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The rapid development of high-speed railway (HSR) and train-ground communications with high reliability, safety, and capacity
promotes the evolution of railway dedicated mobile communication systems from Global System for Mobile Communications-
Railway (GSM-R) to Long Term Evolution-Railway (LTE-R). The main challenges for LTE-R network planning are the rapidly time-
varying channel and high mobility, because HSR lines consist of a variety of complex terrains, especially the composite scenarios
where tunnels, cuttings, and viaducts are connected together within a short distance. Existing researches mainly focus on the path
loss and delay spread for the individual HSR scenarios. In this paper, the broadband measurements are performed using a channel
sounder at 950 MHz and 2150 MHz in a typical HSR composite scenario. Based on the measurements, the pivotal characteristics
are analyzed for path loss exponent, power delay profile, and tap delay line model. Then, the deterministic channel model in which
the 3D ray-tracing algorithm is applied in the composite scenario is presented and validated by the measurement data. Based on
the ray-tracing simulations, statistical analysis of channel characteristics in delay and Doppler domain is carried out for the HSR
composite scenario. The research results can be useful for radio interface design and optimization of LTE-R system.

1. Introduction

Over the past few years, the world has witnessed the rapid
development of the high-speed railways (HSRs) in China.
The GSM-R system, which is specially designed and stan-
dardized for communication between train and control cen-
ters, could provide voice group call, functional addressing,
location dependent addressing, enhanced multilevel priority
and preemption, train control safety data transmission, and
dispatching non-safety data transmission service. However,
the GSM-R still has some limitations to meet a diversity
of data transmission including security monitoring and
maintenance information in real network operation since
it is only available to narrowband communications. Thus,
the broadband wireless train-ground communication on
HSR plays an important role in train operation control,

monitoring, and maintenance data transmission and makes a
great number of applications possible [1, 2]. To satisfy
the increasing demand for railway services, HSR faces the
challenge that is to deploy broadband communication system
called LTE-R [3-6]. The LTE-R has been identified as the
technical direction of the next generation of railway mobile
communication in HSR environments due to its technical
advantages, such as increased performance, flexible quality
of service (QoS) profile, supporting mission critical service,
and high-speed mobility [7, 8]. Currently, a series of studies
on HSR broadband communication system are being carried
out, while radio propagation is the main research hotspot
because the high performance of communication system
relies on excellent wireless network coverage. The sustainable
development of railway broadband mobile communication
system needs to keep abreast of HSR wireless channel
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characteristics [9, 10]. Establishing reliable and credible HSR
channel model is the precondition to realize the efficient,
reliable, and safe data transmission under the conditions of
high mobility and high data rate.

The researches on broadband and narrowband channels
in HSR or subway environments have been conducted over
the last few years. The small-scale fading behavior, which
is defined as signal variations occurring within very short
distances, has been discussed in large numbers of papers for
broadband mobile communications. Several wireless channel
propagation measurement activities have been performed in
different kinds of HSR scenarios, such as the train station
[11-13], the viaduct [14-17], the cutting [18, 19], the crossing
bridge [20], the railway tunnel [21], the subway tunnel [22,
23], and the passageway tunnel [24]. The empirical path
loss model and small-scale fading parameters have been
obtained at 930 MHz. The propagation characteristics in a
small passageway tunnel for non-line-of-sight (NLoS) are
studied in [24], and the model is given to predict the path loss,
power delay profile (PDP), root-mean-square (RMS) delay
spread, and coherence bandwidth. The tap delay line (TDL)
models and Doppler characterizations for HSR hilly scenario
are put forward in [25]. In [26], the propagation mechanisms
at 2.35 GHz have been investigated for the viaduct scenario,
where the path loss, time delay spread, and K-factor have been
obtained to establish the statistical position-based channel
models. In [27], a cooperative antenna system is built on
separated train carriages and a Doppler frequency offset
estimation and joint channel estimation algorithm exploited
multiantenna diversity gains are put forward. These studies
mainly concentrate on channel parameters in an individual
scenario. However, as a result of the high-speed mobility in
the actual HSR environment, scenarios including the tunnel,
cutting, and viaduct are continuous for wireless communi-
cation. Thus, the mobile station will experience many kinds
of scenarios in a short period of time, and these scenarios
are inseparable for the mobile station. Call drops and data
transmission errors occur in such composite scenarios fre-
quently. In summary, existing studies generally ignore the
quick transition from one scenario to another. Thus, the
channel model for a composite scenario is still inadequate
and the nonstationary characteristic of time-varying and fast-
fading channels in HSR composite scenario still needs further
investigation.

The deterministic modeling technique based on ray-
tracing (RT) simulation is also an important method to model
HSR channels [28, 29]. This method takes into account the
direct path, reflections, and scattering and models the propa-
gation channel in a specific scenario using the morphological
and geographical information. However, in a complicated
scenario, the RT method requires a large amount of compu-
tations. In general, for the sake of reducing the computational
time in the complicated scenarios, only the first- and second-
order reflections are taken into consideration. The output of
the deterministic channel models for each link is the time-
varying channel impulse response (CIR) which characterizes
the frequency-selective channel. The 3-dimensional (3D)
scenario reconstruction is the basis of the RT modeling,
which has been studied in the literature, for example, [30, 31].
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The main contributions of this paper lie in the following
aspects:

(1) A broadband wireless channel measurement cam-
paign is conducted in HSR composite scenario by
using the channel sounding system at the frequencies
of 950 MHz and 2150 MHz.

(2) Based on the measurement data, we explicate the
phenomenon of the variation trends of path loss,
PDP, mean excess delay, and the RMS delay spread in
6 typical areas of the composite scenario. Then, the
TDL based channel models are formed, which are
helpful for the characterization of the HSR time-
varying channel.

(3) The HSR composite scenario is reconstructed and the
3D RT simulator is validated by the measurement
data. Then, the small-scale fading, PDP, Doppler
statistical properties, and the correlation coefficients
between delay and Doppler domain are investigated.
This is helpful for the development of HSR broadband
communication system in the foreseeable future.

The rest of this paper is organized as follows. The mea-
surement scenario, channel sounder configuration, and mea-
surement campaign are provided in Section 2. Section 3
presents the measurement results with statistical analysis,
and a novel TDL channel model for HSR composite sce-
narios is established. Section 4 provides the 3D scenario
reconstruction of the composite HSR scenario; a 3D ray-
optical based channel simulation and stochastic analysis are
introduced as well. In Section 5, the deterministic modeling
of the channel in HSR composite scenario and the statistical
modeling from the measured data in the same scenario are
compared and validated. Moreover, the small-scale fading,
Doppler statistical properties, and correlation coefficients
between delay and Doppler domain are analyzed in detail.
Finally, the conclusions are drawn in Section 6.

2. HSR Channel Measurements

2.1. Measurement System Configuration. The measurement
system consists of a channel sounder including transmitter
(Tx) and receiver (Rx), oscilloscope, and antennas. The
measurement specifications are described in detail below.

2.1.1. Channel Sounder. A channel sounder serves as a sys-
tematic device to measure the behaviors of wireless signals in
the specific environment [32]. The test platform adopts the
narrow pulse technology and can be used for the broadband
channel sounding, with the parameters listed in Table 1. The
Tx is composed of a broadband frequency synthesizer, pulse
modulator, pulse generator, and broadband power amplifier.
The synthesizer is controlled by the customized software on
PC to program the transmission frequency. The transmitted
signal is modulated by pulse modulator to get a narrow pulse
with selectable pulse widths. The high quality pulse generator
is built to synchronize with the clock signal. Eventually, a high
power amplifier is used to amplify the modulated sounding
signal. The receiver is composed of local oscillator, low noise
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TaBLE 1: Channel sounder parameters.

TaBLE 2: Tx and Rx antenna parameters.

Parameters Settings

Parameters Settings
Transmitter

Frequency range 35MHz-3000 MHz

Output power 35dBm

Pulse width 30 ns, 45 ns, and 60 ns

Pulse period lus

Rise and fall time 3ns

Intermediate frequency (IF) bandwidth 100 MHz

Receiver

Frequency range 100 MHz-4550 MHz

IF 150 MHz

IF bandwidth 100 MHz

Sensitivity —-100 dBm

Noise figure 3dB

Video output 1.2 Vpp

amplifier (LNA), mixer, intermediate frequency filters, and
logarithmic amplifier used as the demodulator. The received
signal is sent to the LNA. Then, the amplified signal is mixed
with a phase-locked loop (PLL) for superhet receiving to get
a +/-150 MHz intermediate frequency, through an addition
or subtraction to the transmitted signal frequency. Then, a
100 MHz band-pass filter is set to filter out unwanted parts.
Finally, the logarithmic amplifier is used as an envelope
detector, which connects to the oscilloscope to provide the
magnitude of the received signal [33].

2.1.2. Oscilloscope. The output demodulated signal of the
receiver is sent to the digital oscilloscope, which allows cap-
turing digitized PDP in real time and saving data on the hard
disk. In order to meet the requirements of high sampling rate,
Infiniium MSO9104A from Keysight is used, which offers a
bandwidth up to 1GHz and channels with responsive deep
memory to ensure superior viewing of signals under test.

2.1.3. Antennas. The channel sounder is equipped with the
L-Com HG72714P-090 panel directional antenna whose
polarization is vertical, with 17° vertical and 90° horizontal
beamwidth, as shown in Figure 1(a) and Table 2. The Rx
antenna is omnidirectional with 3 meters height plus the
bracket. The Rx antenna is L-Com HG72107U, which is also
vertically polarized and has the gain of 4dBi and 7dBi in
different bands, as shown in Figure 1(b) and Table 2.

2.2. Measurement Scenario. In the construction of railway
in mountainous region, the cuttings are often used to help
the HSR cross the large obstacles. A standard deep cutting
with the slopes of both sides having the similar inclination
can produce abundant reflection and scattering components.
Viaducts with a height of 10 m to 30 m are also used in HSR
to ensure flatness and straightness of rails. The height of
the antenna on the roof of the train is increased due to
viaduct, and this reduces the number of scatterers and forms a

Tx antenna

Frequency range 698-960 MHz, 1710-2700 MHz

Gain 13 dBi, 14 dBi
Vertical beamwidth 17°
Horizontal beamwidth 90°
Polarization Vertical
Front to back ratio >23dB

Dimensions 1568 x 320 x 160 mm
Rx antenna
Frequency range 698-960 MHz, 1710-2700 MHz
Gain 4 dBi, 7 dBi
Vertical beamwidth 55° 28°
Horizontal beamwidth 360°
Polarization Vertical
Lengths 1.02m

relatively “clear” line-of-sight (LoS) propagation channel.
Therefore, cutting and viaduct have a pronounced effect
on channel propagation characteristics, which provides the
motivation for investigating the composite scenario of cutting
and viaduct in this paper.

The broadband measurements were performed in
Xinzhou section of the “Datong-Xian” HSR in China, as
shown in Figure 2. A tunnel with the height of up to 9m,
a cutting of 130 m length, a viaduct of 280 m length, and a
cutting of 100 m length are linked end to end. In this case, it is
more likely to receive multipath components with a higher
height of the upper cutting than that of the receiving antenna.
The numerous multipath components caused by the side
walls result in serious fading. Moreover, a semiclosed space
is generated by the structure of the cutting and the mountain,
which may contain a large number of scattering and re-
flection components.

2.3. Measurement Campaign. 'This paper mainly analyzes and
discusses the effects of multipath components in composite
scenarios. In order to achieve this goal, a series of broadband
measurements at 950 MHz and 2150 MHz bands which may
be used for LTE-R in future were conducted. The channel
sounder transmitter was installed on the platform at the top
of the cutting, the Tx antenna was 35 m high from the rail
surface and 20 m away from the tunnel portal. The pitch
angle of transmitting antenna was about 5°. The channel
sounder receiver with antenna moved along the track, and
measurement data were collected at 50 different locations.
The measurement environment can be classified as four
regions in the composite scenario: locations 1 and 2 belong
to region I, that is, the tunnel portal; locations 3-15 fall into
region II which is cutting I; locations 16-44 belong to region
II1, where a viaduct exists, and region IV, which is cutting
2, includes the rest of the locations. The sampling interval is
50 ns and approximately 20000 CIRs for each snapshot are
collected. Each neighboring snapshot has a distance of 10 m.
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FIGURE 1: Antenna pattern.
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3. Measurements Results and Analysis

The knowledge of wireless channel fading behavior is helpful
for designing fading countermeasures. Thus, parameterizing
the fading properties and developing channel model for HSR
are necessary. This section will make a detailed analysis of the
measurement results.

3.1. Path Loss Analysis. The path loss model assumes a linear
dependency between the path loss in dB and the logarithm of
distance d [34], shown as

PL [dB] (d) = PLgg (d,) + 107log,,, (;) +X, (1)
0

where PLgg(d,) is the frequency-dependent free space path
loss at the reference distance d,, 7 is the average path loss
exponent (PLE) over distance, and X, is a zero-mean Gaus-
sian distributed random variable with standard deviation o
describing the random shadowing. We find that the d, = 1 m
close-in (CI) free space reference path loss model is a simple
physically based one-parameter PLE model [35, 36], which
is more stable across frequencies and environments than
the traditional floating-intercept (FI) least-squares regression
equation line. The fixed-intercept is given as

47d
PLg (d,) = 20log,, ( % > , )

where d; = 1 and A is the carrier wavelength. The CI models
for the two carrier frequencies of 950 MHz and 2150 MHz are
shown in Figure 3 with the measured data. As can be seen
from Figure 3, the PLE of the composite scenario is 1.6 and
1.7 at 950 MHz and 2150 MHz, respectively. Such small PLE
values imply the wave-guide effect in the propagation of this
composite scenario. Apart from the direct path between the
Tx and the Rx, numerous reflected components caused by the
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FIGURE 4: PDP at 950 MHz in the composite scenario.
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F1Gure 5: PDP at 2150 MHz in the composite scenario.

cutting slopes and mountains also enforce the propagation,
and, therefore, their superposition decreases the PLE values.
Similar observation at 930 MHz in HSR viaduct scenarios has
been reported in [37], in which the PLEs are between 1.5 and
1.7.

3.2. Power Delay Profile (PDP). The PDP is widely used for
modeling multipath fading channel. The extent of multipath
effects on radio channel can be clearly determined by the time
delay spread. Channel parameters such as the first and second
significant multipath components can be extracted from the
PDP curve.

Since the HSR base station is always installed on one side
of the track and the antenna is higher than the track by at least
25 m except for tunnel part, railway environment is a typical
scenario with LoS propagation. Usually, the radio wave com-
ing from LoS path offers the dominant component, and the
radio waves coming from other directions are scattered or
reflected by the steep walls or hills, causing the time delay
spread.

From Figures 4 and 5, it is found that the PDP fluctuates
in this composite scenario along the track at the frequency
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TABLE 3: Parameters of time dispersion at two frequencies.

Region index I 1I 1T v
Corresponding scenario Tunnel Cutting Viaduct Cutting
950 MHz Mean excess delay (ns) 374.66 193.11 60.61 31.40
950 MHz Average RMS delay spread (ns) 218.67 125.40 50.01 40.20
950 MHz Average number of multipaths 6 5 1~2 1~2
2150 MHz Mean excess delay (ns) 270.68 195.68 66.31 43.62
2150 MHz Average RMS delay spread (ns) 120.44 135.18 52.03 38.81
2150 MHz Average number of multipaths 4 5 1~3 1~2

of 950 MHz and 2150 MHz. Generally, waves at these two
frequencies have quite similar behaviors, with the distance
changes [33]. In the first 150 m, the propagation at both 950
MHz and 2150 MHz is with quite clear delay spread. More
significant delay spread is demonstrated when Rx is closer
to the mountain tunnel, which is due to the strong reflection
from the wall above the tunnel. Then, the delay spread has the
tendency to decrease gradually when the Rx moves to the cut-
ting, which is due to the open space. However, there are still
rich multipath components. The delay spread decreases when
the Rx is close to 150 m from the Tx. This point is exactly the
entrance of viaduct in the open area. Thus, a number of the
multipath components disappear, and the propagation is
dominated by the direct ray.

The typical PDPs on different scenarios are demonstrated
in Figures 6(a)-6(f), respectively. Upon the Rx being in
region I, that is, the tunnel portal, due to the direct path
to the Tx being blocked by the tunnel hall in the shadowed
area, it is the NLoS scenario. Radio propagation at both
frequencies shows longer and clearer time delays in the NLoS
area. In particular, the delay spread at 950 MHz is longer
and the severe multipath effect is reflected, compared with
2150 MHz. Upon the Rx being in the region II, there are obvi-
ous LoS component and multipath components caused by
the cutting steep walls. Upon the Rx being in region III,
which is the viaduct scenario, it is difficult to detect the
multipath components due to the disappearance of reflector.
The contribution of multipath components from distant
mountain scattering can also be ignored. The delay spread
greatly decreases. Upon the Rx being in region IV, which is the
cutting 2 scenario, there is only the direct path because the
cutting height is low and the excess delay of reflected signals
is close to that of the dominant signal. The power of reflected
signal originated by the remote cutting is also small, and,
therefore, a clear path cannot be formed.

3.3. Analysis of Time Dispersion. As a general method for
analyzing broadband channel measurements, the PDP can be
quantified by the mean excess delay and RMS delay spread,
which describe the time dispersion characteristics of the
channel in a specific scenario. Delay of the multipath com-
ponent is estimated relatively to the first detectable peak path
[38, 39]. The mean excess delay T is the first moment of the
PDP and is defined as

Zf:l P (1) 7

, (3)
ZkK:I P(z)

?:

where P(1;,) is the power level of the kth path and 7 is the
relative time delay of the kth path. The commonly quantified
RMS delay spread o, is the square root of the second central
moment of the PDP and is presented in (4), which can be used
to extract the number of channel taps [40].

o, =\ - (2. @

In general, the mean excess delay and the RMS delay
spread rely on the selection of noise threshold, which is
used to distinguish the received multipath components power
from the thermal noise power for raw PDPs. In this paper, the
noise threshold is set to be 6 dB above the noise level of PDP,
as given in [41, 42]. Thus, the peak that is greater than the
threshold is considered as a resolvable path. Meanwhile, to
reduce the implementation complexity of the channel model,
the number of channel taps should be specified. Using RMS
delay spread to determine the number of taps L is given by
(38]

Lo [max (01)] L, 5)

where o, is the RMS delay spread and T, is the pulse duration,
which is 30 ns in this paper.

In Table 3, the average number of multipath components,
the mean excess delay, and RMS delay spread are calculated.
The RMS delay spreads at the two frequencies are illustrated
in Figure 7. The values of RMS delay spreads for region IIT and
region IV lie in the range of 0-100 ns. This is due to the
presence of the dominant LoS component, with almost no
more other distinguishable multipath components. For the
region close to the cutting area, RMS delay spread becomes
larger, whereas the RMS delay spread is mainly in the range of
100-300 ns in the cutting scenario, which reflects the severe
fading effects. In this area, there are approximately 5-6 multi-
path components due to the fact that there are more reflection
and scattering components from the cutting wall and remote
hills. The RMS delay spread values of different frequencies are
close to each other. Note that similar results about the delay
statistics are shown in [43] for the approximatively 950 MHz
and 2150 MHz cases.

3.4. TDL Channel Model. The TDL based channel model
is helpful for analyzing the time-varying channel [26]. The
TDL based models are developed according to the hypothesis;
namely, the distinguishable channel taps are discrete and have
different delays in HSR composite scenario. In this subsec-
tion, the paper parameterizes the tap number, the relative
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delay spread, and the average gain in different scenarios on
the basis of a detailed analysis of the measurement data.

3.4.1. TDL Channel Model under Tunnel Portal. Table 4 puts
forward the TDL channel model under tunnel portal scenario
with Tx on the roof of the cutting near the tunnel. It can
be concluded that the number of multipath components is
large, and the tunnel portal is very consistent with the NLoS
scenario. The 2.4 GHz TDL model in [25] is built based on the
similar hilly scenario, where a tap corresponds to a group of
multipath components with similar propagation delays and
gains as we modeled for our 2150 MHz data set.

3.4.2. TDL Channel Model under Cutting 1. Table 5 deduces
the TDL channel model under cutting 1. It can be inferred
that there are also several multipath signals; however, the LoS
path plays a more dominant role in this scenario and the RMS
delay spread is smaller than that of tunnel portal.

3.4.3. TDL Channel Model under Viaduct. Table 6 gives the
TDL channel model parameters in the two subsections,
viaduct near cutting 1 and viaduct near cutting 2. We can
observe that when the Rx is near the cutting 1 or cutting 2,
a two- or three-ray model is applied. This is because the scat-
tering and reflection of cutting 1 and cutting 2 contribute to
the second and third paths. When the Rx is in the middle part
of the viaduct, that is, far from the cutting 1 and cutting 2,
there is only one LoS path which is dominant and almost no
multipath component is detected.

3.4.4. TDL Channel Model under Cutting 2. As can be seen
from Figure 6(f), only LoS path exists in cutting 2 area,
because the Rx is far from the Tx, the distances of the direct
path and the reflection path from cutting 2 are substantially

Wireless Communications and Mobile Computing

TABLE 4: TDL channel model for tunnel portal.

Scenario Tap Relative delay (ns) Average gain (dB)
950 MHz
1 0 0.0
2 119.7 —29.48
Tunnel portal 3 353.9 -31.84
4 452.0 -27.25
5 548.8 -25.14
6 695.8 -31.28
2150 MHz
1 0 0.0
Tunnel portal 2 777 -l4.21
3 174.1 —18.23
4 553.5 -19.5

TaBLE 5: TDL channel model for cutting.

Scenario Tap Relative delay (ns) Average gain (dB)
950 MHz
1 0 0.0
2 82.9 -36.86
Cutting 1 3 138.1 —51.26
4 192.6 -52.93
5 241.4 —55.66
2150 MHz
1 0 0.0
2 95.7 -32.16
Cutting 1 3 180.4 —-55.39
4 254.7 -57.35
5 305.1 —-55.71

TaBLE 6: TDL channel model for viaduct of both ends’ connecting

cuttings.
Scenario Tap Relative delay (ns) Average gain (dB)
950 MHz
Viaduct near cutting 1 ! 0 0.0
2 108.3 -37.27
Viaduct near cutting 2 ! 0 0.0
2 89.5 -9.5
2150 MHz
1 0 0.0
Viaduct near cutting1 2 106.5 -22.95
3 428.4 -39.6
Viaduct near cutting 2 L 0 0.0
2 107.3 —21.46

equal, and the reflected signals from the remote mountain are

quite weak.

4. Scenario Reconstruction and RT Simulation

4.1. Reconstruction of the Scenario. As a deterministic model,
the propagation is greatly affected by the modeling of the
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FIGURE 8: Reconstruction of the composite HSR scenario.

scenario. Asa result, precisely reconstructing the 3D propaga-
tion environment is the key factor for deterministic channel
modeling. With the help of 3D modeling, the radio channel
behavior of the composite scenario has been simulated by the
deterministic propagation model. To begin with, the dimen-
sions of the viaduct, cutting, and buildings are measured
manually. Then, the latitude and longitude information of the
test line is collected and the scenario around the test line is
obtained by the satellite image of Google Earth. Finally, by
gathering all the information, a complete 3D RT channel
model library can be established.

In light of different radio propagation mechanisms, all
the major objects in HSR scenario could be divided into
the large-scale and the small-scale structures. The large-scale
structures, including ballastless track, tunnel, cutting, and
viaduct, are modeled as triangles and polygons with differ-
ent electromagnetic parameters. The small-scale structures,
including pylons and vegetation, are modeled as a conductive
cylinder with a limited length. The scenario is composed of
tunnel, mountain, cutting, viaduct, and ballastless track. It
is essential to know the dielectric properties of materials
for improving the accuracy of simulation. The reflection
coefficients and scattering coefficients of all the materials
above can be determined by the following approaches. First
of all, the standardized parameters are defined in ITU-R
recommendation, like ITU-R P.2040, ITU-R P.1411, ITU-R
P1238-7,and so on. These parameters can be set to the original
inputs. Furthermore, for specific environments where materi-
als are unavailable or insufficient in standards, measurements
will be used to calibrate the coefficients. In this work, we apply
the proposed approach in [44, 45], and the calibrated material
parameters of cutting, viaduct, and others are implanted
into the RT simulator after measurements. Thus, the RT
simulator can be used for simulation to perform an in-depth
analysis of the channel characteristics in specific scenario.
Reconstruction of the composite HSR scenario for the RT
simulation is shown in Figure 8.

4.2. 3D Ray-Optical Based Channel Simulation. The 3D ray-
optical based channel simulation is used to establish 3D deter-
ministic channel model. Several propagation mechanisms are
taken into account to model the multipath nature of HSR
channel. Firstly, the direct path between the Tx and Rx is

—— Traced rays with varying power

FIGURE 9: A snapshot of the RT simulation.

calculated based on the distance and path loss. Secondly,
specular reflection and diffuse scattering are calculated, with
the bouncing order of reflection up to 2 for reducing the
computational complexity. Furthermore, the contribution of
diffraction is neglected because there is no obstacle between
the Tx and Rx. Thus, the information of each ray can be
obtained, including the type of path, path loss, path delay, and
3D angular properties. The positions of Tx/Rx, the directions
of the antennas, and a snapshot of the RT result are illustrated
in Figure 9. In this figure, the lines of different colors represent
different received power level.

5. Validation of RT Simulation
and Further Analysis

5.1. Validation of RT Simulation. For the purpose of improv-
ing RT algorithm efficiency, the objects involved in the
deterministic channel model are dominant for the HSR,
such as the viaduct, tunnel, and cutting. Hence, the model
has excluded the objects that are remote, unobservable, and
lower than the track. In RT algorithm, A/16 is taken as the
sampling interval, where A refers to the wavelength. The other
parameters used in the simulations are the same as those
used in the actual measurements. Assuming that the train
runs at 310 km/h, the time axis indicating the train location
is illustrated in Figure 8.

Figure 10 shows the comparison of path losses between
the measured and the simulated results. Due to the limitation
of RT simulation, for example, the limited order of reflection,
no diffraction mechanism modeling, and rough scene recon-
struction, there is certain difference between RT simulated
and measured path loss. However, the changing tendency
is in agreement qualitatively at different frequency bands.
Figure 11 shows the PDP based on the measurement data
and the PDP predicted by the deterministic channel model in
one snapshot for 950 MHz and 2150 MHz. The prediction and
measurement results are well consistent for the normalized
power and multipath delay, except a few points (delay over
400 ns) which do not match so well due to simplification of
the remote scattering object. Indeed, the capability of captur-
ing the dense multipath component (DMC) is the weakness
of the RT simulation methods, which has been pointed out
by numerical publication. In the scenario of this paper, the
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TABLE 7: Analysis of normalized small-scale fading.

Zone index 1
Time segment in s 0~1.5

Corresponding scenario

Fading depth in dB (950 MHz) 6.1
Maximum fading depth in dB (950 MHz) 46.07
Fading depth in dB (2150 MHz) 15.4

Maximum fading depth in dB (2150 MHz) 48.37

Tunnel portal and cutting

2 3 4 5
1.5~2.7 2.7~4.7 4.7~5.6 5.6~6.4
Viaduct ~ Viaduct  Joint of viaduct and cutting  Cutting

52 2.1 0.7 0.9
14.87 6.02 1.68 4.38
17.9 2.8 15.5 0.7
37.87 3.35 59.04 1.37

100

95 |

90 |

85 +

80 +

Path loss in dB

14 1.6 1.8 2 2.2 2.4 2.6 2.8
log,,(d/dy) (m)

—— 950 MHz fit model n = 1.6
A 950 MHz measurement data
—— 2150 MHz fit model n = 1.7

e 2150 MHz measurement data
= 950 MHz simulated data
% 2150 MHz simulated data

FIGURE 10: Comparison of path losses between the measured and
the simulated results.

tunnel and cutting are typical closed or semiclosed environ-
ments, and, therefore, usually strong multipath components
with extremely long delay are not expected. This is well
reflected in the measurement data as well. Thus, for the target
scenario, the RT simulator is applicative for further analysis.

5.2. Small-Scale Fading Analysis. Based on the above 3D
scenario, small-scale fading characteristics are investigated
through the channel simulation in this subsection. The signal
bandwidth, power, antenna parameters, and location are the
same as field measurement. Figure 12 illustrates the small-
scale fading depth and maximum fading value as the function
of time at 950 MHz and 2150 MHz, respectively. Different
time points reflect the different geographical locations in the
composite scenario. The significantly different characteristics
are found for small-scale fading in different locations which
belong to different scenarios, given in Table 7. It can be
observed that the fading depth in zone 2 is greater than in
zone 3 for both 950 MHz and 2150 MHz, whereas the two
zones are both viaduct region. The reason is that zone 2 is even
closer to the cutting. In zone 4, the maximum fading depth
for 2150 MHz is about —59 dB, which is deeper than other
zones, while the same phenomenon is not found so serious

for 950 MHz. Similar results about the small-scale fading are
obtained for the 900 MHz data set in [43], but the maximum
fading depth in [43] is lower than that in this paper. This result
indicates that the composite scenario leads to more severe
small-scale fading.

5.3. Stochastic Analysis. Wireless communication system
must be developed for various propagation conditions, which
motivates stochastic characteristic analysis that treats a linear
time-varying channel as a random quantity. Since the channel
has no great change in the stationarity interval which is
assumed to be 10 ms [46], the hypothesis of wide-sense sta-
tionary uncorrelated scattering (WSSUS) is rational. Accord-
ing to WSSUS hypothesis in the stationary interval, the sto-
chastic analysis is conducted subsequently.

5.4. PDP Properties Analysis. Based on the RT simulation, the
PDP is studied in this subsection. Figure 13 gives PDP versus
scenario time at two frequencies. In general, the changing
trends and fluctuation from the deterministic model are
similar to the measurements. The PDPs of 950 MHz and
2150 MHz are similar. When the train is near the transmitter
position where the scenario is the tunnel portal and high
cutting, more diffuse multipath components exist due to the
rich scattering rays from tunnel external wall and the higher
cutting. Dense diffuse multipaths are demonstrated; see
Figure 13. The delay is mainly distributed in 0-200 ns, which
is below the measured delay and the power of multipath is
higher than the measurement data because of the simplifica-
tion of the scenario.

5.5. Doppler Statistical Properties Analysis. Based on the RT
simulation, Doppler statistical properties are analyzed in this
subsection. The mean Doppler shift ¥ is defined as

[ Py (v, f) dv
[Py f)dv

where P is the Doppler power spectral density, v is Doppler
shift, and f is frequency. The RMS Doppler spread o, is
defined as the square root of the second central moment of
the Doppler power spectral density and is presented in (7),
which can be used to characterize the time selectivity of the

fading [41].
o, =\ - @~ )

(6)

5:
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The Doppler power spectrum, mean Doppler shift, and RMS
Doppler spread of the two frequencies are given in Figures
14 and 15. When the train passes through the transmitter, the
mean Doppler shift drifts drastically from 200 Hz to —600 Hz
for 2150 MHz and from 100 Hz to —260Hz for 950 MHz.
When the RMS Doppler spread is relatively large, the
small-scale fading depth becomes larger, indicating that the
dense scattering components from the cutting lead to severe
Doppler spread. Moreover, if the delay spread is larger, the
fading would be deeper. For 950 MHz, the Doppler spread is
not so large as 2150 MHz in simulations, so the serious fading
does not occur. Therefore, the mobile station and base station

should be designed to estimate the Doppler shift in real time
and dynamically adjust the system parameters according to
the Doppler shift.

5.6. The Correlation Coefficients between Delay and Doppler
Domain. Based on the RT simulation, the cross-correlation
coefficient between delay and Doppler domain is estimated
in this subsection, which is defined as [47]

Y (o, (k) -77) (0, (k) - T,)
VEY (0, () - 7)* S0 (0, (k) - 5,)°

p(o,0,) =
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TABLE 8: The correlation coeflicients between delay and Doppler
domain.

Scenarios Correlation coefficients
950 MHz
Tunnel portal and cutting 1 0.5469
Viaduct 0.0308
Cutting 2 0.1011
2150 MHz
Tunnel portal and cutting 1 0.5082
Viaduct 0.0143
Cutting 2 0.3032

where o, is delay spread, o, is the Doppler spread, and o,
and o, are the mean value of the data sets o,(k) and o, (k)
with length M, respectively. The results of the extracted cross-
correlation coefficients are given in Table 8. There is a high
correlation between the delay spread and the Doppler spread
at the cutting area for different frequency bands. Meanwhile,
the delay and Doppler spreads exhibit a low correlation when
the train moves on the viaduct as sparse scatterers are on both
track sides.

6. Conclusion

In this paper, the broadband wireless channel measurements
using a customized channel sounder in a real HSR com-
posite scenario at 950 MHz and 2150 MHz are reported and
analyzed. The path loss exponent and parameters of time
dispersion containing the number of paths, the mean excess
delay, and the RMS delay spread are estimated. The TDL
channel model is proposed for the HSR composite scenarios
containing tunnel portal, cutting, and viaduct based on the
actual measurement data. The analysis reveals some impor-
tant phenomena for the composite scenario: the difference
of RMS delay at two frequencies is very small while the
propagation loss is more serious; the cutting and tunnel portal
will bring greater RMS delay; the multipath in viaduct is
more influenced by the two cuttings that are connected to
the viaduct, because the interference from the reflection and
scattering of the cuttings produces not only deep fading, but
also Doppler dispersion and delay spread. The deterministic
channel model of the composite scenario, which is recon-
structed using the 3D RT method, is put forward in this
paper. The channel model is compared and validated with
measurement data. The transition regions of different scenar-
ios could be clearly identified by the normalized small-scale
fading and Doppler characteristics analysis. Our future work
will continue to analyze cluster birth and death behavior of
the multipath components in this scenario. As radio channels
have profound impacts on the field strength coverage, relia-
bility, and quality of service of HSR mobile communication
system, the results are useful for providing guidance on
the broadband HSR communication system design, network
planning, and optimization.
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