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This paper describes a combination of analytical and experimental investigations for the identification of
the drivers responsible for the generation of Maximum Noise Levels (MNL) and the prediction of the
extrapolated levels to the far-field positions where the receiver is situated. An on-board acquisition sys-
tem composed of two microphones situated inside the engine hood and close to the right back tyre
respectively provides a measurement of rolling and power-train noise. This electro-acoustic system
has been shown to be able to discriminate the noisiest vehicles in different environments and for differ-
ent driving behaviours. Based on this estimation of the near-field levels, we have developed a complete
procedure for extrapolating the noise up to the receiver positions with a combination of analytical pre-
dictions and experimental measurements. The corrections for the extrapolated levels are due to atmo-
spheric factors, to the spherical wave divergence term and to the absorbing conditions of the
propagating surface that have been determined experimentally. For the microphone situated close to
the engine we also need to characterise the acoustic properties of the engine hood. Both noise levels
are extrapolated independently to the far-field position, where a comparison between prediction and
measurements is performed to confirm that the methodology is reliable to estimate the remote impact
of traffic noise.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Attenuation of urban traffic noise has become an important
challenge in highly populated cities. It constitutes one of the main
sources of environmental pollution, as it has been shown that al-
most half of the noise in urban areas is coming from road traffic
noise [1]. To reduce this nuisance, regulations for the restriction
of noise emissions continue to appear to ensure a sustainable
acoustic environment. However, the reduction of road traffic noise
has not been proportional to the restrictions imposed [2]. Several
factors can explain this trend. For instance, the reductions of indi-
vidual vehicle emissions are masked by the growing tendency of
the car fleet. Others reasons have been argued considering that
homologation tests to estimate the maximum levels emissions
are not carried out in realistic conditions [3] and they do not repro-
duce normal driving situations in urban courses.

A number of solutions have been proposed with different ap-
proaches to the problem. One straightforward action is to limit
the number of vehicles in the traffic. However, limitation of traffic
volume does not seem a realistic option for the future. Other op-
tions address several topics representing the main influence
parameters on road traffic noise [3]: tyre noise, other vehicle noise
components such as exhaust noise, attenuation properties of road
surfaces and noise control methods such as acoustic barriers or
appropriate city planning.

One part of the scientific community has claimed that the efforts
made for the reduction of engine noise has been partially masked by
the increase of tyre noise. As a result, tyre noise is the limiting factor
for vehicle noise reduction [4]. A huge amount of specialised papers
have appeared in the last two decades dealing with tyre noise, either
experimental studies [5,6] or models for predicting the performance
of source noise control strategies. In the last case, there are two main
approaches, namely theoretical models [4,7] for the characterisation
of the physical mechanisms from given properties of the road and
tyres, or empirical models [8,9] estimated from correlations with
experimental measurements.

In addition to previous measures, there are other considerations
not directly related to noise actions on the vehicles, such as oper-
ating conditions. In particular, driving behaviour constitutes one
factor that has not attracted particular attention although it has
been shown that it presents a high potential for achieving noise
reductions in the future [1]. Sato et al. [10] have also considered
this idea analysing the extent of annoyance caused by traffic noise
in different building at varying distances from the road traffic and
for a varying number of vehicles. They have considered the number
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of events and the noise levels as two independent variables, and
have found that the number of noise events did not influence the
extent of annoyance. They have outlined also that there was a
strong correlation between annoyance and Maximum Noise Levels,
and concluded that actions to control road traffic noise should be
directed on noisy vehicles rather than on the limitations of the traf-
fic flow.

Actions focused on noisy drivers have been oriented mainly to-
wards awareness programs about noise and its effects, but supple-
mentary efforts are needed for dealing with the problem more
practically. This work presents a complete framework for the
acquisition, analysis and extrapolation of urban transportation
noise focusing on the driving behaviour. A system is described
for the acquisition of the sound pressure levels generated from
individual vehicles. This on-board acquisition system has been
tested using several diesel and petrol engines along urban and sub-
urban courses, and has been shown to be able to identify the driv-
ers causing the highest noise levels and their discrimination. It
could be used, for example, for regular vehicles testing or at spe-
cific control points placed in problematic areas as ‘‘noise-enforce-
ment radars’’ for the vehicles circulating nearby. The results from
the embarked acquisition system are summarised in Section 2 of
the paper: they provide an estimate of the near-field levels re-
corded in real time. It is then necessary to propagate these near-
field pressure data to the receiver positions over a combination
of ground surfaces composed of different materials. Special atten-
tion has been paid to the proper identification of the impedances of
the ground surfaces: the two-microphones method has been used
for the characterisation of the ground physical parameters, which
are then considered in the extrapolation model. This model has
been developed using a combination of analytical formulation
and experimental measurements. The complete procedure is ex-
plained in detail in Section 3. Finally, the analytical predictions
are validated against a set of experimental pass-by measurements
that confirm the suitability of the methodology (Section 4). The pa-
per concludes with a summary of the main results obtained and
directions for future work.
2. Near-field measurement system

To distinguish noisy drivers from the total traffic fleet, an elec-
tronic acquisition system installed on the vehicle has been de-
signed [11]. The number and positions of sensors to capture the
relevant information should be determined. For the sake of sim-
plicity and considering the work done in previous European pro-
jects [12,13], one microphone has been situated in the proximity
of the engine to acquire the power-train noise, and a second micro-
phone is positioned close to the tyre for the rolling noise acquisi-
tion. It has been shown that power-train noise dominates at low
driving speeds, around 40–50 km/h for light vehicles, and
Fig. 1. The position of the microphones close to t
50–60 km/h for heavy vehicles. When increasing the velocity, tyre
noise becomes dominant, although at very high speeds it is the
aerodynamic noise which produces the major part of the vehicle
noise [12,13].

The measurements have been performed using two micro-
phones Shure MX183 calibrated with a B&K 4231 sound source.
They are glued to the vehicle with a mastic adhesive at the posi-
tions shown in Fig. 1. The microphone preamplifiers were modified
to increase the dynamic range up to 129 dB. As it can be appreci-
ated, the rolling noise microphone has been protected against
aerodynamic noise with a nose cone that modifies its frequency re-
sponse function introducing a low pass filter with a cut-off fre-
quency at 5 kHz [11]. However, it does not significantly affect the
acquired signals as the tyre noise spectrum quickly decreases
above 1 kHz [14].

A near-field characterisation of the noise radiated by each indi-
vidual vehicle has been performed with two vehicles in the seg-
ment B [12], a Seat Ibiza with either petrol or diesel engines. An
example of these measurements for both the urban and suburban
courses is presented in Fig. 2, that confirms the trends already ob-
served for engine and tyre traffic noise [14]. Each vehicle has been
driven by five persons (three men and two women) through one
urban and one suburban driving course. At the same time, the
information concerning the driving behaviour is acquired using
the vehicle CAN BUS interface. The engine speed, the engine load
and the accelerator positions were also recorded. From the group
of five persons, one was required to drive in a more sportive
way. A complete description of the instrumentation, driving condi-
tions, scenarios and results appears in Ibarra et al. [11], and it will
not be described in detail here. To summarise the main conclu-
sions, we will indicate that, considering both the global equivalent
level and the level histogram, the on-board system is able to dis-
criminate noisy drivers from the mean traffic stream. Engine noise
results arising from this driving behaviour were between 5 and
9 dB higher, in average, than those produced from the rest of the
drivers. The same trend was observed for the rolling noise, provid-
ing noise levels on average between 3 and 5 dB in excess with re-
spect to the other four drivers.
3. Far-field extrapolation

The objective of this section is to develop an analytical model
for the propagation of each individual vehicle noise source to the
far-field positions accounting for the ground effects due to the
acoustical properties of the propagation path. The procedure de-
scribed in Section 2 for the acquisition of the levels produced by
noisy drivers and their identification provides us with a set of
near-field data for each vehicle, composed of engine and tyre
microphone signals. Based on these measurements, we present
here a complete procedure for the levels extrapolation in terms
he engine (left) and close to the tyre (right).
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Fig. 2. Power spectrum of the signal provided by the microphone situated close to
the engine (blue) and close to the tyre (red) for the suburban (solid) and urban
(dashed-dotted) courses for the diesel Seat Ibiza. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)
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of the receiver position, the atmospheric conditions and the pro-
portion of porous materials and soft ground presented in the
semi-infinite road-side surfaces. The extrapolation of the two noise
sources will be treated separately in the following subsections.

3.1. Rolling noise extrapolation

The signals acquired by the microphone situated close to the
tyre should be propagated to the positions where the receiver is
situated. We then need an estimation of the transfer function be-
tween the source and the receiver position, also called the propa-
gation filter, defined as the level difference between the near-
field measurements, Lnf, and the far-field levels, Lff. In this work
we have developed an analytical model inspired by the work pre-
sented by Anfosso-Lédée et al. [15] and Cho and Mun [16]. The near
field levels are assumed to be generated by four point sources lo-
cated at the tyre-road contact positions, as indicated in Fig. 3. For
each tyre, they depend on the sound power level of the individual
source, on the geometrical divergence term and on attenuation val-
ues, that comprise the absorption of the acoustic energy by the air
and the effects due to the influence of the environment on the
propagation (ground absorption, horn effect, etc.). For each tyre,
the near-field levels read

Lnf ;t ¼ LWt þ 10log10
1

4pr2
nf ;t

 !
þ Attnf ;t ; ð1Þ
Fig. 3. Physical configuration for extrapolation of the rolling
where LWt is the sound power level due to one tyre, rnf,t the distance
from one tyre to the near-field microphone, and Attnf,t the attenua-
tion level in the path from the tyre monopole source to the rolling
noise microphone. These quantities are all the same for the four
tyres. The propagated levels at the receiver position correspond to
the incoherent sum of the near-field power levels. Considering the
symmetry of the problem (Fig. 3) we can see that the levels due
to the first and second tyre are the same than those due to the third
and fourth tyre, respectively. The far-field levels due to the rolling
noise can then be expressed as

Lff ;t ¼ 10log10 2 � 10
Lt1
10 þ 2 � 10

Lt2
10

� �
; ð2Þ

where Lti is the sound pressure level due to one tyre ith at the far-
field position. It takes the expression

Lti ¼ LWt þ 10log10
1

4pr2
t;i

 !
þ Attt;i; ð3Þ

where i can vary between 1 and 4, rt,i is the distance from the tyre
ith to the far-field microphone, and Attt,i the attenuation level in the
path from the monopole source i to the far-field position. Particula-
rising Eq. (3) for the first and the second tyre, and substituting the
expressions into Eq. (2), we obtain

Lff ;t ¼ LWt þ 10log10
1

4pr2
t1

� �
þ Attt1

þ 10log10 1þ r2
t1

r2
t2

� �
10

Attt2�Attt1
10

� �
þ 10log10ð2Þ: ð4Þ

The transfer function, defined as the level difference between
near and far-field levels, can be calculated from Eqs. (1) and (4),
and takes the expression

Hnf ;ff ;t ¼ 10log10
r2

t1

r2
nf ;t

 !
þ Attnf ;t � Attt1

� 10log10 1þ r2
t1

r2
t2

� �
10

Attt2�Attt1
10

� �
� 10log10ð2Þ; ð5Þ

which is similar to Eq. (8) from Ref. [15] deduced considering that
the four tyres are substituted by one equivalent source situated at
the centre of the vehicle, and evaluated at the (Close ProXimity)
and CPB (Controlled Pass-By) positions [17,18]. It should be out-
lined here that we do not intend to apply the measurement posi-
tions described in the standards for determining the contribution
of the road surfaces to the propagated levels, as the aim is to devel-
op an on-board acquisition system able to perform online noise
measurements to be analysed and controlled later on. The trans-
ducer positions are then selected based on the most convenient
choice for real-time operation.

For the calculation of the transfer function between the source
and the receiver (Eq. (5)), we need expressions for the attenuation
noise from near-field measurements to far-field levels.
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values from the two tyres to the receiver position, and the attenu-
ation values from one tyre to the near-field microphone. Factors to
be considered include the atmospheric conditions, that influence
the sound speed, the air density and viscosity, and the acoustic
impedance of the ground. The air absorption as sound propagates
through the atmosphere has to be calculated also, which depends
on frequency and relative humidity. For these considerations we
need to determine the atmospheric variables when performing
the measurements and apply the American Standard ANSI S1.6
[19]. However, for the frequency range and the physical configura-
tion of the problem, the influence of these factors on the results is
small in comparison with the effect of the ground surfaces, consid-
ered in the next section.

3.2. Determination of the ground impedance

A simple analytical model exists when analysing the propaga-
tion of sound in a homogeneous medium and due to a point source
located above a semi-infinite locally reacting porous ground. The
model is based on ray theory, considering that the resulting sound
field at any point will be the contribution from the direct path
coming from the sound source, and the reflected path, influenced
by the acoustic properties of the propagating surface. The attenua-
tion of the reflected sound will depend on the frequency, and will
be more important towards increasing angles. The typical problem
geometry is represented in Fig. 4. The source is situated at a height
hs and radiates over a flat soft ground. The sound pressure received
at the far-field positions, situated also above the ground, will then
be expressed as the two-term expression [20,21]

/ ¼ eikR1

4pR1
þ Q 1

eikR2

4pR2
: ð6Þ

In this equation, the distances R1 and R2 are linked to the direct
and reflected rays from the source to the receiver, respectively. The
reflected path will be influenced by the properties of the semi-infi-
nite surface. The reflection coefficient of the spherical wave, Q1, ac-
counts for these considerations. A mathematical description has
been presented, for example in [20,21], that depends on R2, on
the incidence angle and on the surface acoustical properties, de-
fined by the specific normalised admittance, b = 1/Z. Due to its sim-
plicity, we have selected the Delany and Bazley [22] model that
provides an analytical description of the material absorption prop-
erties considering only one parameter, the flow resistivity r. The
complex propagation constant and the normalised impedance of
the porous ground are then given by a semi-empirical model that
takes the expressions [21]

k ¼ x
c0

� �
1þ 0:0978

q0f
r

� ��0:700

þ i � 0:189
q0f
r

� ��0:595
" #

; ð7Þ
Fig. 4. Two-microphone configuration method for determination of the ground
Z ¼ Z0 1þ 0:0571
q0f
r

� ��0:754

þ i � 0:087
q0f
r

� ��0:732
" #

; ð8Þ

with c0 and q0 being respectively the velocity and density of air, f
the frequency and x the angular frequency.

Data for the flow resistivity can be obtained from the specia-
lised literature. For instance, in the European Harmonoise project
[12], values for Dense Asphalt Concrete surfaces (DAC) and for
Stone Mastic Asphalt surfaces (SMA) with different chipping sizes
can be found. Examples of the transfer functions between the roll-
ing microphone and the receiver position have been presented pre-
viously by the authors [23] using the one-parameter model for a
DAC 0/19, the ISO road surface according to ISO 10844, and the Ha-
met et al. [20] model for a porous asphalt material. However, to ob-
tain a better agreement between experimental measurement and
model prediction, it has been decided to characterise experimen-
tally the particular surface used for the measurement. We have fol-
lowed recommendations of the American Standard ANSI S1.18
[24], generating a sound pressure field with a source situated at
0.5 m height above the ground, and two identical microphones sit-
uated at a height of 0.88 and 0.08 m respectively (Fig. 4). The hor-
izontal separation distance between source and microphones has
been fixed to 3 m. This configuration has been shown to minimise
the measurement errors in the frequency range between 250 Hz
and 4 kHz for outdoor sound propagation prediction [25]. The
point source was approximated by a spherical loudspeaker of
20 cm diameter, and the two free-field microphones B&K 4191-L
were protected with windscreens, as it can be appreciated in
Fig. 4. The loudspeaker was driven by a pseudo-random signal gen-
erated by a home-made virtual instrument created in Matlab for
the determination of the impulse response functions between in-
put and measured signals. To avoid the influence of undesired
reflexion and background noise, the impulse response signals were
windowed and converted to the frequency domain. Each measure-
ment has been repeated and averaged over four different relative
positions over the surface of analyses. During the measurements,
the temperature was 12 �C, the relative humidity had a value of
48%, the atmospheric pressure was 924 mb and the wind speed
was varying between 1.2 m/s and less than 3 m/s in all cases.

For determining the surface flow resistivity we have calculated
the level difference between top and bottom microphones for each
frequency,

DLðdBÞ ¼ Ltop � Lbottom ¼ 20log10

ptop

pbottom

����
����: ð9Þ

We can compare these experimental values with those calcu-
lated by the analytical prediction assuming that the surface can
be described by the one-parameter model, Eqs. (7) and (8), that
provides an estimate of the real and imaginary parts of the acoustic
impedance as a function of the physical parameters. An optimisa-
tion procedure has then to be carried out using the mean-square
impedance and measurement of the level difference for the porous asphalt.
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error between the analytical and the measured values. The optimal
flow resistivity is found when the residual norm is minimal. Using
this procedure, we have performed the experimental characterisa-
tion of the level differences in the frequency range (250, 4000) Hz,
for a porous asphalt and found an optimal value for the asphalt
flow resistivity equal to r ¼ 8000 kPa s m�2. We can then calculate
analytically the terms Attt,1 and Attt,2 assuming a homogeneous
porous asphalt between the rolling sources and the receiver. How-
ever, as indicated in Fig. 3, there exists a discontinuity of imped-
ance in the propagation path. It has thus been included in the
study. A solution for the combination of surfaces composed of por-
ous asphalts and grass-land has been considered by Rasmussen
[26], that shows that it can be obtained assuming an infinite line
array of virtual sources situated at the impedance discontinuity po-
sition. It is then also necessary to characterise the natural soil pre-
sented at the receiver positions, carried out in the same way as for
the asphalt. We have measured the averaged DL for the grass-land
and calculated the optimal impedance values minimising the
mean-square error between model and measurements, obtaining
a value of r ¼ 500 kPa s m�2. The measured values and those cal-
culated with the optimal flow resistivity are presented in Fig. 5
for the two different grounds, the asphalt (left) and the grass-land
(right).

Finally, we still need to provide expressions for the term Attnf,t

of Eq. (5), that corresponds to the attenuation levels in the path
from the tyre source to the corresponding near-field microphone.
We cannot apply the same methodology already used for the prop-
agation to the far-field positions, due to the multiple reflections in
the proximity of the vehicle. These considerations could be taken
into account with numerical methods, but in this work we intend
to analyse the limitations of using a combination of empirical
and analytical techniques for road noise propagation. Previously
[23], we have included these factors using directivity functions in-
spired by the work presented in the European project Harmonoise
[12], that provides analytical expressions for both noise sources
and both horizontal and vertical directivity as a function of the
vehicle category and vehicle speed. In this work we have com-
pleted these corrections in view of the experimental data acquired
by the embarked rolling noise microphone. This point will be dis-
cussed in Section 4.

3.3. Power-train noise extrapolation

The levels due to the power-train noise have also a contribution
in the far-field. This noise source has to be extrapolated indepen-
dently, and added incoherently with the tyre-induced noise at
the receiver position. Extrapolation of rolling noise has been
widely studied and analytical formulations are available when con-
sidering a simplified physical system, as explained in the precedent
Fig. 5. The level difference for the porous asphalt (left) and the grass-land (right) deter
(solid) for the optimal values of the flow resistivity.
sections. On the other hand, there is not a straightforward expres-
sion for the extrapolation of the noise levels acquired by the micro-
phone situated inside the engine hood. A new set of analytical
expression is presented in this section. Following the method of
Section 2.1, we should express the sound pressure levels acquired
at the near-field and far-field microphones, and calculate the trans-
fer functions as the level difference between both expressions.

The sound pressure acquired by the microphone in the proxim-
ity of the engine, due to the vehicle power-train (pt), valid in the
direct field close to the engine source, is given by

Lnf ;pt ¼ LWpt þ 10log10
1

4pr2
nf ;pt

 !
þ Attnf ;pt ; ð10Þ

where LWpt is the sound power level due to the power-train source,
rnf,pt the distance from this source to the microphone inside the en-
gine hood and Attnf,pt the attenuation level in the path from the
source to the engine microphone. We now assume one noise source
situated outside and at the centre of the engine hood that is creating
a sound pressure level at the far-field position expressed by

Lff ;pt ¼ LWpt;out þ 10log10
1

4pr2
ff ;pt

 !
þ Attff ;pt; ð11Þ

where LWpt,out is the sound power level due to the source situated
outside the engine hood, rff,pt the distance from the external source
to the far-field position, and Attff,pt the attenuation level in the path
mined experimentally (dashed) and calculated with the Delany and Bazley model
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from the external source to the receiver. The transfer function from
the power-train source to the receiver is defined as the level differ-
ence between near and far-field levels, that can be calculated from
Eqs. (10) and (11),

Hpt ¼ ðLWpt � LWpt;outÞ � Attff ;pt þ 20log10
rff ;pt

rnf ;pt

� �
: ð12Þ

To obtain this expression, it has been assumed that the term
Attnf,pt, the attenuation inside the engine hood in the path from
the source to the internal microphone, is negligible in comparison
with the other attenuation terms. The first term, the level differ-
ence between incident and radiated power, is the Transmission
Loss of the engine hood, TL = LWpt–LWpt,out, that will be determined
in the next section. The attenuation values from the source to the
far-field positions, Attff,pt, can be calculated as indicated in the pre-
vious section for the rolling noise. An example of the values that
could be obtained is presented in Fig. 6, superimposed to the val-
ues of the propagation filter for the rolling source, Attt,2 (Eq. (5)).
We have considered the real situation with a layer of porous as-
phalt 2.4 m long from the vehicle axis, and a grass-land soil at
the receiver position, using the corresponding optimal flow resis-
tivities. The total distance between the vehicle and the receiver
has been taken as 7.5 m, as recommended by the European Stan-
dard ISO 11819 [17], with a height of 1.2 m. As it can be appreci-
ated, interaction between the direct and reflected sound fields is
more uniform for the rolling source, assumed to be 0.04 m high,
than for the engine source, situated at 1.1 m above the ground.

3.4. Engine hood Transmission Loss

The extrapolation of the power-train noise using Eq. (12) re-
quires the determination of the insolating properties of the vehicle
engine hood, that has been considered as an acoustic partition cou-
pled to a small enclosure where the engine is situated.

To characterise the incident and radiated sound power, a spher-
ical source has been situated inside the engine hood, as it can be
seen in Fig. 7 (hood opened), driven by a pseudo-random signal.
The incident sound power has been calculated using a microphone
FONESTAR FOX 2214 situated inside the cavity (Fig. 7). The mea-
sured impulse response has been converted to the frequency do-
main, and the incident power is related to the mean-square
sound pressure in the proximity of the engine, hp2

sourcei, by [27] as

PInc: ¼
hp2

sourceiSh

4q0c0
; ð13Þ

where Sh is the surface of the hood.
For the estimation of the radiated sound power, we have used a

set of microphones uniformly distributed on a semi-circle sur-
rounding the vehicle, with a radius of 1.2 m, as indicated in
Fig. 7. Position of the spherical source and microphone inside the engine hood (left), and
of the engine hood Transmission Loss.
Fig. 7. The separation angle between the microphones has been
fixed to 5�. To cover the whole semi-circle, it has been necessary
to take 37 measurement points. The transmitted sound power is
obtained considering that we have a monopole source radiating
in free field, and it is calculated as [27]

Ptrans ¼
hp2

outiSrad

2q0c0
; ð14Þ

where hp2
outi is the mean-square sound pressure outside the vehicle

and Srad the observation surface. The Transmission Loss (in dB) may
thus be evaluated from [27]

TLðxÞ ¼ 10log10
PInc:ðxÞ
PtransðxÞ

� �
ðdBÞ: ð15Þ

An example of the results that can be obtained with this proce-
dure is presented in Fig. 8, that shows a similar behaviour to the TL
values obtained for a thin steel panel partition.
4. Experimental comparison

To validate the proposed extrapolation model, a set of experi-
mental measurement has to be acquired simultaneously at the
near-field and far-field positions. The starting point to perform
the comparison are the signals acquired by the on-board acquisi-
tion system, used as inputs to the analytical propagation filter for
each source independently, that are added at the receiver position.
The propagated results should then be compared with the
the external hemispherical distribution of microphones (right) for the determination



Fig. 9. The body-pack transmitter for the embarked wireless system of the rolling microphone (left) and the far-field microphone for measuring the pass-by noise (right).
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corresponding experimental far-field measurements. The details
are discussed in the next subsections.
4.1. Near-field and far-field measurements

The near-field measurements recorded by the on-board acquisi-
tion system have been carried out over a straight route in an area
isolated from traffic and with low background noise. A light vehicle
in the B segment was driven by the same person for a set of six dif-
ferent vehicle speeds from 40 to 90 km/h, namely in 2nd gear when
the vehicle was circulating at 40 and 50 km/h, in 3rd gear at 60 and
70 km/h and in 4th gear at 80 and 90 km/h. For each pass-by veloc-
ity, the driver was taking a fraction of the course to reach the se-
lected speed, that was then maintained constant over a straight
portion of the road of about 500 m length. Initial measurements
were made using two different acquisition systems, one embarked
on the vehicle to record the near-field signals, and a second one in
charge of the far-field measurements towards the receiver posi-
tion. This set-up, however, shows some synchronisation problems
that can be avoided using wireless embarked systems. Hence, three
Sennheiser wireless systems with body pack transmitter were used
for each of the near-field microphones shown in Fig. 1. This system
can be seen in Fig. 9 (left) for the rolling noise microphone.

Measurements of the far-field and near-field levels were per-
formed synchronously. As it can be seen in Fig. 9 (right), a Fonestar
FXX 2214 microphone was situated at 7.5 m from the vehicle axis,
at a height of 1.2 m, and protected by a wind screen. The near-field
microphones have been both covered by a nose cone to reduce
contamination by the aerodynamical noise. The sensitivities of
the three sensors have been characterised with a B&K 4231 calibra-
tor. The signals have been analysed with the system PULSE Lab-
Shop Version 14.0.1 from B&K. The measurements have been
carried out with overcast sky and with low wind speeds, to mini-
mise turbulence due to thermal and wind gradients. The atmo-
spheric conditions were a temperature of 12.6 �C, a relative
humidity of 58%, an atmospheric pressure of 924 mb and a wind
speed varying between 3 and 5 m/s. The levels captured by the
three microphones as a function of the engine velocity are pre-
sented in Fig. 10. Near-field measurements are presented as circles
and far-field levels are shown as crosses. As expected, power-train
levels are predominant for low vehicle speeds whereas the trend is
inverted when increasing the velocity beyond 60 km/h. The curves
obtained by linear regression with the six experimental measure-
ments are also superimposed. Most of the points fit well within
the corresponding lines, except the results at 50 km/h. When ana-
lysing in detail the temporal signals at 50 km/h, a problem was de-
tected on the total length of the acquired measurements that do
not provide the correct levels. This signal has thus been removed
from the subsequent analysis.
4.2. Comparison with the analytical model

The near-field signals for each pass-by velocity have been intro-
duced in the analytical model and extrapolated to the receiver po-
sition. They have been compared with the experimental far-field
levels acquired by the microphone situated at 7.5 m from the vehi-
cle. We then need to provide an expression for the factor Attnf,t, that
appears in Eq. (5) and accounts for the attenuation between the
tyre source and the rolling noise microphone situated nearby
(Fig. 1). In previous works [23], the authors have implemented
the directivities obtained in the Harmonoise EC project [12], that
provides analytical expressions for both lower and upper sources,
to include corrections due to diffraction by the vehicle body shape.
Examples of the directivities and the results obtained can be found
in Ref. [23]. It has been shown that when considering the medium
and high frequency range (500 Hz–10 kHz), the agreement be-
tween experimental and predicted extrapolated levels is good,
with differences that are below 1 dB in the global levels for all
pass-by velocities. However, the agreement degrades towards the
low frequency range, typically below 500 Hz. We made the
hypothesis that these differences could be due to aerodynamic
noise contaminating the rolling noise microphone signal. Several
authors [28,29] have performed experimental measurements to
evaluate the effect of the disturbing noise generated when the
on-board acquisition system moves with the vehicle in the air.
They have presented results relating the noise levels due to aero-
dynamic effects as a function of the vehicle speed, testing several
microphone windshields. The measurements were first performed
in a laboratory with a wind turbine producing several speed flows,



Fig. 11. Power spectrum of the experimental noise levels measured by the engine microphone (empty circles), by the rolling microphone (solid circles), at the far-field
microphone (crosses) and calculated with the analytical model (dashed crosses) for pass-by velocity of 40 km/h (top left), 60 km/h (top right), 70 km/h (bottom left) and
90 km/h (bottom right).

Table 1
Overall levels (dB) measured in the near-field (engine and rolling) and far-field (ff,
measured), predicted with the analytical model (ff, predicted) and difference between
both of them.

Vel (km/h) Gear Lengine Lrolling Lff,measured Lff,predicted DL

40 2ª 102.0 97.9 71.2 73.4 2.2
60 3ª 102.1 102.7 75.0 76.5 1.5
70 3ª 101.3 106.3 75.8 77.3 1.5
80 4ª 100.4 109.3 77.4 79.0 1.6
90 4ª 101.1 111.1 79.4 80.8 1.4
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and outdoors in real driving conditions, quantifying the wind
speed around the microphone position using Pitot tube sensors.
They presented noise levels in third-octave bands from 12.5 Hz
to 20 kHz, for vehicle speeds starting in 50 km/h, up to 130 km/h
[28]. They stated that aerodynamic noise is very important in the
low frequency range, with levels above 90 dB for a 50 km/h speed,
and going beyond the 110 dB for 130 km/h. They concluded that in
the low frequency range this noise influenced significantly the lev-
els acquired by the microphone and recommended the use of a fil-
ter to decrease the aerodynamic noise pollution. Other option was
to consider the frequency range between 315 Hz and 5 kHz, de-
noted as ‘‘CPX frequency zone’’ for the compositions of the global
sound levels.
In addition to the previous considerations, it should also be out-
lined that when considering CPX measurements [18], the recording
microphone is mounted on a designed trailer at a distance of
0.28 m out of the tyre plane, with the purpose of minimising the
noise coming from the power train, auxiliary systems, air turbu-
lence and sound reflections from the vehicle body. This is not the
case in our situation as the recording microphone positions have
to comply with practical and sustainable conditions for the on-
board acquisition of the near-field levels. As explained in Section
2, the placement of the sensor is selected in the plane of the tyre
considering the feasibility for real-time operating conditions. We
should consider then that the tyre/road emission is not omnidirec-
tional as it is generally assumed in noise calculation, with directiv-
ity patterns with highest values appearing in the front of the tyre
[30], where the rolling noise microphone is situated.

A near-field filter has to be designed to remove all these noise
contributions before the far-field extrapolation. For the sake of
simplicity and to maintain an analytical formulation for the extrap-
olation filter, we have decided to use a filter following the mathe-
matical form proposed in the Harmonoise project for the near-field
levels, adjusting the coefficients according to our experimental
data. The proposed filter takes then the expression

DLhorn ¼ Lnf ;t � K � 10log10
V

Vref

� �
: ð16Þ
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DLhorn are the resulting levels after the near-field filter application,
K is a constant that has to be adjusted to the set of experimental
data, V is the pass-by velocity and Vref is the reference velocity, that
has been taken as 30 km/h. In the Harmonoise project, the coeffi-
cients are frequency dependent. In this work, we have selected a
constant value of 0.3 for the frequency bands up to 800 Hz, and zero
elsewhere. Although the accuracy of this near-field filter could be
much more improved, it has been selected as a trade-off between
simplicity and satisfactory agreement with the experimental
extrapolated results. A comparison between the extrapolated values
resulting from the analytical model and those measured at the re-
ceiver position are presented in Fig. 11, for pass-by velocities of
40, 60, 70 and 90 km/h. The near-field values measured with the
acquisition system are also presented to illustrate their contribution
to the far-field attenuated values for each centre frequency band. It
can be seen that the agreement between both curves, considering
the wide range of frequencies analysed (from 20 Hz to 10 kHz), is
reasonably good. Although the differences are a bit more pro-
nounced in the central frequency band of 500 Hz, they could be im-
proved by adjusting the filter coefficient with frequency. To do that,
we will need to perform a statistical treatment of the problem, with
a higher number of experimental data. Differences can also be
appreciated in the high frequency bands analysed, that may be
due to the flow resistivity value used for the asphalt and the grass,
optimised for a best fit up to 4 kHz.

To further analyse the differences between prediction and
experiment, we have summarised in Table 1 the results obtained
for all the pass-by velocities considered, presenting the near-field
overall values, and the corresponding far-field overall levels. The
difference between measured and analytical results is shown in
the last column.

As it can be seen, the agreement between experimental and pre-
dicted levels is satisfactory for all the pass-by velocities, with dif-
ferences lower than 2.2 dB for all the pass-by velocities. We
conclude that, despite its simplicity, the developed semi-analytical
formulation provides a correct estimation of the far-field extrapo-
lated levels, that could then be compared in confidence with the
current normative for road noise emissions in order to take control
actions on the individual drivers if required.
5. Summary and conclusions

Although a huge amount of efforts has been made for the reduc-
tion of road traffic noise concerning design of low noise tyres and
‘‘quiet’’ materials for vehicle components and road surfaces, com-
plementary solutions for the reduction of tyre noise are still de-
manded, so that their combined effects contribute to achieve
optimal noise attenuation results. In particular, the driving behav-
iour and its control may have an important impact in reducing traf-
fic noise.

The objective of this work is to develop an analytical model to
predict the levels of sound that propagates from the vicinity of
vehicles to the position of the receiver, situated in the far field. A
set of theoretical and experimental works has been carried out
for the design of an electroacoustic system embarked on a vehicle,
for the acquisition of near-field measurements and the discrimina-
tion of the particular drivers responsible of the MNL. It is composed
of two microphones recording rolling noise and power-train noise,
and acquires also information concerning the driving behaviour.
This system has been tested using several diesel and petrol vehicle
engines along urban and suburban courses with five different
drivers.

Application of control actions on these drivers requires, how-
ever, the extrapolation of the levels acquired in the near-field to
the receiver position in the far-field. At this point, the estimated
far-field noise emissions should comply with the corresponding
normative, and if the radiated sound levels exceed those allowed,
actions on these drivers could be taken. We have developed an
extrapolation filter for both near-field microphone signals combin-
ing an analytical formulation and measurements, avoiding the use
of numerical techniques. The attenuation between the near-field
and far-field positions is mainly affected by the acoustical proper-
ties of the ground surface, modelled using the Delany and Bazley
law, and that requires only knowledge of the material flow resistiv-
ity. As the propagation surface is not uniform, but presents a dis-
continuity of impedance due to different soils between the
source and the receiver positions, we have paid particular attention
to the acoustical propagation over a hybrid surface composed of
porous asphalt and grass-land. The determination of the flow resis-
tivity for both materials has been performed using the two-micro-
phone method.

For the extrapolation of the microphone signal recorded in the
proximity of the engine, it is also necessary to know the isolating
properties of the engine hood. This has been carried out using a
set of microphones surrounding the hood surface over a semicircle
for an estimation of the radiated sound power. The external signal
due to the engine has been consequently propagated to the far-
field in a similar way as it was done for the rolling noise, and both
signals have been added at the position of the receiver.

A comparison between this prediction and the experimental
data acquired at 7.5 m apart from the vehicle axis and at 1.2 m
above the ground has been carried out, for pass-by velocities rang-
ing from 40 to 90 km/h. The signal output from the rolling noise
microphone has been filtered to account for aerodynamic and tyre
noise directivity effects. A near-field filter has thus been selected
and applied in the low frequency range as a function of the pass-
by velocity. Besides the simplicity of the model, the comparison
with the measurements is reasonably good, considering that most
of the published results deal with a much more reduced frequency
range of analysis. The accuracy in the overall levels predicted for
the frequency range 20 Hz to 10 kHz stay within about 2 dB for
all the pass-by velocities analysed. The proposed formulation con-
stitutes then a consistent tool for traffic noise extrapolation.

Future work will be directed towards a validation of the results
for a larger population of drivers, and will be extended to heavy
and two-tyre vehicles, which are often the cause of high noise
annoyance. We are also currently working in the improvement of
the near-field filter for a better agreement of the overall levels be-
tween the propagation filter and the prediction.
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