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Abstract—Reliable wireless communications links are a critical
but challenging aspect for high speed railway (HSR). To develop
and analyze such systems, accurate models for the propagation
channel are required. The radio channel properties in HSR
scenarios are different from those in cellular scenarios not only
due to the high velocity, but also due to the special construction
elements and the type of surroundings along the train lines. We
performed a measurement campaign at a carrier frequency of 2.4
GHz on the Guangzhou-Shenzhen dedicated high-speed train line
in China. Motivated by the results from these measurements, we
propose the concept of active scatterer region as an improvement
for geometry-based stochastic channel models for HSR, to better
describe the non-stationary properties of such channels. Further
contributions to the total channel impulse response are also
studied, including the line-of-sight component and the scattering
component from overhead line poles. Each type of component
is modeled and fully parameterized based on the measurement
results.

Index Terms—High speed railway, GSCM, channel measure-
ment, non-stationary, active scatterer region.

I. INTRODUCTION

High speed railways (HSRs) are well established as an im-
portant form of mass transportation. They are widely deployed,
especially in the areas of high population density, due to their
capability of moving large number of people at high speed,
and with high energy efficiency. As examples, the operation
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of the Japanese Shinkansen started in 1964, and is commonly
regarded as the first HSR in the world. European systems, such
as France’s TGV starting in 1981, Italy’s Direttissima starting
in 1988, German’s ICE starting in 1991, Spain’s AVE starting
in 1992, together build an efficient HSR network [1]. China is
extending its infrastructure and is currently the country with
the most extensive network of HSR [2].

HSR requires good communication capabilities for two
main applications: (i) providing train passengers with inter-
net access for voice and data; (ii) sending/receiving control
information and safety-relevant data between the trains and
the HSR infrastructure [3]. The existing Global System for
Mobile Communication Railway (GSM-R) can only provide a
data rate up to 200 kb/s [4]. Future systems are anticipated to
use more advanced modulation/multiple access systems such
as orthogonal time frequency space (OTFS) modulation [5]
and/or multi radio access technology (RAT) [6]. Development
and analysis of such systems require special channel models
that reflect the following features of HSR: (i) non-wide-
sense-stationarity; (ii) rapid time variability and large Doppler
shift caused by the high speed. These features were verified
in our previous HSR papers [7]-[10] and could be inferred
from investigations in other vehicular communications channel
models [11][12].

There are a number of papers investigating the HSR chan-
nel characteristics in different scenarios, including viaducts
[13]-[15], tunnels [16][17] and cuttings [18]-[20]. However,
most of HSR channel modeling papers concentrate on path
loss and fading characteristics, and they typically use purely
stochastic models where the channel variation is modeled as a
stationary random process. Although such models are simple
and convenient for generating channel samples for system
simulation and analysis, the models are only suitable for a
drop based simulation, and can not represent the non-stationary
channel process due to the movement of the train. Geometry-
based stochastic channel models (GSCMs) provide a way to
overcome this problem, since they have been found to be
well suited for modeling non-wide-sense stationary uncorre-
lated scattering (non-WSSUS) channels [21][22]. In existing
GSCMs, for the simulation of each sample process, a set
of scatterers with randomly assigned characteristics (locations
and scattering factors, etc.) are generated and fixed during this
sample process, thus the channel (including strength, delay,
direction of arrival (DOA), direction of departure (DOD))
could be changing with the movement of the train. Compared
with purely stochastic models, GSCMs provide better physical
correspondence, and often match better with measurement
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Fig. 1: Satellite image of the measured scenario.

results [23]-[25].
There have been some GSCMs for HSR proposed in the

literature: [26] proposes a three-dimension (3D) GSCM in a
mountainous scenario, but all scatterers contribute with the
same power and the positions of scatterers are fixed. [27]-[29]
focus on cutting scenarios, but the scatterers are distributed
uniformly on the slope of the cutting or a virtual cylinder,
and the scattering components are always seen while the train
is moving. [30]-[32] express the change of the position of
effective scatterers in an ellipse or a circle around the receiver
based on theoretical analysis. However, the distribution of
scatterers should depend on the realistic environments. For
example, the surrounding scatterers are usually mountains,
forests and buildings along the railway, covering a large area.

From measurement data we have recorded from a train
traveling on a viaduct in a hilly environment, we identified
some important characteristics. With the movement of the train
or the observation point, the positions of some scatterers seem
to be changing. Actually, we think this phenomenon can be
explained by either a birth-and-death of different scattering
points, or the reflection phenomena, resulting in a change
of the reflecting point on a surface. Although some existing
models also include the birth-and-death effect, they do not
model such events of different scatterers relatively, and thus
cannot express the phenomenon of smoothly changing sets of
scatterers that was observed in the measurement. Motivated
by the visibility region concept in the COST 259 and COST
2100 channel model for cellular communications [33][34], we
define an active scatterer region to express the movement of
scatterers with the motion of the train. However, the COST
2100 model does not deal with the temporal variations of
the visibility region, which turned out to be essential to
properly model the observed behavior. In addition, based
on the measurements, many other important aspects of the
channel are also found, including a certain lifetime of the
active scatterer region, the geometrical relationship between
the location of physical scatterers and the movement speed of
scatterers, etc..

The main contributions of this paper are summarized as
follows.

• Based on the idea of active scatterer regions varying with
the train movement, we propose an accurate and practical
GSCM for HSR.

• We provide model parameters for a GSCM based on a
measurement campaign in a hilly terrain scenario. The

special HSR infrastructure is also parameterized in this
model, such as overhead line poles close to the tracks.

The remainder of the paper is organized as follows: In
Section II, a brief description of the measurement campaigns is
presented. Based on the detection and analysis of the scattering
points from the measured data, in Section III we propose
a model where the active scatterer region varies with the
motion of the train. Section IV gives an implementation recipe
for a practical HSR GSCM, including the typical modeling
parameters. Section V verifies the improved GSCM through
a comparison with the original measurements. Section VI
concludes the paper and outlines possible future developments.

II. MEASUREMENT CAMPAIGN

A HSR measurement campaign was conducted on the
Guangzhou-Shenzhen dedicated high-speed line to provide
channel data for modeling. Parameters of the multipath compo-
nents (MPCs) are extracted as reference data for our proposed
GSCM in this paper. More details about the measurement
campaign can be found in [7][8].

A. Measurement setup

A wideband channel sounder similar to that in [35] with
center frequency of 2.4 GHz is used for the measurements.
The descriptions of the transmitter (TX), the receiver (RX)
and the test signal are outlined below.
• Transmitter: An S-Wave-25-65-18DV10 panel antenna

produced by Netop is used as the TX antenna [7], due
to the possibility for installation at the GSM base station
(BS) tower. The BS tower is located 10 m to the left of
the rails with respect to the train direction of motion, and
the bottom of the TX antenna is 30 m above the railway.
The antenna is directional and the main beam is oriented
parallel along the tracks in azimuth with 65◦ horizontal
and 7◦ vertical beam-widths, which results in 17 dBi gain
at the 2.4 GHz carrier frequency. When the train is far
from the BS, the gain of the TX antenna is approximately
constant, though it drops when the train is near the BS.
The sounding signal is fed through a power amplifier to
the TX antenna with a total conducted power of 20 dBm,
and the Effective Isotropic Radiated Power (EIRP) is 37
dBm.

• Receiver: The RX antenna is a vertically polarized and
horizontally omnidirectional antenna with 7 dBi gain. It
is fixed on one of the left windows inside the carriage
with respect to the train movement direction, with an
average penetration loss of approximately 26 dB. The
antenna height is 1.2 m above the rail. The received
intermediate frequency signal is sampled at a rate of 100
Msamples/s and stored to a hard disk array for further
off-line analysis. The TX and RX are locked to two
Rubidium clocks that have been well synchronized before
the measurement to reduce frequency offset as much as
possible.

• Test signal: The test signal is a linear frequency mod-
ulated (LFM) signal with a bandwidth of 40 MHz and
a length of 12.8 µs. The peak to off-peak ratio of the
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Fig. 2: Geometrical description of the channel environment.

autocorrelation function is 22 dB, so that the channel
impulse responses can be obtained by calculating the
correlation between the received signals and the original
signal.

The channel impulse response is sampled every 25.6 µs,
which includes a waiting time of 12.8 µs before the transmis-
sion of next test signal, i.e., the maximum observable delay
of a MPC is 3840 m. In general, the velocity of the train is
almost constant within a local region. Therefore, a uniform
sampling in time is equal to a uniform sampling in space.

B. Measured HSR scenario

The measured scenario is a suburban area with low rounded
hills. Fig. 1 shows the satellite image of the measured area. The
GPS coordinates of the BS are (22.830558N, 113.860235E).
The measured route is the white line with a blue arrow, which
indicates the movement direction of the train. The red dot
represents the position of the BS. The total length of the
measured route is about 1000 m. The TX antenna mounted
on the BS tower is elevated and close to the rail, so the line-
of-sight (LOS) path typically dominates the channel impulse
response. Different groups of scatterers are also illustrated in
this map using ellipses, such as small hills, forests, roads,
buildings and houses. Note that the virtual uniform linear array
(ULA) is constructed with an element spacing of λ/2 and
16 branches to obtain spatial characterization, and we cannot
distinguish between MPCs incident from the left or right.
However, due to the MS antenna pattern and its placement on
a left window, MPCs from the left are emphasized (Appendix
B), and we assume in the following that all MPCs are coming
from that left side.

The velocity monitoring system of the train reported a ve-
locity of 295 km/h (Appendix A). There is no other train going
in the same or different directions during the measurement.
The special construction elements used for HSRs give rise to
some specific properties of the propagation environment that
are quite common in most HSR lines in China. For example,
the overhead line poles are spaced 50 m apart to provide
the electricity. The distance between each pole to the track
is less than 1.5 m. As will be discussed later, we find that the
overhead line pole will act as both major static scatterers and
as obstructions to the LOS path.

III. ACTIVE SCATTERER REGION RESULTS AND MODELING

A. HSR channel characteristics

Fig. 2 depicts the environment geometrically where the
trace of the moving receiver is used as an axis, with positive
direction as the moving direction. The mobile station (MS)
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Fig. 3: Delay of the MPCs at different MS locations.
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Fig. 4: DOA of the MPCs observed at different MS locations.

at each location on the axis could receive the LOS path
and many other MPCs coming from surrounding scatterers,
including the poles. dBS−MS is the distance between BS and
MS, θLOS and θPole are the DOAs of LOS path and pole
scattering path, respectively. The Subspace Alternating Gen-
eralized Expectation-maximization (SAGE) algorithm [36] is
used to obtain estimates of the MPCs from the measurements,
i.e., amplitude, delay and DOA.

Fig. 3 shows the power-delay-profile observed at different
distances of the MS from the BS. The extracted LOS paths are
plotted as the black lines, and the periodically emerging paths
plotted with blue lines are inferred to be the pole scattering
(PS) paths. Apart from the LOS and PS paths, there are some
time-continuous varying MPCs, which come from scatterers
with geometrically similar locations, e.g., buildings and hills.
Fig. 4 depicts the DOA of MPCs observed at different MS
locations. Since the BS is very close to the rail, when the
distance dBS−MS is larger than 100 m, the DOA of the LOS
path can be regarded as almost 0. However, the DOA of the
path from other scatterers may change with the movement of
the MS. Taking the scattered path from a pole as an example,
when the MS is moving towards the pole, the DOA of this
path changes from near 180 degree to 90 degree, while when
the MS passes by the pole and then moves far past it, its DOA
changes from 90 degree to approximately 0.

From Fig. 3 and Fig. 4, we may conclude the following:
• The set of delays and DOAs at different MS locations

are different, i.e., the channel is non-stationary;
• The change of delays and DOAs of the MPCs at adjacent

MS locations are similar, i.e., the parameters of the MPCs
at different MS locations are correlated, implying that a
model with multiple groups of paths might be suitable;
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TABLE I: Scatterers detected in HSR scenario

No. Color Scattering objects
1 Red Forest
2 Yellow Trees around hill
3 Green Houses
4 Blue green Trees
5 Purple Buildings
6 Blue Buildings
7 Black Buildings

8− 27 White Poles

• Based on the single-scattering assumption, locations of
the scatterers of all these paths can be found [9]. By
plotting the scatterer location data for MPCs at different
MS locations, we also see the effect of continuously
changing scatterer locations;

• The scatterers of different paths are associated with differ-
ent locations, and may have different changing properties
(affecting the change of delay and DOA);

• Some paths may have close scatterer locations and similar
changing properties, i.e., these geometrically concentrat-
ed paths behave in a similar way with respect to MS
motion for quite a long distance.

As mentioned in [9], some of the scatterers are classified
into several geometrical clusters (GCs) by using a K-power-
means based clustering algorithm. The GC is a group of
geometrically concentrated scatterers on a map, so that their
associated MPCs have similar long-term properties [9]. Figure
5 shows the detection result of GCs with different colors. The
light blue line with arrow shows the railway and the direction
of the train’s movement. By comparing the locations of the
scatterers of each GC with the satellite image, we find the
physical source of the scatterers as listed in Table I, while the
white objects are detected poles along the railway.

In order to model the dependence of GC on the motion of
MS, we define the active scatterer region (ASR) as a region of
scatterers of the GC, giving rise to MPCs that have significant
amplitude at a given time (i.e., for a given location of the
MS). As the train moves along the railway, the ASR varies its
position, giving rise to changes of the active scatterers, i.e., a
birth/death process of the scatterers and associated MPCs. The
corresponding delays and azimuths of scattering paths change
smoothly in a similar way during a significant time period
(corresponding to significantly long moving distance of the
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Fig. 6: The “moving” center of the active scatterer region.

MS). For example, the rectangles with different colors in Fig.
4 show the changing DOAs resulting from active scatterers
in the ASRs of different GCs. Besides, the ASR has a finite
lifetime, i.e., when the ASR does not overlap the area in which
there are scatterers of the GC, the ASR is “dead”.

B. The principle of the ASR model

The parameters of the scatterers are evaluated at different
sample locations (spaced approximately 0.5 m apart), at which
the set of scatterers may be different. The power weighted
center ~CS,r(t) at different times (locations) can be calculated
to express the motion of the center of the ASR,

~CS,r(t) =

∑LS,r(t)
l=1 GS,r,l(t)~ZS,r,l(t)∑LS,r(t)

l=1 GS,r,l(t)
, (1)

where GS,r,l(t) is the gain of the lth active scatterer in the
ASR of rth GC at time t, and ~ZS,r,l(t) = (xS,r,l(t), yS,r,l(t))
is the location of such scatterer. LS,r(t) is the number of the
active scatterers in the ASR of rth GC. Fig. 6 shows the
“moving” ASR centers of three GCs in X/Y axis and their
fitting lines, and the corresponding active scatterers are marked
by blue circles. It is clear from the figure that:
• Each ASR has a finite lifetime, e.g., ASR in GC2 exists

when the distance between BS and MS is from 433 m to
882 m, or a lifetime of 5.52 s at 295 km/h train speed;

• The center of the ASR moves with the movement of the
receiver;

• The movement of the center of the ASR can be ap-
proximately modeled as linear with distance, though we
observe some statistical fluctuations around that model;

• The active scatterers have spatial spread in each observa-
tion location.

The ASRs are typically assigned to GCs in such a way
that when the scatterers of the GC are inside the region, the
MPCs resulting from such scatterers are active (contribute to
the impulse response). For simplicity, we use a circular region
to express the shape of ASR as below,

BS,r(t) = {~ZS,r,l(t), ‖~PS,r,l(t)‖ ≤ RS,r}, (2)

where

~PS,r,l(t) = ~ZS,r,l(t)− ~CS,r(t) = (∆xS,r,l(t),∆yS,r,l(t)),
(3)

BS,r(t) is the set of active scatterers in an ASR of rth GC
at time t, ~PS,r,l(t) is the deviation of lth scatterer from the
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center of ASR, and ‖ · ‖ denotes the magnitude of a vector.
RS,r is the corresponding radius of ASR of rth GC. It is
important to note that some scatterers (especially for scatterers
with weak strengthes) may be out of the region, because the
circular region is a regular one and the radius is assumed to be
constant for simplicity, which is a trade-off between accuracy
and tractability in the modeling.

For system analysis of a non-stationary channel, a model
that can characterize the changing properties of a relatively
long channel process is needed. Hence, we use a moving ASR
to model the birth-and-death process of scatterers, which may
include the following important items:

• The motion of the center, which results in non-stationary
properties;

• Spatial spread of the scatterers, which leads to delay
spread and angular spread, resulting in frequency selec-
tivity and spatial selectivity;

• The lifetime of the ASR, which determines the time
during which the scatterers in the ASR impact the channel
response. Actually, this quantity is implied in the dimen-
sion of the GC, the size of the ASR, and the movement
speed of the ASR center.

Considering all the above elements, the general principle is
described in Fig. 7: at each observation time (location) along
the rail, only a subset of the scatterers is active, i.e., the ASR
consists of the scatterers in a circle. The ASR changes its
location in a certain direction φ and a certain speed v as the
train moves, so the RX could “see” the changing scatterers
in different observation locations (e.g., RX(d1) → RX(d2)).
The ASR is modeled as a circular region with a given fixed
diameter, and the scatterers are distributed randomly with a
certain density in the GC. If the RX and its corresponding
ASR does not overlap with the GC anymore, it will mean
the end of the lifetime of the GC. The life distance dS,r is
defined as the moving distance of RX during the lifetime, and
r denotes the index of the GC.

C. Parameterization of the ASR model

• The motion of the center
Based on the measurement data shown in Fig. 6, the location

vector of the active center of ASR in the rth GC at time t can
be modeled as a line with a constant regression coefficient
vector,

~CS,r(t) = ~CS,r,0 + ~vS,r · (t− tS,r,0), (4)
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where ~CS,r,0 = [CS,r,x,0, CS,r,y,0] is the initial location of the
center based on the fitting result, and ~vS,r is the “moving”
speed. t is the observation time, t ∈ [tS,r,0, tS,r,0 + ∆tS,r],
tS,r,0 is the start time and ∆tS,r is the active time period, i.e.,
the lifetime. Note that the “moving” speed is a vector with a
direction of φS,r. The relative speed is expressed as vS,r,0 =‖
~vS,r ‖ / ‖ ~vtrain ‖, and ~vtrain is the speed of train. Hence,
the life distance is expressed as dS,r =‖ ~vtrain ‖ ∆tS,r.
• The lifetime of the ASR
As shown in Fig. 8, the lifetime corresponding to the life

distance is defined as

max
t∈(−∞,a)

⋃
(b,+∞)

[GS,r(t)] < QS,r − 20, (5)

∆tS,r = min
a,b
|b− a|, (6)

where GS,r(t) is the total gain of the active scatterers in the
ASR of rth GC, i.e., GS,r(t) =

∑LS,r(t)
l=1 GS,r,l(t), and QS,r

is the peak of gain in dB. a and b are the variables used to
calculate the lifetime in (6), while the corresponding ranges
determined by (5) are a 6 a0 and b > b0. Each ASR has a
specific lifetime, e.g., the ASR of GC 6 has a short lifetime
of 0.76 s. However, note that we do not need to model the
lifetime in the simulation, because the ASR is “dead” when
the ASR is outside the area of corresponding GC.
• The spatial distribution in the ASR
The spatial density of scatterers in the ASR of rth GC could

be expressed as

ρS,r(t) =
LS,r(t)

SASR,r(t)
⋂
SGC,r

, (7)

where SASR,r(t) is the area of the ASR, and SGC,r is
the area of rth GC. Hence, the distribution of scatterers is
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TABLE II: THE GEOMETRICAL PARAMETERS OF ASR

Parameters ASR1 ASR2 ASR3 ASR4 ASR5 ASR6 ASR7
CS,r,x,0 (m) 202.1 613.0 747.6 924.0 984.6 1111.0 1167.5

CS,r,y,0 (m) −24.6 −1.0 −135.0 −192.1 −167.0 −280.4 −310.5

vS,r,0 0.33 0.27 0.03 0.15 0.31 0.54 0.79

φS,r (degree) 95.0 140.2 161.6 125.3 124.7 152.7 152.0

RS,r (m) 53.3 25.5 6.1 6.2 7.1 7.3 6.8

ρS,r (/m2) 0.011 0.021 0.20 0.19 0.14 0.34 0.48

µS,r (dB) −23.4 −17.4 −14.6 −14.1 −14.1 −23.5 −24.0

σS,r (dB) 5.5 3.0 2.7 2.2 2.4 7.2 6.9

r = {1, · · ·, 7}.

TABLE III: THE GEOMETRICAL PARAMETERS OF GC

Parameters GC1 GC2 GC3 GC4 GC5 GC6 GC7
OS,r,x (m) 276.0 641.3 752.0 929.7 985.0 1112.4 1181.4

OS,r,y (m) −35.7 −58.5 −142.8 −186.0 −166.1 −279.3 −334.6

θS,r (degree) 112.9 135.6 161.3 156.8 126.6 152.4 154.0

aS,r (m) 59.6 27.0 9.0 8.6 13.0 6.1 6.6

bS,r (m) 204.0 120.0 17.1 33.7 82.4 33.1 41.0

r = {1, · · ·, 7}.

determined by the interaction of the area of the ASR and
the GC. For simplicity, we use the average density to model
the distribution of scatterers as ρS,r = E[ρS,r(t)], where E[·]
denotes statistical expectation. For the sake of tractability [27]-
[29], the scatterers are assumed to be distributed uniformly
inside the GC in our model, with the estimated density.

For simplicity, a circular region is used to model the ASR,
and the radius could be obtained as

RS,r =

√
L̃S,r
πρS,r

, (8)

where L̃S,r is the mean number of active scatterers in the ASR
of rth GC. Note that modeling changes of radius is generally
difficult, and the fluctuation of radius is small, so that the
radius is assumed to be constant.
• The energy distribution in the ASR
Considering that there are few active scatterers in each

observation time, the normalized gains of MPCs are combined
to analyze their distribution. Based on the measured data, the
gain of lth scattering path in the ASR of the rth GC can be
expressed as

GS,r,l(t) = kS,r,l ·GS,r(t), (9)

where kS,r,l is a lognormal random variable, more precisely,
is a realization of a random variable following a distribution
10 · log10(kS,r,l) ∼ N(µ′S,r, σ

2
S,r), and µ′S,r and σS,r are

the estimated parameters in dB. Fig. 9 depicts the empir-
ical distribution of the normalized gain of MPCs in GC
2, and the estimated probability distribution function (PDF)
matches the empirical distribution well. With the condition of
E
[∑L̃S,r

l=1 kS,r,l

]
= 1 and the relationship between lognormal

distribution, the adjusted mean can be expressed as

µS,r = − 10

ln10

[
ln(L̃S,r) +

σ2
S,r

2(10/ln10)2

]
. (10)
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Fig. 10: The geometrical structure of a GC.
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Fig. 11: The correlation coefficients between the parameters.

The extracted parameters of the ASRs are summarized in Table
II.
• The shape of the GC
Since the scatterers in a GC are distributed along the

buildings or mountains, it is better to model the GC as
an ellipsoid in space. As illustrated in Fig. 10, the GC is
characterized with central positions ~OS,r, minor axis aS,r,
major axis bS,r and orientation θS,r, so that the border of
the GC can be expressed as[
xGC,r

yGC,r

]
=

[
cos(θS,r) sin(θS,r)

−sin(θS,r) cos(θS,r)

] [
aS,rcos(ϕ)

bS,rsin(ϕ)

]
+

[
OS,r,x

OS,r,y

]
(11)

where ~OS,r = [OS,r,x, OS,r,y] denotes the center of rth GC,
and ϕ is the variable from 0 to 2π. Obviously, the scatterers
are distributed inside the region of GC.

The extracted parameters of GC are summarized in Table
III. Note that the parameters in Table III are associated with
that in Table II, for example, most of the minor axes are similar
to, but larger than, the radii of the ASRs, because the rotation
of the ellipsoid decreases the minor axis. More details about
the geometrical relationships are described in the following.
• The geometrical relationship
As depicted in Fig. 10, there are some important geometrical

parameters to express the relationship between the ASR and
the GC. ~P1 is regarded as the first center of ASR during
lifetime, ~P2 denotes the location of RX at the first observation
time, and the projection of ~P1 on the RX track is ~P3. Hence,
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the vertical distance and projection distance are defined as
dS,r,v = ‖

−−−→
P1P3‖ and dS,r,p = ‖

−−−→
P2P3‖, respectively. The

correlation coefficient ρX,Y between parameters X and Y is
calculated as [12]

ρX,Y =

∑R
r=1(Xr −X)(Yr − Y )√∑R

r=1(Xr −X)2
∑R
r=1(Yr − Y )2

, (12)

where X and Y are the mean values, r denotes the index of the
ASR or GC, and R denotes the number of ASR or GC. Fig.
11 depicts the correlation coefficients between the parameters,
where red colors and blue colors denote strong positive and
negative correlations, respectively. From Fig. 11, we make the
following observations:

1) The life distance dS,r is positively correlated to the
vertical distance dS,r,v and projection distance dS,r,p with
the correlation coefficients of 0.98 and 0.89, respectively.
Because the farther the GC is, there is a longer moving
distance that the ASR in the GC keeps active and con-
tributes to the channel.

2) The movement direction of ASR φS,r is positively corre-
lated to the orientation of GC θS,r with the coefficient of
0.82, since the ASR moves along the distributed scatterers
in the GC.

3) The movement speed of ASR vS,r,0 is correlated to the
projection distance dS,r,p, because when the scatterers are
distributed close to the railway, the ASR will move fast
compared to the speed of train, resulting in a negative
correlation coefficient of -0.90.

Note that the relationship in geometry will help to simplify
our model, i.e., modeling the parameters not deterministically
but stochastically with the correlation, but more data is needed
to obtain a reliable relationship.

IV. CHANNEL MODELING RESULTS

A. Model overview

In this section, we provide a complete model for a wideband
non-stationary channel which includes the following proper-
ties:

1) Non-stationary characteristics of the LOS path. The LOS
components are influenced by blocking from the poles,
so the shadow fading has a periodical character.

2) Non-stationary characteristics of the pole scattering paths.
The PS components also have periodic characteristics
because of periodically distributed poles along the rail,
and the scattered power will change when the receiver
gets close to and passes the pole.

3) Non-stationary characteristics of the stochastic geometri-
cal cluster. The ASR of GC will move with the motion of
the RX, so that the active scatterers have the birth-and-
death process and the lifetime of ASR is finite.
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Fig. 12: The gain of three parts along the rail.

Thus, the whole channel impulse response can be divided
into three parts as follows,

h(t, τ, θT , θR) =hLOS(t, τ, θT , θR) +

K∑
k=1

hP,k(t, τ, θT , θR)

+

R∑
r=1

ξS,r(t, τ, θT , θR),

(13)
where t, τ , θT and θR denote the absolute (measuremen-
t) time, the delay, the DOD and the DOA, respectively.
hLOS(t, τ, θT , θR) is the LOS component. hP,k(t, τ, θT , θR)
is the PS component, and K is the number of the poles.
ξS,r(t, τ, θT , θR) is the GC component, and R is the number
of the GC.

For each part, we build a double-directional, time-variant
and complex impulse response of the channel. The LOS and
PS part can be described as

hX(t, τ, θT , θR) =aX(t)ei
2π
λ c·τX(t)+iψX δ(τ − τX(t))

· δ(θT − θT,X(t))δ(θR − θR,X(t)),
(14)

where aX(t), τX(t), θT,X(t) and θR,X(t) denote the gain, the
delay, the DOD and the DOA of the respective MPCs at time
t, respectively. Furthermore, λ is the wave length and ψX is
the additive phase offset, assumed to be uniformly distributed
without depending on t. X is {LOS} or {P, k}. The GC part
can be modeled as

ξS,r(t, τ, θT , θR) = aS,r(t) · kS,r,l
LS,r(t)∑
l=1

h̃S,r,l(t, τ, θT , θR),

(15)
h̃Y (t, τ, θT , θR) =ei

2π
λ c·τY (t)+iψY δ(τ − τY (t))

· δ(θT − θT,Y (t))δ(θR − θR,Y (t)),
(16)

where aS,r(t) is the gain of the rth GC, kS,r,l is the normalized
factor, LS,r(t) is the number of the active scatterers in the AS-
R, h̃S,r,l(t, τ, θT , θR) represents the normalized components
with the similar definition in (14), and Y is {S, r, l}.

Fig. 12 shows the measured gain of each part with different
color dots. The measured data is averaged in a sliding window
of 10 samples, to decrease the influence of the small scale
fading. The gain of the LOS part as red dots is 10 dB higher
than the remaining two parts (i.e., Rice factor > 10 dB),
which means that the LOS part dominates the channel impulse
response at short distances, though at larger distance the Rice
factor is closer to 0 dB and can even become negative. This
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Fig. 13: The GC gain with the reflection rule.

is in line with other measurements in the literature [28] [37].
The gains of LOS part and PS part are quasi-periodic, but
decreasing with the increasing Tx-Rx distance, and the peaks
have a similar period as the spacing of the poles. The gain of
the GC part shows non-stationarity since the surroundings are
changing as the train moves, for example, the regions around
350 m are the mountains and there are the buildings around
1150 m. In (14) and (15), the gains aLOS(t) of the LOS
part, aP,k(t) of the PS part, and aS,r(t) of the GC part are
modeled in dB. For space reason, we refer for the details of
the modeling of the LOS part and PS part to [10], and we
show only the final results here.

B. LOS Gain
The gain of the LOS path can be modeled as a distance-

decaying part with the addition of a periodic fading, and the
LOS model is expressed as [10]

AL(t) = Aref,L−10nL log10 (d(t)/dref,L)+SL(d(t)), (17)

SL(d(t)) =a1(d(t)) + a2(d(t)) · sin(ωd(t) + Ψ2)

+ a3(d(t)) · sin(2ωd(t) + Ψ3),
(18)

where d(t) is the propagation distance of the LOS path at time
t, Aref,L is the power gain at a reference distance dref,L, and
nL is the path loss exponent. SL(d(t)) is the large scale fading,
where ai has a lognormal distribution with variance σ2

L,i, a1

relates to the static part of fading, a2 and a3 relate to the
periodic part of the fading, ω is the fluctuation frequency of the
LOS obstruction and Ψi is the phase offset. Since the distance
dp−p between adjacent poles is 50 m, the value of the periodic
parameter corresponds to ω = 2π/dp−p, representing the
periodic fading characteristics of the poles. The autocorrelation
function of each part could be expressed as

rL,i(∆d) =

 σ2
L,ie
− ln 2

d2
L,i

(∆d)2

, i = 1, (19)

σ2
L,ie
− ln 2
dL,i

(∆d)
, i = {2, 3}, (20)

where dL,i is the de-correlation distance, and ∆d is the
distance between two positions. The extracted parameters of
LOS part are summarized in Table IV.

C. PS Gain
The Pole Scattering model consists of two parts, the path

loss from BS to the pole (B2P) and the path loss from pole
to receiver (P2R). The PS model is expressed as

AP,k(t) = Gk +AP,0(dk(t)), (21)
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Fig. 14: The GC gain with the scattering rule.
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Fig. 15: The mean power of shadow fading along the rail.

where AP,k(t) is the power gain of the signal from the kth

pole. Gk is the decay factor of the kth pole generated by B2P
model, which is expressed as

Gk(dP,k) = Aref,P − 10nk log10 (dP,k/dref,P ) + SP (dP,k),
(22)

where dP,k is the distance between the BS and the kth pole,
Aref,P is the power gain at a reference distance dref,P , nk is
the path loss exponent, and SP (dP,k) is the large scale fading
for the kth pole. An exponential autocorrelation function
is used to model the correlated characteristics, rP (∆d) =

σ2
P e
− ln 2
dP

(∆d), where dP is the de-correlation distance and σ2
P

is the variance of the lognormal fading. AP,0(dk(t)) is the
scattering factor generated by P2R model as

AP,0 =

{
− 10np,1 log10 (dk(t)/db), db < dk(t) 6 dm

− np,2dk(t) + β, dl 6 dk(t) 6 db,
(23)

where dk(t) = xk − x(t), and xk is the projection of the kth

pole in the railway, x(t) is the position of RX at time t. Note
that dm and dl are the effective ranges as the poles mainly
affect the RX in the vicinity of them, db is the distance between
the peak position and the projection of the pole. np,1, np,2 are
the estimated values of path loss exponents, β = np,2db. The
extracted parameters of PS part are summarized in Table IV.

D. GC Gain

The gain of the GC components can be expressed based on
the path loss model (24) to represent specular reflection, or
(25) to represent diffuse scattering,

AS,r(t) =Aref,S − 10nS log10 [(dS,r,1(t) + dS,r,2(t))/dref,S ]

+XS,r(d(t)),
(24)
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Fig. 16: The GC path gain along the rail.
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Fig. 17: Geometry for the HSR channel model.

AS,r(t) =Aref,S − 10nS log10 [(dS,r,1(t)× dS,r,2(t))/dref,S ]

+XS,r(d(t)),
(25)

where AS,r(t) is the total path gain of the rth GC at time
t, Aref,S is the power gain at a reference distance dref,S .
dS,r,1(t) is the distance between the BS and the center of the
rth ASR, dS,r,2(t) is the distance between the center and the
RX. XS,r is the shadow fading (which is assumed to have a
lognormal distribution), and d(t) is the propagation distance
between TX and RX. Note that in order to simplify the
implementation, the distance is only related to the center of the
ASR, not the actual position of each active scatterer. Another
significant simplification is to fit the path loss of different GCs
with the same model, since several of the GCs do not extend
over a sufficient distance range to allow a reliable fit of a
path loss coefficient. A future model based on larger data sets
might model the path loss coefficients as random variables
and choose different values for different GCs. The two models
(24) and (25) are illustrated with the major detected GCs in
Fig. 13 and Fig. 14, respectively. The root-mean-square error
(RMSE) between the measured data and the models are 7.8
dB for (24) and 7.2 dB for (25), and the GCs observed in
our measurements, i.e., mostly wooded hills, are in line with
the physical mechanism of scattering (as opposed to specular
reflection), so that we use (25) as the final model. Note that
the horizontal axis in Fig. 13 denotes the sum of dS,r,1 and
dS,r,2, while the distance in other plots denotes the propagation
distance between BS and MS, i.e., the dBS−MS in Fig. 2.

Once the distance-dependent mean of the total path gain
has been removed, the distance autocorrelation function can
be expressed as

rS(∆d) = E[XS(d)XS(d+ ∆d)], (26)

where ∆d is the distance between two positions, and XS(d) is
the sum of the small-scale averaged contributions at a TX-RX
distance d. The most commonly used model is the exponential

TABLE IV: MODEL PARAMETERS OF LOS AND PS

Parameters LOS PS
Aref,L/Aref,P (dB) −86.46 −92.67

nL/nk 3.88 3.00

dref,L/dref,P (m) 215.7 215.7

dL,i/dP (m) 56, 300, 330 200

dp−p, db, dm, dl (m) / 50, 5, 150,−10

np,1, np,2 / 1.50,−1.80

Ψ2,Ψ3 (degree) 309, 158 /

σ2
L,i/σ

2
P (dB2) 0.9, 12.7, 3.0 20.6

i = {1, 2, 3}.

TABLE V: MODEL PARAMETERS OF GC

Set Parameters GC
~OS,r Xmin ∼ Xmax, Ymin ∼ Ymax

θS,r (degree) U(110, 160)

Scatterer Distribution aS,r (m) U(6, 60)

bS,r (m) U(17, 204)

ρS,r (/m2) U(0.01, 0.5)

vS,r,0 U(0.15, 0.8)

φS,r (degree) U(95, 160)

Moving ASR RS,r (m) U(6, 55)

µS,r (dB) U(−24,−14)

σS,r (dB) U(2, 7)

nS 1.85

Aref,S (dB) −71.9

Large-scale fading dref,S (m) 215.7

µS , χS (dB) 2.6, 0.6

dS (m) 8.5

Note that most of the random variables are modeled with uniform
distributions based on the measured data.

autocorrelation function [38]

rS(∆d) = σ2
Se
− ln 2
dS

(∆d)
, (27)

where dS is the de-correlation distance and σ2
S is the variance

of the lognormal fading distribution. However, unlike the
common assumption of stationary variance of the fading, Fig.
15 depicts that σ2

S changes with the TX-RX distance, which
is caused by the changing environment around the railway.
Hence, a stochastic variance should be used for the stochastic
lognormal fading, to express the non-WSSUS property in our
model. The dynamic process of the shadow fading can be
realized recursively by a discrete Gauss-Markov process [39]

XS(d+ ∆d) = ρ(∆d)XS(d) +
√

1− ρ2(∆d) · η, (28)

where ρ(∆d) = exp(− ln 2
dS

(∆d)) is the correlation level, and η
is an uncorrelated variable as η ∼ N(0, σ2

S). The variance σ2
S

follows the lognormal distribution based on the measurement
data as ln(σ2

S) ∼ N(µS , χ
2
S). The extracted parameters of GC

part are summarized in Table V.
Hence, the gain of the GC model is generated with the path

loss model and large scale fading process, and the variance of
shadow fading follows the lognormal distribution. To validate
the GC model specially, one sample is generated based on
the extracted geometrical parameters in Table II and Table III,
together with the path loss model parameters in Table V. As
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Fig. 18: Example plot of the RMS DOA spread along the rail.
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Fig. 19: Example plot of the RMS delay spread along the rail.

depicted in Fig. 16, the new model as red dots match well
with the measured result as blue dots.

E. Implementation recipe

An implementation method of the GSCM for HSR can be
summarized as follows:

1) Specify the system: Specify the velocity of the train, and
specify the simulation time, temporal resolution, frequency
range and resolution. Note that the carrier frequency is 2.4
GHz, and the velocity of the train is 295 km/h in our
measurement.

2) Model the basic environment: As depicted in Fig. 17,
the railway is regarded as the X axis, and the positive direction
is the train moving direction. Specify the physical boundaries
of the simulation region {Xmin,Xmax} and {Ymin,Ymax}.
Specify the location of BS and the initial location of the MS,
and determine their respective location over the simulation
period. Specify the locations of the poles based on the spacing
dp−p. Nota that the vertical distance between the pole and
railway is 1.5 m.

3) Model the geometry of GC: Generate coordinates of the
center of GC, then determine the minor axis aS,r, major axis
bS,r, orientation θS,r, and distribution density ρS,r according
to Table V. Generate the coordinates of the scatterers according
to uniform distribution inside the elliptical line of the GC.

4) Model the moving ASR: There is a moving ASR for
each GC, and the bound of GC closest to the RX is regarded
as the initialized center of ASR for simplicity. Specify the
relative velocity vS,r,0, movement direction φS,r, radius RS,r
and energy distribution parameters µS,r and σS,r according to
Table V, respectively.
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Fig. 20: Example plot of the gain along the rail.

5) Model the three parts of the channel: For each time
instant, calculate the propagation distance, delay, DOD and
DOA of the LOS path, PS path as well as the scattering path
from the active scatterer in the ASR of the GC. The path gain
is generated based on the path loss model and shadow fading
process according to parameters in Table IV and Table V. The
complex amplitude of LOS part and PS part are built upon
(14), and the GC model is built upon (15)(16). The phase ψ
fits a uniform distribution ψ ∼ U(0, 360◦). Finally, sum up the
contribution of the three parts to form the channel impulse
response according to (13), which can be further filtered to
account for finite bandwidth, and weighted with antenna beam
patterns used for the simulations.

V. MODEL VALIDATION

To validate our proposed model, a simulation of our GSCM
for HSR in the hilly scenario is performed, according to the
modeling parameters and the implementation steps as above.
Since the modeling parameters are direct results obtained from
the measurements, secondary parameters root mean square
(RMS) DOA spread and RMS delay spread are selected to
compare with the measurement data. The RMS DOA spread
and RMS delay spread are expressed as

σθ(t) =

√√√√∑N(t)
i=1 Gi(t)(θi(t)− θ̄(t))2∑N(t)

i=1 Gi(t)
, (29)

στ (t) =

√√√√∑N(t)
i=1 Gi(t)(τi(t)− τ̄(t))2∑N(t)

i=1 Gi(t)
, (30)

where Gi(t), τi(t) and θi(t) denote the gain, the delay and
the DOA of the ith MPC at time t, respectively. τ̄(t) and
θ̄(t) are the power weighted means of delay and DOA at
time t, respectively. N(t) is the total number of LOS path,
PS path and the scattering path from GC. Note that the
generation of the geometrical environment is mainly based
on the extracted parameters in Table II and Table III, since
the outcome largely depends on the position of the scatterers.
Fig. 18 depicts one sample result of the simulated cumulative
distribution function (CDF) of the RMS DOA spread from
the proposed model as a red line, the simulation data can be
approximated as a normal distribution indicated by the black
dashed line. Also, as indicated in Fig. 19, the RMS delay
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spread can be approximated to have a lognormal distribution
[34]. It is observed that the proposed model as a red line
shows a similar manner with respect to the measured data
as a blue line. Note that the LOS path is the only path in
several measured locations, which contribute a step at 0 for
the measured spreads. Finally, Fig. 20 shows the sum of the
path gain from the three parts, i.e., LOS part, PS part and GC
part, and the simulation also matches the measurement data
well.

It is important to note that the outcome can vary signifi-
cantly in different simulations, due to the dynamic process of
the shadow fading and non-stationary property of the channel.
The deviation between measurement and the simulation results
are largely caused by the simplifications in our model:

• The regular shape to model the ASR and GC is a major
simplification since the spatial scatterers are irregularly
distributed in the physical environment;

• The single-scattering assumption in our model, as there
might be some multi-scattering propagation paths contri-
butions to the channel impulse response;

• The scatterers in the model are assumed to be uniformly
distributed with a certain density, and the given density is
obtained based on the active scatterers inside the area of
ASR, which is associated with the number of estimated
paths from the measurement data.

Also note that the above test is not a validation of whether
the extracted parameters are representative of other HSR
environments. Clearly, large-scale measurements in a variety
of locations would be required for such an assessment, which
is beyond the scope of the current paper.

VI. CONCLUSIONS

This paper provides a generalized GSCM to express the
time-variant and non-stationary properties of an HSR channel.
The modeling parameters are extracted based on a measure-
ment campaign in the Guangzhou-Shenzhen dedicated high-
speed line in a hilly scenario, where the rapid speed, the special
construction elements and the rich scattering environment
make the HSR channel different from that of other scenarios.
High-resolution parameter estimation is used to detect the
location of scatterers, and the scatterers associated with the
detected components can be divided into two categories: poles
and the stochastic GCs. Together with the LOS path, the whole
channel impulse response is constructed. The properties of the
channel and the basic points for modeling are summarized as
follows:

• The periodical fading of the LOS path, the periodical
scattering of the poles, and the various scattering of other
stochastic scatterers have impact on the total signal;

• The stochastic GCs are the forests, roads, buildings and
houses around the rail line. With the movement of the
receiver, the active scatterers in the ASR behave in a
similar fashion during a long-term period. Each ASR has
a specific lifetime since the ASR is “dead” when out of
the region of GC, resulting in the time-variant and non-
WSSUS properties.

Fig. 21: The scenario for the velocity estimation.

Based on the measurement results, a complete parameter-
ization for modeling the three parts of the HSR channel is
proposed, and an implementation recipe is provided, together
with the constants or statistical distributions of the modeling
parameters. The proposed GSCM is validated by testing the
deviation of the RMS DOA spread and RMS delay spread
between measured data and simulation result, and reasonable
agreement is achieved. Furthermore, the proposed model can
be applied in multi-antenna systems since the channel is
modeled independent of antenna properties, and the antenna
pattern should be taken into consideration for implementation
of system design. Future work should obtain more measure-
ment data in different scenarios, to build a complete database
for GSCMs in HSRs.

APPENDIX A

This appendix describes the method for estimating the train
velocity, since there is no precision speed data from the train
control system directly. Fig. 21 shows the scenario for velocity
estimation, h is the relative height between the TX and the
RX, and dmin is the horizontal distance between BS and the
rail. At the position of P0, the train is just passing by the
BS with a Doppler shift of 0. P1 is one of the receiving
positions in the far field of the TX. Since the direction of the
virtual array is the same as the moving direction, φ1,LOS is the
DOA of the LOS path at P1. Although the SAGE algorithm is
applied to extract the delays (τ0,LOS ,τ1,LOS) and the Doppler
shift (f0,LOS ,f1,LOS) at P0 and P1, the synchronization error
should be estimated by comparing the estimation of τ0,LOS
with the calculated result as

τ0,LOS = D/c, (31)

where D =
√
h2 + d2

min, and c is the speed of the light. After
the calibration, the values of delays mentioned in this paper
are absolute. The estimated velocity v1 at P1 is calculated as

v1 =
λ · f1,LOS

cosφ1,LOS
, (32)

where

cosφ1,LOS =

√
τ2
1,LOS − τ2

0,LOS

τ1,LOS
, (33)

and λ is the wave length of carrier frequency. Since the train
velocity is uniform, v1 is regarded as the estimated train
velocity vtrain.
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Fig. 22: The “effective” pattern of the receiver.

APPENDIX B

The receiving antenna is fixed on the left window inside
the carriage during the measurement campaign, which makes
the carriage window become an additive part of the antenna
pattern. The total “effective” pattern of the receiving antenna
is roughly measured for the incidences from both sides. Fig.
22 depicts the “effective” pattern f(θ) of the receiver in linear
scale, and θ is the DOA. The pattern value is normalized by
the maximum received power from the left side incidence. The
blue dashed line is the fitting line for the pattern from left side,
and the red dashed line is from the right side. The regression
lines are expressed as

fleft(θ) =


0.48θ − 0.0471 0.04π ≤ θ ≤ π/2

0.48(π − θ)− 0.0471 π/2 < θ ≤ 0.96π

0.01 others,
(34)

fright(θ) =


1.79θ − 1.730 0.26π ≤ θ ≤ π/2

1.79(π − θ)− 1.730 π/2 < θ ≤ 0.74π

0 others.
(35)

The pattern gain from the left side is larger than that from the
right side in the DOA range {0 ∼ 5π/12} and {7π/12 ∼ π},
which means that the received power mostly comes from
the scatterers in the left side of the rail. However, in the
DOA range {5π/12 ∼ 7π/12}, it is difficult to distinguish
which side the scattering points come from. Note that when
the receiving antenna is fixed on the left window inside or
outside the carriage, the average received power from different
DOAs are -79.3 dBm and -53.2 dBm, respectively. Hence, the
corresponding penetration loss from window is approximately
26 dB.

The DOA estimation is associated with the aperture of
virtual array, and the delay estimation is associated with time
resolution. Since the SAGE algorithm is a kind of unbiased
estimation method, the additive pattern has an impact on
the signal-to-noise ratio (SNR) of the MPC, but would not
cause an estimation bias. Therefore, the “effective” pattern
does not have a strong impact on the estimation of other
parameters. For example, assuming that the accurate pattern
is unknown, the estimated amplitude and other parameters set
are {A1,Ω1} , and the estimated result is {A2,Ω2} when
using the accurate pattern. There is a relationship between

amplitudes as A1 = ∆AA2, and ∆A is the additive pattern.
Such pattern causes a bias for amplitude estimation, rather
than other parameters set Ω1 and Ω2.
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