Application Note

Tyre Noise Measurement on a Moving Vehicle

by Per Rasmussen and Svend Gade, Briiel & Kjeer, Denmark

ﬁl’o obtain precise information ab®

the noise radiation from tyres it is de-
sirable to measure with the tyre in ac-
tual operation on a road. The STSF
technique for tyre noise measurements
is able to present detailed information
about both the acoustical near-field, as
intensity radiation mappings very
close to the surface of the tyre, and far-
field calculations such as pass by sim-
ulations and radiation patterns. Fur-
thermore, by calculating the acoustic
intensity vectors it is possible to estab-
lish an accurate relationship between
the near-field and the far-field. The ba-
sic principle of STSF is to measure
cross-spectra between a set of refer-
ence transducers and scan trans-
duceres covering a planar surface close
to the sound source. These measure-
ments result in a complete description
of the sound field where both magni-
tude and phase are known at all
points. By using mathematical tech-
nigues such as Helmholtz's Integral
Equation and Near-Field Acoustic Ho-
lography, it is then possible to calculate
acoustic quantities including sound in-
tensity distribution, particle velocity,
sound power, radiation pattern, etc. In
addition, it is possible to simulate
changes to the original sound source
and predict, for example, the resulting

@-field sound pressure level. /

Introduction

Exterior noise from cars and trucks
is made up of contributions from a
number of dominating noise sources
such as exhaust and air intake noise,
power train noise, wind induced noise
and tyre noise. Exterior vehicle noise
is normally measured following the
procedure in ISO standard 362
“Acoustics — Measurement of noise
emitted by accelerating road vehicles
— Engineering method” [1]. According
to this standard, the noise is meas-

Fig.1 Microphone array positioning for tyre noise measurement on a moving vehicle

ured with a microphone placed 7.5m
from the center of the test road. The
vehicle is accelerated past the micro-
phone at full throttle and the regis-
tered noise level is the maximum
level measured during the pass by.
For the operational conditions en-
countered during a pass by test ac-
cording to 1SO 362, the dominating
noise sources are normally the ex-
haust and air intake noise and the
tyre noise. The noise from exhaust
and air intake can often effectively
be studied by making measurements
on a rolling road inside a vehicle

semi-anechoic chamber, as for exam-
ple described in Briel & Kjer Appli-
cation Note “Exterior Noise
Measurements on a Rover 220 GSi”
[2]. Measurements of tyre noise are,
on the other hand, difficult to make
on a rolling road, as the road surface
is difficult to duplicate in the vehicle
semi-anechoic chamber. The road
surface for pass by noise measure-
ments is specified in ISO standard
10844 [3] “Test surface for road vehi-
cles noise measurements”. This has
precisely defined acoustical proper-
ties and results in a well-defined
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Fig.2 Overall principle of STSF; (a) measurement of cross-spectra in the scan plane; (b) calculation for one temporal frequency at a
time; (c) 2D-spatial Fourier transformation; (d) transformation of simple wave types to other planes; (e) inverse 2D-spatial Fourier
transformation; (f) to obtain the sound field in the new plane

noise generation from the road/tyre
interface. The same noise generation
is difficult to obtain on the rolling
road, especially with the curved sur-
face of the rolling road drum.

To obtain precise information about
the noise radiation from tyres it is
therefore desirable to measure with
the tyre in actual operation on a road.
By using the Spatial Transformation
of Sound Fields (STSF) technique it
is possible to obtain a complete de-
scription of the sound radiation from
the tyre, including both near-field
and far-field descriptors. The basic
principle of STSF is to measure cross-
spectra between a set of reference
transducers and a set of scan micro-
phones over a plane close to the
sound source. These measurements
results in a complete description of
the sound field where both magni-
tude and phase of the sound pressure
field are known at all points. By us-
ing mathematical techniques such as
Helmholtz's Integral Equation and
Near-Field Acoustic Holography, it is
then possible to calculate acoustic

guantities including sound intensity
distribution, particle velocity, sound
power, radiation pattern, etc. In ad-
dition, with a computer it is possible
to simulate changes to the original
sound source and predict, for exam-
ple, the resulting far-field sound
pressure level.

STSF technique

The STSF technique is a combination
of acoustic near-field calculations
based on Near-Field Acoustic Holog-
raphy and far-field calculations based
on Helmholtz's Integral Equation, as
described in detail by Jgrgen Hald in
Briel & Kjeer's  Technical Review
No.1, 1989, “STSF-A Unique Tech-
nique for Scan-Based Near-Field
Acoustic Holography Without Re-
strictions on Coherence” [4]. A simple
introduction to STSF can be found in
[5], for example, but very briefly the
overall principle of STSF can be sim-
plified as in Fig.2. The sound field is

scanned in a plane close to the meas-
uring object. This gives an array of
spectra, one for each scan position.
The spectrum at each position gives
both the magnitude and the phase of
the sound field at that position. Look-
ing at a single frequency at all scan
positions, a new array is generated
containing the magnitude and phase
information for one particular fre-
quency. This array is spatially Fouri-
er transformed in two dimensions, to
generate a two-dimensional wave-
number spectrum, which can be
transformed to other planes, different
from the actual measurement plane
using simple transfer function oper-
ations. When the two-dimensional
wave-number spectrum in the new
plane has been calculated, an inverse
Fourier transformation is used to ob-
tain the pressure distribution in the
new plane.

As opposed to a simple pressure
mapping or intensity mapping of the
sound field, the STSF system meas-
ures both the magnitude and phase
of the sound field. This makes it pos-



sible to completely reconstruct the
sound field mathematically. A simple
analogy can be drawn between the
sound field measurement and photo-
graphic techniques. Where a normal
photograph records the magnitude of
the light field on the film, a hologram
records both the magnitude and the
phase of the light field on the film.
This makes it possible to completely
reconstruct the light field as it exist-
ed when the hologram was recorded.
Similar, as the STSF system records
both the magnitude and phase, it is
possible to completely reconstruct the
sound field afterwards. The phase in-
formation of the sound field is ob-
tained from a set of reference
microphones distributed evenly over
the scan area. See also Appenix A.

Measurements

The STSF measurements are per-
formed with the instrumentation
shown in Fig.3. This consist of a mi-
crophone array, a multichannel data
acquisition unit and a workstation
with the STSF software. The array is
mounted outside the car and the rest
of the instruments, powered by a gaso-
line driven generator, inside the car.

The 6x6 microphone array was
mounted on the side of the car, close
to the right rear tyre, see Fig. 1. The
size of the array was optimized to a
frequency range from 450Hz to
1kHz. The upper frequency limit is
determined by the spacing between
the microphones in the array. In or-
der to sample the sound field correct-
ly, the array must have at least two
microphone positions for each wave-
length at the highest frequency of in-
terest. At 1kHz the wavelength of
the sound waves is approximately
0.33m. Thus a microphone distance
of 0.15m ensures two microphone po-
sitions for each wavelength. Similar-
ly, the lower limiting frequency is
determined by the overall size of the
array. To measure the sound field cor-
rectly, the size of the array has to be
equal to or larger than the wave-
length of the sound. With a micro-
phone spacing of 0.15m and with 6
microphones in each direction, the ar-
ray dimensions are 0.75 x 0.75m. As
the wavelength at 450Hz is approx-
imately 0.75m, this is the lower lim-
iting frequency.

The frequency range can be extend-
ed by decreasing the microphone
spacing and increasing the array
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Fig.4 42 channel IDA front-end

size, or alternatively by moving the
array manually or automatically. In
this way the frequency range can be
extended up to approximately 7 kHz,
while the lower limiting frequency,
which can be obtained, is only limited
by practical considerations about the
physical size of the scan area.

Each of the array microphones is
equipped with a small windscreen. The
size of the windscreen is a compromise,
so that the wind-induced noise on the
microphones is minimal and at the
same time the air flow around the ar-
ray is not disturbed too much. Also the
windscreen size has been selected so
that the best performance is obtained
in the frequency range where the tyre
noise is dominant.

The reference microphones were
equipped with larger and more effec-
tive windscreens than the array mi-
crophones. This is because, as long as
the reference microphone signals are
not disturbed by wind-induced noise,
a certain amount of wind-induced
disturbances can be tolerated on the
array microphone signals. In princi-
ple, the STSF system only takes into
account the part of the sound field
which is coherent with the signals
measured by the reference micro-
phones. Wind-induced noise signals

from the array microphones will not
be coherent with the reference micro-
phone signals, and will therefore be
excluded from the STSF calculations.

All the microphone signals are
measured simultaneously with the
Intelligent Data Acquisition (IDA)
system. The IDA system consist of a
number of 6-channel input modules,
bundled together in frames with a
synchronization module and inter-
face units as in Fig.4. Each IDA
frame consists of up to 8 input mod-
ules, each with 6 channels, and a
LAN Ethernet Il interface module.
Up to 64 of these frames can be con-
nected together with a single syn-
chronization module, which ensures
that all datasampling in all channels
is performed simultaneously.

The measurements were performed
with the car coasting at approximate-
ly 80km/hr. It was not possible to
obtain higher speeds due to the lim-
ited length of the test road. The car
was accelerated to slightly above the
test speed, then the transmission was
switched into neutral and the data
acquisition was started. The total
measuring time was 10s, after which
the measured data were transferred
from the IDA system to the worksta-
tion for further processing.



Results

To check the integrity of the STSF
calculations based on the measured
data, the STSF system has a build-
in validation function. This basically
compares the calculated sound field
with the actually measured sound
field. Based on Near-Field Acoustic
Holography, STSF can calculate the
sound pressure in any plane closer to
or further away from the measuring
object. In particular, STSF can calcu-
late the sound pressure in the scan
plane. However, in this plane the ac-
tual sound pressure was measured
during the scanning of the sound
field, and the result of this measure-
ment can be compared with the result
of the calculations. Fig.5 shows a
comparison of the actual measured
sound pressure level at one of the
microphone positions, compared to
the sound pressure level calculated
by the system. It can be seen that
there is very good agreement be-
tween the measured and the calcu-
lated results. At low frequencies, i.e.
below 500 Hz, the directly measured
sound pressure level is slightly high-
er than the calculated. This is be-
cause the windscreens become less
effective at low frequencies. As the
calculated sound pressure level is
based on only the part of the sound
field which is coherent with the ref-
erence transducer signal, and this is
not affected by the wind-induced
noise.

Using Near-Field Acoustic Holog-
raphy, the sound field close to the
tyre can be calculated. The sound
field can be described by the sound
pressure, particle velocity or, as in
Fig. 6, by the sound intensity distri-
bution over the surface. The sound
field, measured 0.15 m away from the
surface of the tyre, is projected from
the measurement surface to the sur-
face of the tyre. It can be seen that
the major contribution, as expected,
comes from the road/tyre interaction.
The driving direction is indicated by
an arrow in the upper right-hand cor-
ner, and it can be seen that the noise
generation occurs at the leading edge
of the tyre. Also there are two areas
above this with a certain noise gen-
eration. This is most probably caused
by turbulence from the array mount-
ings.

The sound intensity generated by
the road/tyre interaction is radiated
to the far-field and the resulting
sound pressure can be calculated us-
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Fig.6 Sound intensity distribution at 780 Hz over the tyre surface

ing Helmholtz’'s Integral Equation.
The sound pressure can be calculated
anywhere within an angle of 90°
from the measuring object and out-
wards. As an example the sound
pressure, resulting from the noise ra-
diated from the tyre is calculated at
7.5m distance and at a height of
1.2m, see Fig.7. These conditions
corresponds to the situation of a

standard pass by test, only in the real
pass by test the vehicle is traveling
past a stationary microphone, while
in this example this is accomplished
mathematically, and for the noise
from one tyre only. The sound pres-
sure in the far-field shows a maxi-
mum 1.6m in front of the line of
symmetry. This indicates that the
noise from the tyre is radiated for-



ward and not directly perpendicular
to the car.

The sound intensity mapping in
Fig.6 gives information about the
acoustical near-field of the tyre, while
the sound-pressure calculations in
Fig.7 describes the acoustical far-
field. By calculating the 3-dimension-
al intensity vectors of the sound field,
the relationship between the near-
field and the far-field can be de-
scribed. The intensity vector maps in
Figs.8a and 8b show how the acous-
tical energy generated by the road/
tyre interaction is radiated away
from the tyre. In Fig.8a, it can be
seen that the sound intensity is ra-
diated slightly forward, to produce
the pressure maximum in front of the
car, as in Fig.7. In Fig.8b, an addi-
tional radiation beam can be identi-
fied, radiating upwards at an angle
of 45° from the road surface. This
beam will not contribute to the sound
pressure level at 7.5 m distance at the
height of 1.2m.

Conclusion

The STSF technique for tyre noise
measurements is able to present de-
tailed information about both the
acoustical near-field, as intensity ra-
diation mappings very close to the
surface of the tyre, and far-field cal-
culations as pass by simulations and
radiation patterns. Furthermore, by
calculating the acoustic intensity vec-
tors, it is possible accurately to es-
tablish the relationship between the
near-field and the far-field.

This measurement involved a sin-
gle tyre and a reduced frequency
range from 450 Hz to 800 Hz. By ex-
tending the microphone array, the
frequency range of the STSF meas-
urement can be extended to cover the
full range of interest for tyre noise.
Also, the measurement of the noise
from the rear tyre should be comple-
mented with a similar measurement
of the noise from the front tyre. From
each of the single tyre measurements
the far-field result can be calculated
and these results can then be added
to obtain the pass by noise from the
combination.

Appendix A: Theory

The STSF technique is a combination
of acoustic near-field calculations
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based on Near-Field Acoustic Holog-
raphy and far-field calculations based
on Helmholtz's Integral Equation.
The basic assumption behind Near-
Field Acoustic Holography is that the
sound field can be decomposed into
two simple wave-types: plane waves
and evanescent waves. The plane
waves describe the part of the sound
field which is propagating away from
the near-field towards the far-field
and the evanescent waves describe

the complicated sound field existing
in the near-field. Any sound field can
be described as a combination of
plane waves and evanescent waves
with different frequency, magnitude
and directions.

The magnitude and direction of the
individual waves can be described by
their spatial frequencies or wave
numbers. For a simple plane wave
propagating in a certain direction
this can be described in terms of its



temporal frequency as well as by its
spatial frequency. The temporal fre-
qguency, Fig.Ala is obtained by look-
ing at the pressure changes with time
at a certain point in the sound field.
This gives the temporal frequency in
Hz or rad/s. Similarly the spatial fre-
quency, Fig.Alb is obtained by look-
ing at the pressure changes at a
certain time. At this instant in time,
the pressure will be different in dif-
ferent positions in space. If we move
in a certain direction in space, we will
see a certain change in the pressure,
corresponding to a spatial frequency,
measured with the unit cycles per
meter or radians per meter. As the
temporal frequency gives information
about how often the pressure changes
with time at a certain point, the spa-
tial frequency gives information
about how often the pressure changes
with position at a certain time.

In the example of Fig.Alb, the
propagation direction of the plane
wave was idential to the direction of
the axis along which we measure the
spatial frequency, In this case, shown
again in Fig. A2a, the relationship be-
tween the spatial frequency kg (i.e.
the wave number) and the temporal
frequency f is given by the speed of
sound c:

(A1)

where A is the wavelength. If howev-
er, the axis along which the spatial
frequency is measured is not the
same as the propagation direction,
see the example in Fig. A2b, this sim-
ple relationship is not valid. In this
case, although the temporal frequen-
cy is the same as in Fig.A2a, the
spatial frequency is lower.

For one particular temporal fre-
quency, the spatial frequencies will
thus give information about the
propagation-directions. Therefore, if
the sound field is made up of several
plane waves, with the same temporal
frequency, but with different propa-
gation directions, this will be shown
in the spatial spectrum as several
spatial frequency components. If, for
example, the sound field at one par-
ticular temporal frequency is a sum
of two waves, Fig.A3, where one
wave is travelling along the axis of
measurement and the other at an an-
gle of 45° relative to the first wave,
the spatial spectrum will contain two
spatial frequencies. One spatial fre-
quency will be kg, corresponding to a
wave in the direction along the axis
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Fig.Al Temporal and spatial frequency of plane wave

and the other frequency will be
ko*cos (45°).

So far, the spatial frequencies have
been defined along a single axis cor-
responding to a one-dimensional Fou-
rier transformation. In the STSF
technique, the sound-field is sampled
not only along a single axis, but over
a plane. Therefore, a two-dimension-
al Fourier transformation is used in-
stead. This gives as a result a two-
dimensional spatial frequency spec-
trum, but otherwise the information
is the same as before: namely, infor-

mation about the direction and mag-
nitude of the simple wave types.
Fig. A4 shows an example of a two-
dimensional spatial Fourier transfor-
mation. The sound-field, Fig. Ada, is
from a point source in origin, radiat-
ing in all directions. The two-dimen-
sional spatial Fourier transformation
of the sound field in Fig.A4db, is a
two-dimensional spectrum with a
range of different spatial frequencies,
corresponding to the fact that the
point source is radiating in all direc-
tions at the same time.




The sound-field from the point
source in Fig.Ada, cannot be ex-
plained by simple plane waves such
as those in Figs.A2 and A3, as the
amplitude decreases with the dis-
tance from the origin. The plane
waves retain the same magnitude
over the full plane. So to describe the
near-field phenomenon, we have to
introduce the evanescent waves. In
the one-dimensional Fourier spec-
trum, the evanescent waves can be
identified as spatial frequencies high-
er than kg=2Tif/c. Similarly, in the
two-dimensional spatial frequency
spectrum the evanescent waves can
be identified as having spatial fre-
quencies or wave numbers higher
than kg. The spatial frequencies k in
the two dimensional spatial spectrum
can be calculated from the spatial fre-
quencies k, and ky in the two direc-
tions.

k= JKi+k) (A2)

Therefore, the spatial frequencies for
which k=Kkg corresponds to a circle
around origin with radius kq in the
two dimensional spatial spectrum.
This circle is called the radiation cir-
cle, as spatial frequencies inside this
circle are radiated away from the
near-field to the far-field, while spa-
tial frequencies outside this circle are
evanescent waves, i.e., they account
for the complex sound field existing
in the near field, but are not trans-
mitted to the far-field.

Spatial frequencies less than kg are
transmitted to the far-field and the
amount of radiation is given by the
wave number (or spatial frequency)
k, in the z-direction, perpendicular to
the xy-plane. This can be calculated
for each of the spatial frequencies
from the equation:

= [BE 02

The individual spatial frequencies
in the two-dimensional spatial fre-
guency spectrum correspond to sim-
ple plane waves or evanescent waves
in the scan plane, i.e. the measure-
ment plane. For each of these simple
wave types it is easy to calculate the
pressures in other planes, see Fig.A5.
For the plane waves (the spatial fre-
quencies inside the radiation circle)
a simple phase shift of the wave is
required to calculate the result in a
new plane. For the evanescent waves,
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Fig.A2 Spatial frequencies of plane waves propagating in different directions

950445e

Fig.A3 Spatial spectrum of two plane waves propagating in different directions
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Fig.A4 Two-dimensional Fourier transformation of a sound field from a point source
a) spatial domain b) spatial frequency domain




only changes in amplitude have to be
taken into account, but in principle
this is also a simple transfer function
applied to the two-dimensional spa-
tial frequency spectrum. In this way
the two-dimensional spatial frequen-
cy spectrum in a new plane can be
calculated from the original data by
applying simple transfer function op-
erations. The new two-dimensional
spatial frequency spectrum is then a
Fourier transform (in two dimen-
sions) of the sound-field in the new
plane.

The overall principle of Near-Field
Acoustic Holography can be simpli-
fied as in Fig.2. The sound field is
scanned in a plane close to the meas-
uring object. This gives an array of
(temporal) spectra, one for each scan
position. Looking at one temporal fre-
guency at a time, we take out the
information from each of the spectra,
corresponding to the actual frequency
of interest. This generates a new ar-
ray with information about only one
temporal frequency. A Fourier trans-
form (in two dimensions) is then ap-
plied to the array to generate a two-
dimensional spatial frequency spec-
trum. This can then be transformed
to the new planes using simple trans-
fer function operations. When the
two-dimensional spatial frequency
sprectrum in the new plane has been
calculated, an inverse Fourier trans-
form is used to obtain the new pres-
sure distribution in the new plane.

In principle, the STSF technique
requires that all the cross-spectra be-
tween all the scan positions are giv-
en, i.e., in each of the scan positions
all the cross-spectra to all other scan
positions must be determined. For a
simple scan of a sound field with 25
times 40 scan positions, defining
N =1000 scan positions would result
in 15N (N+1) =500500 cross-spectra.
Instead of measuring all these cross-
spectra, the system uses a set of ref-
erence transducers to reduce the
amount of cross-spectra. The number
of necessary reference transducers to
give a complete description of the
sound field without measuring the
full amount of data, is determined by
the complexity of the sound field. A
measurement with, for example, 4
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Fig.A5 Transformation of simple wave types at one temporal frequency in a spatial
spectrum, from one measurement plane to another, two plane waves and one evanescent

wave are shown

reference transducers and 1000 scan
positions will then be reduced to
AN =4000 cross spectrum measure-
ments.

As indicated by the name Near-
Field Acoustic Holography, the tech-
nique is used for calculating the
acoustic quantities in the near-field
of the sound source. To calculate the
acoustic far-field the STSF system
uses another technique, namely
Helmholtz's Integral Equation, but
based on the same data as Near-Field
Acoustic Holography. Helmholtz’s In-
tegral Equation states that from a
knowledge of the sound pressure and
particle velocity distribution over a
closed surface surrounding a noise
source, the sound pressure can be cal-
culated at any point outside the
closed surface. This closed surface,
which can be of any shape, is, in the
STSF method, a hemisphere of infi-
nite radius bounded by an infinite
plane. Solving Helmholtz's Integral
Equation with the measured scan
data as input gives a set of transfer
functions between the scan plane and
the far-field. These transfer functions
can then be used to calculate acoustic
far-field quantities such as sound
pressure level (SPL) or radiation pat-
terns.
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