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Abstract; Train-to-train ( T2T)

communication can provide protection for existing train-to-ground private network

communication, and its channel characteristics directly affect the application of upper-layer communication technologies. In this

study, based on the spatial distribution structure of railway operation scenarios and Fresnel zone theory, we propose a

frequency allocation scheme for direct communication between tracking trains in flatland and long straight tunnel scenario. Then

we use the estimation method of radio wave attenuation caused by rainfall to analyze the large-scale path loss fading of multi-

band wireless channels. Furthermore, we derive the calculation equation of max Doppler frequency shift suitable for T2T

communication and describe the multipath wave in the tunnel by ray tracing method to analyze small-scale fading. Simulation

analysis shows that the Doppler shift value of T2T communication low frequency band is significantly lower than the frequency

shift value of the train-to-ground communication under the same speed conditions.

Key words: train-to-train communication; Fresnel zone; long straight tunnel; wireless channel; Doppler frequency shift

calculation

0 Introduction

The railway-specific mobile communication

network increases the signal strength and
communication distance by covering base stations on a
but the stability of

communication equipment will be affected by extreme

large scale along the line,
weather!, In order to ensure the real-time and

accuracy of the high-speed railway mobile
communication system and meet the development
needs of the next generation train control system,
train-to-train (T2T) communication came into being.
It takes trains as core, minimizes the number of train-
track side equipment, and realizes  direct
communication between tracking trains without the
participation of base stations. The usage of T2T is to
assist  train-to-ground  wireless  communication
network-based train control systems to achieve direct
communication between trains in the event of a
failure, which can expand collision hazard detection
and broadcast early warnings, thereby improving the
safety of train operation. Therefore, it is necessary to
complete the analysis of the characteristics of the

dedicated channel to lay the foundation for the design
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and network planning of far-distance communication
system.

studied the
communication method of the auxiliary for global

In recent years, scholars have
mobile communications system for railway (GSMR)
and its channel characteristics. In terms of short-
Ref. [2] presentsdirect
communication between subway trains at a travel
speed of 80 km/h based on
technology, whose straight line covers a distance of
1.6 km. Lehner et al. utilized the trunk mode of the
terrestrial trunked radio (TETRA) to achieve 4 km

temporary

distance communication,

radio frequency

communication between trains, and
evaluated the channel characteristics of each scenario
through the classic cellular network loss model™,
but they did not propose a corresponding channel
model for the T2T application scenario. In Ref. [4],
in the case where the radio wave propagation area is

blocked by

automatic coupling between trains is achieved based

an open-air platform and bushes,

on the millimeter wave Q-band. In terms of long

distance communication, Liu et al. took other track-

trains as transmission relays to achieve direct

communication between the same track trains, but its

61763023); Lanzhou Jiaotong University — Tianjin University Innovation
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application scenarios are only limited to large stations
and marshalling stations"™. Chen et al. used ultra
short wave to realize train-mounted ad hoc networks.,
and provided the station and interval communication
budget Unterhuber et al.

measured the small-scale fading characteristics of

link loss models™®,

radio waves caused by Doppler spreading and

multipath delay spreading in high-speed railway
scenes, and introduced large-scale models of path loss
in rural, suburban, and tunnel environments, but
they did not consider extreme weather factors and
specific  frequency-bands  selection  scheme!™.
Mohammad et al.

frequency shift is a key factor affecting high-speed

proposed that the Doppler
railway wireless communication systems, and they

used improved Fitz algorithm to estimate the
instantaneous value of the Doppler frequency shift,
but the single-mobile computing model taking fixed
base stations and trains as mobile body was still
used®. He et al. used a ray tracer to verify the radio
wave propagation in the tunnel, and analyzed the
channel characteristics under the influence of
multipath effects’®. The results show the dependence
of radio wave propagation characteristics on the
system operating frequency, antenna polarization,
and tunnel size.

In our work, we summarize the special operating
scenarios of high-speed railways such as U-shaped
groove, stations, tunnels, and viaducts according to
the spatial structure. Combining Fresnel zone theory,
we determine the communication distance and
operating frequency band that are suitable for the
above scenarios and serve to the wireless channel
characteristic analysis. Additionally, considering the
influence of weather on the selected frequency-band,
through large-scale

its feasibility is  verified

electromagnetic wave propagation theory.
Furthermore, we derive the calculation equation of
Doppler frequency shift under the relative motion of
the train ( dual mobile end),

superiority of the T2T frequency shift value over the

and verify the

train-ground system at the same speed level. Finally,
the ray tracing method is used to simulate multipath
waves in the tunnel, and under different reflection
conditions, the small-scale fading characteristics of
wireless channels are simulated and analyzed.

1 System parameters

1.1 Communication range

Selection of working frequency should meet the

following standards:

1) D=d, where D is the effective line-of-sight
distance for electromagnetic wave propagation, and d
is the
transmitter, that is, the communication distance.

distance between the receiver and the

2) In order to establish a reliable communication
link, communication distance should be greater than
the maximum emergency braking distance of the
train,

The emergency braking distance of high-speed
railway trains on straight roads is in accordance with
Article 169 of the * Technical

Regulations for Railway Technology”, which takes
[10]
b

latest revised

the maximum allowable value as shown in

Table 1.
Table 1 Train braking distance
Project Value
Brake first speed (km/h) 350 300 250 200
Braking distance (m) 6 500 3 800 3 200 2 000

In order to meet the reliability of communication
link established at the maximum initial braking speed
of train, and to ensure consistency of communication
distance in each scene, the line-of-sight propagation
distance needs to be calculated. As shown in Eq. (1),
h. and h, indicate heights of the transmitting and
receiving antennas from the ground, respectively,

generally 4.2 m'" is taken. Lineof-sight by
calculated with communication distance D is
14. 6 km.

D = 3.57C/h, + V/h,). (D

1.2 Working frequency
divided

according to

Radio waves can be into bands for

communication occasions the wave
length. The working frequency band of the current
railway digital mobile communication system is about
900 MHz, while T2T mainly transmits train control

key information such as location and speed, whose
11]

short message is about 150 bit''"”, therefore, the low
bandwidth could meet the transmission requirements.
However, the high-speed railway operation scene is
changeable, and low-speed propagation of radio
waves in the tunnel will cause serious multipath

T2T

allocation scheme must be established according to

effects.  Therefore, exclusive  frequency
the spatial distribution structure of the railway
operation scenarios.

Referring to Fresnel theory, the elliptical area
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taking transmitter and receiver as the focus is the
Fresnel zone, the extent to which area is blocked by
obstacles determines the quality of communication.

The radius of concentric circles of the Fresnel zone is

md i d>
Rn - 5 2
N+ ds @

and d, are the distances between the

calculated by

where d;
transmitter and receiver to the center of the cross-
section of the Fresnel zone, respectively; n is the
number of Fresnel zones; and A is the wavelength.
When d, =d, =d/2, the first Fresnel zone radius
takes the maximum value.

When 80% of the first Fresnel region S is not
blocked by obstacles, communication quality can be
guaranteed, and the wireless link propagation space is
considered as free space. Simultaneously, the ideal
working frequency band in each scenario is obtained
by calculating the occlusion area S’ accoroding to

S/

§<20%. (3)

Tunnel is an inner closed area. Compared with
other scenes, the reflection, scattering of the radio
waves on the top, bottom, and side walls will cause
severe multipath delay expansion. The height of the
antenna mounted on the compartment roof will affect
the spatial distribution of the Fresnel zone, as shown

in Fig. 1.
[ o
1
LILEL?{ L 4
S |
2w

Ly: Tunnel height 7 150 mm
Ls: Train height 3 889 m

Fig. 1
track tunnel

Ly: Catenary height =5 700 mm
Ly: Antenna height 4 200 mm

Spatial distribution of the first Fresnel zone in a double

The ideal radius can be approximated by calculating
the minimum cross-section blocking area in the
Fresnel zone, the calculation process is

/ 2(61+62) Z_W 2 W z o
S = ge0 WK <2)
(Ll_L,1) RZ_(Ll_L,1)2. (4)

When blocking is less than 20%, Ry is 3.8 m.
Eq. (3) is used to calculate A, and the lower limit of
34 GHz, which

maximum Fresnel zone

the selected frequency band is
theoretically meets the
coverage and reduces multipath effects in tunnel. The

atmospheric window value of 35 GHz is preferred.

Except for shrubs, U-shaped groove and shallow
cuts, and viaduct arms in the plain area, there are no
The spatial distribution of
Fresnel is shown in Fig. 2.

obvious obstructions.

Ly: Antenna height from the ground 4 200 mm Waoun
Ls: Antenna distance U-shaped outer edge 2 000 mm

Fig. 2 Spatial distribution of the first Fresnel zone in the plain

Deep U-shaped groove will cause shadow fading,
and at the same time, they will temporarily block the
direct path. A large number of anti-scattered waves
generated by steep walls will cause great fading to the
signal. Route classification is shown in Table 2. The
longer the selected frequency wavelength in this
scenario, the larger the cross-sectional area of the
Fresnel zone, and the smaller the relative occlusion
area, that is, the lower the frequency, the stronger
the diffraction ability, and the larger the Fresnel

radius.
Table 2 Route classification
Width Deep U-shaped groove Shallow U-groove
W/ (m) 58. 30 55. 26 49.77 48. 38 50. 24
Waown/ (m) 15.16  18.57  17.97  17.14 16. 96

After selecting the value of the U-shaped groove,
combining with the height of the CHR380B body, the
actual occlusion area is calculated by

§ =20 e R —

360
%(Wup W) (L —Ls) 5

where 0; = arccos (L;/R). When the communication
distance d is 6.5 km, the braking distance of the
train with the initial braking speed of 350 km/h is
satisfied, and R,y is 13. 2 m. Substituting them into
Eq. (2) to calculate A, that is, the lower limit of the
2.8 GHz, and this
frequency belongs to the ultra high frequency radio

selected frequency band is

frequency band.
1.3 Link budget

The link budget is an estimate of the path loss in
the entire communication process since an accurate
link budget is a prerequisite to overcome high losses.
According to the actual operating status of the train,
combined with the aforementioned calculation of the
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working frequency band, when the two trains are
running inside and outside in tunnel, respectively,
the working frequency band is the millimeter wave Q

band ’

susceptible to extreme weather.

and communication quality is extremely
Rainfall not only
attenuates or depolarizes the millimeter wave signal,
its scattering effect on millimeter waves will also
cause mutual interference between detection systems.
Hence, it is necessary to establish a large scale T2T
path loss calculation model.

When calculating raindrop attenuation, refering to
the distribution model of M-P raindrop spectrum, its
shape is a sphere, and the size distribution is shown
in Table 3.

Table 3 Raindrop size under different rainfalls

Weather Rainfall (mm « h') Raindrop diameter (mm)
Light rain <10 0—1.50
Moderate rain 10—25 1.50—2. 00
Torrential rain 25—50 2.00—2.25
Rainstorm 50—100 2.25—3.00
Heavy rain 100—200 3.00—3. 25

According to Recommendation P. 838-3 of the
International Telecommunication Union Radio Sector
(ITU-R), the rain attenuation yg can be calculated
from the power law relationship of the rainfall
intensity R.

YR :kRa’ (6)

where the values of the coefficients £ and « vary with
the polarization mode of the antenna ( vertical,
horizontal), & can be expressed by by and k,, and «
can be expressed by ay and a,. According to measured
values provided by ITU-R, some values are shown in
Table 4, unit of frequency is GHz.

Table 4 Values of different frequencies k and o

f(GH2) ku apg f ku ay
1 0. 000 025 9 0.969 1 31 0.258 8 0.939 2
3 0.000 139 0 1.232 2 33 0.297 2 0.921 4
5 0. 000 216 2 1.696 9 35 0.337 4 0.904 7
7 0.001 9150 1.481 0 37 0.378 9 0. 889 0
9 0.007 5350 1.3155 39 0.421 5 0.874 3
11 0.017 220 0 1.214 0 41 0.464 7 0. 860 5
13 0.030 410 0 1.158 6 43 0.508 4 0. 847 6
15 0.044 810 0 1.123 3 45 0.552 1 0.835 5
17 0.061 460 0 1.094 9 47 0.595 6 0.824 1
19 0. 080 840 0 1.069 1 49 0.638 6 0.813 4
21 0.103 200 0 1.044 7 51 0.6811 0. 803 4
23 0. 128 600 0 1.021 4 53 0.722 8 0.794 1
25 0. 157 100 0 0.999 1 55 0.763 5 0.785 3
27 0. 188 400 0 0.978 0 57 0. 803 2 0.777 1
29 0. 222 400 0 0.958 0 59 0.841 8 0. 769 3

The values in Table

between each frequency and the amount of rainfall
attenuation. It can be seen from Fig. 3 that high

4 can fit the relationship curve

frequency bands are more susceptible to rainfall than
low frequency bands, with loss up to 35 dB/km.

The path loss of the ideal operating frequency band
calculated above can be calculated according to the
free space propagation model, but considering the
actual operating environment, a corresponding model
should be different

Assuming the antenna has unity gain, the free-space

selected for environments.

path loss is

A2
Liw(dB) =10 457 . (D
frec 4m)*d*
35 u —
———R=10/(mm - h™!) - -
30f|-- -+ R=20/mm - b7 ——
<eeeees R=50/(mm - b -7
o 25F|— — R=100/mm - 1Y) //
- 20 // ’’’’’’’’’
g1s /
X /
= 10 / e T
, R
St~/ T
Lo
0 20 40 60 80 100
f(THz)

Fig. 3 Relationship between frequency and rainfall attenuation

In Ref.[12],

reference model after comparing the measured values

the model was selected as the

with the Okumura-Hata. According to the measured
analysis by the German Aerospace Agency, the model

is also considered to be suitable for T2T
communication,
L.+ = 69.55+ 26. 16lgf — 13. 82lgh, —
J ah, + (44,9 — 6. 551gh ) 1gd (8)
{Izopen = L. —4. 78lg” f +18. 33lg" f — 40. 94,
aCh,) = 3. 21g*(11. 75h,) — 4. 97
(f =400 MH2) , €

where f is the carrier frequency (MHz); L., and
L. are the path loss of cities and open areas (dB),
and a (h,) is the antenna height correction factor.

There the
electromagnetic wave propagation path in the tunnel,

are many reflection paths in
a mix of line of sight (LOS) and non line of sight
(NLOS) with the shadow fade'™™, logarithmic path
loss model after adding rainfall attenuation is shown
in Eq. (10). The total path loss Ly, includes the
basic path loss L. (d,)» where d, is a fixed reference
point distance. At any d, the path loss Lm (d) at
this

distribution, and ¥, is a Gaussian random variable

position is a random normal logarithmic

with zero mean.
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Lo (dB) = Ly (d) + 10l L4, 47, (10)
0

P, =— 174+ 10lgB + Fx + Rsv s aDn

where Fy is noise figure, and Rsy is bit signal-to-noise
ratio.

Receiver sensitivity Pj, is the minimum received
signal strength for normal system operation (unit:
dBm)MY.
signals, it should meet the requirements of each

In order to reliably receive multi-band

frequency band.

The typical noise figure of a millimeter wave
receiver is 3 dB—6 dB, the effective bandwidth B is
10 kHz, and the R¢v is 4 dB. When the carrier
frequency is 35 GHz,
—127 dBm.

The frequency band in plain area is different from

the receiver sensitivity is

that in the tunnel, therefore, the path loss is
different. As shown in Fig. 4, the loss of each model
increases with distance, the maximum path loss in the
plain area is about 145 dB. When the rainfall outside
the tunnel is 10 mm/h and the two trains traveling
inside and outside tunnel meet communication
distance requirements, if f is 35 GHz is used, the
160 dB. If the

transmission power is set properly,

maximum path loss is about
the receiver
sensitivity can be matched with the aforementioned
calculation value.

200 . T T T . .

1501

100 "

......... Plam loss

Pass loss (dB)

50r — — - Tunnel free space loos

—-—-- Improved light rain loss

Improved moderate rain loss
0 1 2 3 4 5 6 7
Distance (km)

Fig. 4 Relationship between path loss and distance

2 Analysis of radio wave channel

propagation characteristics
2.1 Doppler frequency calculation

As a carrier of radio wave propagation, wireless
ShOta
Doppler

channel is developed around straight

diffraction, and scattering mechanisms.

frequency shift f4, as one of the factors affecting

small-scale fading., reflects the change of the

frequency value of the received signal caused by the

path difference, and is closely related to the speed-'"*.

Traditional train-ground communication takes a

ground base station as the electromagnetic wave
emission source. There is an angle @ between the
direction of signal incidence and the movement of the
receiving point. The phase of the receiving point
changes with the change of the moving distance,

which affects the frequency change, that is,

fi=fo gcosa. (12)

Compared with the traditional cellular system,
T2T transmitter and receiver are moving fast, thus
the calculation model that uses a train as a mobile
station and a fixed base station is no longer
applicable. For high-speed trains with speeds ranging
from 250 km/h to 350 km/h,

distance direct-communication links between trains,

to establish long

the Doppler frequency shift estimation method needs
to be improved.

In the line-of-sight communication range, the
process of radio wave propagation is simplified to the
communication application process for the mobile
terminal of a periodic train, and the distance and
speed changes within the period are used for
derivation. Assuming that the interval at which the
transmitter sends a communication request is Ty ; the

which  the

communication request is T; the initial positions of

interval  at recelver receives a
the front and rear trains are at positions r and ¢,
respectively, with X, apart; and the speeds are V,
and V,; after Ty,

respectively, and the radio wave propagation speed is

. . ! !
trains arrive at ¢ and 7r ,

V. The two-train tracking operation process is shown
in Fig. 5.

-
Running
vV direction
—m,,))) —7 <(((o
£ v 20 vr
P M
t t' r r'

Fig. 5 Schematic diagram of procwss train tracking

The time when

preceding train receives
communication request for the first time is
X,
h = 55 13
vy

after the interval T,, the distance between the two
becomes

Xz :le(V,*V,)To. (14)

When preceding train receives communication
request for the second time, the time is

1, = To"‘ (15)

V-V’
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thus the preceding train receives the communication

request interval T is

V-V,

TZIZ_II*WTO’ (16)
and the frequency value f on the receiving end is
V-V,
fiV*Vrfo. (17)
Finaly, we can get
. _ . Vt _Vr
fa=Ff—fo —-§7j;§7f5. (18)

According to Eq. (18), the frequency shift value f
of the two trains in relative motion can be obtained.
When the two trains are relatively stationary, the
max Doppler frequency shift value is zero.

2.2 Analysis of fading caused by Doppler

spread

Train running speed determines the change trend of
shift

railways with a running interval of 3 min, the driver

Doppler frequency value. For high-speed
will drive according to the target-distance curve. The
train will go through the stages of traction, cruise,
That is, the

accelerated motion is transformed into a uniform

inertia and braking. uniformly
motion. According to the actual operation of the

stopping
Doppler

train, including the station pick-up,

avoidance and interval tracking, the
frequency shift range can be estimated through the
following representative modes (V, = 300 km/h,
V,=350 km/hs a=0.5 m/s?)

1) The front train starts from the station at the
initial speed V| and accelerates uniformly to V,, the
following train travels in the section at a constant
speed of V.

2) In the section, the front car travels at a constant
speed of V|, and the rear car accelerates at an initial

speed of V| to a speed of V.
t(s)

w50 s 0 ag,
Speed-frequency difference

1201 —*— Time—frequency difference 1120

100 1100
éi 80+ 180
3 60 160

40! m

20 120

Y 2 4+ 6 s 10 12 14
[V, | - s
Fig. 6  Outbound train and interval running train establish

communication

Case 1: As shown in Fig. 6, the two trains are
gradually approaching, the source of the wave is close
to the receiver, the number of waves received is
greater than that sent by the transmitting end, that
is, the frequency of the received signal is higher than
that of the transmission, the frequency shift value
increases and decreases over time.

Case 2: The two trains are gradually away. and the
receiver is far away from the wave source. The
number of waves received is less than that sent by the

transmitting end., that is, the frequency of the

received signal is lower than the transmission
frequency. The Doppler frequency shift value
increases over time, as shown in Fig. 7.
t(s)
310 s w3,
——— Speed—frequency difference
100 | —*— Time-frequency difference 1100
801 180
=
Z 60f 160
=
40t 140
20t 120
% 2 4 6 8 10 12

V=Vl (m - s

Fig. 7 Interval tracking train establishing communication

By estimating the frequency shift value, the linear
relationship between the Doppler frequency shift and
the train speed difference can be obtained. When the
carrier frequency is 2. 8 GHz, the speed difference is
between 0 — 14 m/s, and the maximum Doppler
frequency shift value is 130 Hz. Similarly, when the
two trains travel inside and outside the tunnel, the
carrier frequency is 35 GHz. This situation also
belongs to interval tracking, and the maximum
shift 1.5 kHz. In

summary, the fy estimation results show that the

Doppler frequency value is
Doppler shift value of T2T communication low-
than the

train-to-ground

frequency band is significantly lower

shift

communication under the same speed conditions.

frequency value of the

2.3 Statistical analysis of channel reference
model

T2T channel is an end-to-end type, and its signal
complex envelope correlation function R, (Az) uses
the time difference as a variable, The similarity
between the superposition signal of each path at the
receiving end caused by the multipath effect and the

original signal can be expressed to reflect the change
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of channel parameters, namely

R.(A) = o (2V,ae)] (2V,ae), (19)

R(A0) = ]y (2 f st ) o (f ), (20)

where J, is the first-order Bessel zero-order function;
¢’ is the time average value of the received power;
and f.. and f,. are the maximum frequency shift
values at the transmitting and receiving ends,
respectively, indicating that the Doppler effect of two
different

conditions'®, Tt can be seen from Fig. 8 that the

carrier  frequencies  under driving
larger the frequency shift value, the faster the time
domain convergence degree of the signal, and the
more obvious the channel change. In order to reduce
the multipath effect, the radio wave propagation in

the tunnel needs to be analyzed.

1.0 : :
i —— fu=fu=T0 Hz
081N / o
i —6— fu =500 Hz
] N i [ e N
3 (0071 S O -------------- R
02 F ey
02 F -
04 5 i i ;
0 0.002  0.004 0006 0008 0.010

Delay At (s)

Fig. 8 Influence of Doppler shift on wireless channel

3 Multipath analysis in tunnel

3.1 Multipath reflections in tunnel

Multipath delay spread is one of the factors that
affect small-scale fading. Because the distance of
radio waves passing through each path is different,
and the arrival time of reflected waves in each path is
different,
particularly serious. Thus, the ray tracing method""™

multipath fading in the tunnel is
is used to analyze the signal power change of the radio
waves in the tunnel that reach the receiving end after
straight shot and reflected propagation, so as to grasp
the relationship between the delay and the received
power under different paths. The geometric model is
shown in Fig. 9.

The received signal power at the receiving end is

P, =P (2) 66 x

fj27r/e> \ exp(*jfrck,-)

exp(
— +;Ri —

» (2D

is the
propagation distance of different reflection paths, and
R, is the reflection coefficient of the ith reflected

where P, is the transmission power, &;

wave.

Fig. 9 Schematic diagram of geometric modeling in tunnel

Ri = RhCOS@,‘ _'_R‘,Sil'l@,' ’ (22)
R — —e,sinf; + /e — cos’0; (23)
h — s
e, sinf, + /e — cos’0;
— g . — —_— 20.
R —sind, m’ 20)

" sinf, — e — cost0;
where 0, is the incident angle of the ith reflected radio
wave, and R, and R, are the horizontal and vertical
polarization reflection coefficients of the antenna.

3.2 Millimeter wave reflection in Double line
tunnel

Partners in our research group have completed the
establishment of the reflection model of the top and
bottom of the single-line tunnel™®. On this basis.,
ray tracking method is used to conduct ray statistics
for the rectangular double-line tunnel with a height of
H and a width of 2W. The reflected signal at the
receiving end consists of the reflection from the top.
bottom and side walls of the tunnel, as shown in
Fig. 10.

(a) Side view (b) Top view

Fig. 10 Electromagnetic wave reflection diagram in tunnel

In the single odd-frequency reflection path at the
top and bottom of the double-line tunnel, the ith
reflection corresponds to i+ 1 reflection path, and the
total length of the path k;, therefore the included
angle 0; by reflection from the bottom and top can be

expressed as

b= SR+ G—DI: L, (25)
sind, :2’1*2—*1)}[ (26)



338 Journal of Measurement Science and Instrumentation

Vol. 12 No. 3, Sept. 2021

Similarly, for even number of reflections, the total
length of path k; and the included angle @ generated
by reflection through the bottom and top can be

expressed as

k[ — (ZH)Z _'_dz 1) (27)
sind, — Zkﬂ (28)

The total length &, of the odd reflection path on the
side wall and the included angle ¢ between the
reflection path and the side wall of the tunnel become

b= S WEG=D2W +d2. (29
sinf, — WJF(Z/E—*DZW (30)

The even-number reflection path model of the side
wall is calculated by
ki =~ CCW+G—1D2W)H*4d*,

W+ G—D2W
k; )

After statistical summarization of the total length

D
(32)

Sin@{ -

and phase change of each path under different
reflection conditions. » we take d=6.5 km, G, =G, =
15 dBi, and P,=10 W. Through simulation analysis.,
it can be seen from Figs. 11 and 12 that the receiving
power meets the minimum receiving level value of the
transceiver under each

aforementioned system

reflection condition.

-90
7T 7
£ -9 ¢ :
oo /
MR VARY,
=%
E -105
g -110
gév —e— Single line side wall
115 Single or double line top bottom ||
- — — - Double line side wall
-118 : : :
2 4 6 8 10 12
Number of reflections
Fig. 11 Received power under single and double line even number
reflection
-80
-85 t\“\\-’//§$<f
g 7
~ S AN
= 4
= -90
o
- \
2
(=%
= -95
£
st
d:o -100 —=o— Single line side wall
Single or double line top bottom
~105 — —-Double line side wall
1 2 3 4 5 6 7 8 9

Number of reflections
Fig. 12 Received power under single and double line odd number
reflection

The propagation environment of dual-line tunnel is
more complicated than that of single-line tunnel,
especially the reflected wave passes through the top
and bottom of the tunnel, resulting in a sharp
decrease in the wave power superimposed on the
receiving end. Only by adjusting the antenna height
and gain value and improving the antenna directivity
can the received power fluctuation be alleviated. At
the same time, high-speed mobility will cause fast
This
rapid time-varying phenomenon is reflected in the
different
probability,

time-varying of multipaths on a small scale.
existence of multipaths at times and

disappears with a certain mainly
concentrated on the root mean square delay spread.
And the calculated ratio of the total path length to the
speed of light is the multipath reception delay, from
which the relationship between the delay and the
received power can be derived. Our study lays the
foundation for further study on the radio waves
caused by the multipath delay extension in the T2T

tunnel scenario small-scale fading characteristics.

4 Conclusions

1) By of T2T
technology and combining the spatial distribution of

analyzing the requirements

railway operation scenarios, a scheme with a
communication distance of 6. 5 km and using a
35 GHz millimeter wave in the tunnel to assist
communication at 2. 8 GHz in the plain region is
proposed. At the same time, considering the
scattering of millimeter wave caused by rainfall, the
scheme is proved feasible by using the principle of
large-scale wave propagation.

2) Through the improved Doppler frequency shift
calculation equation, the linear relationship between
frequency shift and train speed difference under
constant speed and acceleration in the interval and
station, and the influence of Doppler expansion on
the channel are analyzed. Simulation results show
that Doppler shift value of T2T low frequency band is
significantly lower than the frequency shift value of
the train-to-ground communication under the same
speed conditions.

3) The ray-tracing method is used to simulate
multipath wave, and the simulation analysis shows
that under different

superimposed multipath signal power at the receiving

reflection  times,  the

end meets the minimum receiving level, which can
provide a reference for outdoor testing.
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