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ABSTRACT Radio wave coverage in open-confined mixed space along the railway is studied in this paper.
The space along the railway can be classified into three kinds of spaces, that are, open space, confined space
and the open-confined mixed space. The open-confined mixed space locates between the open space and
confined space. In order to reveal the radio wave coverage mechanism in the open-confined mixed space
and find out the important influence factors, the influence of antenna gain, antenna position, tunnel cross-
section shape, and beam angle on the radio wave coverage in the open-confined mixed space are studied.
Considering the complexity of environment, the radio wave coverage is modeled by finite difference time
domain method. The simulation results show that the radio wave coverage is sensitive to the beam angle
of transmitting antenna. And the variation law of radio wave coverage with the beam angle shows a certain
correlation with the transmitting antenna position and tunnel cross-section shape.
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INDEX TERMS Tunnel environment, open-confined mixed space, radio wave coverage, transmitting
antenna, beam angle.

I. INTRODUCTION13

With the rapid development of high-speed railway in the14

world, remarkable achievements have been made in railway15

science and technology. To meet the requirements of high-16

safety train control and high-capacity public communication,17

stable radio wave coverage along the railway must be pro-18

vided. However, the complex environments affect the prop-19

erty of radio wave coverage significantly, especially for the20

environment with tunnel entrance. Therefore, the research on21

the effective coverage of radio wave in this kind of complex22

space is of great important.23

The radio wave coverage along the railway has been stud-24

ied for a long time [1], [2], [3], [4], and it can be mod-25

eled and predicted by measurements or by physics-based26

methods. Several measured works on radio wave coverage27
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in open space along the railway have been published. In [5], 28

the author investigates the cross-correlation characteristics of 29

large-scale parameters (LSPs) and small-scale fading (SSF) 30

for high-speed railway (HSR) multilink propagation scenar- 31

ios, based on realistic measurements conducted on Beijing to 32

Tianjin HSR line in China. In [6], measurements of received 33

signal strength and power delay profiles are carried out in tra- 34

ditional train station and the HSR tunnel, and non-stationarity 35

of the channel is analyzed. For the tunnel scene, there are also 36

many measurement works having been carried out [7], [8], 37

[9], [10], [11]. Among them, [7] conducts a series of measure- 38

ments between 31.5–31.75 GHz with 250 MHz bandwidth 39

in Seoul subway line 8 by Electronics and Telecommuni- 40

cations Research Institute (ETRI), and the signal-to-noise 41

ratios (SNRs) and power delay profiles (PDPs) are studied. 42

[8] conducts measurements in London Underground Subway 43

to verify the validity of proposed optimization technique. 44

At the same time, there are also some works focusing on the 45

97248
This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ VOLUME 10, 2022

https://orcid.org/0000-0003-3411-3698
https://orcid.org/0000-0002-2859-3616
https://orcid.org/0000-0003-2044-1287
https://orcid.org/0000-0002-1848-4862


Z. Zhao et al.: Effect of Beam Angle of the Transmitting Antenna on Radio Wave Coverage

fieldmeasurement of radio waves in the open-confinedmixed46

space. For example, [12] measures the wide-band parameters,47

such as root mean square (RMS) delay spread, coherence48

bandwidth, etc., in small passageway tunnels under nonline-49

of-sight (NLoS) conditions and studied how these param-50

eters behave in the tunnel entrance, when the position of51

transmitting antenna changes. [13] studies the road-to-vehicle52

and vehicle-to-vehicle communication property in the tunnel53

entrance environment through the propagation measurement,54

and focuses on the transition effect in the tunnel entrance55

environment, when the train moving from outside into the56

tunnel. These measurement results can provide insights into57

the propagation characteristics of the studied channels, but58

it is time consuming and difficult to reveal the propagation59

mechanism.60

For the physics-based methods, there are analytical61

approaches, such as waveguide theory [14], [15], and simula-62

tion techniques, such as vector parabolic equation (VPE) [16],63

[17], [18], ray tracing (RT) methods [19], [20], [21], and the64

finite-difference time-domain (FDTD) [22], [23]. Waveguide65

theory can be used to analyze the wave propagation char-66

acteristics in tunnels with regular cross sections effectively67

and accurately, however, it is not suitable for complex tunnel68

environments. The VPE method is efficient and suitable for69

large-scale environments, however, it is effective only for70

the propagation of paraxial waves; hence, the calculation71

accuracy of wave propagation near the transmitting antenna is72

not sufficient, especially for those cases that antenna pattern73

is not paraxial. Ray tracing technique is also implemented74

to simulate the railway scene, which is based on ray optics75

and the uniform theory of diffraction (UTD) [12], [24]. The76

principal of ray tracing method is based on the superposition77

of the reflected rays from reflecting surfaces to obtain the78

receiving field. Hence the accuracy of ray tracing method79

needs to be improved for the open-confined mixed space80

where lots of scattering and diffraction exist. FDTD method81

has higher accuracy in the analysis of radio wave coverage,82

but it requires large amount of computation and is time-83

consuming. Fortunately, with the development of computer84

technology and parallel computing technology based on mes-85

sage passing interface (MPI) method [25], [26], FDTD now86

can be used to simulate the wave propagation in large com-87

plex environments.88

The available researches on radio wave coverage charac-89

teristics along the railway are mainly done for single envi-90

ronment, such as, single open space or single confined space.91

While for the open-confined mixed space, only some mea-92

surement results [12], [13] and a few studies of physics-based93

methods [24], [27] can be found. These studies on the radio94

wave coverage of open-confined mixed space show that the95

radio wave generated by the antenna outside the tunnel can96

meet theminimum receiving threshold requirements and real-97

ize the coverage of open-confined mixed space. However,98

how the antenna and environmental parameters affect the99

radio wave coverage in the mixed space and how to achieve100

a more uniform and stable radio wave coverage in the mixed101

space remains to be studied. On the one hand, in consideration 102

of the complexity of the simulation scenario and the close 103

relationship between radio wave coverage and antenna char- 104

acteristics, this paper utilizes the FDTD method to analyze 105

the influence of the antenna position, tunnel cross-section 106

shape and beam angle on the radio wave coverage in the 107

open-confined mixed space. On the other hand, parallel 108

FDTD technology and coarse-fine mesh combined method 109

are used to improve the simulation efficiency. 110

The simulation model of the open-confined mixed space 111

is described in detail in Section II. The effects of antenna 112

position and beam angle on radio wave coverage in two 113

kinds of hybrid spaces, which are open space connected with 114

rectangular tunnel and open space connected with arched tun- 115

nel, are presented in Section III and Section IV, respectively. 116

Conclusions are summarized in Section V. 117

II. SIMULATION MODEL AND FORMULATION 118

In this paper, considering the complexity of the simula- 119

tion environment and the requirement of accuracy, FDTD 120

method is applied to model radio wave propagation in the 121

hybrid region with open space and confined space (tunnel). 122

Meanwhile, to overcome the challenges of density mesh, 123

fine FDTD meshes are only used in modeling the practical 124

antenna structures and coarse meshes are used in modeling 125

rest of the environment. As shown in Fig. 1, the sub-domain 126

of antenna is simulated first with fine meshes, and the field in 127

this sub-domain is then coupled into the outside environment 128

with the help of equivalent electric and magnetic currents at 129

the common boundary of the two sub-domains. 130

A. MODELING OF YAGI-UDA ANTENNA 131

In railway scenes, Yagi-Uda antenna is widely used as trans- 132

mitting antennas (Tx) due to their narrow beamwidth and 133

high gain. In this paper, two kinds of Yagi-Uda antennas with 134

different gains are selected as transmit antennas, respectively, 135

one of which has a gain of 6.41 dBi and the other has a 136

gain of 12 dBi. The radiation patterns of the two antennas 137

working in the 900 MHz are shown in Fig. 2. For the appli- 138

cation of coarse-fine mesh hybrid method, the sub-domain 139

of antenna is simulated in free space with fine mesh, and 140

the tangential electric and magnetic fields on the sub-domain 141

boundary are stored. Then, these fields are converted into the 142

tangential electric and magnetic currents on the environment 143

sub-domain boundary by 144

J = n̂×H, (1) 145

Js = E× n̂, (2) 146

where n̂ is the normal vector of the equivalent surface, E and 147

H are the stored tangential electric and magnetic fields on the 148

sub-domain boundary, respectively. J and Js are the equiva- 149

lent tangential electric and magnetic currents on the environ- 150

ment sub-domain boundary, respectively. Consequently, the 151

radiation field of the antenna is obtained by the equivalence 152

principle. 153
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FIGURE 1. Description of the whole simulation area including antenna
subdomain the environment.

FIGURE 2. Radiation patterns of two Yagi-Uda antennas, (a) with high
gain and (b) with low gain.

In this paper, the sizes of fine and coarse meshes are set to154

1x = 1y = 1z = 0.005m and1x = 1y = 1z = 0.0333m,155

respectively. Parallel MPI technique is applied in this paper156

to shorten iterative time. The parallel algorithm of FDTD157

utilizes a one-cell overlap region to exchange the information158

between adjacent sub-domains. In the algorithm, only the159

tangential magnetic fields are exchanged at each timestep.160

B. MODELING OF OPEN-CONFINED MIXED AREA161

In this paper, the Yagi-Uda antenna is placed along x-axis162

in open space. The fine mesh numbers for simulating the163

antenna region are 300× 200× 300 cells, and the equivalent164

surface for output the tangential field component occupy 46,165

31 and 46 coarse cells in x, y, and z directions, respectively.166

For the total simulation environment, there are 1064 × 224167

× 200 coarse mesh cells, which contain a 10-meter-long168

open area and a 25-meter-long tunnel. Two tunnels with169

different cross-sectional shapes are considered, namely rect-170

angular tunnel and arched tunnel. The specific dimensions171

of rectangular tunnel and arched tunnel will be introduced172

in Section III and Section IV, respectively. In addition, the173

tunnel and open space in calculation region are extended to174

the perfectly matched layers (PML) to ensure that there is no175

reflected wave from the boundary, which simulates the case176

of an infinite environment. As shown in Fig. 3, the thicknesses177

of PML in x, y and z directions are set to 20 grids, respectively.178

FIGURE 3. Diagram of the FDTD model for open-confined mixed space
and the eight transmitting antenna positions.

C. EVALUATION PARAMETERS FOR DIFFERENT 179

SIMULATION CASES 180

As done by other literatures, the received power distribution 181

in the environment is simulated and studied in this paper. 182

To observe the impact of environment on radio wave coverage 183

more intuitively, in addition to directly comparing the differ- 184

ence between the received power curves, this paper also uses 185

the parameters, median field intensity (MFI) proposed in [28] 186

and system field strength flatness factor (FLmax) proposed 187

in [29], to evaluate the large-scale fading and small-scale 188

fading characteristics of the radio wave coverage along the 189

receiving path, respectively. For the simulation environment 190

of this paper, the formula of MFI is expressed as 191

Asa =
1
x0

∫ x0

0
As(x)dx , (3) 192

where x0 is the length of the simulation path of whole envi- 193

ronment (including open space and tunnel), x is the position 194

of the receiving point along the x-axis direction, and As(x) is 195

the local median electric field intensity at reception point x, 196

which is represented by the average electric field of multiple 197

equally-spaced sampling points around the reception point. 198

To better reflect the local median received electric field, As 199

in this paper is calculated by taking the average of electric 200

field values at total 11 points centered by the observing point. 201

Therefore, the formula of As is expressed as 202

As(x) =

5∑
n=−5

A(x + n ·1x)

11
, (4) 203
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where A is the actual received electric field at different sam-204

pling reception points. For FLmax, the formula is the same as205

given in [29].206

III. NUMERICAL RESULT OF RECTANGULAR TUNNEL AND207

ANALYSIS208

This section aims to study the influence of Tx beam angle209

on the radio wave coverage in mixed space of open space210

connected with rectangular tunnel. The width and height of211

inner cross section of the considered rectangular tunnel are212

5 m and 4 m, respectively. The relative dielectric constant213

and conductivity of the tunnel wall are set to 5 and 0.01 S/m,214

respectively. For a more comprehensive consideration, this215

section not only uses two kinds of Yagi-Uda antennas with216

different gain, but also places transmitting antenna in 8 dif-217

ferent positions in open space. Themodel of considered open-218

confined mixed space and transmitting antenna positions are219

shown in Fig. 3.ψ and θ in Fig. 3 represent the azimuthal and220

elevation angles, respectively.221

In practice, there are many typical antenna layouts for222

radio wave coverage in the tunnel entrance and exit areas.223

In this paper, we consider the situation that the base station224

is mounted outside the tunnel, which receives and amplifies225

the signal from another far base antenna, and then radiates226

towards the tunnel entrance to cover the space where open227

area and tunnel are mixed. In Fig. 3, the letters A to H228

represent eight antenna positions we considered in this paper.229

Among them, the four positions fromA to D are located at the230

same vertical plane with 2 m away from the tunnel entrance231

plane, and E to H are located 10 m from the tunnel entrance232

plane. The heights of positions of A, B, E and F are the same233

as tunnel height; the heights of positions of C, D, G and H are234

1.32 m higher than the tunnel height. The center of the first235

layer grid of the calculation region in the x-direction is set as236

the origin, namely point N in Fig. 3. The position coordinates237

of points A to H are (8 m, 0 m, 2 m), (8 m, −2.772 m, 2 m),238

(8 m, −2.772 m, 3.32 m), (8 m, 0 m, 3.32 m), (0m, 0 m,239

2 m), (0 m, −2.772 m, 2 m), (0 m, −2.772 m, 3.32 m), (0 m,240

0 m, 3.32 m), respectively. The receiving antenna is located241

in the center of cross-section tunnel, and 3.2 m away from242

the ground. The receiving antenna records the electric fields243

when moving along the simulation distance (passing through244

both the open space and tunnel). To analyze the influence245

of the beam angles in azimuthal and elevation directions of246

the transmitting antenna on the radio wave coverage, five247

azimuthal angles and three elevation angles are considered248

for each antenna position.249

A. INFLUENCE OF THE AZIMUTHAL BEAM ANGLE OF LOW250

GAIN ANTENNA ON THE RADIO WAVE COVERAGE251

This part presents the radio wave coverage results generated252

by low-gain Yagi-Uda antenna with different beam angles in253

azimuthal directions at different locations. Figures 4 (a)-(h)254

show the received power curves obtained when the beam255

direction of transmitting antenna changes in azimuthal256

direction at eight positions from A to H. The legends257

FIGURE 4. Simulated received power of low-gain Yagi antenna with
5 azimuthal beam angles at 8 positions: (a) position A, (b) position B,
(c) position C, (d) position D, (e) position E, (f) position F, (g) position G,
(h) position H.

A0, A20, . . . , A50 in Fig. 4(a) mean that the transmitting 258

antenna is placed at position A and its beam is pointing to 0, 259

20, . . . , 50 degrees in the azimuthal plane. The legends in 260

Figures 4 (b)-(h) have the similar explanation. The x-axis 261

of figures represents the distances from the receiving points 262

to the transmitting antenna. The orange demarcation lines in 263

Fig. 4 represent the location of the tunnel entrance. The MFI 264

and FLmax obtained in different cases are summarized in 265

Figs. 5 and 6, respectively. 266

From Fig. 4, we can see that for the low gain Yagi-Uda 267

antenna, when the azimuthal angle is switched from 0 to 20 268

degrees, the influence of the azimuthal angle on the radio 269

wave coverage is the most obvious. The received power at 270

0 degree in azimuthal plane is significantly higher than that 271

of 20 degrees. However, when the azimuthal angle is switched 272

from 20 degrees to 40 degrees, the impact on the radio wave 273

coverage is not so great, but the radio wave coverage is signif- 274

icantly reduced when beam angle is pointing at 50 degrees. 275

It is also noted that the radio waves generated by the trans- 276

mitting antennas located at position A-D, which are closer to 277
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FIGURE 5. Results of median field intensity for low-gain Yagi antenna
with different azimuthal beam angles at different positions.

FIGURE 6. Results of flatness factor for low-gain Yagi antenna with
different azimuthal beam angles at different positions.

the tunnel entrance, will experience rapid attenuation within278

three meters in the beginning of tunnel, after then the radio279

waves show regular attenuation caused by the tunnel waveg-280

uide effect. But the receiving power generated by the antennas281

located at E-H, attenuates smaller and slower when entering282

the tunnel. The reason for this phenomenon can be explained283

from the perspective of the reflection and diffraction. The284

total field received at the tunnel entrance is basically the285

superposition of the direct incident wave, multi-walls reflec-286

tion wave and the diffraction wave from the corners of tunnel287

entrance. Using geometric ray tracing analysis, we can find288

that, for the case of transmitting antenna locating at distance289

of 10 m away from the tunnel entrance, the phase difference290

due to the path difference between different reflected wave291

and diffracted wave near the tunnel entrance changes slower292

than that of the casewhen transmitting antenna locating at 2m293

from tunnel entrance. Thus, the fluctuation of the wave near294

the tunnel entrance for the 10 m case is smaller than that of295

2m case. In addition, the received electric field in the far-field296

region is proportional to 1/r , where r is the distance from the 297

transmitting antenna to receiving point. Thus, for the case of 298

transmitting antenna locating at 10 m away, the amplitude of 299

the incident electric field near the tunnel entrance is smaller, 300

and the attenuation speed of the received wave near the tunnel 301

entrance is slower than that of the 2 m case. 302

From Fig. 5, we can see that for each position, the influence 303

of azimuthal beam angle on the large-scale fading of radio 304

wave is basically the same. However, from Fig. 6, it can 305

be observed that the effect of azimuthal beam angle on the 306

small-scale fading of radio coverage is related to the antenna 307

position. In other words, we can properly adjust the azimuthal 308

angle of transmitting antenna to reduce the small-scale fading 309

effect of the radio wave generated by the antenna at a certain 310

position. On the other hand, by comparing the results in 311

Fig. 5, we can see that the MFI obtained by the antenna closer 312

to the upper wall of tunnel is higher than that of antenna 313

located far away from the upper wall, and this is true for 314

5 azimuthal beam angle cases. Therefore, the MFI generated 315

by the antenna at position C is the smallest, because the radio 316

wave generated by the antenna here is greatly affected by 317

the reflection of the upper wall and side wall of the tun- 318

nel entrance, resulting in evanescence wave. By comparing 319

the results in Fig. 6, we find that at every azimuth angle, 320

the FLmax obtained by the four antennas far from the tun- 321

nel entrance is smaller than that obtained by the near four 322

closer to the ground for all 5 azimuthal beams angle cases. 323

Therefore, the antenna located at position E gets the smallest 324

FLmax by virtue of the reason that the generated radio wave 325

is less affected by the reflections from both the upper and 326

side walls of the tunnel entrance. Finally, by comparing the 327

results in Figs. 5 and 6, we can find that the distance between 328

the antenna and the side wall of tunnel has no obvious effect 329

on the radio wave coverage. 330

B. INFLUENCE OF THE ELEVATION BEAM ANGLE OF LOW 331

GAIN ANTENNA ON THE RADIO WAVE COVERAGE 332

The radio wave coverage results generated by low gain Yagi- 333

Uda antenna with different beam angles in elevation direction 334

are presented in this section. Figures 7 (a)-(h) show the 335

obtained received power when the beam direction of trans- 336

mitting antenna changes in elevation plane at eight positions 337

from A to H. The legends A0, A15, A25 in Fig. 7 mean that 338

the transmitting antenna is placed at positionA and its beam is 339

pointing to 0, −15, −25 degrees in the elevation plane. The 340

legends in Figs. 7 (b)-(h) have the similar explanation. The 341

median field strength and flatness factor values obtained in 342

different cases are summarized in Fig. 8 and 9, respectively. 343

From Fig. 7, we can see that for the low-gain Yagi-Uda 344

antenna, the influence of the beam angle in azimuthal direc- 345

tion on radiowave propagation is greater than that in elevation 346

direction. The radio wave coverage generated by the antenna 347

located higher than the upper wall of the tunnel is more 348

sensitive to the change of beam angle in elevation direction. 349

When the radio waves generated by the transmitting anten- 350

nas with different elevation angles pass through the tunnel 351
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FIGURE 7. Simulated received power of low-gain Yagi antenna with
3 elevation beam angles at 8 positions: (a) position A, (b) position B,
(c) position C, (d) position D, (e) position E, (f) position F, (g) position G,
(h) position H.

FIGURE 8. Results of median field intensity for low-gain Yagi antenna
with different elevation beam angles at different positions.

entrance, they will undergo the similar attenuation process as352

that in the previous section, that is, the radio waves generated353

by the Tx closer to the tunnel entrance attenuate rapidly354

FIGURE 9. Results of flatness factor for low-gain Yagi antenna with
different elevation beam angles at different positions.

FIGURE 10. Simulated received power of high-gain Yagi antenna with
5 azimuthal beam angles at 8 positions: (a) position A, (b) position B,
(c) position C, (d) position D, (e) position E, (f) position F, (g) position G,
(h) position H.

within a certain distance in the beginning of tunnel and then 355

attenuate regularly. And comparing the in Figs. 8 and 9, it can 356

be observed that the effect of the beam angle in elevation 357
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FIGURE 11. Results of median field intensity for high-gain Yagi antenna
with different azimuthal beam angles at different positions.

directions on the large-scale fading is the same as that of the358

beam angle in azimuthal directions, that is, the effect of beam359

angle in elevation direction on the large-scale fading does not360

change with position. However, the effect of beam angle in361

elevation direction on the fast fading of radio wave coverage362

is related to the antenna position.363

C. INFLUENCE OF THE AZIMUTHAL BEAM ANGLE OF364

HIGH GAIN ANTENNA ON THE RADIO WAVE COVERAGE365

Similarly, this part presents the radio wave coverage results366

of high gain Yagi-Uda antennas with different beam angles in367

azimuthal direction at different locations. Figures 10 (a)-(h)368

show the received power curves obtained when the beam369

direction of transmitting antenna changes in azimuthal direc-370

tion at eight positions from A to H. The median field strength371

and flatness factor values obtained under different cases in372

this section are shown in Figs. 11 and 12, respectively.373

From Fig. 10, we can see that compared with the low gain374

Yagi-Uda antenna, the radio wave coverage generated by the375

high gain Yagi-Uda antenna is more sensitive to the beam376

angles in azimuthal direction. For different beam angles in377

azimuthal direction, the radio wave coverages in the open378

space are different. From Figs. 11 and 12, we can see that379

for the high gain antenna, the influences of the beam angle in380

azimuthal direction on the large-scale fading and small-scale381

fading of radio wave coverage are both related to the position.382

The reason for this phenomenon is that the high gain Yagi383

antenna has a narrower beamwidth, so its radiation strength384

changes obviously with the beam angle. When the position of385

the antenna changes, the antenna radiation strength changes386

more dramatically in the direction of the straight-line path387

from the transmitting antenna to the receiving antenna, which388

leads to the greater impact on the radio wave coverage. On the389

other hand, it can be found that when the antenna is located390

closer to the tunnel entrance, the influence of beam angle in391

azimuthal direction on radio coverage is more sensitive with392

position. This can also be explained from the perspective of393

the diffraction theory. Because the transmitting antenna has394

FIGURE 12. Results of flatness factor for high-gain Yagi antenna with
different azimuthal beam angles at different positions.

a certain radiation beamwidth, so when the beam direction 395

changes with a fixed angle, the variation of the incident field 396

(as well as the diffraction field) on the tunnel entrance edges 397

for the case of transmitting antenna locating at 2m will be 398

faster than that of the case of 10m. Therefore, when the 399

antenna beam angle changes, the radio waves generated by 400

the transmitting antenna located closer to the tunnel entrance 401

will be affected more significantly by the beam angle. There- 402

fore, when considering the layout of transmitting antenna 403

with high gain and narrow beamwidth, the beam angle in 404

azimuthal direction should be adjusted properly when the 405

position of antenna is changed. 406

D. INFLUENCE OF THE ELEVATION BEAM ANGLE OF HIGH 407

GAIN ANTENNA ON THE RADIO WAVE COVERAGE 408

The radio wave coverage results of high gain Yagi-Uda 409

antenna with different beam angles in elevation direction at 410

different locations are shown in this section. The received 411

power curves obtained under different cases are shown in 412

Fig. 13. The median field strength and flatness factor values 413

are summarized in Figs. 14 and 15, respectively. 414

From Fig. 13, we can see that compared to the influence of 415

beam angles in azimuthal direction discussed in last section, 416

the influence of the beam angles in elevation direction of 417

the high gain Yagi antenna on the radio wave coverage is 418

not so severe, but it is still greater than the influence of the 419

low-gain Yagi’s beam angle in elevation direction. And for 420

those antennas located lower than the upper wall of the tunnel, 421

a better coverage can be obtained when the elevation angle 422

is equal to 0 degrees, and the change of elevation angle in a 423

small range has little effect on the radio wave coverage in 424

the tunnel. However, for antennas located above the upper 425

wall of the tunnel, beam angle in elevation direction has a 426

more significant influence on the radio wave coverage of 427

these antennas. In addition, it should be noted that when 428

the antenna is located far away from the tunnel entrance, 429

it is more difficult to optimize the radio wave coverage of 430
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FIGURE 13. Simulated received power of high-gain Yagi antenna with
3 elevation beam angles at 8 positions: (a) position A, (b) position B,
(c) position C, (d) position D, (e) position E, (f) position F, (g) position G,
(h) position H.

FIGURE 14. Results of median field intensity for high-gain Yagi antenna
with different elevation beam angles at different positions.

tunnel by adjusting the beam angle in elevation direction.431

Secondly, by comparing the results in Figs. 14 and 15, we can432

see that the influence of beam angle in elevation direction433

FIGURE 15. Results of flatness factor for high-gain Yagi antenna with
different elevation beam angles at different positions.

on radio wave coverage is mainly on the small-scale fading. 434

And as shown in Fig. 15, the influence of beam angle in 435

elevation direction on small-scale fading is also affected by 436

transmitting antenna position. Finally, we can conclude that 437

for the high gain Yagi-Uda antenna, antenna position has 438

more obvious effect on radio wave coverage than beam angle 439

in elevation direction. 440

IV. NUMERICAL RESULT OF ARCHED TUNNEL AND 441

ANALYSIS 442

This section aims to study the influence of Tx beam angle on 443

the radio wave coverage in mixed space of open space con- 444

nected with an arched tunnel. In order to be more practical, 445

a train is added to the simulation scene in this section. The 446

schematic diagram of considered arched tunnel and train are 447

shown in Fig. 16. For considered arched tunnel, l is 25 m, h 448

is 4 m and w is 3 m. The size of the train considered refers to 449

the size of the actual freight train section, where lt is 25 m, ht 450

is 2.8 m, and wt is 2.8 m. The train is located at the open- 451

confined mixed space and the head of the train is located 452

at a distance of d from the origin, d = 1.32m. From the 453

simulation conclusion of Section III, it can be found that the 454

effect of high gain antenna beam angle variation on mixed 455

space radio wave coverage is greater than that of low gain 456

antenna, and the closer the transmitting antenna is located to 457

the tunnel entrance, the more obvious the effect is. Therefore, 458

in this section, we only study the effect of beam angle on 459

radio wave coverage of mixed space when the high gain Yagi- 460

Uda antenna is located at positions A, B, C and D in Fig. 3, 461

respectively. 462

A. INFLUENCE OF THE AZIMUTHAL BEAM ANGLE OF 463

HIGH GAIN ANTENNA ON THE RADIO WAVE COVERAGE 464

For the open-confined mixed space in Fig. 16, the received 465

power curves obtained for different azimuth angle cases are 466

shown in Fig. 17. The MFI and FLmax obtained in different 467

cases are summarized in Figs. 18 and 19 to evaluate the 468
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FIGURE 16. Diagram of the FDTD model for the scene where open space
connected arched tunnel. (a) Left view of simulation model, (b) side view
of simulation model.

FIGURE 17. Simulated received power of high-gain Yagi antenna with
5 azimuthal beam angles at 4 positions: (a) position A, (b) position B,
(c) position C, (d) position D.

FIGURE 18. Results of median field intensity for high-gain Yagi antenna
with different azimuthal beam angles at different positions.

large-scale fading and small-scale fading characteristics of469

the received power, respectively.470

Compared with the received power curves in Section III,471

it can be found that the received power passing through472

the arched tunnel entrance does not vary significantly as473

that passing through the rectangular tunnel entrance. There474

are two main reasons for this phenomenon. One is that475

the cross-sectional area of the arch tunnel considered in476

FIGURE 19. Results of flatness factor for high-gain Yagi antenna with
different azimuthal beam angles at different positions.

FIGURE 20. Simulated received power of high-gain Yagi antenna with5
elevation beam angles at 4 positions: (a) position A, (b) position B,
(c) position C, (d) position D.

this section is larger than that of the rectangular tunnel in 477

Section III, so the attenuation rate of radio waves in the 478

arched tunnel can be smaller [30]; Secondly, the depolariza- 479

tion effect is more obvious in the arched tunnel, which results 480

in a smaller number of polarization-matched reflection paths 481

being received at the receiving antenna of the arched tunnel 482

compared to the rectangular tunnel. In addition, the received. 483

power in arched tunnel is more sensitive to the change of 484

azimuth angle, especially the small-scale fading is obviously 485

affected by the azimuth angle. As the Tx gets closer to the 486

tunnel entrance, the influence of its azimuth angle on the 487

generated radio waves becomes obvious. 488

B. INFLUENCE OF THE ELEVATION BEAM ANGLE OF HIGH 489

GAIN ANTENNA ON THE RADIO WAVE COVERAGE 490

For the open-confined mixed space in Fig. 16, the received 491

power curves obtained for different elevation angle cases are 492

shown in Fig. 20. The MFI and FLmax obtained in different 493

cases are summarized in Figs. 21 and 22, respectively. 494
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FIGURE 21. Results of median field intensity for high-gain Yagi antenna
with different elevation beam angles at different positions.

FIGURE 22. Results of flatness factor for high-gain Yagi antenna with
different elevation beam angles at different position.

Compared with the simulation results of rectangular tun-495

nel, the change of elevation angle has less influence on496

the radio wave coverage in the arched tunnel. At the same497

time, the influence of the change of elevation angles on the498

radio wave coverage in the arched tunnel is less than that499

caused by the change of azimuth angle. However, for the500

antenna located at the non-direct viewing position of the501

tunnel entrance (such as position B and C), the influence502

of elevation angle is more obvious. In these positions, the503

average received power can be increased by 3 dB by adjusting504

the elevation angle. Based on the simulation of all positions,505

an elevation angle of 15 degrees is a good choice, which506

ensures that the direct path experiences fewer reflections and507

avoids the absorption of electromagnetic waves by the upper508

tunnel wall.509

V. CONCLUSION510

In this paper, the effects of beam angle, antenna position,511

antenna gain and tunnel cross-section shape on the radio wave512

coverage of open-confined space were simulated and com-513

pared. Simulation results show that the closer the antenna is514

to the tunnel entrance, the more severe fading of the received 515

power will be experienced when passing through the tunnel 516

entrance, and more deep fading points will be generated in 517

the tunnel. When receiving antenna enters the arched tunnel 518

entrance, the loss caused by scenario conversion is smaller 519

than that of the rectangular tunnel. Meanwhile, the simula- 520

tion results show that the effect of antenna beam angle on 521

radio wave coverage in open-confined mixed space exhibits 522

different laws for different antenna positions, antenna gains 523

and tunnel cross-section shapes. The radio wave coverage 524

generated by the high gain antenna closer to the arched 525

tunnel entrance is more sensitive to the change of antenna 526

beam angle. Therefore, when installing antenna equipment in 527

open-confined mixed space, the antenna beam angle should 528

be comprehensively considered in combination with antenna 529

position, antenna gain and tunnel shape. From the simulation 530

results, the case for azimuth angle of the antenna set parallel 531

to tunnel axis and elevation angle set to 15 degrees downward 532

is a relatively good choice. 533
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