation measurement campaign in54

the service of virtual coupling was carried out by Mohammad55

Soliman et al. The received signal power in the open area56

was analyzed and modeled using a two-ray path loss model.57

The results show that the received power near the platform is58

higher than in the open area due to the strong contribution of59

the reflected signal from the platform [14]. Erislandy Mozo60

Bigñotte et al. presented six tapped delay line models for T2T61

communication. The hilly terrain and train station scenarios62

cover large, medium and short distances. The results show63

that simulated channels using any of the proposed models64

correlate with measurements made using a DLR channel65

sounder. The proposed TDL model can be modeled and the66

maximum number of taps equal to 16 [15]. Paul Unterhuber67

and Michael Walter et al. extracted channel parameters for68

train-to-train scenarios for typical environments such as train69

stations, open fields and hilly terrain. Smoothness of the70

channel in time and frequency is dealt with, and distance-71

dependent model parameters are proposed for all random72

channel parameters [16]. The César Briso-Rodríguez team73

conducted T2T channel measurements and modeling in the74

900 MHz and 2400 MHz frequency bands of the Madrid75

Metro tunnel scenarios [17]. It is found that for straight76

tunnels, the path loss factor n is 1.139 (900 MHz band) and77

1.071 (2400 MHz band), respectively, for curved tunnels,78

the path loss model is a piecewise function. Ke Guan from79

Beijing Jiaotong University and others developed channel80

measurement equipment based on UWB (UltraWide Band)81

technology, conducted channel measurements on the tera-82

hertz frequency band T2T channel, extracted channel charac-83

teristics, and physically explained the channel characteristics84

using self-developed RT technology [18].85

Most of the existing literature is about channel mea-86

surements for scenarios such as highways, cities and sub-87

urbs, which involve communication between two vehicles.88

For high-speed railway scenarios, the cost of channel mea-89

surements is high and the feasibility of implementation is90

low, and few of the existing studies have investigated the91

channel of T2T. Therefore, in this paper, we adopt RT tech-92

nique, which is less costly, less time-consuming and easier93

to implement, to establish a three-dimensional radio wave94

propagation scenario model to analyze and study the radio95

wave propagation and channel characteristics of T2T. Due96

to the high-speed movement of the double ends of the train,97

the changes in the scenario within a short period of time98

will cause drastic changes in the channel characteristics,99

and the challenge of channel non-stationary brought by T2T100

communication needs to be paid more attention to. Mean-101

while, in T2T scenarios, the collection of scatterers in the102

surrounding makes the multipath signals arrive in the form103

of clusters, however, due to the rapid change of scatterers104

in the environment, significant multipath birth and death105

phenomena will occur. Studying the environmental factors106

affecting the multipath components and clustering the MPCs107

to further investigate the multipath cluster birth and death108

process can more accurately reflect the propagation of the109

signal in the environment and establish the channel model. 110

Therefore, it is necessary to analyze the characteristics of 111

T2T wireless channel, which lays a foundation for the design 112

of communication system and train control system. 113

The station is an important scenario of high-speed 114

railway, and also a very complex scenario of radio wave 115

propagation. Therefore, this paper mainly focuses on the 116

station communication scenario, and uses RT technology to 117

analyze the radio wave propagation mechanism and wireless 118

channel characteristics between high-speed trains under the 119

target frequency band of 5G-R selected by China National 120

Railway Group (2.1 GHz). The time-varying non-stationary 121

characteristics and dynamic multi-path clustering character- 122

istics of T2T wireless channel are emphatically studied, and 123

the time-varying non-stationary channel model is established, 124

it provides reference for T2T communication system opti- 125

mization. 126

The rest of the paper is arranged as follows: section 127

II, which makes 3D modeling of high-speed train and sta- 128

tion scenarios, introduces the ray-tracing technology and the 129

parameters of simulation configuration, in section III, the 130

channel data obtained from RT simulation are processed, 131

the channel characteristics are extracted, and the multipath 132

clustering and time-varying non-stationary characteristics are 133

analyzed and modeled, section IV summarizes channel char- 134

acteristics and gives recommendations. 135

II. THREE-DIMENSIONAL SCENARIO MODELING 136

A. THE TRAIN MODEL 137

According to CRH380AL train, the high-speed train 138

model is established. CRH380AL train adopts 8-section and 139

16-section marshalling. In order to reduce the complexity of 140

the model and the operational difficulty of the simulation 141

without affecting the simulation results, the 8-section mar- 142

shalling train model is established in this paper, as shown in 143

Figure 1. The train is 201.50 m long, 3.38 m wide and 3.70 144

m high. 145

FIGURE 1. Train model: The black mark represents the size data of the train.

B. SCENARIO MODELS 146

This paper refers to Tianmen North Station in Hubei 147

Province for station scenario modeling. The station has a 148

scale of 2 sets and 6 tracks (2 main tracks, 4 arrival and depar- 149

ture tracks), the effective length of the arrival and departure 150

tracks is 650 m, and there are 2 middle island platforms of 151

450 m × 12 m × 1.25 m. The platform houses and platforms 152

are arranged in equal length, among which track 1, 2, 5 and 153

6 are arrival and departure tracks, and track 3 and 4 are 154
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main tracks. The 3D model diagram of the station scenario155

is shown in Figure 2.156

FIGURE 2. Station scenario model: The graphical annotations include the
selection of axes and the distribution of each track.

In the station scenario, take the track direction as the157

Y axis (green coordinate axis), the horizontal plane perpen-158

dicular to the track direction as the X axis (red coordinate159

axis), the vertical to the ground direction as the Z axis (blue160

coordinate axis), and take the ground sideline center as the161

coordinate origin to establish the corresponding rectangular162

coordinate system. According to the principle of radio wave163

propagation and the research scope of the scenario, it is164

analyzed that the influence of rail, track and inner fence165

on ray propagation can be ignored. Therefore, in order to166

reduce the calculation amount of RT, the scenario model is167

simplified, and some curved models such as columns and168

elevators are simplified to plane models.169

C. RAY TRACING SIMULATION AND PARAMETER170

SETTING171

RT is an electromagnetic environment prediction172

method based on geometric optics (GO) theory and uniform173

diffraction theory (UTD). The basic principle is to simplify174

electromagnetic wave propagation as a ray model while175

considering optical mechanisms such as direct, reflection,176

scattering, diffraction and transmission. By tracking each177

ray that reaches the receiving antenna within the scenario,178

it can describe the propagation path of radio waves through179

rays in optical theory under the condition that the scenario180

information is known, so as to obtain the multipath geometric181

parameters necessary for calculating electromagnetic charac-182

teristics, including ray power, delay, arrival angle, departure183

angle, etc. It has very broad application prospects both in-184

doors and outdoors, such as stations, tunnels, and viaducts.185

RT is one of the deterministic modeling methods, which186

depicts the dynamic changes in channel state by setting snap-187

shots at different positions. Therefore, the channel on each188

snapshot is static, and each snapshot can be used as a time189

slice. The following expressions about channel parameters190

will be expressed on the basis of snapshots.191

The simulation sets two trains (T1 and T2) on tracks192

4 and 5 respectively, with T1 passing at a speed of 350193

km/h and T2 remaining stationary. After preliminary simu-194

lation analysis, it was found that the impact of diffraction195

on the wireless channel can be ignored, so the radio wave196

propagation mechanism only considers Line-of-Sight (LoS),197

reflection, and scattering. To balance the complexity and198

accuracy of the simulation, the reflection order is set to 2.199

This article assumes T1 as the transmitter and T2 as the200

receiver, and sets 631 snapshots at 1 m intervals. T1 and 201

T2 both use omnidirectional antennas with an antenna gain 202

of 8 dB, which are installed in the center of the top of the 203

headstock. The RT parameters are shown in Table 1. 204

TABLE 1. RT parameter table

Parameter Value
Frequency band [GHz] 2.1

Bandwidth [MHz] 100
Resolution [MHz] 1

Propagation mechanisms LoS, reflection, scattering
Reflection order 2
Scattering mode DirectiveMode

Type of train antenna Horizontal omnidirectional antenna
Antenna gain [dB] 8

Antenna position of T1 (2.5, 620:-2:0, 4.11)
Antenna position of T2 (9, 401.75, 4.11)
Train speed v [km/h] 350

Snapshot spacing ds [m] 1

The coordinate system of the simulation is calculated 205

from the ground surface of the station, 4.11 m not only 206

includes the height of the train and the antenna, but also 207

includes the height of the railway track and the trackless 208

bed, which is a total of 0.31 m, so the height of the antenna 209

is 10cm. The interval between snapshots is only 1m, and 210

it has been found that this does not improve the accuracy 211

of the simulation results significantly and seriously affects 212

the efficiency of the simulation by setting smaller intervals 213

between snapshots during the simulation. 214

III. ANALYSIS AND MODELING OF WIRELESS 215

CHANNEL CHARACTERISTICS 216

Channel transfer function (CTF) and ray parameters can 217

be obtained by RT simulation, where the rays parameters 218

include electric field strength, time delays, and angles, etc. 219

Thus, the most preliminary ray-based channel impulse re- 220

sponse (CIR) model can be obtained as Equation (1), where 221

N represents the number of rays, τn, ωn, ψn respectively are 222

the time delay, angle of arrival (AoA) and angle of departure 223

(AoD) of the nth ray, βn is the complex amplitude of the 224

nth ray, and χn is the phase of the ray, which is a statisti- 225

cally independent random variable uniformly distributed over 226

[0,2π). 227

h(t,ΘAoA,ΘAoD) =∑N
n=1βne

jχnδ(t− τn)∗
δ(ΘAoA − ωn) ∗ δ(ΘAoD − ψn).

(1)

Next, the channel parameters can be extracted by data pro- 228

cessing, including PDP, Rice factor K, angular spread, etc. 229

A. PROPAGATION PATH 230

Figure 3 shows the radio wave propagation path diagram 231

at snapshot 100, 200, 300, 400, 500, 600, etc. At these 232

locations, there are LOS paths, as well as reflection paths and 233

scattering paths from the left and right platform pillars. When 234

T1 approaches T2 (from snapshot 100 to snapshot 400), the 235

number of rays gradually increases, and the number of rays 236
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is highest when T1 and T2 are closest (i.e., at snapshot 400).237

As T1 moves away from T2 (from snapshot 400 to snapshot238

600), the number of rays gradually decreases, and the ray239

propagation characteristics are roughly symmetric, centered240

around snapshot 400.

(a) snapshot 100 (b) snapshot 200

(c) snapshot 300 (d) snapshot 400

(e) snapshot 500 (f) snapshot 600

FIGURE 3. Propagation path at typical snapshots: The red markings
represent the transmitter and receiver antenna positions, and the blue lines
represent the ray propagation paths.

241

Since the antenna used is a horizontal omni-directional242

antenna with a weak effect of signals reflected from the243

ceiling, the ray tracing only displays rays that are within244

the power threshold, and rays with weaker power are not245

displayed. At a bandwidth of 100 MHz, the rays are difficult246

to distinguish in the time delay domain, but the high angular247

resolution of ray tracing allows the rays to be distinguished248

in the angular domain.249

B. PATH LOSS250

Path loss refers to the loss of the received power relative251

to the transmitted power when the radio wave propagates.252

The path loss calculation formula based on RT simulation253

data is as follows:254

PL(d) =
N∑

N |Hs(f)|2
, (2)

where Hs(f) represents CTF at the sth snapshot, N repre-255

sents the number of the frequency points in the RT simula-256

tion, and d represents the distance from the transmitter at the257

sth snapshot.258

Theory and test data show that path loss usually in-259

creases logarithmically with distance. In addition, due to260

the difference of the surrounding environment in different261

locations, the shadow fading will occur randomly, and the 262

free intercept path loss model is usually used: 263

PL (d) = A+ 10n lg (d) +Xσ , (3)

where n is the path loss factor, indicating the rate at which 264

the path loss increases with distance; d is the transmit-receive 265

distance, A is the intercept, and Xσ represents shadow fad- 266

ing. 267

Figure 4 is the path loss data and its fitting graph. 268

Logarithmic coordinate axis is used in the X-axis. It can 269

be seen from the figure that the model has a good fitting 270

effect. Figure 5 is the probability density function (PDF)

FIGURE 4. The blue dots represent the path loss obtained through RT
simulation. The solid red line is the fitting result of the free intercept path loss
model shown in the Equation (3)

.
271

distribution of the dB value of shadow fading. Currently, 272

lognormal distribution is widely used to describe shadow 273

fading. Its PDF is: 274

f (x) =
1√
2πσ

exp(− (x− µ)2

2σ2
), (4)

where µ represents expectation and σ represents standard 275

deviation. 276

The fitting parameters of the model are given in table 2. 277

The free intercept path loss model indicates that the intercept 278

A and the path loss factor n change with the environment. 279

The results show that the path loss factor (n=1.6) in this 280

scenario is smaller than that in the free space path loss factor 281

(n=2), indicating that the scenario of the high-speed railway 282

station is relatively empty and semi-hermetic, the receiver- 283

transmitter antennas are at the same height, and the LOS path 284

propagation between vehicles is not obstructed. In addition 285

to the LOS path, there are also high-power reflection and 286

scattering paths, which increase the received power. There- 287

fore, the path loss factor is less than n in free space. At the 288

same time, A in this formula can be regarded as the combined 289

effect of 32.4 and the mean value of shadow fading, the mean 290

value of shadowing fading doesn’t conclude the µ which is 291

fitted using the lognormal distribution. So the extra 5 dB can 292

reflect that shadow fading still has a strong positive feedback 293

effect on path loss. 294
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FIGURE 5. The blue bars represent the shadowing fading obtained through
RT simulation. The solid red line is the fitting result of the shadowing fading
with the Equation (4).

TABLE 2. Free intercept path loss model fitting parameters

Parameter Value
A[dB] 37.38
n 1.96

µ[dB] -0.72
σ[dB] 2.89

C. PDP295

PDP represents the spectrum formed by the expected296

value of the received signal power at a certain time delay,297

reflecting the distribution of multipath power at different time298

delays. In this paper, the channel at each snapshot obtained by299

RT simulation can be considered static, and PDP is extracted300

based on CIR at each snapshot, as follows:301

Ps(τ) = |hs(τ)|2 ,

hs(τ) =

∫ ∞

−∞
Hs(f)e

j2πfτdf,
(5)

where s represents the snapshot index, Ps(τ) presents PDP302

at the sth snapshot, hs(τ) is CIR at the sth snapshot.303

The PDP at each snapshot is shown in Figure 6. We304

use the multipath component with the smallest delay τ as305

the normalization criterion. In this senario, LOS path always306

exits, so the power is strongest at 0 ns. The power here is in307

dB, which is for the channel. ‘dB’ stands for a gain or loss.308

It represents the loss propagated solely by the channel path,309

not including the power of the transmitting antenna as well as310

the antenna gain. The PDP at different snapshot locations is311

significantly different, and the channel presents obvious non-312

stationary characteristics. The following rules can be found:313

1) At the low delay of less than 100 ns, the high power314

multipaths appear at many snapshot, which is caused by315

the reflection and scattering effect of evenly and densely316

distributed pillars on both sides of the station.317

2) As can be seen from the blue marked part of the Figure 6,318

when the transmit-receive antenna distance is greater than319

100 m, that is, snapshot 1 to snapshot 300, there are a lot320

of multipaths with relatively stable delay at 140 ns and321

340 ns, this is caused by the reflection and scattering of 322

the left column (closest to track 2) and the right column 323

(closest to track 5) of the station respectively; there are 324

multipaths at snapshot 500 to snapshot 631 with a delay 325

of 370 ns, it is caused by the reflection and scattering from 326

the column on the right side of the platform. 327

3) When the transmit-receive antenna distance is less than 328

100 m, that is, snapshot 300 to snapshot 500, the number 329

of multipaths is large and the delay changes dramatically, 330

which is caused by the simultaneous reflection and scat- 331

tering of pillars on both sides of the platform. 332

FIGURE 6. The PDPs of all snapshots: The x-axis represents the different
snapshots, the y-axis represents the delay, and the colors represent the gain
of the propagation paths.

D. MULTIPATH CLUSTERING AND TRACKING 333

In actual channels, multipath components (MPCs) often 334

appear in clusters [19–21]. A cluster is defined as a set 335

of MPCs with similar delay, arrival Angle and departure 336

Angle at the same time. Cluster parameters usually remain 337

unchanged for a period of time, which can reflect channel 338

characteristics more accurately, especially suitable for non- 339

stationary channel modeling. Therefore, the identification 340

and modeling of clusters is an important aspect of current 341

channel research. 342

From PDP shown in Figure 6, it can be seen that there 343

are obvious non-stationary and MPCs clustering phenomena 344

in T2T channel in this paper. Based on the channel data 345

obtained by RT, this paper adopts clustering and tracking 346

algorithm to complete the modeling of clusters in time- 347

varying non-stationary channels. The flow chart is shown in 348

Figure 7. 349

• Firstly, the KPowerMeans algorithm is used to cluster 350

the MPCs under each snapshot [22], and the centorids of 351

the clusters under each snapshot and the MPCs param- 352

eters within the clusters (power, delay, azimuth angle 353

and elevation angle of arrival and departure angle) are 354

obtained. 355

• Clusters of different snapshot have birth and death 356

phenomena, including birth, death and inheritance of 357

clusters. The tracking algorithm [23, 24] based on Mul- 358

tipath Component Distance (MCD) is used to judge the 359
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birth and death states of clusters at different snapshots,360

track the changes of clusters, and obtain time-varying361

clusters.362

• Finally, according to the results of clustering and track-363

ing, the inter-cluster parameters and intra-cluster param-364

eters of clusters are extracted to complete the modeling365

of clusters.366

FIGURE 7. The flow chart of clustering and tracking: The above process
represents the first step of the flowchart, and the second half of the subsection
continues with steps 2-5.

1) Multipath Clustering367

The multipath clustering in this paper is mainly based on368

KPowerMeans algorithm. Firstly, the set of cluster centroids369

and cluster indexes of all MPCs in K clusters is obtained370

by KPowerMeans algorithm. Then the CombinedValidate371

algorithm is used to measure the clustering effect by in-372

troducing two parameters, CH index and DB index, and373

determine the optimal value of cluster number Kopt; Finally,374

a cluster pruning algorithm (ShapePrune) is used to discard375

the abnormal MPCs in the cluster.376

Pseudo-code 1 shows the overall framework of multi-377

path clustering, where Kmin and Kmax represent the mini-378

mum and maximum value of the cluster number, respectively,379

and RK is the set of cluster centorids and cluster indexes380

of all MPCs of the specified cluster number as K, vK is381

the clustering effect verification result of K clusters, Ropt382

is the set of cluster centorids and cluster indexes of all MPCs383

when the number of clusters is optimal, and Rp is the set384

of cluster centorids and cluster indexes of all MPCs after385

pruning clusters of Ropt.386

Pseudo-code 1: Multipath Clustering Framework

1 for K = Kmin,...,Kmax do
2 Plan K clusters for the specified snapshot:
3 RK =KPowerMeans(P,X,K)
4 Validate K clusters:
5 vK = CombinedValidate (RK)
6 end
7 Find optimum number of clusters:
8 Kopt = argmax

K
vK , Ropt = RKopt

9 Prune optimum number cluster set:
10 Rp =ShapePrune(Ropt)

2) KPowerMeans 387

Based on KMeans algorithm, KPowerMeans algorithm 388

considers the influence of power when calculating the dis- 389

tance of adjacent multipaths. The input parameters are the 390

parameter matrix X = [x1, ..., xL] of all L MPCs and 391

the power matrix P = [P1, ...PL], the parameter vector 392

xl of each MPCs contains delay τ , AoA’s azimuth angle 393

and elevation angle (ϕAoA, θAoA), AoD’s azimuth angle and 394

elevation angle (ϕAoD, θAoD). 395

For the specified K clusters, the algorithm randomly 396

selects K initial cluster centorids c(0)1 .c
(0)
K , within the given 397

maximum number of MaxIterations, first use the MCD algo- 398

rithm to find the closest cluster centorid to each MPC and 399

store its corresponding cluster index in I(i), then go through 400

the indice of all MPCs cluster centorids. The set C(i) of 401

MPCs under each cluster centorid is obtained, and then the 402

MCD algorithm is used to calculate the new cluster centorid 403

c
(i)
k of MPCs under each cluster centorid c(i−1)

k again, until 404

all the calculated new cluster centorids are the same as the 405

last iteration, then the iteration process exits and the set RK 406

is returned. See Pseudo-code 2 for details. 407

KPowerMeans algorithm uses MCD to calculate the 408

distance between MPC (ci) and cluster centorid (cj). MCD 409

calculates the angle and delay differently, such as Equation 410

(6) and Equation (7), where θi represents the azimuth angle. 411

φi represents the elevation angle, τi represents the delay, τstd 412

represents the standard deviation of the delay of all MPCs, 413

ζ is the delay scale factor, reflecting the importance of the 414

time domain, in general, ζ = 1. Equation (8) gives the MCD 415

distance considering angle and delay. 416

MCDAoA/AoD(ci, cj) =

1

2

∣∣∣∣∣∣
 sin (θi) cos (φi)

sin (θi) sin (φi)
cos (θi)

−

 sin (θj) cos (φj)
sin (θj) sin (φj)

cos (θj)

∣∣∣∣∣∣ (6)

MCDτ (ci, cj) = ζ · |τi − τj |
∆τmax

· τstd
∆τmax

,

∆τmax = max
i,j

{|τi − τj |} ,
(7)

6



Pseudo-code 2: KPowerMeans Algorithm

1 Randomly choose K initial centroids c(0)1 , ..., c
(0)
K

2 for i = 1,...,MaxIterations do
3 Assign MPCs to cluster centroids and store

indices:
4 for l = 1, ..., L do
5 I

(i)
l = argmin

k
{Pl ·MCD

(
xl, c

(i−1)
k

)
}

6 end
7 I(i) =

[
I
(i)
1 , ..., I

(i)
L

]
,

8 for k = 1, ...,K do
9 C

(i)
k = Indice

l

(
I
(i)
l = k

)
10 end
11 C(i) =

[
C

(i)
1 , ..., C

(i)
K

]
12 Recalculate cluster centroids c(i)k from the

allocated MPCs to coincide with the clusters’
centroids:

13 for k = 1, ...,K do

14 c
(i)
k =

∑
j∈C

(i)
k

Pj ·xj∑
j∈C

(i)
k

Pj

15 end
16 if c(i)k = c

(i−1)
k for all k = 1, ...,K then

17 Return RK =
[
I(i), C(i)

]
18 end
19 end

MCD(ci, cj) =√
∥MCDAoA,ij∥2 + ∥MCDAoD,ij∥2 +MCD2

τ,ij

(8)

3) CombinedValidate417

For the validation of clustering performance, CH index418

and DB index are combined in this paper. The CH index is419

calculated as follows:420

CH(K) =
tr(B) · (L−K)

tr(W) · (K − 1)
, (9)

where tr(·) is the rank of the matrix, the matrix B and W421

represent the inter-cluster scattering matrix and the intra-422

cluster scattering matrix respectively, and the distance is423

calculated using MCD algorithm. tr(B) and tr(W) can be424

calculated respectively as follows:425

tr(B) =

K∑
k=1

Lk ·MCD2 (ck, c) ,

tr(W) =

K∑
k=1

∑
j∈Ck

MCD2 (xj , ck) ,

(10)

here Lk represents the number of MPCs in the kth cluster, 426

and c represents the global cluster centorid of all MPCs: 427

c =

∑L
l=1 Pl · xl∑L

l=1 Pl

. (11)

The DB index is calculated as follows: 428

DB(K) =
1

K

K∑
i=1

Ri, (12)

where Ri is a function that describes the intra-cluster com- 429

pactness Sk and the inter-cluster dispersion dij , as follows: 430

Ri = max
j=1,...,K

j ̸=i

{
Si + Sj

dij

}
,

Sk =
1

Lk

∑
l∈Ck

MCD(xl, ck) ,

dij = MCD(ci, cj).

(13)

In the combination of the two validation criteria intro- 431

duced, this paper uses the minimum value in the DB index 432

to restrict the set of optimal clusters to be selected. The CH 433

index is then used to determine the optimal value of the 434

cluster number in the set. Consider here the set of the best 435

number of clusters F = K1, ...,KN ⊆ [Kmin,Kmax], Ki 436

need to satisfy: 437

DB(Ki) ≤ 2 ·min
K

{DB(K)}. (14)

The optimal number of cluster Kopt is the value of K 438

corresponding to the maximum CH index in the set: 439

Kopt = argmax
K∈F

{CH(K)}. (15)

4) ShapePrune 440

After the optimal cluster number is determined suc- 441

cessfully, this paper uses the clustering pruning algorithm to 442

remove the outliers. It is mainly achieved by deleting the data 443

points with the largest distance from the cluster centorids, 444

and the original power and shape of the clusters are restricted 445

by the change of the power and the parameters of the clusters 446

within a certain range, as shown in Pseudo-code 3. 447

First, the optimal cluster after clustering verification is 448

initialized as the cluster to be pruned. For each cluster, the 449

MPCs power and the cluster power P (0)
k are recorded, and 450

the RMS delay spread and angular spread are recorded as the 451

extension vector S(0)
k . Here using s and k as the threshold 452

factors respectively, role in the initial cluster power P (0)
k and 453

S
(0)
k . When the current cluster power P (cur)

k and extension 454

vector S(cur)
k is greater than the given threshold power and 455

extended threshold, based on MCD, the MPC farthest from 456

the current cluster centorid is found and removed, then the 457

current cluster power and expansion vector are recalculated 458

until the threshold limit is not met, and the set of cluster 459

centorids and cluster indexes of all MPCs R(p) is returned. 460
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Pseudo-code 3: ShapePrune Algorithm

1 Initialize the pruning set as an optimal clustering:
2 R(p) = Ropt

3 for k = 1,...,Kopt do
4 Retain the initial power and parameters of the kth

cluster:
5 P

(0)
k =

∑
j∈Ck

Pj ,
S
(0)
k = [στ , σφAoA

, σφAoD
, σθAoA

, σθAoD
]
T ,

6 while P (cur)
k > p · P (0)

k And S(cur)
k > s · S(0)

k do
7 Find MPC with largest distance to current

centroids ck;
8 Remove MPC from R(p);
9 Recalculate P (cur)

k and S(cur)
k

10 end
11 Restore the last deleted MPC
12 end
13 Return R(p)

5) Clustering Tracking461

The tracking algorithm of cluster is based on the dis-462

tance between cluster centorids. Because the location of463

cluster centorids involves multidimensional parameter space464

(angle and delay), MCD is still chosen as the distance metric.465

Based on the clustering results obtained, clustering tracking466

is performed by checking the MCD between cluster centorids467

between adjacent locations, Where M represents the number468

of snapshots. For each old cluster in the ith snapshot, the469

nearest new cluster is found in the (i+ 1)thsnapshot. In turn,470

the nearest old cluster is determined for this new cluster. If the471

old cluster and the new cluster are both closest to each other472

and the MCD between them is below the predefined threshold473

η, then the two clusters are related. Otherwise, unrelated old474

clusters are considered "dead" and unrelated new clusters are475

considered "born". See Pseudo-code 4 for details.476

6) Cluster Parameters Modeling477

According to the above processing method, KPower-478

Means algorithm can obtain the cluster centorids and MPCs479

information (power, delay, azimuth angle and elevation angle480

of arrival angle and departure angle) under each snapshot,481

and MCD-based tracking algorithm can obtain the inher-482

itance relationship between clusters under different snap-483

shots. Finally, the inter-cluster parameters and intra-cluster484

parameters describing the distribution, density and shape of485

clusters in the channel can be extracted. The inter-cluster486

parameters include the number, the arrival time, the life cycle487

and the power delay attenuation factor of clusters. The intra-488

cluster parameters include the distribution and amount of489

intra-cluster MPCs, the delay spread of the cluster, and the490

angular spread. In this paper, the number, life cycle, arrival491

time of clusters and the amount of intra-cluster MPCs, K492

factor for clusters are preliminarily modeled, and the results493

are as follows:494

Pseudo-code 4: Tracking Algorithm

1 for i = 1,...,M − 1 do
2 Gets the cluster centroids of the current snapshot

c
(i)
k and the next snapshot c(i+1)

k :
3 for a ∈ c

(i)
k do

4 Find the cluster closest to the next snapshot:

5 bn = argmin
c∈c

(i+1)
k

(
MCD

(
a, c

(i+1)
k

))
,

6 Returns to find the cluster closest to the
snapshot:

7 an = argmin
c∈c

(i)
k

(
MCD

(
bn, c

(i)
k

))
8 if an = a and MCD(a, bn) ≤ η then
9 a and bn can be regarded as a cluster

10 end
11 end
12 Update the set of clusters
13 end

Clusters are divided into LOS clusters and reflection and 495

scattering clusters. As shown in Figure 8, different snapshots 496

have 1-6 clusters respectively, with an average value of 2.3. 497

Figure 6 only shows the display of multipath power in time 498

delay domain. The multipath clustering used in this paper 499

not only takes into account the factors of delay and power, 500

but also the effects of arrival Angle and departure Angle. 501

Therefore, the clustering effect presented by PDP is only 502

a partial display of the clustering algorithm in time delay 503

domain. 504

FIGURE 8. The x-axis represents the different snapshots, the y-axis
represents the number of clusters for each snapshot.

The life cycle of a cluster is defined as the time that a 505

cluster experiences from birth snapshot a to death snapshot 506

b, as follows: 507

Cluster Life =
(b− a) · ds

v
. (16)

The CDF of the life cycle of the reflection and scattering 508

clusters cluster is given in Figure 9, with an average value 509
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of 21.6 ms, which s‘is about 1.05 snapshots. The longest du-510

ration is 6 snapshots. The shorter the duration of the cluster,511

the worse the channel stationarity. The channel will undergo512

drastic changes in a short period of time, and the MPCs in513

the cluster also change rapidly. This is also consistent with514

many evenly spaced arrayed reflectors and scatters in the515

scenario. These reflectors and scatters have a great impact on516

the T2T channel and greatly reduce the survival time of the517

cluster. The birth and death of the cluster is closely related518

to the stationarity of the channel, which also affects the time519

interval of the receiver’s estimation of the channel indirectly.520

FIGURE 9. The solid blue line is the CDF of the cluster life.

Based on the life cycle of clusters, the distribution of521

clusters can be accurately obtained by modeling the arrival522

time of clusters. The arrival time of the cluster is defined as523

the moment when the cluster is born, that is, the time from524

the start of the train to the birth of the cluster. The CDF of525

the arrival time of all clusters is given in Figure 10. It can526

be seen that the time interval of cluster arrival time can be527

approximately uniformly distributed, which means that the528

clusters will appear evenly during the entire process, with529

an average of 1.09 new clusters per snapshot birthing. By530

converting snapshot spacing and speed into time, an average531

of 54.5 clusters per second are born.532

FIGURE 10. The solid blue line is the CDF of the cluster arrival time.

The amount of intra-cluster MPCs represents the num-533

ber of multipaths contained inside each cluster, and the CDF534

of the number of MPCs per cluster is given in Figure 11. 535

50% of the amount of intra-cluster MPCs are within 8 paths, 536

and the remaining can be as high as 60. The mean value of 537

the amount of intra-cluster MPCs in the station scenarios is 538

14.35, and the standard deviation is 15.71.

FIGURE 11. The solid blue line is the CDF of the amount of intra-cluster
MPCs.

539

TheK factor of the cluster is used to describe the power 540

ratio of the dominant component to the other components in 541

the cluster, as in Equation (17), where M represents the total 542

number of MPCs in the cluster, a0 represents the amplitude 543

of the dominant path, and am represents the sum of the 544

amplitude of the other MPCs in the cluster. The CDF of the 545

K factor of the cluster is given in Figure 12, which shows that 546

the K factor of the cluster obeys the normal distribution, and 547

the mean of the K factor of the cluster in the station scenario 548

is -5.52 dB and the standard deviation is 3.37 dB.

FIGURE 12. The blue dots represent the K factor of the cluster obtained
through RT simulation. The solid red line is the fitting result of the K factor of
the cluster by using normal distribution.

549

K = 10 ∗ log10

(
|a0|2∑M−1

m=1 |am|2

)
. (17)

Based on the above analysis, therefore a time-varying 550

dynamic cluster-based channel model is proposed on the 551
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results after clustering and tracking as follows:552

h(t, ΘAoA,ΘAoD)

=

L∑
l=1

Kl∑
k=1

βk,le
jχk,lδ (t− τl − τk,l)

× δ (ΘAoA − Ωl − ωk,l) δ (ΘAoD −Ψl − ψk,l) ,

(18)

where L represents the number of clusters,KL represents the553

number of rays of the Lth cluster, τl, Ωl, Ψl are respectively554

the time delay, AoA and AoD of the Lth cluster, τk,l, ωk,l,555

ψk,l respectively are the time delay, AoA and AoD of the lth556

cluster, βk,l is the complex amplitude of the kth ray in the557

lth cluster, and χk,l is the phase of the ray, which is a sta-558

tistically independent random variable uniformly distributed559

over [0,2π). Future work will further analyze the power and560

time-space characteristics of clusters.561

E. DELAY SPREAD562

In the wireless channel, the ray from the transmitting563

antenna to the receiving antenna propagating on different564

paths will lead to different delays. Large delay extension565

will lead to severe inter-symbol interference (ISI), which will566

cause the performance of the communication system to be567

seriously degraded. Based on RT simulation data, the RMS568

delay spread in this scenario is explored. Using the delay τ569

of different rays and the power under this delay, the average570

delay and RMS delay spread can be obtained:571

Tm(s) =

∑n(s)
i=1 Ps(τi)τi∑n(s)
i=1 Ps(τi)

,

Sτ (s) =

√√√√∑n(s)
i=1 Ps(τi)τ

2
i∑n(s)

i=1 Ps(τi)
− Tm(s)

2
,

(19)

where n(s) is the number of rays at the sth snapshot, Ps(τi)572

represents the power of the ith ray at the sth snapshot under573

the delay. Tm(s) and Sτ (s) represent the average delay and574

RMS delay spread at the sth snapshot, respectively. Figure575

13 shows the change of RMS delay spread with the distance576

between receiver-transmitter antennas and its fitting curve.577

The following rules can be found:578

Overall, the RMS delay spread is large, with a value of579

39.56 ns, which is closely related to the rich MPCs in the580

station scenario. Near snapshot 400, the RMS delay spread581

is the smallest, when the path loss of the LOS path between582

the receiver-transmitter antennas is the smallest, and the LOS583

path power is much larger than the reflection and scattering584

power. In other snapshots, the reflection and scattering has585

relatively larger power and larger delay spread.586

There is a close relationship between RMS delay spread587

and transmitting-receiving distance. The literature [25] de-588

duces and finds out that the RMS delay spread is propor-589

tional to the receiver-transmitter distance by measuring the590

data of the multipath delay spread in the LOS case in an591

urban environment, and at the same time, explains why592

this happens. This is a very new research direction, which593

FIGURE 13. The blue dots represent the RMS delay spread obtained through
RT simulation. The solid red line is the fitting result of the RMS delay spread
with the Equation (20).

shows that wireless channel characteristics are not only path 594

loss affected by distance, but multipath delay spread, Rice 595

factor and angle spread are also correlated with the receiver- 596

transmitter distance, but the relationship between them in 597

different scenarios can not be fitted by a uniform expression, 598

which is different from path loss. Here, polynomial function 599

is used for fitting, as follows: 600

Sτ = p1d
3 + p2d

2 + p3d+ p4 +X1, (20)

where Sτ is the RMS delay spread, p1, p2, p3and p4are the 601

fitting coefficients, and X1 is the residual of the RMS delay 602

spread fitting. The fitting coefficients are shown in Table 3. 603

TABLE 3. RMS delay spread fitting coefficient and accuracy

Fitting coefficient and accuracy Value
p1 3.91
p2 -11.40
p3 2.84
p4 48.07

RMSE 8.03

Other fitting effects have been tried, the fitting is still rel- 604

atively more consistent with the change of RMS delay spread, 605

the RMS delay spread presented here has a relationship with 606

the receiver-transmitter distance, but this relationship is not 607

fully deterministic, there is no uniform fixed expression. 608

The larger fluctuation of RMS delay spread under the same 609

receiver-transmitter distance also shows that the receiver- 610

transmitter distance is only a part of the factors affecting 611

its variation, and the RMS delay spread is also related to 612

the distribution of the surrounding reflectors, and the station 613

scenario is dense in scatterers, with abundant multipaths, and 614

there is a large amount of randomness in the RMS delay 615

spread, which leads to a larger RMSE. 616

F. RICE FACTOR 617

The Rice factor K reflects the power ratio of the domi- 618

nant (or LOS) component to the other (or NLOS) component 619

in a snapshot. The LOS and NLOS component always exist 620
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in this scenario, the |a0|2 in Equation 17 can be replaced621

with PLoS more accurately. Therefor, K can be expressed as622

follows [26]:623

K (dB) = 10 lg
PLoS

PNLoS
, (21)

where PLoS represents the LOS component power, and624

PNLoS represents the reflection and scattering component625

power. Figure 14 shows the variation of K along with the626

distance between receiver-transmitter antennas and its fitting627

curve. The following rules can be found:628

FIGURE 14. The blue dots represent the Rice factor K obtained through RT
simulation. The solid red line is the fitting result of the Rice factor K with the
Equation (22).

When the distance between receiver-transmitter anten-629

nas is less than 100 m, K changes significantly with the630

distance. When the receiver-transmitter antenna distance ex-631

ceeds 100 m, the K remains basically unchanged at around632

2.27 dB. The negative exponential distribution is used to633

fit the change of K with the receiver-transmitter antennas634

distance, and the expression is shown as follows:635

K = a ∗ db + c+X2, (22)

where a, b and c are the fitting coefficients, and X2 is the636

fitting residual of K, whose fitting coefficients are shown in637

Table 4.638

TABLE 4. K fitting coefficient and accuracy

Fitting coefficient and accuracy Value
a 708.90
b -1.96
c 2.27

RMSE 0.7

G. SPACE CHARACTERISTICS-RMS ANGULAR639

SPREAD640

The signals leave the transmitting antenna through dif-641

ferent paths to the receiving antenna, and the angles of the642

reflected and scattered signals are different on different paths,643

which will form the angular spread of the arrival angle and644

the departure angle. Angular spread describes the energy and645

spatial distribution characteristics of the signal as it leaves 646

and arrives at the antenna. Taking AoA as an example, the 647

mean value and angular spread of the azimuth angle φ and 648

the elevation angle θ of the arrival angle and the departure 649

angle, as shown in Equation (23) : 650

µϕ(s) =

∑n(s)
i=1 APS(s, ϕi)ϕi∑n(s)
i=1 APS(s, ϕi)

,

Sϕ(s) =

√√√√∑n(s)
i=1 APS(s, ϕi)ϕ

2
i∑n(s)

i=1 APS(s, ϕi)
− µϕ(s)

2
,

µθ(s) =

∑n(s)
i=1 APS(s, θi)θi∑n(s)
i=1 APS(s, θi)

,

Sθ(s) =

√√√√∑n(s)
i=1 APS(s, θi)θ

2
i∑n(s)

i=1 APS(s, θi)
− µθ(s)

2
,

(23)

where n(s) is the number of rays at the sth snapshot, APS 651

represents the angle power spectrum, µϕ(s) and µθ(s) repre- 652

sent the average azimuth angle and average elevation angle 653

at the sth snapshot, respectively. Sϕ(s) and Sθ(s) represent 654

the RMS angular spread of the azimuth and elevation angle 655

at the sth snapshot, respectively. 656

Figure 15 is the RMS Angular spread of each snapshot, 657

in which ASA, ESA, ASD and ESD respectively represent 658

the RMS angular spread of the azimuth and elevation angle 659

of arrival, azimuth and elevation angle of departure. Table 6 660

gives the median values of ASA, ESA, ASD, and ESD. 661

1) As shown in Figure 15, the RMS angular spread of the 662

azimuth is bigger, especially the azimuth angle of the 663

departure. The ray is emitted from T1 to all sides through 664

the reflection and scattering of the left and right columns, 665

and finally reaches T2 in a certain angle range. 666

2) Regardless of the arrival angle or departure angle, the 667

RMS angular spread of the elevation angle is very small, 668

and the elevation angle of MPCs vary around 90°, almost 669

parallel to the ground. 670

3) ASA and ESA change irregularly and have no relationship 671

with receiver-transmitter antennas distance, while ASD 672

and ESD, like theK factor, only change with the receiver- 673

transmitter antennas distance when the distande is less 674

than 100 m. 675

(a) (b)

FIGURE 15. RMS angular spread: ASA, ESA, ASD and ESD respectively
represent the RMS angular spread of the azimuth and elevation angle of
arrival, azimuth and elevation angle of departure. (a) ASA and ESA of AOA for
all snapshots. (b) ASD and ESA of AOD for all snapshots.

11



4) Here, the relationship between ASD, ESD and the676

receiver-transmitter antennas distance is fitted by a power677

approximation curve, as shown in Equation (24), where678

X3 is the fitting residual, a, b, c is the fitting coefficient,679

and C is the constant. The fitting results are shown in680

Figure 16. The fitting coefficients are shown in Table 5.681

According to the fitted curve and formula, ASD, ESD and682

d are positively correlated.683

Angle_spread = a ∗ db + c+X3 (24)

(a) (b)

FIGURE 16. ASD and ESD. (a) The blue dots represent ASD obtained
through RT simulation. The solid red line is the fitting result of ASD with the
Equation (24). (b) The blue dots represent ESD obtained through RT
simulation. The solid red line is the fitting result of ESD with the Equation (24).

TABLE 5. ASD and ESD fitting coefficients and accuracy

Fitting coefficient and accuracy ASD ESD
a -467.20 -465.30
b -1.24 -2.04
c 47.39 8.26

RMSE 3.46 0.51

TABLE 6. Median of RMS angular spread

Parameter Value
ASA 4.62°
ESA 0.34°
ASD 46.16°
ESD 8.19°

H. NON-STATIONARITY684

There is often a relative motion between the receiver-685

transmitter and the reflector-scatterer, especially in the686

highly dynamic environment, the channel will show non-687

stationarity, mainly in the statistical characteristics of the688

channel will change with time. The existing channel model689

based on WSSUS hypothesis can not accurately describe690

the statistical characteristics of the channel, so it is very691

important to use a reasonable method to accurately describe692

the non-stationary wireless channel.693

Channel quasi-stationary interval is an important param-694

eter of the non-stationary characteristics of wireless channels,695

and the characteristics of wireless channels do not change696

greatly within the interval. Currently, most researches on697

channel quasi-stationary interval are based on the analy- 698

sis methods of Local Scattering Function (LSF) and time- 699

varying coherence function [27]. The basic idea is to use the 700

second-order statistical characteristics of the channel to find 701

the correlation and difference degree of the channel. 702

For MIMO channels, Corelated Matrix Distance (CMD) 703

is a common method to calculate the quasi-stationary interval 704

[28]. By calculating the correlation matrix of the receiver or 705

the transmitter, the quasi-stationary interval is obtained by 706

using the decision threshold. For SISO channels, the Corre- 707

lation of Power (CP) algorithm can be used to calculate the 708

correlation at different sampling points [29], and the quasi- 709

stationary interval can be obtained by setting the threshold 710

decision. 711

Since the simulation is investigating a single transmitter 712

and single receiver station channel, the PDP at each snapshot 713

can be used to calculate the correlation of the channel at 714

different snapshots by using delay and power. In this paper, 715

CP algorithm is adopted, and TPCC is used as the measure of 716

channel stationarity. According to the definition of [30], the 717

TPCC of PDP in the si and sj snapshots is: 718

c(si, sj) =
[
∑

τ P (si, τ)] ∗ [
∑

τ P (sj , τ)]

max
{∑

τ P (si, τ)
2
,
∑

τ P (sj , τ)
2
} . (25)

Among them, P (si, τ) is the power in si snapshot and τ 719

delay. Obviously, the value of TPCC is in the range of 0 to 720

1. The closer the TPCC value is to 1, the higher the channel 721

similarity between the si snapshot and the sj snapshot, and 722

the higher the channel stationarity. The relationship between 723

snapshot and time is used to transform, and finally Figure 724

17 is given to depict the TPCC of each moment and other 725

moments.

FIGURE 17. TPCC between every two moments: Both the x-axis and y-axis
represent time, and the color represents the size of the TPCC.

726

When the receiver-transmitter antenna distance is less 727

than 100m (corresponding to t 3.1 s-5 s), the correlation of 728

the channel is low, the existence of MPCs in the channel 729

are single and stable, and the quasi-stationary distance of 730

the channel is small. When the receiver-transmitter antenna 731

distance is greater than 100m (corresponding to t after 0 s-3 s 732

and 5.1 s), the channel correlation is high, the channel MPCs 733
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delays change sharply, and the channel quasi-stationary dis-734

tance is large, as shown in the red area of Figure 17.735

According to the threshold selection policy [31], in this736

scenario, the threshold is set to 0.8 to extract the quasi-737

stationary distance of the channel. The quasi-stationary dis-738

tance of the channel at each snapshot is given in Figure 18.739

The average quasi-stationary distance of the channel is 4.9 m,740

and the corresponding quasi-stationary time can be obtained741

as 50 ms by using the time-distance conversion formula. This742

is close to the measured results of [32] on the average quasi-743

stationary distance of vehicle-vehicle communication chan-744

nels and quasi-stationary time for T2T communication in745

[16]. The quasi-stationary time between vehicles and vehicles746

in the highway is 23 ms. The results are in the same order of747

magnitude, but the number of scatterers between vehicles and748

vehicles in the highway is higher than that between trains in749

the high-speed railway and the varieties of scatterers are rich.750

For example, there will be other vehicles as well as isolation751

zones between the vehicles and vehicles, the LOS path is752

not continuous, and the change of the NLOS path will be753

quicker and more pronounced, which will result in the quasi-754

stationary time to be smaller. In the reference [16], through755

field measurements, it was found that the stationary time756

of communication between the trains at the station is 65.5757

ms. Considering the differences in the two communication758

environments, the quasi-stationary time of the 50 ms channel759

obtained in this study is also close to it.760

FIGURE 18. The x-axis represents the different snapshots, the y-axis
represents the stationary distance for each snapshot.

After the analysis of channel non-stationarity, it can be761

drawn with the previous viaduct scenario [33] more extensive762

conclusions, the emergence and disappearance of MPCs,763

and the stationarity of the channel are closely related. The764

unstable change of MPCs in a short time is an important765

reason that leads to the decrease of the stationarity of the766

channel.767

IV. CONCLUSION768

Based on RT technology, this paper studies the char-769

acteristics of wireless channels between high-speed trains770

in the 2.1 GHz band at station scenario and establishes a771

channel model to provide theoretical support for T2T channel772

research. Future work will continue to study and analyze 773

the characteristics of the channel between two trains moving 774

at the same time and analyze the performance of commu- 775

nication systems such as channel capacity. The summary 776

parameters of the channel model are shown in Table 7. The 777

following conclusions are drawn: 778

• The path loss is log-linear with the distance between 779

the receiver-transmitter antennas. The path loss factor 780

is 1.96, and the shadow fading is more inclined to the 781

generalized extreme value distribution. 782

• Multipath clustering is realized, and the number and life 783

cycle of clusters are preliminarily quantified. Within a 784

certain receiver-transmitter antennas distance, the RMS 785

delay spread are polynomial distribution, and the Rice 786

factor and angular spread of departure are power expo- 787

nential distribution. 788

• When the distance between trains is relatively close, 789

the channel correlation is low, the channel changes 790

rapidly and violently, and the number of MPCs is large. 791

When the distance between trains is higher, the channel 792

correlation is bigger. 793

• The receiver needs to perform at least one estima- 794

tion within a given quasi-stationary time interval (50 795

ms), otherwise the channel estimation results will have 796

obvious errors. This is the reason that leads to the 797

deterioration of communication performance in high- 798

speed railway scenarios, which needs to be considered 799

in system design. 800
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TABLE 7. Channel modeling parameters

Parameter n Shadow fading
Mean value [dB]

Shadow fading
Standard deviation [dB]

RMS delay spread
Median [ns]

K
Median [dB]

ASA
Median [°]

ESA
Median [°]

ASD
Median [°]

ESD
Median [°]

Value 1.96 -1.11 2.82 39.56 2.33 4.62 0.34 46.16 8.19
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