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Base-band involved integrative modeling
for studying the transmission characteristics
of wireless link in railway environment
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Abstract

Base-band involved integrative modeling method (BIMM) is proposed for studying the transmission characteristics
and bit error rate of the wireless communication, in which the transmitting and receiving antennas, wave
propagation environment, and the modulation and demodulation modules are modeled and simulated
integratively. Comparing with the conventional wave propagation method used in prediction of field coverage,
BIMM is capable of taking the interaction between antenna and environment into consideration, and can give
the time-domain waveforms of signals in different places of the wireless link, including those in the base-band
modules. Therefore, the distortion reason of signal and in what place it happens can be found, and the bit error
rate of the wireless communication can be analyzed. The BIMM in this paper is implemented by finite-difference
time-domain (FDTD) method and is applied to the wireless link of railway communication. The effect of the electric
spark generated by the power supplying network of the express train on the transmitting property and bit error rate
is analyzed.
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1 Introduction
With the rapid development and wide application of wire-
less communication, the prediction of the wave propaga-
tion and field coverage of the wireless link becomes
important in characterizing the radio channel of the wire-
less communication, especially for the case of complicated
environment, such as the railway environment. Usually,
measurement is taken to get the field coverage of wireless
communication systems, but measurement is expensive
and time consuming and cannot give realistic results in
some cases. For example, the results measured by an an-
tenna in free space (normally used in measuring field
strength) cannot reflect the realistic case of an express train
system, in which the antenna is installed on top of the loco-
motive and is influenced by the locomotive body. Besides
the measurement, numerical methods are also used in pre-
diction of field coverage. There are basically two kinds of
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numerical methods used, one is the high-frequency method
and the other is the full-wave method. The typical high-
frequency method used is the ray-tracing method [1-4],
which can give results with acceptable accuracy for simple
and regular environments [3,4]. However, ray-tracing
method is not suitable for analyzing the field coverage of
the wireless link in complicated environments, so full-wave
method is used in such environments. The typical full-
wave method used is the finite-difference time-domain
(FDTD) method [5,6], which has been used in studying the
wave propagation in the micro-cell of mobile communica-
tion [7], between different floors of buildings [8], and in in-
door environment [9]. It has also been combined with ray-
tracing method to study the effect of wall on the indoor
field coverage [10-12]. But these works did not consider the
interaction between the transmitting/receiving antennas
and environments and can only give the field distribution
(field parameters). In our previous work, integrative model-
ing method (IMM) is proposed for characterizing the wire-
less link in complicated environments [13,14]. In IMM,
the wireless link is decomposed into three parts, namely
the transmitting antenna with its neighboring environment,
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g/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction
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the wave propagation environment between transmitting
and receiving antennas, and the receiving antenna with its
neighboring environment. These three parts can be
integratively modeled and simulated by full-wave
method only (small problem) or by hybrid methods in-
volving full-wave methods and high-frequency methods
(large problem). The difference between the IMM and
other available methods is that IMM can not only give
the field distribution in environment but also give the
voltages/currents of input and output signals of the an-
tennas (circuit parameters). With IMM, the effect of the
environment on the output signal and the reason of sig-
nal distortion can be analyzed. In [13,14], FDTD is used
to model and simulate the transmitting/receiving anten-
nas together with their neighboring environments, and
ray-tracing method is used to calculate the wave propa-
gation in the rest environment.
However, IMM can only deal with the RF link of the

wireless system and can give the reason of distortions of
RF signals. But how these distortions affect the base-
band signal? And how the environment influences the
bit error rate of the wireless system? These are the mo-
tivations of this paper. In this paper, the modeling and
analyzing of RF link (IMM) and base-band modules are
combined together, and we call it the base-band in-
volved integrative modeling method (BIMM). By this
method, the time-domain waveform of signal at differ-
ent places of the wireless link can be obtained, including
those intermediate signal waveforms in base-band mod-
ules. So the reason of signal distortion and in what place
it happens can be found, and the bit rate error of the
complete wireless link can be studied. To our know-
ledge, there are no similar available works that can be
used to analyze the relationship between distortion of
base-band signal and environment.
In this paper, the wireless link of the railway commu-

nication is studied. Global system for mobile communi-
cations railway (GSM-R)-modulating signal, which is
extensively used in express train, is adopted as the exci-
tation signal. The detail description of the problem and
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Figure 1 Schematic diagram of the wireless communication link.
the exciting signal involving the base-band information
are given in Section 2. In Section 3, several examples are
given to show the efficiency of the BIMM. Conclusions
are drawn in Section 4.

2 Problem description and method
2.1 Problem description
The complete wireless communication link defined in
this paper consists of modulation and demodulation
modules, transmitting antenna, receiving antenna, and
radio propagation environment, as shown in Figure 1.
Digital base-band signal modulates the carrier, and

the modulated RF signal transmits to the space through
the transmission antenna. When the wireless link envir-
onment is small enough, the transmitting and receiving
antennas and the environment can be directly involved
into the FDTD meshes by setting corresponding param-
eters at different mesh grids. The FDTD iteration will
produce full-wave effects including the reflection, dif-
fraction, and refraction between the antennas and envir-
onment. These effects will impact on the time-domain
waveforms of the output signal of the receiving antenna.
When the wireless link environment is too large to deal
with by available computer resource, FDTD method
could combine with ray-trace method to solve long-
range propagation problem as mentioned in [13]. In this
paper, we only consider the small-scale wireless link en-
vironment, so only FDTD method is used. The RF signal
output from the receiving antenna is restituted through
the demodulation module. By comparing the difference
between input and output base-band signals, the trans-
mission property of the whole wireless link and the
error of bit rate can be studied.

2.2 RF signal generation and base-band signal recover
Actually, modulation mode of the base-band signal can
be different for different systems. Gaussian-filtered mini-
mum shift keying (GMSK) [15] is now taken as the main
modulation mode in the GSM-R system for wireless
communication in railway. The GMSK modulation can
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be realized by a pre-modulation low-pass filter (a general
Gaussian low pass filter (LPF)) and a frequency modula-
tion (FM) modulator. The Gaussian low pass filter can
be represented by:

h tð Þ ¼ exp
−t2

2δ2T 2

� �
=

ffiffiffiffiffiffiffiffiffiffi
2πð Þ

p
⋅δT

� �
ð1Þ

δ ¼
ffiffiffiffiffiffiffiffiffiffiffi
ln 2ð Þ

p
= 2πBTð Þ ð2Þ

where B is the bandwidth of the LPF and T is the symbol
period. BT is a typical parameter of GMSK, and different
BTs present different correlations between adjacent sym-
bols. Due to the limitation of computer resource, the
rate of symbols in this paper is set to 5.4166 × 107 bps.
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Figure 3 Modeling of locomotive and its environment.
Further, the pulse response of the base-band signal is
expressed by the following equation:

g tð Þ ¼ airect
t
T

� �
� h tð Þ ai ¼ −1; 1ð Þ ð3Þ

The output signal from Gaussian LPF is modulated by
FM algorithm by:

x tð Þ ¼
ffiffiffiffiffiffiffi
2Ec

T

r
⋅ cos 2πf 0t þ

Zt
−∞

g τð Þdτ þ ϕ0

0
@

1
A ð4Þ

where Ec is the energy of single bit, f0 is the center fre-
quency of carrier, and ϕ0 is the random phase of carrier.
In this paper, the orthogonal frequency modulation is
used and the center frequency is set to 900 MHz.
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Table 1 Parameters of materials used in the model

Model name εr μr σ (S/m)

Locomotive body 1.0 1.0 2.494 × 107

Vehicle windows 5.5 1.0 0.0

Power supply wire 1.0 1.0 2.494 × 107

Steel rails 1.0 1.0 1.1 × 106

Earth plane 14.0 1.0 0.01
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The received RF signal is demodulated by the orthog-
onal coherent demodulation method. It is multiplied by
the orthogonal carriers respectively first:

xRx tð Þ⋅ cos 2πf 0tð Þ ¼ 1
2

cos 2πf 0tð Þ þ 1ð Þ cos
Zt
0

g τð Þ dτ
0
@

1
A

−
1
2
sin 2πf 0tð Þ sin

Zt
0

g τð Þdτ

!0
B@

ð5Þ

xRx tð Þ⋅ sin 2πf 0tð Þ ¼ 1
2
sin 2πf 0tð Þ cos
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0

g τð Þ dτ
0
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1
2

1− cos 2πf 0tð Þð Þ sin
Zt
0

g τð Þ dτ
0
@

1
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and then passing through the LPF to extract the phase
information in the modulated signal. After then, the
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Figure 4 Generation of the base-band signal and RF signal. (a) shows
after filtering. (c) shows the RF signal after modulation.
signal is divided into two parts, that is, the quadrature
signal and the in-phase signal:

I tð Þ ¼ −
1
2
sin

Zt
0

g τð Þ dτ
0
@

1
A ð7Þ
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2
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0
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0
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Finally, the base-band signal can be obtained by the two
signals and their differentials using following equation:

g tð Þ ¼ −4 I 0 tð Þð ÞQ tð Þ−I tð ÞQ0 tð Þ ð9Þ

Digital signal can be recovered by sampling this signal.
Figure 2 shows the modulation and demodulation
process from base-band to base-band.

2.3 Simulation scheme
In this paper, a small scale wireless link environment is
modeled using FDTD algorithm, which includes the
transmitting and receiving antennas and the propagation
environment. To further enhance the simulation speed,
we adopted the parallel algorithm. Combining message
passing interface (MPI) with FDTD to realize parallel
computation has been proven to be an efficient way in
improving the computing speed. The parallel algorithm
of FDTD utilizes a one-cell overlap region to exchange
the information between adjacent sub-domains, and only
6 7 8 9 10
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the base-band digital data sequence. (b) shows the base-band signal
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Figure 5 Received signal in free space. (a) and (b) show the RF signal received by the monopole antenna in free space (without locomotive)
and the demodulated base-band signal, respectively.
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Figure 6 Received signal by locomotive antenna. (a) and (b) show the RF signal received by locomotive antenna and the demodulated
base-band signal.
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Table 2 Parameters of the electromagnetic spark used in
this paper

Parameters Values

Up
0 2.962 × 104 V

tp0 4.5 ns

f p0 500 MHz

τp0 4.0 ns
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the tangential magnetic fields are exchanged at each
time step [16].
After all the parameters are set, the base-band signal is

modulated into RF signal which excites the transmission
antenna and starts the FDTD computation. The receiv-
ing antenna output the voltage amplitude in each time
step of FDTD iteration for post-processing. This output
RF signal involves the environment effect, such as the
multi-path effect and the interference between antennas
and nearby materials, and the demodulated base-band
signal also involves the environment effect. Using this
base-band-involved integrative modeling method, the
entire wireless communication link can be simulated ac-
curately and the reason of bit error can be found.

3 Implementation and results
3.1 Modeling of antennas and environment
In order to show the capability of BIMM in analysis of
base-band signal transmission and bit rate error of wire-
less system, an example is given, which involves a loco-
motive with antenna mounted on top, two steel rails,
earth plane, and a conducting wire over the locomotive
for power supply. Figure 3 shows the detail description
of these models drawn in CAD. The electromagnetic pa-
rameters for these models are listed in Table 1. In this
example, a dipole antenna is used as the transmitting an-
tenna, and a monopole antenna mounted on the top of
locomotive is used as the receiving antenna. These two
antennas are located not far away, so they are involved
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Figure 7 Received signal. (a) and (b) show the received RF signal and de
simultaneously at different places.
into the FDTD computational domain together with the
environment.
The center frequency of the antennas is set to

900 MHz, and the frequency band covers the signal
bandwidth. The length and cross section of the transmit-
ting half-wavelength dipole are 150 and 25 × 25 mm, re-
spectively, and the feeding gap between two arms of the
dipole is 10 mm. The length and cross section of the
monopole mounted on the locomotive top is 70 and
25 × 25 mm, respectively, and the feeding gap between
locomotive top plane and monopole is 10 mm. The di-
pole antenna is located 1 m above the locomotive and
with a distance of 14.3 m (in the rear of the locomotive)
to the monopole antenna. Non-uniform grid technique
and parallel FDTD algorithm are utilized. The general
grid size of FDTD is set to 30, 30, and 30 mm in the x,
y, z directions, respectively, while the non-uniform grid
size in the antenna and nearby region is set to 12.5, 12.5,
and 10 mm, respectively. The locomotive is located
along the x-direction. The surrounding environment is
100 120 140 160 180
me (ns)

100 120 140 160 180
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One transmission antenna

Two transmission antennas

modulated base-band signal for the case of two dipoles radiating
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divided into 1,109 × 218 × 312 ΔS grids. The feeding gap
of the locomotive antenna is located at the coordinates
of (755, 105, 190 ΔS), and the feed gap of the transmit-
ting dipole is located at (105, 172, 254 ΔS). Δt, the time
step of FDTD, equals 16.667 ps, and the total computa-
tion time steps are set to 11,070.

3.2 Impact of environment on transmission signal
In this paper, a sequence of data is modulated by the
GMSK scheme. The data rate of GMSK used in this
paper is 5.4166 × 107 bps, and parameter BT in Equation 2
is set to 0.5. The sequence of the digital data and the
waveform of the base-band signal after filtering are shown
in Figure 4.
In order to see the impact of the antenna itself on the

transmission of RF signal, the receiving monopole
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Figure 9 Received signal without spark effect. (a) and (b) show the RF
antenna is placed individually in free space (without
locomotive and environment) first, and the received sig-
nal is shown in Figure 5. From this figure, we can see
that the envelope of the received RF signal is slightly un-
dulated as shown in Figure 5a, but this does not have
much influence on the demodulated base-band signal as
shown in Figure 5b. Therefore, the effect of antenna can
be ignored.
The monopole is then put on the locomotive, and the

received signal with the effect of the locomotive and en-
vironment is shown in Figure 6. This time, a larger fluc-
tuation of amplitude of the RF signal can be observed.
But the demodulated base-band signal is still very fine,
as shown in Figure 6b.
In realistic application, co-channel interference is usu-

ally inevitable. In order to simulate the multi-path effect
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signal received by the dipole without effect of electric spark.
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Figure 10 Base-band signal. (a) and (b) show the demodulated base-band and digital signals of system without effect of electric spark.
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on the receiving signal, another dipole antenna is intro-
duced in the front of the locomotive with a distance of
9.3 m to the locomotive antenna. The two dipole anten-
nas are excited by the modulated signals with the same
amplitude. The signal received by the locomotive
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Figure 11 Received signal affected by spark. (a), (b), and (c) show the
with effect of electric spark. (b) is the enlargement of (a).
antenna is shown in Figure 7a. Comparing with that in
Figure 6a, the waveform of received RF signal is dis-
torted significantly. The demodulated base-band signal
is also distorted, as shown in Figure 7b. This will influ-
ence the judgment of the digital signal.
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Figure 12 Base-band signal affected by spark. (a), (b), and (c) show the demodulated base-band and digital signals of system with effect of
electric spark. (b) is the enlargement of (a).
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3.3 Impact of EMI on base-band digital signal
It is the normal case for the running train system that
the power supply network will generate electric spark.
This spark actually is an electromagnetic pulse, which
interferes with the transmitting signal. In order to find
the impact of this interference on the transmitted digital
signal, the generation of the electric spark and its propa-
gation are introduced into the FDTD simulation to-
gether with the RF signal. In this example, we let the
locomotive antenna transmits and the dipole antenna re-
ceives. Assuming that the electric spark has the form of
modulated Gaussian pulse:

Un0
p ¼ En

zΔz

¼ −Up
0 cos 2πf p0n

0Δtð Þ exp −4π n0Δt−tp0ð Þ2= τp0ð Þ2
� �

ð10Þ

where n is the iterating time step of FDTD, and n′ rep-
resents the time step at which the spark begin to gener-
ate. Up

0 and f p0 are the amplitude and fundamental
frequency of the spark, respectively. tp0 represents the
time moment at which pulse peak occurs. τp0 is related
to the bandwidth, and bandwidth is equal to 2/τp0. Table 2
gives the values of the parameters.
The digital signal input to the simulation system is
shown in Figure 8. The amplitude of the modulated
signal is set to 1 V. The FDTD mesh size is 30 mm
which balances the computing time and accuracy. The
influence of the electromagnetic spark on the transmit-
ted signal can be analyzed by comparing the receiving
signals without and with electrical spark. Figure 9 shows
the received RF signal and the corresponding frequency
response of the system without spark, and the demodu-
lated base-band signal and recovered digital signal are
shown in Figure 10. Comparing Figure 10b with
Figure 8, we can see that although the RF waveform in
Figure 9 seems not perfect, the recovered digital se-
quence is correct. Figure 11 shows the received RF
signal and corresponding frequency response of the sys-
tem with the effect of the electromagnetic spark, and
the demodulated base-band signal and recovered digital
signal are shown in Figure 12. From Figure 11, we can
see that the transmitted RF signal is submerged in the
pulse within the interference period of the spark, and
the frequency spectrum of the received RF signal is
spread. From Figure 12, we can see that the base-band
signal waveform in which period the spark appears is
distorted seriously, which further influences the sam-
pling and judgment, and results in bit errors, as shown
by the dashed line in Figure 12c.
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It is also found from Figure 12b that the influence of
the spark on sampling and judgment lasts more than
200 ns although the spark only lasts 9 ns. This is due to
the ringing of the spark pulse on the antenna. In
addition, comparing Figure 12c with Figure 8, we can
see that the impact of high-intensity electromagnetic
pulse on bit error seems not so great (because only two
errors occur). However, if comparing base-band wave-
forms in Figure 12b and Figure 10a carefully, it is found
that the judgment of the symbols is at high risk in the
period from 200 to 400 ns, because the waveform is sig-
nificantly distorted. In other words, the accuracy of the
symbol judgment cannot be guaranteed between the
ninth symbol and the 20th symbol.

4 Conclusions
Estimation of the transmission characteristics of wireless
link is an important work especially for the wireless
communication in complicated environment, such as
the high-speed railway environment. But conventional
method can only give the field coverage and cannot give
the effect of environment on the transmission property
of the wireless link. This paper proposed a base-band in-
volved integrative modeling method which can not only
take the interaction between antennas and environment
into consideration but also give the effect of environ-
ment on the base-band signal and bit error rate of the
wireless communication. Railway environments are
taken as examples to show the implementation and effi-
ciency of the method, and the results show that the pro-
posed method is effective in finding the reason of
waveform distortion of base-band signal and can give
the explanation of the occurring of bit errors.
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