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Abstract

A technique to separate the track noise contribution is proposed based on identifying and extract-
ing the track signature from the pass-by noise information measured with a microphone array
relatively close to the track. Separation of the contributions of the vehicle and the track in the
pass-by noise spectra is a challenging task, which is currently addressed by a combination of di-
rect and indirect measurements and model predictions. Due to the uncertainties in the separation
of the track contribution, whether a vehicle will comply with regulations during certification tests
is still very much track dependent. Therefore, accurate means to identify the track contribution to
the pass-by noise are needed. In this paper we propose to make use of the fact that in a wide
frequency range the track is a distributed source that radiates plane waves at a given angle with
respect to the track. By measuring the sound field close to the track with a microphone array,
the wavenumber spectrum of the radiated sound can be determined. For the track contribution
this wavenumber spectrum is tonal and therefore sparse. We make use of this property to de-
sign filters that extract the track contribution to the total pass-by noise. This is illustrated with
simulations and experiments.
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1 Introduction
The characterization of the dominant noise sources during a train pass-by provides a means for
counteracting the problem of railway noise generation and annoyance. For a running train with
velocities up to 300 km/h [1], the prevailing noise source is that due to the interaction of the
vehicle wheels and the track, also known as rolling noise. To further distinguish (or separate)
the wheel noise from the track noise has been a problem of interest in the past decades.

Work towards this direction began with the TWINS model [2], which offers accurate means to
predict the sound power radiated by the separate noise sources during a train pass-by. TWINS
has been experimentally validated [3, 4], and it requires knowledge of the wheel and track
roughnesses and track decay rate as prior information. An approach other than TWINS is the
transfer function method [5], which provides an indirect estimation of the transfer functions of
the vehicle and the track. The method requires an accelerometer on one of the tracks, and a
microphone located 1.2 m above the ground and 7.5 m from the mid-point between the tracks.

Another approach is to use microphone arrays. On the one hand, beamforming has been
employed in a number of occasions [6, 7, 8], yet with no success because the separated
sound fields give more prominence to the wheel than to the track contribution. The weakness
of beamforming in this scenario is the assumption that the acoustic sources are uncorrelated,
thus a spatially extended source such as the track is hardly detectable –even if the antenna
is steered towards the radiation angle of the track. On the other hand, the so-called SWEAM
method has been proposed in [9], which is an inverse method that computes a least-squares
estimate of the measured pressure field that best approximates the field radiated by the rail.

The approach followed in the present paper is to perform near-field microphone array measure-
ments during the pass-by, and filter the track contribution in the wavenumber domain by means
of spatial Fourier transforms. The filter design is based on the spatial distribution of the rolling
noise sources and knowledge of the structural response of the track.

2 Theory
This section provides an overview of the theory that covers the presented method, hereafter
called wave signature extraction (WSE). The idea is to extract the track signature from the
wavenumber spectrum of the pass-by measured by a line microphone array. The block diagram
below shows the steps performed in the method.

Spatial FFT Filter1/3 oct. band 1/3 oct. band
Inv. spatial FFT

pass-by signal track signal
Extrapolation

Figure 1: Block diagram of the wave signature extraction method.
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2.1 Mathematical basis

The WSE is based on two mathematical concepts: signal sparsity and signal power. Signal
sparsity is related to the spatial distribution of the sources: a train wheel is spatially compact
and radiates omnidirectionally, while a railway track is spatially extended and radiates plane
waves at a certain angle with respect to the track [7]. In the wavenumber domain, this is
equivalent to a broadband spectrum for the wheel and a narrowband spectrum for the track.

On the other hand, a narrowband filter is purposeful when the narrowband content is above the
noise floor. Therefore, in the context of rolling noise separation, filtering is expected to perform
well if the track contribution (narrowband) has a greater signal power than the wheel contri-
bution (“noise floor”). According to TWINS simulations, this is true for sound power within the
frequency range of 500-1600 Hz (depending on the pad stiffness) [4], thus this fact is exploited
in the WSE method.

2.2 Sound field extrapolation

In order to refine the wavenumber spectra, data extrapolation is applied in the spatial domain
prior to spatial Fourier transformation, per frequency component. The technique adopted is
second-order linear-predictive border padding [10], which fits an auto-regressive model to the
measured sound field so as to predict the extrapolated samples.

2.3 Filter design

The choice of filter in the wavenumber domain is a low-pass function since the track signal
is narrowband and has a smaller bandwidth than the wheel signal. This fact comes from the
spatial distribution of the sources (see Section 2.1). The mathematical formulation follows:

H(kx) =
1√(

1+ j kx
kco

)(
1− j kx

kco

)n , (1)

where kx is the wavenumber along the x-axis, j is the imaginary unit, kco is the cut-off wavenum-
ber of the filter, and n ≥ 1 is the filter order. In essence, this filter has one pole, and is zero-
phase since it only alters the magnitude of the input signal: −3n dB at cut-off point, with decay
rate of −20n dB per wavenumber decade.

In order to choose the filter cut-off and order, knowledge of the structural response of the track
can be used. This can be obtained from a validated track model (e.g. a Timoshenko beam),
or from impact testing on the track prior to the train pass-by. The argument to support this
approach is that the acceleration (or mobility) spectra have the same bending wavenumbers as
the pressure spectra.

3 Numerical simulations
A steady-state model of the wheel and the track is used to investigate the method with synthetic
data. The acoustic fields have a time-harmonic dependence ejωt .
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3.1 Sound radiation model

The geometry of the model is illustrated in Figure 2. The sound radiation of the rail is mod-
elled with the equivalent source method (ESM) as performed in [7]. The velocity of the track
corresponds to that of a periodically supported Timoshenko beam, and two pad stiffnesses are
considered: stiff (4.1 · 108 N/m) and soft (108 N/m). The remaining track parameters are taken
from [7]. The wheel radiation is modelled as a monopole source [2], located 35 cm above
the rail ESM. The rail and wheel pressure fields are summed, and complex Gaussian noise
is added such that the signal-to-noise ratio (SNR) is 15 dB. The line microphone array has
60 transducers inter-spaced by 8 cm, and it is positioned 50 cm away from the rail. For this
particular microphone spacing, the highest alias-free frequency corresponds to about 2.1 kHz.

Rail ESM

Array35 cm

Wheel

50 cm

Contact point

Figure 2: Geometrical sketch of the numerical simulations.

In order to study a scenario closer to a train pass-by, we make use of relative sound power
of rail and wheel contributions based on TWINS data (see Figure 3). To do this, we define a
rail-to-wheel ratio (RWR) per frequency component as:

RWR = 20log10
‖prail‖2

‖pwheel‖2
, (2)

where prail and pwheel are the pressure fields of the rail and wheel signals measured at the line
array. It is equivalent to the signal power ratio between rail and wheel in decibels. On the
other hand, the wheel pressure at the i-th microphone follows by definition: (pwheel)i = S e−jkri

ri
,

where S is the monopole strength, k is the acoustic wavenumber, and ri is the distance from
the monopole to the microphone position. By defining p0

wheel as a unit-strength monopole, it
follows that ‖pwheel‖2 = S‖p0

wheel‖2. Hence substituting this relationship into Eq. 2 yields

S =
‖prail‖2

‖p0
wheel‖2

10−
RWR

20 . (3)

The wheel monopole strengths can be computed by means of equating the signal power ratios
(RWR) to rail-to-wheel sound power differences from TWINS. Then the total “measured” field
equals the rail’s ESM field plus the monopole field and the added complex noise.
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Figure 3: Sound power in 1/3 octave frequency bands of wheel, rail and sleeper noise
contributions, based on TWINS data, for a track with (a) stiff and (b) soft pads.

3.2 Filtering

The filtering procedure in the wavenumber domain is illustrated in Figure 4, showing the spectra
of the relevant fields, along with the filter response and the filtered (recovered) signal. It can
be seen for this frequency that the rail signature is approximately found within the wavenumber
bandwidth (−5,5) rad/m, whereas the wheel covers a bandwidth of about (−20,20) rad/m. It
can also be appreciated how the added noise is filtered from the measured field spectrum.
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Figure 4: Wavenumber spectra of the rail, wheel and (total) measured fields, as well as the
filter response and the recovered rail signal at 1000 Hz and for a track with soft pads.

3.3 Recovery errors

In order to quantify the accuracy of the method, we make use of a recovery error metric

ε = 20log10
‖prec−pref‖2

‖pref‖2
, (4)

where prec and pref are the recovered and reference track pressure fields respectively.
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The recovery errors versus frequency for both pad stiffnesses are shown in Figure 5. The
filter cut-off wavenumbers are chosen from knowledge of the mobility wavenumber spectrum of
the Timoshenko beam. The filter order is 10 and is chosen from empirical observations. No
apparent differences in recovery errors, except at 500 Hz, are found with respect to the pad
stiffness.
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Figure 5: Recovery errors in dB as a function of frequency for stiff and soft pads.

Furthermore, the recovered and reference track pressure fields are shown in Figures 6 and 7
for both stiff and soft pads respectively, and at 500, 1000 and 2000 Hz. The “measured” fields
are also shown. Overall, the recovered sound fields resemble the reference sound fields, and
the accuracy of the method is linked to the RWR values: more accurate as the RWR increases.
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Figure 6: Reference, measured and recovered sound pressure levels for a track with stiff
pads, at (a) 500, (b) 1000 and (c) 2000 Hz.

The following section includes a few field tests, prior to the pass-by measurements, that have
been performed to explore possible means of extracting the rail signature, as well as evaluate
the influence of the vehicle load in such signature.
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Figure 7: Reference, measured and recovered sound pressure levels for a track with soft
pads, at (a) 500, (b) 1000 and (c) 2000 Hz.

4 Field measurements
The measurements are in static conditions following an impact testing protocol, and were done
in a test track section at Bombardier Transportation Västerås (Sweden), in October 2015 and
March 2016. The track has no pads and the sleepers are made of concrete. Photographs of
the setup are shown in Figure 8. A total of 60 microphone positions inter-spaced by 5 cm are
measured by means of shifting a 20 microphone line array, and a total of 28 acceleration points
inter-spaced by 8 cm are measured. Three main results are shown here: (i) comparison of
dispersion curves obtained from accelerometers and from microphones, (ii) influence of spatial
extrapolation on the track signature, and (iii) influence of the vehicle on the dispersion curves.

4.1 Acceleration and pressure dispersion

For the sake of showing that the bending wavenumbers of the track are independent of the
method used to measure them, the dispersion plot for both pressure and acceleration data is
shown in Figure 9. Minor differences can be seen and are attributed to the smaller aperture
(greater leakage) in the acceleration data than that of the microphone array. This allows for
filter design, specially the cut-off wavenumber, based on the bending wavenumbers of the track
obtained from the acceleration dispersion curve prior to the pass-by.
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(a) (b)

Figure 8: Photographs of the experimental setup: (a) microphone array measurement on
empty track, and (b) acceleration measurement with train X2000 on the track.

(a) (b)

Figure 9: Dispersion plot obtained from (a) acceleration and (b) pressure data.

4.2 Influence of extrapolation

In order to illustrate the significance of sound field extrapolation, Figure 10 shows the dispersion
curve obtained from a measurement with 60 microphone positions, and that obtained from an
extrapolated measurement to 120 microphone positions. It is possible then to see how the
signature can be sharpened by means of extrapolating spatial data. This is expected to improve
the separation during the pass-by measurements since it lessens the leakage in wavenumber
domain due to windowing prior to Fourier transformation.

4.3 Influence of vehicle load

The presence of the train is expected to increase the mass of the whole system, which might
introduce a frequency shift in the dispersion curve. Figure 11 shows the dispersion plots ob-
tained from acceleration data, without and with the train on the track, and the difference in dB
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(a) (b)

Figure 10: Dispersion plot obtained from (a) original and (b) extrapolated microphone array
data.

of the two plots. These results indicate that the dispersion plot varies between 1% and 5% in
the presence of the train, most noticeably around 1.8 kHz; otherwise not significantly varying.

(a) (b) (c)

Figure 11: Dispersion plot obtained with acceleration data (a) without and (b) with the train
on the track. (c) Difference in dB (color bar) between (a) and (b).

5 Conclusions
We introduce a new technique for the purpose of separating the track contribution from railway
vehicle pass-by noise, by means of microphone array measurements in the near-field of the
railway track. The separation is performed in the wavenumber domain with a low-pass filter
function that is designed from knowledge of the structural response of the track. The method
is numerically investigated with a sound radiation model, and, overall, the results indicate that
the method is promising. Field experiments have been performed under static conditions, to
explore methods to measure the rail signature and the influence of the vehicle load on this.
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