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A B S T R A C T

Tyre/road interaction is the main source of environmental noise pollution, particularly in urban and suburban 
areas, even at moderate speeds. Its impact is further emphasised by the growing presence of electric vehicles, 
which significantly reduce the engine’s contribution to overall vehicle noise. Indoor testing of tyres is a common 
practice in the tyre industry during product design stages, as it provides an initial understanding of noise per
formance. However, outdoor tests are required to assess the noise performance of tyres. For this reason, this 
study presents a methodology for the prediction of coast-by tyre/road noise based on equivalent sources iden
tified from indoor tests, including the effect of sound reflections due to the vehicle’s presence in an outdoor 
environment. The equivalent monopoles are identified from standalone tyre rolling noise measurements on a test 
rig equipped with a road replica in a semi-anechoic chamber. To conduct outdoor simulations, acoustic transfer 
functions are measured on the test track through an omnidirectional acoustic source, with the vehicle positioned 
on the track. This paper details the experimental setup, data processing, and methodology for carrying out coast- 
by tyre/road noise simulations based on these equivalent monopoles while accounting for vehicle motion, fol
lowed by a comparison with experimental measurements performed using an electric vehicle.

1. Introduction

Environmental noise significantly impacts people’s health and well- 
being. In the 1990s, the EU’s Fifth Environment Action Programme 
(EAP) acknowledged the need for a noise abatement strategy and the 
tightening of measures on noise emissions [1]. To mitigate its effects, 
reducing sources of traffic noise is important, as this is the main cause of 
urban noise pollution [2]. More recently, specific recommendations 
have been formulated for road traffic noise by the World Health Orga
nization (WHO), which suggests reducing noise levels produced by road 
traffic below 53 dB for average noise exposure [3].

Regarding vehicle noise sources, tyre/road interaction is the main 
contributor to road traffic noise at common driving speeds for passenger 
cars [4,5]. This is increasingly true with the growing market of electric 
and hybrid vehicles, as well as advances in engine noise reduction. The 
rising pressure from regulations and the ever-growing consumer ex
pectations contributed to driving tyre manufacturers to develop 
“quieter” products [6]. In this context, the labelling of tyres was 

introduced to provide a clear and common classification of tyre per
formance, which includes external rolling noise class and level [7]. The 
homologation process for noise levels is based on the test conditions 
specified in UN ECE Regulation No. 117, which requires the use of a 
standardized road surface for type approval of tyres. During these tests, 
the vehicle travels along the noise track, and sound pressure levels are 
recorded by two microphones positioned on each side of the track ac
cording to the coast-by method. In the literature, a notable track-to-track 
variation was shown, meaning that different ISO tracks can significantly 
influence the measured external rolling noise values in the range of 4–5 
dB [8].

Since the homologation process requires the tyres to be tested in 
outdoor conditions, a methodology capable of predicting coast-by tests 
would be useful, as it would reduce the number of tests, saving time and 
resources, while also ensuring repeatable results. The approach should 
be able to correctly account for the noise generated by the rolling tyre 
and include the motion of the vehicle along the test track. However, 
accurately simulating the noise radiated by a rolling tyre is challenging, 
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due to the complexity of the mechanisms involved in its generation and 
amplification [5,9–13].

Different approaches have been proposed in the literature for the 
prediction of coast-by and pass-by noise of single vehicles. These 
methodologies can be experimental or numerical, performed either in
doors or outdoors, and can involve tests at the complete vehicle level or 
focused on individual components. Additionally, one or more of these 
features may be combined within a single predictive framework [14]. 
Among these, statistical models based on neural networks have been 
developed, where the predictive model is trained using extensive data
sets collected from outdoor tests [15–17]. However, these methods 
require a large amount of training data and continuous updating, 
making them less suitable for early design stages. In this context, 
SPERoN and HyRoNE models are hybrid approaches combining physical 
and statistical sub-models to predict pass-by noise, using road surface 
and tyre parameters as inputs to a contact model. Also in this case, large 
datasets comprising numerous pass-by measurements across different 
tyre, road surfaces, and speeds are essential to calibrate the regression 
model coefficients [18,19]. Experimental techniques based on micro
phone arrays [20–23], instead, aim to predict pass-by noise by 
measuring tyre noise while the vehicle runs on a chassis dynamometer in 
an indoor facility. The movement of the vehicle is simulated by 
switching between the microphones in the array and the final time signal 
is processed to properly account for the Doppler effect [23]. Finally, an 
alternative to the current homologation procedure has been presented in 
[24], where a methodology based on drum tests of a standalone tyre is 
proposed to determine approved tyre/road noise emission values. In the 
latter, however, a road surface replica on the drum was not employed.

In this framework, specific modelling techniques have been devel
oped to represent tyre noise through equivalent monopoles or multipole 
sources. In equivalent sources approaches [25], the primary source is 
represented by multiple sub-sources, each contributing to the receiver 
through its source strength multiplied by the corresponding source- 
receiver transfer functions, allowing for the coast-by noise estimation. 
These transfer functions may be estimated either numerically [26–30] or 
experimentally [31,32], taking into account the vehicle geometry. 
Alternatively, simplified models that consider only the presence of a 
reflective plane are also found in the literature [33,34].

In the context of equivalent source approaches, the modelling stra
tegies often rely on representations derived from available tyre rolling 
noise recordings. In [31], a pass-by noise simulation is developed based 
on the use of noise sources (engine, intake and exhaust system, tyre 
noise) that are obtained through measurement on indoor test benches 
and transfer function measured through a loudspeaker. A methodology 
for the prediction of pass-by noise for automotive vehicles is presented 
in [27]. The approach is developed in the time domain and uses 
equivalent sources obtained from indoor near-field recordings on a 
passenger vehicle. In this case, the source-receiver transfer functions are 
derived through a numerical simulation that models the vehicle’s posi
tion at various static points along the track. In [35], instead, a method 
using the time-domain equivalent source method has been developed to 
predict pass-by noise of vehicles in a small-scale semi-anechoic cham
ber. The sound propagation from these sources to the microphones is 
modelled by half-space Green’s function, incorporating ground re
flections but without considering possible alterations in sound radiation 
due to the vehicle’s presence.

In this article, a frequency-domain methodology for predicting tyre 
noise during coast-by tests by means of equivalent monopoles is pro
posed. The objective of this work is to develop a procedure that employs 
sources characterized in indoor conditions to predict tyre noise in an 
outdoor coast-by scenario. The methodology involves identifying 
equivalent sources from indoor testing of a rolling tyre, based on the 
deterministic components of the noise, specifically the contribution of 
the tread pattern and road roughness. These synthesized sources are 
then used to replicate the coast-by test, incorporating essential phe
nomena such as the Doppler effect and the time-delay effects of the 

moving vehicle. In this work, acoustic source-receiver transfer functions 
are measured through an omnidirectional source both in indoor envi
ronment on the test rig and outdoors including the presence of the 
vehicle. In this way, the measured transfer functions inherently account 
for the acoustic interactions with both the deformed geometry of the 
tyre and the vehicle. Finally, the proposed approach includes the com
parison with experimental data obtained by coast-by testing at 80 km/h 
using an electric vehicle.

Compared to previous methodologies, this paper identifies equiva
lent noise sources directly from the indoor test of a standalone tyre. In 
fact, drum testing in a semi-anechoic chamber is a common procedure, 
especially at the prototyping phase. It is important to note, however, 
that differences between indoor and outdoor test conditions can impact 
the prediction, and are intrinsic to the use of indoor characterizations for 
outdoor scenarios. In this study, nominal load, inflation pressure, and 
road roughness were kept aligned between indoor and outdoor tests. In 
particular, the drum was equipped with a road surface replica obtained 
from a mold of the noise track, allowing for road roughness excitation 
consistent with that of the outdoor conditions.

The structure of this paper is as follows. In Section 2, the description 
of the methodology used to perform the coast-by prediction taking into 
account the movement of the vehicle is described. Section 3 presents the 
outdoor experimental campaign aimed at collecting the coast-by 
experimental data and the source-receiver transfer functions useful to 
carry out the predictions. In Section 4, the results of the methodology are 
discussed and compared with experimental data. Section 5 concludes 
this study.

2. Coast-by simulation methodology

The developed methodology aims at predicting tyre noise coast-by 
tests through equivalent monopoles. The proposed approach is shown 
in the flowchart in Fig. 1. First, an inverse problem is solved: tyre rolling 
noise (pindoor) measured on an indoor test bench, specifically a turret, 
and experimentally measured acoustic transfer function (Hindoor) are 
used for the synthesis of tyre noise equivalent sources (q). At this stage, 
the equivalent monopoles are fixed and positioned around the tyre. 
These sources are then applied in the outdoor environment and their 
motion with the vehicle is simulated for the estimation of coast-by noise. 
This step can be referred to as a direct problem. The coast-by prediction 
is performed employing source-receiver transfer functions evaluated 
experimentally (Houtdoor). A priori, the acoustic transfer functions may be 
obtained either by experimental measurement or via numerical simu
lation. However, in this work, experimental source-receiver transfer 
functions were chosen to assess the methodology. The result of the coast- 
by prediction is finally compared with the experimental data obtained 
from a coast-by noise measurement.

The inverse problem to carry out the synthesis of the equivalent 
sources was discussed in previous works of the authors [36–39]. The 
equivalent monopoles for tyre rolling noise were identified based on the 
deterministic part of tyre rolling noise measurement in the semi- 
anechoic chamber and experimental acoustic transfer functions Hindoor. 
In particular, the deterministic part of the signal includes the periodic 
components associated with both the tyre (tread impact and tyre non- 
uniformity) and the drum rotations (roughness excitation). As a result, 
each monopole is described as complex spectral components known at 
multiples of the tyre revolution frequency (q(ωtread)) and of the drum 
revolution frequency (q(ωroad)). For what concerns the latter, it is 
important to note that the drum was equipped with a road replica of the 
surface used in the outdoor coast-by tests. As a first approximation, it is 
assumed that the use of this road replica on the drum adequately rep
resents the effects of road roughness excitation, which is a random 
stationary process outdoors. In this way, this approach allows for 
controlled and repeatable testing while preserving the characteristics of 
the road texture influencing tyre–road interaction and noise generation.

To carry out the inverse problem, the setup shown in Fig. 2 was 
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employed. A total of 21 microphones in a hemi-circular array configu
ration were used to identify the equivalent monopoles. A configuration 
of 14 complex equivalent sources surrounding the tyre footprint was 
adopted: 5 monopoles were placed both at the inlet and outlet of the 
tyre, and 4 in correspondence of the tyre side, towards the microphones. 
An additional set of 19 microphones on a linear array was employed for 
validation purposes only. The length, distance from the footprint and 
height of the microphones on the linear array are scaled with respect to 
the microphone setup prescribed by the ISO 362-3 standard [40] for 
indoor pass-by tests. Both sets of microphones were placed in the far- 
field region for the frequency range of interest (450 Hz–2820 Hz). 
Indeed, it is crucial that the monopoles accurately predict the sound field 
in the far-field region, as their intended application is for outdoor 
simulations.

Following the inverse approach, the identified equivalent monopoles 
were used to solve the direct problem to verify the accuracy of the 
predicted sound field (Hindoor • q) compared to the measured one. In 
Fig. 3, the application of the indoor synthesis methodology on a 225/ 
45R17 tyre rolling at 80 km/h is shown. In particular, the Overall A- 
weighted Sound Pressure Levels (OASPL) obtained by solving the indoor 
problem are shown in comparison with experimental data both on the 
linear array and on the hemi-circular array, indicating good agreement.

Thus far, the methodology for obtaining the equivalent monopoles 
has been described. In indoor conditions, the equivalent sources and the 
microphones are fixed in space. Instead, for the development of the 
methodology for the outdoor simulation, it should be noted that these 
sources are moving as the vehicle travels along the test track while the 
microphones are stationary. In this case, the acoustic signals received by 
the microphones are affected by two main phenomena: the Doppler ef
fect and time-varying propagation delays due to the finite speed of 
sound [27,34].

The Doppler effect refers to the frequency shift observed in the signal 
due to the relative motion between the sound source and the micro
phone. The frequency shift (Δf) due to the movement of the source 
relative to a stationary observer, considering air as the medium of wave 
propagation, can be expressed as follows [41]: 

Δf = f0
vscos(γ)

c − vscos(γ)
(1) 

where f0 is the emitted frequency, vs is the velocity of the source 
relative to the observer, γ is the angle between the direction of the ve
hicle’s motion and the line connecting the vehicle to the observer, and c 
is the speed of sound in air. As γ is time-dependent, the frequency shift 
varies as the vehicle travels along the track. In particular, Eq. (1) shows 

Fig. 1. Flowchart of the constant-speed coast-by simulation approach.

Fig. 2. Diagram of the indoor setup used for the identification of the equivalent sources. In green, the microphones used for the synthesis of the equivalent 
monopoles. In blue, the microphone used for validation purposes.
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that as the vehicle approaches the microphone, the perceived frequency 
is higher than the emitted frequency, gradually matching the emitted 
frequency as the vehicle reaches the midpoint of the track (θ = 90◦ ). 
While the vehicle moves away from the microphone, the perceived 
frequency decreases relative to the emitted frequency.

On the other hand, due to the distance between the source (vehicle) 
and the receiver and the finite speed of sound, a delay between the 
instant when the sound is emitted by the source and when it reaches the 
microphone is present. Moreover, the distance between the moving 
vehicle and the stationary microphone varies continuously while the 
vehicle advances. In conclusion, this distance introduces a varying time 
delay causing a difference between the source emission time (ts) and 
receiver time (tr), which is dependent on the changing distance between 
the source and the microphone [27,42].

In the proposed methodology, four tyres and the correspondent 
monopoles are considered at once. Therefore, multiple sources are 
employed, as identified during indoor conditions. The emission time is 
unique across all monopoles, as it is assumed that the sources begin 
emitting sound simultaneously. Instead, on the one hand a different 
distance between each corner and the receiver is present. On the other 
hand, focusing on the same corner, the monopoles also have different 
distances with respect to the receiver, due to their distinct locations 
around the tyre footprint. Therefore, a time delay (Δti(ts)) characterizes 
each i-th source as there is a different distance between each source and 
receiver (di(ts)). Finally, as the vehicle travels along the track, these 
distances further vary, and they are a function of the emission time. In 
conclusion, the relation between the emission and the receiver time (tr,i) 
can be expressed as: 

tr,i = ts +Δti(ts) = ts +
di(ts)

c
(2) 

A methodology to include the effect of the relative motion between 
sources and receivers must be studied, taking into account that acoustic 
transfer function can be obtained only from static measurements 

(described in Section 3.2) or static acoustic transfer function simulations 
(out of the scope of this paper). For this reason, instead of simulating the 
vehicle’s movement along the track, different positions occupied by the 
car in time were mapped by considering a linear array of receivers and a 
set of static sources, as shown in Fig. 4. The array and the set of sources 
must be in the same relative positions between the actual vehicle loca
tions in the real test and the coast-by microphone.

In this processing, the receiver spacing dx is intrinsically bonded to 
the time discretization dt of the coast-by acoustic signal. The time dis
cretization was computed as dt = 1

fsamp
= 1

6fmax
, where fmax = 2820 Hz in 

the considered case study and a factor of 6 was chosen to avoid aliasing 
errors. Finally, considering a uniform rectilinear motion law of the 
vehicle, the space discretization of the receiver array can be calculated 
as dx = v • dt. Considering a vehicle speed of 80 km/h and the proposed 
time discretization, receivers signal should be evaluated at approxi
mately 1 mm intervals along the 20 m length of the track.

For correctly simulating the relative position between the coast-by 
microphone and the receiver, at each time instant tjs the acoustic 
transfer function Houtdoor(x(t

j
s),ω) between the static source and the 

receiver array must be considered. It is worth noticing that, as the ve
hicle’s movement is simulated through different locations of the receiver 
along the track, the receiver travels in the opposite direction relative to 
the vehicle motion. Therefore, the outdoor acoustic transfer functions 

are evaluated at each time instant in x
(

tj
s

)
, up to xmax, which is the 

maximum coordinate at which the acoustic transfer functions are 
known.

Once the acoustic transfer functions have been measured, the coast- 
by signal generated by a single source can be reconstructed. This is done 
by evaluating the product of the source strength spectra and the acoustic 
transfer functions, taken according to the relative position between 
source and receiver at each time instant. An inverse Fourier Transform is 
then applied to this product to obtain the time-domain signal. The 

Fig. 3. Results of the synthesis procedure in indoor environment for a 225/45R17 tyre rolling at 80 km/h. The bottom panel shows the reconstructed signal (green) 
compared to experimental data (black) on the synthesis microphones, measured in OASPL. The top panel displays the reconstructed signal against experimental data 
on the validation microphones, also in terms of OASPL.
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contribution of a single source qi(ω) is given by: 

pi(tr) = Re

(
∑

ω
Houtdoor,i(x(ts),ω ) • qi(ω) • ejωtr

)

(3) 

Houtdoor,i intrinsically accounts for the time-delay associated with the 
finite speed of sound. For this reason, from Eq. (3) the term associated 
with the delay Δti can be made explicit as: 

pi(ts +Δti(ts)) = Re

(
∑

ω
|Houtdoor,i(x(ts),ω )| • ej(φ− ωΔti(ts) ) • qi(ω) • ejωtr

)

(4) 

where φ is the phase component associated with the dynamic 
behaviour of the system, whereas the term − ωΔti(ts) is related to the 
phase shift due to the delay Δti, which depends on both the source and 
the instant in which the sound pressure is evaluated. More details on the 
evaluation of the time-delay for each source will be given in Section 3.

Finally, the sound pressure level at the coast-by microphone pCB(tr)
can be computed by summing up the contributions of each source pi(tr): 

pCB(tr) =
∑Ns

i
pi(tr) (5) 

where Ns is the number of sources considered in the problem.
It is worth recalling that the processing applied in indoor conditions 

enabled the isolation of the deterministic contribution to the micro
phones’ signals. As a result, the monopoles spectra also consisted of 
spectral components related to the tyre harmonics ωtread and to the road 
roughness ωroad, and additional observations should be made. Firstly, 
when considering a simulation with a vehicle, four tyres are mounted. It 
was hypothesized that the equivalent monopoles shared the same 
amplitude among the four tyres, since in this work the same nominal 
load on the four tyres is guaranteed in outdoor conditions. However, it is 
not possible to assume that all four tyres are rolling with the same initial 
angular position. Indeed, even if tyres may be initially mounted with the 
same angular position, driving the vehicle inherently creates additional 
variations. For this reason, tyre harmonics between the four tyres should 
include phase delays due to random angular positions of the tread 

pattern. This additional phase delay is e
jωRΔθ

v , where R is the tyre radius, 
Δθ is a randomly assumed angular shift and v is the vehicle speed. 
Moreover, further phase delays due to vehicle wheelbase and travelling 
speed should be taken into account by the road harmonics (roughness 
excitation). In fact, it can be considered that the rear wheel is affected by 
the same road roughness after a delay which is a function of both the 
distance between the front and rear axles and the vehicle speed. As a 

result, phase shifts are applied to the rear axle of the vehicle as e
jωL
v to 

account for the delay due to running speed and wheelbase length L. 

Finally, an additional delay is introduced with the exponential ejωΔT 

where ΔT represents a random phase shift applied to the road excitation 
contribution at the left vehicle side with respect to the right one. A 
schematization of the applied delays for each vehicle corner is shown in 
Fig. 5. In order to adopt a statistical approach for studying the problem, 
multiple cases with the randomization of the phase delays defined above 
are considered, consequently obtaining 10 simulations of pCB(ts).

As the final step, the exponentially weighted, time-averaged 
instantaneous Sound Pressure Level SPL(tr) can be obtained from the 
pressure for each load case: 

SPL(tr) = 10log10

[
1
T

∫ tr

− ∞
p2

CB,A(τ)e
τ− tr

T dτ
]

(6) 

with T being the decay time of the weighting function. According to 
the ISO 13325 standard, fast-weighting is employed, corresponding to T 
= 125 ms. Furthermore, for the overall SPL, an A-weighting filter is 
applied to pCB(t).

3. Outdoor experimental campaign

This section details the setup for outdoor testing for data collection in 
compliance with the ISO 13325 standard for coast-by noise evaluation. 
The measurements performed in this outdoor campaign are performed 
at Pirelli’s outdoor test track in Vizzola Ticino (Italy). A detailed 
description follows, covering the experimental collection of acoustic 
transfer functions between the source and receivers, conducted on the 
noise track.

3.1. Coast-by measurements

For the assessment of tyres in terms of noise emission, the coast-by 
test is performed. The test involves evaluating tyre noise when moun
ted on the vehicle with the engine turned off (free rolling condition), in 
order to minimize disturbances caused by other noise sources. The coast- 
by test needs to be conducted in a prescribed area, characterized by a 
given geometry. Fig. 6 gives a visual representation of the test area for 
outdoor noise measurements.

Two microphones at the right- and left-hand side of the track are 
present for measuring sound pressure during the test. These micro
phones shall be located 1.2 ± 0.02 m above the test area surface and the 
distance from the centre line shall be 7.5 ± 0.05 m, The driver has to 
handle the vehicle in the test zone at a speed most possibly equal to 80 
km/h, while keeping a straight trajectory as close as possible to the 
centre line of the drive lane. The noise track was featured with a 
photocell system that detects the vehicle’s entry, ensuring its position is 
tracked during the test.

To guarantee the repeatability of these tests in different conditions, 
the test surface is compliant with the ISO 10844 prescriptions [43]. As 

Fig. 4. Schematic representation of the coast-by simulation methodology. The sound pressure signal of a moving vehicle is simulated mapping at each time instant 
the relative position between a static vehicle and a linear array of microphones. The travelling direction of the source or the receiver is indicated through arrows on 
the direction line.
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previously mentioned, given the importance of road asphalt character
istics, the equivalent sources in indoor conditions were identified 
starting from tyre rolling noise measurement on the road replica of the 
same outdoor noise track.

The coast-by tests were conducted on a BMW i3 electric vehicle to 
minimize external noise sources. Each of the four tyres with size 225/ 
45R17 was loaded with 450 kg and inflated to a pressure of 2.2 bar, 
consistent with the indoor test conditions. Five test repetitions were 
performed at 80 km/h.

3.2. Outdoor source-receiver transfer function measurements

With the aim of performing the measurements of the acoustic 
transfer functions the vehicle is placed in the centre of the test track. The 
load on the four tyres is consistent with that in the coast-by measure
ment and indoor tests (450 kg). A microphone array of 12 microphones, 
evenly spaced 2 m apart on a single side of the track, was employed 
(Fig. 6). This setup was based on the assumption of symmetry of the 
acoustic source-receiver transfer functions between the left- and right- 
hand sides of the track. To carry out the methodology described in 
Section 2, the array is positioned at 7.5 m from the centre of the track on 
the right-hand side, at a height of 1.20 m.

The acoustic transfer functions were determined experimentally 
using a mid-high frequency Qsource (Q-MHF) by Siemens. The Qsource 
is an omnidirectional acoustic source that incorporates a volume ac

celeration probe. The measurement system allowed for the synchronous 
acquisition of the volume acceleration at the Qsource and the sound 
pressures at the receivers. In particular, a broadband white noise was 
chosen to drive the Qsource. The matrix Houtdoor representing the 
measured acoustic transfer functions was calculated by treating the 
signal recorded by the omnidirectional acoustic sensor as input and the 
sound pressures measured at the receiver as outputs. These transfer 
functions are evaluated using the H1 estimator, dividing the signal in 1 s 
windows for averaging. Each of them is expressed in Pa/m3/s2

, repre
senting sound pressure levels (Pa) for a single monopole activation with 
a unitary volume acceleration (m3/s2).

The nozzle of the omnidirectional source was positioned at the 
monopoles’ locations around the tyre footprint, for the measurement of 
the source-receiver transfer functions for a monopole at a time. It is 
important to note that, since the acoustic transfer functions were 
measured with the tyres mounted on the vehicle and directly on the test 
track, the influence of both the vehicle and its associated acoustic ef
fects, as well as those of the track pavement, are inherently taken into 
account. The setup used during the experimental campaign is shown in 
Fig. 7: in Fig. 7a an example of the placement of the acoustic source in 
correspondence of a monopole in the tyre inlet is shown, while in Fig. 7b 
the test track and the microphones located on the side of the track are 
shown, including the placement of the vehicle at the centre of the noise 
track. The measurements for all the corners of the vehicle are performed 
in the same day, without moving either the vehicle or the microphones, 
so that no errors due to repositioning of the car or the microphones could 
affect the results.

As previously mentioned, a configuration of 14 complex equivalent 
sources was adopted in indoor conditions. In outdoor conditions, the 
same layout was applied to perform the coast-by prediction. Specifically, 
the acoustic transfer functions of the monopoles surrounding the tyres’ 
footprints were measured for both tyres on the right side of the vehicle, 
facing the microphone array. In contrast, preliminary analyses on the 
acoustic transfer functions of the tyres opposite to the array of receivers 
have shown that only the inlet monopoles of the front left tyre and the 
outlet ones of the rear left tyre have a non-negligible contribution to the 
receiver array. Indeed, it is expected that the inlet of the front left tyre 
will contribute as the vehicle enters the track, while the outlet of the rear 
left tyre will contribute as the vehicle exits the track. The other locations 
have a negligible contribution due to the masking effects given by the 
vehicle and the other tyres. This enabled a reduction of the total time 
dedicated to the experimental campaign for the measurement of the 
acoustic transfer functions. A total of 38 monopoles were considered, 
with 28 positioned on the tyres on the same side as the microphone 
array, 14 on the front right and 14 on the rear right tyres. Additionally, 5 
are placed on the front left inlet, and 5 on the rear left outlet. A 

Fig. 5. Delay formulation for each corner of the vehicle.

Fig. 6. Test area for outdoor noise measurements. In black, the microphone 
location for the coast-by noise measurement according to ISO 13325. In orange, 
the microphones’ location for the acoustic transfer function measurement. Di
mensions are specified in meters.
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schematization of the placement of the monopoles is reported in Fig. 8.
As mentioned in Section 2, a spacing of around 1 mm between the 

microphones would be required to meet the imposed constraints. 
However, as the acoustic transfer functions were experimentally 
measured in this study, the use of around 20,000 microphones was not 
feasible. For this reason, once the acoustic transfer functions were ob
tained with a coarser spatial discretization (2 m), a strategy to obtain the 
acoustic transfer functions at additional spatial positions was imple
mented. Regarding the absolute values of the acoustic transfer functions, 
the magnitude was interpolated in the spatial domain at each frequency. 
As for the phases, the delay due to the sound propagation time through 
air, which depends on the source-receiver distance, must be considered. 
To this end, a dedicated post processing of the signals was conducted to 
estimate the source-dependent time delay Δti at the known microphone 
locations, that accounts for the time-varying propagation delay due to 
the finite speed of sound. Once determined, the delays at these positions 
were interpolated to estimate their values at unknown locations, 
achieving the desired spatial discretization. The procedure was repeated 
for each monopole source. These computed delays serve two purposes: 
first, to estimate the phase of the acoustic transfer functions associated 
with the e− jωΔti(ts) term of Eq. (4), and second, to accurately map the 
receiver time tr during the coast-by prediction. Fig. 9 illustrates the delay 
for a monopole located at the inlet of each front tyre and at the outlet of 
each rear tyre, providing a visualization of the time-varying delay spe
cific to each source and reflecting the changing distance between source 
and receiver as the vehicle travels along the track. As expected, the delay 
was shorter where the distance between the microphones and the source 
was minimal and increased with greater distances. Indeed, the smallest 
delays were observed at the corners closer to the microphone array. The 

minimum measured delay aligned with the calculated one, assuming a 
sound speed of 343 m/s and considering a 6.7 m distance between the 
monopole and the receiver, which accounts for the vehicle track width.

4. Coast-by prediction

This section presents the results of the methodology used for the 
coast-by prediction and its comparison with experimental data. It is 
possible to represent OASPL as function of the vehicle location along the 
track and compare it with experimental data, obtained according to Eq. 
(6). The results are presented for the considered 225/45R17 tyre at 80 
km/h in Fig. 10. In particular, the graph illustrates in dark grey the 
variability in terms of OASPL for the experimental data across the 5 test 
repetitions. For the coast-by prediction, 10 randomizations of the phases 
corresponding to the delays in the term q(ω) represented in Fig. 5 were 
considered, resulting in a range of values for each position represented 
by a green envelope in the graph. The solid line in both cases represent 
the average value.

Regarding the OASPL levels, the comparison between the experi
mental coast-by data and the prediction reveals some differences both in 
the trend along the track and in the absolute levels, with errors below 
2.5 dB as the vehicle travels along the track. The observed discrepancies 
may be attributed to different aspects. It is important to emphasize the 
distinct operating conditions of the tyre during indoor tests, where the 
equivalent monopoles were synthesized, compared to outdoor tests: 
during indoor tests the tyre is loaded against a curved drum surface, 

Fig. 7. a) Qsource positioned in correspondence of the tyre’s inlet. b) Noise track and microphone layout for the measurement of the acoustic transfer functions.

Fig. 8. Schematization of the monopole placement for the evaluation of the 
acoustic transfer functions and the coast-by noise prediction.

Fig. 9. Delay between the emitter time and receivers time for the case of a 
monopole located at the front right, front left, rear right and rear left tyres.
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whereas outdoor tests involve contact with a flat track. This difference 
alters tyre deformation and contact pressure distribution, which in turn 
affects the mechanisms of vibration generation, noise emission and its 
amplification. Differences between laboratory and CPX measurements 
are also found in [44]. Future research could explore this topic further, 
focusing on the influence of flat versus drum boundary conditions on the 
acoustic behaviour of the rolling tyre. Additionally, differences in con
struction materials may lead to variations in surface roughness, which 
can consequently affect the acoustic response. Lastly, measurement 
uncertainties related to the positioning of the Qsource during the 
acquisition of the acoustic source-receiver transfer functions could also 
play a role.

As an alternative visualization, it is also possible to visualize the 
predicted sound pressure levels trend in frequency and space at the 
coast-by microphone. The spectrogram has been obtained by averaging 

the 10 repetitions considered by randomising the phases correspondent 
to the tyre and road roughness excitations. The result for the considered 
test case is shown in Fig. 11.

This visualization highlights that the predominant frequencies in the 
simulation results correspond to the 1000–1250 one-third octave bands 
region. The elevated levels in this frequency range can be attributed to 
the higher source strengths of the monopoles identified in the indoor 
environment. Additionally, the representation reveals the presence of 
the Doppler effect, which is particularly noticeable in the higher 
amplitude harmonics. To better illustrate its effect, the graph includes 
lines indicating the frequency shift, calculated according to Eq. (1), for f0 
values of 900, 1000 and 1100 Hz. The analysis shows that the typical “s” 
shaped trend with a perceived frequency higher than the nominal one 
(f0) at the 0 m position during the approaching phase, and lower during 
the receding phase. The comparison with experimental data, instead, 

Fig. 10. Comparison of the simulated OASPL (green) and measured OASPL (black). The shaded areas indicate the range of maximum and minimum levels recorded 
accounting for the different test repetitions.

Fig. 11. Average spectrogram obtained from the coast-by simulations. In black lines, the trend in frequency due to the Doppler effect considering the emitter 
frequency f0 at 900, 1000 and 1100 Hz at the 0 m location.
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shows differences in terms of the frequency content.
The comparison of the one-third octave band frequency content be

tween the coast-by simulation and the experimental data reveals some 
differences. Fig. 12a shows the one-third octave band comparison be
tween the predicted coast-by results and the experimental data at the 
position of maximum OASPL. In general, the simulation yields higher 
levels, consistent with the OASPL trends. Additionally, the simulated 
data reach their maximum levels at the one-third octave band centered 
at 1000 Hz (Fig. 12b), whereas the experimental measurements show 
higher levels at lower frequencies, around 800 Hz (Fig. 12c). This 
discrepancy can be attributed to the differing contact conditions in in
door (drum) and outdoor (flat-road) tests. In particular, this frequency 
range is influenced by acoustic amplifications known as pipe resonances 
[11,45,46]. Under outdoor conditions, a longer contact patch is ex
pected. Since the pipe resonance frequency decreases with increasing 
groove length, the longer contact patch in outdoor tests results in lower 
pipe resonance frequencies, which may help explain the enhanced low- 
frequency content observed in the experimental data. Moreover, a 
possible overlap between the pipe resonances and the tread pitch fre
quency may contribute to the high SPL levels observed in certain fre
quency bands.

The developed methodology can also be adopted for more detailed 
analyses. For instance, it allows for the separation of each corner’s 
contribution to the total sound pressure levels. This analysis is carried 
out by activating only the monopoles associated with the considered 
corner and then performing the coast-by prediction. The results for the 
test case considered are presented in Fig. 13, showing the average values 
of individual contributions to the coast-by prediction at the right 
microphone. This contribution plot shows that the front right corner 
initially has the highest contribution as the vehicle enters the track. 
However, its contribution is exceeded by that of the rear right corner. 
The greater contributions from the right corners compared to the left 
ones are expected due to their proximity to the predicted microphone. 
For what concerns the left-hand side corner, the front left contributes 
more significantly at negative positions, corresponding to the vehicle 
entering the track. This is due to the fact that in this region it is less 
masked by the vehicle body and the other tyres. Similarly, the rear left 
corner shows higher contribution as the vehicle exits the track, where it 
is directly exposed to the microphone. These trends align with the ex
pected behaviour based on the geometrical arrangement and acoustic 
propagation characteristics.

5. Conclusions

This paper presented a methodology for the outdoor coast-by pre
diction. The approach involved the use of equivalent sources identified 
through indoor testing and acoustic source-receiver transfer functions 
measured in outdoor conditions for the prediction of the sound pressure 
levels at the coast-by microphone. The process begins with the identi
fication of a set of equivalent monopoles by means of indoor tests by 
combining experimentally measured transfer functions and sound 
pressure levels measured at specific far-field microphone positions. The 
tests for the synthesis procedure are carried out inside a semi-anechoic 
chamber and considering a standalone tyre on drum equipped with a 
road replica. The equivalent sources were synthesised based on the 
spectral components related to the tyre harmonics and to the road 
roughness. Next, the acoustic transfer functions in outdoor conditions 
were experimentally measured, accounting for the presence of the 
vehicle and the deformed tyre geometry. A methodology for their 
interpolation at unknown locations is also described.

A frequency-domain methodology has been developed to perform 
the outdoor coast-by prediction. The proposed approach accounts for 
both the Doppler effect and time-varying propagation delays due to the 
finite speed of sound, caused the physical phenomena associated with 
measuring moving acoustic sources through a stationary microphone. 
Furthermore, a statistical approach for studying the problem has been 
considered, simulating multiple passages of the vehicle in front of the 
microphone by randomizing the phase delays associated with the con
tributions of the tread and the road. The results showed that the pre
diction approximates the trend of the sound field while the vehicle 
travels along the track, with an overestimation of 2.5 dB of the sound 
pressure levels evaluated at the coast-by microphones. The discrep
ancies between the predicted and measured data may be due to varia
tions in the contact patch conditions, such as the flat surface in outdoor 
tests compared to the drum surface used during indoor experiments, 
where the monopoles are identified. Furthermore, although the indoor 
track replicates the outdoor asphalt, differences in materials may still 
produce variations in acoustic behavior.

Further developments of the approach may involve different areas of 
investigation. Firstly, examining the differences between flat and drum 
conditions could provide insights into the correlation between experi
mental measurements and prediction. Moreover, the approach could be 
extended to use numerically evaluated acoustic transfer functions, 
eliminating the need for a dedicated experimental campaign for their 

Fig. 12. a) Comparison of the one-third octave band levels between the predicted (green) and experimental (black) data at the position of maximum oaspl. b) One- 
third octave band averaged spectrogram from the coast-by simulation. c) One-third octave band averaged spectrogram from the coast-by experimental tests.
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measurement both in indoor and outdoor conditions. Finally, the 
investigation could be expanded to include other tyres in order to assess 
the methodology ability to rank tyres based on their noise emission.
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