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Abstract

Due to the convenience and flexibility brought by railway
traffic, more and more people prefer to using it for travel.
One of the vision of 5G network is to support high-mobility
users with high-data-rate connection, which brings chal-
lenges to the system design of the HSR communication sys-
tem. Millimeter-wave (mmWave) technologies are consid-
ered as candidates to provide wide-band communication,
however such high frequency band is rarely explored in
HSR scenarios. In this paper, channel characteristics are
studied in the 5G mmWave band for typical urban HSR sce-
narios, including straight and curved route shapes. Through
extensive ray-tracing simulations for 500 MHz bandwidth
centered at 25.25 GHz with equivalent beamforming radi-
ation pattern, path loss is modeled and breakpoint is ob-
served. Delay spread, Rician K-factor, Doppler effect and
coherence time are analyzed and suggestions are provided
to guide the 5G mmWave communication system design for
HSR urban communication.

1 Introduction

Due to the convenience and flexibility brought by railway
traffic, more and more people considered it as a preferred
method for traveling or commuting. More than 479 bil-
lion of passenger·kilometers were transported by HSR in
2015 and more than 32,000 km high speed rail (HSR) lines
have been built all over the world [1]. The record of the
maximum speed of HSR has been continuously breaking to
more than 600 km/h (Japan and China). In order to meet
the goals in regard to efficiency, safety, and convenience,
rail traffic is expected to evolve into a new era of “smart
rail mobility" and consequently, railway communications
are required to evolve from handling only the critical signal-
ing applications, to various high data rate applications[2].

To obtain sufficient bandwidth, the exploration of the un-
derutilized millimeter wave (mmWave) band becomes im-
portant, and many efforts have been made accordingly.
In IEEE 802.15, the “High Rate Rail Communications
(HRRC)" interest group has been founded to invite pro-
posals and studies on broadband HSR communications. In
2016, [3–5] are presented in 3GPP, and the Macro + Re-

lay deployment for HST scenario is agreed to be included
in evaluation. In the proposals, the working frequency
is around 30 GHz and array antennas with unidirectional
beam or bidirectional beam are recommended to compen-
sate the high attenuation of mmWave band propagation.

In order to effectively support the design, simulation, and
development of the mmWave communication systems, a
thorough understanding of the propagation channel char-
acteristics is critical [6]. However, so far the mmWave
band channel has been explored mainly for urban indoor,
outdoor scenarios [7], and data centers [8]. Most of the
existing studies on channel measurements and characteri-
zation for railway scenarios are at lower frequency bands
[9, 10]. Hence, in this paper, propagation characteristics
in the mmWave band for urban HSR scenarios are studied.
The contributions of this work are summarized as follows:

• Typical 3GPP-like urban HSR scenarios with
straight and curved route shapes are considered.
The 3D models with realistic geometry and ma-
terial can be freely downloaded from “http://
raytracer.cloud".

• Channel characteristics are analyzed for the target
HSR scenarios. Large- and small-scale parameters
are extracted for different routes at different speeds.
Channel characteristics are compared and key param-
eters are modeled. Suggestions are provided for HSR
communication system design in the 5G mmWave
band.

The remainder of this paper is organized as follows. Sec-
tion II defines the urban HSR scenarios with straight and
curved route shapes, and examples of the 3D environment
models are demonstrated. Propagation channel characteris-
tics of the constructed urban HSR scenarios are analyzed in
Section III. Conclusions are drawn in Section IV.

2 Scenario Modeling

In this work, the train-to-infrastructure link is focused, both
the straight and curved routes exist in urban environment.



Figure 1. Urban scenarios with straight route and curved
route

On straight route, the range of speed is 0 km/h-600 km/h.
On curved route, the radius of curvature is mostly between
400 m-10 km depending on the environment, and the range
of speed is 0 km/h-120 km/h.

Fig. 1 shows the reconstructed urban models reconstructed
based on Chinese HST specifications and statistic deriva-
tion for the architecture [11]. Buildings, barriers, train,
tracks are the common objects in urban. The length of
these modules are from 1200 m to 1500 m, which are
more than two times of the small cell length defined in
3GPP scenario [4]. The environment models (available at
http://raytracer.cloud) are useful to evaluate HSR
channel propagation in the 5G mmWave band with consid-
erably shorten link length and with different deployment
configurations.

3 Simulation and Result Analysis

In our 3D ray tracer, the dielectric parameters of materi-
als are standardized values which are provided in ITU-R
P.1238-7 [12], ITU-R P.2040 [13] and ITU-R P.527-3 [14]
to guarantee the reliability of the simulation results in the
mmWave band

The antenna parameters are summarized in Table 1. The
patterns of Tx and Rx are shown in Fig. 2. The simula-
tion distance between Tx and Rx, defined as dT xRx, ranges
from 0 m to 1000 m for straight route and ranges from 0
m to 500 m for curved route. Two levels of speeds, 120
km/h and 500 km/h, are considered in the straight route.

Table 1. Antenna parameters

Name Pattern Gain (dBi) Polarization

Rx
HPBWE = 8◦

HPBWH = 8◦
22 V-polarized

Tx
HPBWE = 16◦

HPBWH = 16◦
16 V-polarized

Figure 2. Rx antenna pattern (V-polarization): HPBW=8,
Gain=22 dBi; Tx antenna pattern (V-polarization):
HPBW=16, Gain=16 dBi

Figure 3. Path loss of different route shapes and the fitting
results

Whereas in the curved route, the train moves at 100 km/h.
Based on the reconstructed urban environment models, the
deployments are demonstrated in Fig. 1. As the direction
of the antenna beam is tangent to the trajectory/curve of in-
stalled plan, the beams of the Tx and Rx in the curved route
scenarios may not point to each other. A uniform sampling
interval distance 0.002 m is selected for all the snapshots.
Thus, the total numbers of snapshots are 500,000 for the
straight-route scenarios and 250,000 for the curved-route
scenarios, respectively.

3.1 Directional path loss modeling

Path loss is modeled by considering the direction of array
antenna beam for the target environment types. The di-
rectional path loss model is the same as the ‘alpha-beta’
model of (1) used in the WINNER II and 3GPP channel
models[15], [16].

PL = α +10β log10(d)+Xσ (1)

where α is interception; d is the distance between Tx and
Rx; β is the slope, and Xσ is the zero mean Gaussian ran-
dom variable with a standard deviation σ . The fitting results
of straight and curved route scenarios are compared in Fig.



Table 2. Path loss modeling result for urban scenarios

Straight α β
σd <= 153.3 d > 153.3 d <= 153.3 d > 153.3

Urban 108.75 42.34 -1.45 1.59 5.85

Curved α β
σd <= 78.3 d > 78.3 d <= 78.3 d > 78.3

Urban 105.9 -23.5 -2.2 4.8 5.9

Figure 4. RMS Delay spreads and Rician K factors of both
route shapes

3, respectively. As can be seen from the figures, a break-
point at distance dbp is needed for each scenario. When d is
larger than dbp, the path loss coefficient β is positive, thus
PL increases as d increases. However, when d is smaller
than dbp, β is negative, indicating that PL decreases as d in-
creases. The reason that the sign of β changes at the break-
point is due to the variation of the antenna gain of Tx and
Rx: The variation of antenna gain in the near region out-
performs the attenuation due to d. The parameters fitted for
straight route and curved route scenarios are summarized in
Table 2

3.2 RMS delay spread and Rician K-factor

Fig. 4 shows the cumulative distribution functions (CDFs)
of the root-mean-square (RMS) delay spreads and Rician
K-factors of the two routes. According to the simulation,
the average RMS delay spread of the straight urban is 1.5
ns, and the maximum RMS delay spread reaches 400 ns
with less than 1% of chance. Thus, the suggested average
symbol rate for the straight urban scenario is 1/(10στ) ≈
60 MBd. The mean RMS delay spread of the curved urban
scenario is 0.8 ns, indicating less contribution of MPCs and
the suggested average symbol rate is around 100 MBd. The
average Rician K-factors of both scenarios are greater than
12 dB, hence direct path dominate the power contribution.
The K-factor of the curved route is larger than that of the
straight route because the contribution of the MPCs is less
in the curved route scenario.

3.3 Doppler effect

The Doppler shift is theoretically expressed as a function of
frequency f , velocity v and the angle θ between the moving

Figure 5. Doppler spectrum at 120 km/h for the straight
route

direction and the ray direction:

fd =
f
c
× v× cosθ

The Doppler spectrums of straight route at 120 km/h is
shown in Fig. 5 as an example, as the train moving to-
wards the Tx, θ is getting close to 90◦, which makes fd
decline from the maximum to approximately 0. The maxi-
mum Doppler shift reaches 11662 Hz (11805 Hz in theory)
at 500 km/h, and 2806 Hz (2833 Hz in theory) at 120 km/h.
The average Doppler shift of the curved urban is 2272 Hz
(2338.3 Hz in theory) at 100 km/h. Thus, the MPCs of
both scenarios have negative average contributions to the
Doppler shift.

For straight route, when the speed is 500 km/h, the mean
Doppler spread (DS) is 452.2 Hz, when the speed is 120
km/h, the DS is 108.5 Hz. The DS of curved scenario (100
km/h) is equal to 90.4 Hz. As speed increases, the Doppler
spread increases.

3.4 Coherence time

The average coherence time T̄c of the straight route at 500
km/h and 120 km/h are 1.4 ms and 5.9 ms, respectively. T̄c
of curved urban scenario is 7.2 ms. T̄c decreases linearly as
speed increases, and it is approximately expressed as:

TC =
1

0.005v
(2)

where the unit of v is m/s and the unit of T c is ms. The
relationship between T c and mean Doppler spread DS ap-
proximately expressed as:

TC =
1

0.0016DS
(3)

Therefore, the defined TTI length of the communication
system should be properly selected to support various levels
of mobility.

4 Conclusion

In this paper, propagation characteristics are studied in the
5G mmWave band for urban railway environments. The



straight and curved route shapes are defined and the 3D
models are available online for research purposes. Based
on extensive experimental results, key channel parameters
are analyzed: the directional path loss modeling results are
given in Table 2. One breakpoint exists in each scenario
and its value depends on the environment features, Tx/Rx
positions and the antenna pattern. Path loss coefficients of
curved scenarios at far distance is larger than that of the cor-
responding straight route scenarios, mainly because of the
NLOS condition and the mismatch between the Tx and Rx
antenna beams in curved route scenarios. The maximum
RMS delay spreads of straight and curved urban environ-
ments reaches around 400 ns, thus special attention should
be paid on ISI. The relationship between the coherence time
and mobility is determined. Higher mobility results in less
coherence time, therefore proper TTI value should be se-
lected to support high mobility.
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