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The aim of this paper is to propose simple and quick meth-

ods for the determination of the sound power emitted by a vi-

brating surface, by using non-contact vibration measurement

techniques. In order to calculate the acoustic power by vibra-

tion data processing, two different approaches are presented.

The first is based on the method proposed in the Standard

ISO/TR 7849, while the second is based on the superposition

theorem. A laser-Doppler scanning vibrometer has been em-

ployed for vibration measurements. Laser techniques open

up new possibilities in this field because of their high spa-

tial resolution and their non-intrusivity. The technique has

been applied here to estimate the acoustic power emitted by

a loudspeaker diaphragm. Results have been compared with

those from a commercial Boundary Element Method (BEM)

software and experimentally validated by acoustic intensity

measurements. Predicted and experimental results seem to be

in agreement (differences lower than 1 dB) thus showing that

the proposed techniques can be employed as rapid solutions

for many practical and industrial applications. Uncertainty

sources are addressed and their effect is discussed.

1. Introduction

In many problems of acoustics, sound is gener-

ated by solid vibrating surfaces of structures or ma-

chines which are within environments where several

noise sources are present simultaneously (e.g., produc-

tion lines). The acoustic field is then related to all the

sources, and it can be difficult and time consuming, ei-

ther by intensity measurement systems [7] or by acous-

*Corresponding author: Dr. Gian Marco Revel, Dipartimento di

Meccanica, Università degli Studi di Ancona, Via Brecce Bianche,

I-60131 Ancona, Italy, Tel.: +39 71 2204441; Fax: +39 71 2204801;

E-mail: revel@mehp1.cineca.it.

tic array techniques (based on spatial transformations

[14] or IFRF methods [6]), to detect the contribution to

the noise from each particular surface. In these cases

two typical questions are of technical interest:

1) What is the contribution of a particular surface to

total emitted sound power?

2) Where is the surface emitting a particular fre-

quency of noise?

The first question is important when the emission

of a particular machine or structure component must

be evaluated (e.g., in order to choose between differ-

ent solutions for noise source reduction). The second

question is of interest to avoid, for example, tedious

tones in the noise spectrum emitted by a machine, in

which case the source is usually identified using vibra-

tion measurements.

Since the spatial resolution of acoustic intensity

measurements or array techniques depends on the

sound wavelength, in some applications where small

size sources are involved, it can be difficult to give a

clear experimental answer to the above questions by

these measurement techniques. These are typical cases

where vibration measurements are necessary to bet-

ter identify and characterise noise sources: in fact, the

acoustic field can be calculated by processing the vi-

bratory velocity data measured on the source surface

[2,10,13].

A laser Doppler scanning vibrometer [5] allows to

obtain information on the vibration velocity of a sur-

face with very high spatial resolution and in a large

number of points. A laser beam is focused on the mea-

surement point and the instantaneous velocity of the

surface in the laser beam direction is determined using

the Doppler effect induced on the scattered laser light.

This instrument can therefore be used to solve, ex-

perimentally, acoustic problems like those mentioned

above. Furthermore, because of its non-intrusivity, it

can be employed in applications where non contact

measurement devices are needed, such as on very light

structures.
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Fig. 1. Experimental set-up for vibration and acoustic intensity measurements.

In previous works [11,12] the authors have proposed

the use of laser scanning vibrometers to get experimen-

tal vibration data to employ as boundary conditions for

acoustic Boundary Element Method (BEM) [2] codes.

These are very robust tools for acoustic field predic-

tion, but commercial BEM software are expensive and

require very powerful computers and long processing
time.

An ISO (International Standard Organization) Tech-

nical Report exists [9] that suggests a technique to esti-

mate acoustic power emission based on vibration mea-

surements taken on a vibrating surface. Until now this

Technical Report has not been frequently used because

of the lack of techniques allowing high spatial reso-
lution measurements of surface vibration. Therefore,

the first idea developed in this work is the employment

of laser scanning vibrometers to provide experimental

data for the ISO data processing algorithm.

Given that phase information can also be achieved

by vibration measurements, another approach has been
developed in order to calculate noise emission using

vibration data. In this approach, the superposition the-

orem and simple acoustic relationships [10,13] have

been applied to compute the pressure on a point at

a certain distance from the source (taking into ac-

count the contribution from all the points of the sur-

face). Then the sound power flowing through a de-

sired area has been determined. A similar approach

(but with different formulation) has been previously re-

ported [17] that calculates the acoustic emission of a

vibrating plate using accelerometers to measure vibra-

tions. Another time domain processing technique has

also been proposed, with the same purposes, for impul-

sive noise [8].

These methods present many advantages over mi-

crophone based techniques, particularly in terms of in-

field applicability, since other noise sources often have

negligible effects on the vibration of the emitting sur-

face.

2. Case study: a loudspeaker diaphragm

In order to achieve an experimental validation of

the proposed technique for sound power measurement,

the surface of a loudspeaker diaphragm has been used

as noise source. This particular vibrating structure has

been chosen because of its interesting behaviour: its

vibration is similar to a “rigid piston” at low frequen-

cies and it exhibits a combination of vibration modes

of the diaphragm at medium or high frequencies [1,3].

These features make it suitable to characterise the pro-
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Fig. 2. The grid used for vibration measurements on the loudspeaker

diaphragm (image from the vibrometer head camera).

cedure both in simple conditions, which are typical for

preliminary calibration of new methods, and in more

complex conditions, similar to those of real applica-

tions.

The loudspeaker used is a subwoofer with a flat di-

aphragm (105 mm diameter) which, from preliminary

tests, has shown a behaviour similar to that of a rigid

piston up to 400 Hz, while, at higher frequencies, vi-

bration modes with reduction of the area of the moving

surface appear [15]. Vibration measurement on a loud-

speaker is one of the typical cases where, because of

the diaphragm lightness, non contacting techniques are

required.

The excitation frequencies chosen for tests were

300 Hz and 1500 Hz. The loudspeaker was mounted

on a rigid wood panel (20 mm thick) of 1 m length and

1.5 m height (Fig. 1). A sinusoidal excitation has been

used with a amplitude of 8 V RMS.

Vibration measurements on the loudspeaker di-

aphragm surface have been performed on a grid of

463 points (Fig. 2) using a Polytec PSV 200 laser

Doppler scanning vibrometer. The output signal of the

signal generator has also been acquired in order to

have a phase reference. Vibration magnitude, measured

at 300 Hz and 1500 Hz, are reported in Figs 3 and

4, respectively. A symmetric “piston like” motion is

evident at 300 Hz (with same phase at all the mea-

sured points), while a complex mode shape appears at

1500 Hz.

Fig. 3. Vibration velocity magnitude distribution at 300 Hz.

Fig. 4. Vibration velocity magnitude distribution at 1500 Hz.

3. The proposed methods for vibration data

processing

3.1. The ISO/TR 7849 method

The first algorithm proposed is that of the ISO/TR

7849 Technical Report [9] where the total airborne

sound power Wtot emitted by a surface of area S is es-

timated according to the following equation:

Wtot = σρcSv2, (1)

where ρ is the mean air density, c is the sound velocity

in air, v2 is the mean square value of the normal veloc-

ity averaged over the surface area S and σ is the radia-
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Table 1

Sound power values estimated using the different methods

Frequency ISO/TR 7849 Superposition Boundary element Intensity

method method method measurement

300 Hz 99.6 dB 98.4 dB 97.2 dB 98.1 dB

1500 Hz 100.5 dB 99 dB 96 dB 99.2 dB

tion factor, which is described (Eq. 2) as a function of

the sound frequency f (Hz) and of the source typical

dimension R (the loudspeaker diaphragm radius in the

case study):

10 logσ = − log

[

1 + 0.1
c2

(fR)2

]

. (2)

A limit of this method is that it does not supply in-

formation about the spatial distribution of the acous-

tic field. Furthermore, in some particular applications

the accuracy of the method has been considered too

poor and so, when it was proposed in 1982, it was de-

cided that it was not yet suitable for an International

Standard, but only for a Technical Report. Now, the

recent developments of laser techniques open up new

possibilities to its application, as an increase of the vi-

bration measurement spatial resolution reduces signif-

icantly the uncertainty in the estimation of the mean

square value of the vibratory velocity over the surface.

Using a procedure implemented in Matlab, the

sound power values shown in Table 1 have been found.

3.2. The method based on the linear superposition of

effects

In the second method both phase information and

spatial distribution of the vibration data have been con-

sidered, in such a way as to predict the acoustic field in

front of the loudspeaker.

Since the aim of the work is to implement a simple

tool for sound power measurement based on laser vi-

brometer data, the elementary model of radiation from

a circular piston of area S, mounted flush with the sur-

face of an infinite baffle and vibrating with simple har-

monic motion, has been employed. This assumption

can be considered correct for the frequencies investi-

gated, since the panel dimension is larger then half of

the sound wavelength λ.

In the developed model we assume that the piston is

composed of an array of simple sources Ai, each cor-

responding to the portion of area with centre in the vi-

bration measurement point. In the experiments, where

a grid of 463 points has been used, each element Ai

has an emitting surface Si (where
∑

i Si = S) equal
to a square of 4.4 mm side (Fig. 2). The laser vibrom-
eter allows to resolve the vibration mode of the sur-
face quickly and with high spatial resolution, this be-
ing necessary to describe the acoustic field with accu-
racy, particularly when velocity and phase of different
points vary significantly.

The acoustic pressure pih radiated by the i-th simple
source Ai at a distance rih (Fig. 5) in a point Ph of the
space in front of the source is [10,13]:

pih = Si
jρckvi
2πrih

ej(ωt−krih−φi), (3)

where j (=
√
−1) is the complex value, ω = 2πf is

angular frequency (rad/s), k = ω/c is the wave num-
ber, vi and φi are the vibration velocity magnitude and
phase measured in Ai.

The total sound pressure ph at Ph, due to the whole
diaphragm vibration, can be estimated by means of the
linear superposition of effects, i.e., by summing the
contributions of all the elements Ai (i = 1, . . . ,n,
where n is the number of vibration measurement
points, n = 463 in this case) of the source:

ph =
jρck

2π

n
∑

i=1

Si
vi
rih

ej(ωt−krih−φi). (4)

Then the RMS value of ph in a time interval T is cal-
culated as follows:

ph,rms =

√

lim
T→∞

1

T

∫ T

0

p2
h dt

=

√

√

√

√

1

2

n
∑

i=1

n
∑

k=1

BihBkh cos(Φih − Φkh), (5)

where:

Bih =
ρckvi
2πrih

Si,

Φih − Φkh =
(

krih + φi

)

−
(

krkh + φk

)

(6)

= k
(

rih − rkh
)

+
(

φi − φk

)

.
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Fig. 5. Scheme used for sound power estimation.

Therefore, in order to describe the directivity of the
source, for the contributions of each couple of points

(Ai and Ak, Fig. 5) of the measurement grid, the phase
difference has to be considered, which has two compo-
nents. The first is due to the difference of path length

between each simple source and Ph (rih−rkh) and de-
pends on geometry; the second is due to the different
initial phases (φi − φk). A laser scanning vibrometer

allows to measure phase differences if a reference sig-
nal is used. Here the driving signal from the generator
has been used as reference, but in other applications

an accelerometer, a single-point laser vibrometer or a
microphone will be well suited.

The total acoustic intensity Ih at point Ph is given

by:

Ih =
p2
h,rms

ρc
. (7)

Results obtained on a grid of total area Z = (1 m ×
1 m) distant 0.5 m from the baffle panel surface are
reported in Figs 6 and 7 at 300 Hz and 1500 Hz,

respectively; the grid is composed of 12 × 12 ele-
ments of area Zh (where

∑

h Zh = Z) and centre in
Ph (h = 1, . . . ,m with m = 144 in this case). A circu-

lar intensity distribution has been obtained at 300 Hz
(when the loudspeaker moves as a rigid piston), while
an elliptic distribution with a sloping axis of symme-

try, similar to that of the measured vibration pattern, is
present at 1500 Hz.

Finally, the total acoustic power WZ,tot flowing

through the considered grid has been estimated as:

Fig. 6. Predicted acoustic intensity distribution at 300 Hz.

Fig. 7. Predicted acoustic intensity distribution at 1500 Hz.

WZ,tot =

m
∑

h=1

IhZh. (8)

Results obtained, using a routine implemented in

Matlab, are shown in Table 1.

4. Comparison with boundary element method

results

The prediction of the acoustic power emitted by

the loudspeaker has been approached also by using a

boundary element model implemented in a commercial

code (SYSNOISE). BEM codes are actually becoming
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Fig. 8. Acoustic intensity distribution at 300 Hz computed by BEM.

a “standard” in the field of acoustic prediction, because

of their large potential: they are able to import data and

complex geometry from finite element models (which

can be used for prediction of the dynamic behaviour of

the structure), to solve both interior and exterior acous-

tic problems, also considering scattering phenomena,

and to present results in many different graphic ways.

The main problems that hinder the widespread use of

BEM codes are connected to the fact that they are ex-

pensive and require very powerful computers and long

processing times.

It is well known that in the frequency domain

the pressure ph at any point Ph has to satisfy the

Helmholtz equation [10,13]:

∇2ph(ω) + k2ph(ω) = 0, (9)

where ∇2 is the Laplacian operator.

In the BEM formulation [2,16], the acoustic prob-

lem is solved by applying the Green’s third identity to

achieve an integral form of the Helmholtz equation as

follows:

∫

S

[

pi(ω)
d

dη
(Gih) −Gih

d

dη
(pi(ω))

]

dSi

= chph(ω), (10)

where d/dη is the gradient operator on the surface nor-

mal η, Gih is the Green’s function, which is given by:

Gih =
e−jkrih

4πrih
(11)

Fig. 9. Acoustic intensity distribution at 1500 Hz computed by BEM.

and ch, the so called Helmholtz constant, is 1 for a
point Ph in the acoustic field and 1/2 for a boundary
element Ai on the vibrating surface.

The Helmholtz integral equation (Eq. (10)) can be
solved for the boundary elements on the surface by
imposing the boundary conditions, which can take the
form of prescribed velocity, pressure or admittance.
Once known the pressure pi and its derivatives at the
surface point Ai, the acoustic variables will be pre-
dicted by Eq. (10) at any point Ph.

In the case studied, the loudspeaker has been mod-
elled as a piston mounted on an infinite rigid baffle
and the velocity components vi, measured by the laser
Doppler vibrometer, have been employed as boundary
conditions of the problem (Neumann boundary condi-
tion [16]), applied in the following form:

d

dη
(pi(ω)) = −jρωvi(ω). (12)

In Figs 8 and 9 the acoustic intensity distributions at
300 and 1500 Hz are shown. As expected they corre-
late well with those previously computed (Figs 6 and
7); in particular, at 1500 Hz the same sloping axis of
symmetry of Fig. 7 is present.

For the total sound power, the results found are
shown in Table 1.

5. Comparison with acoustic intensity

measurements

Finally, results predicted by the different meth-
ods have been compared with experimental results
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Fig. 10. Measured acoustic intensity distribution at 300 Hz.

obtained using the acoustic intensity technique [7].
Acoustic intensity measurements have been performed
on a grid distant 0.5 m from the panel (Fig. 1). The di-
mensions of the grid were 1 m × 1 m and the spatial
resolution was 12 × 12 measurement points.

Measurements have been performed using a Bruel
and Kjaer (B&K) 3548 two-microphone intensity pro-
be, calibrated by a B&K 3541 calibrator and then con-
nected with a B&K 2144 spectrum analyser. For the
system control, data acquisition and processing, the
B&K Noise Source Location and Sound Power soft-
ware were employed. Accordingly to the ISO 9714-
1 standard, measurement parameters have been set in
such a way as to have results classified at “precision
grade”. For this kind of measurement, ISO 9614-1
standard states a repeatability (between different labo-
ratories) of 1.5 dB at 300 Hz and of 1.0 dB at 1500 Hz.
Repeated measurements and calibrations and estima-
tion of possible interfering inputs have allowed to con-
sider those values as an overestimate of the uncertainty
of the experimental results here presented.

The total sound power values achieved from the
measurements are shown in Table 1.

In order to characterise the background noise of the
test room (whose dimensions are 9×13.5×3.5 m), re-
peated acoustic intensity measurements have been per-
formed on the same grid with the loudspeaker switched
off. A total sound power of 32 ± 5 dB was obtained.

The measured intensity distributions are shown in
Figs 10 and 11: they seem to be in good agreement with
those calculated from vibration measurement results,
in particular for what concerns their symmetry.

Differences are mainly due to the hypothesis of free
field conditions used for calculations: in the distribu-

Fig. 11. Measured acoustic intensity distribution at 1500 Hz.

tion of the measured maps the effects of the ground and

of the panel are evident, which were not considered in

the processing of vibration data. This is not a source

of uncertainty, since the proposed methods aim to de-

velop a tool for the measurement of the sound power

emitted from a particular surface, not to estimate the

acoustic field in reverberating conditions.

Effective sources of uncertainty for the method

based on the superposition of effects are those arising

from experimental vibration measurements, velocity

amplitude vi and phase φi. In particular, phase uncer-

tainty has to be considered carefully because of its non-

linear relationship with the total sound power. Also un-

certainty on the determination of the geometric param-

eters (values of the position vector rih and surfaces Si)

affects the results, but in first approximation they can

be neglected. Thus, error propagation [4] in pressure

estimation can be analysed by applying the root-sum

square formula of uncertainty to Eqs (5) and (6) as fol-

lows:

∆ph,rms =

[ n
∑

i=1

(

∂ph,rms

∂vi
∆v

)2

+

n
∑

i=1

(

∂ph,rms

∂φi
∆φ

)2]1/2

, (13)

where ∆ph,rms, ∆v, ∆φ are the uncertainties on ph,rms, v
and φ, respectively.

It is worth noting that Eq. (13) assumes a simple

form in the case at 300 Hz, when velocity and phase

exhibit a constant distribution:
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∆ph,rms =
1√
2

ρckS

2πrih
∆v. (14)

In the calculation of Eq. (14), the values of rih have
been assumed to be the same for any element Ai. This
approximation can be considered acceptable as long
as the dimensions of the acoustic grid are larger than
those of the source. In this case, uncertainty on pres-
sure depends linearly on velocity uncertainty ∆v, and
not on the number of measurement points, n. In fact,
the error component related to the spatial discretization
is negligible, since the distributions can be considered
constant. As the vibrometer is working in ideal con-
ditions, the relative uncertainty on velocity can be as-
sumed to be about 0.5%. This causes the same relative
uncertainty on the calculated pressure value and the
double in the calculated total sound power (as the pres-
sure value is squared to compute the intensity), which
therefore can be estimated with a relative uncertainty
of about 1% in the case at 300 Hz.

In cases where velocity and phase distributions are
not constant (as in the case at 1500 Hz), the error com-
ponent related to the spatial discretization is reduced
if a large number of points are used for interpolation,
while the component due to the uncertainty of the mag-
nitude and phase measurements does not decrease. Be-
cause of that, the high spatial resolution of laser vi-
brometers plays a fundamental role in order to have
low uncertainty on sound power estimation.

Another approximation here introduced concerns
the measured velocity direction: a laser vibrometer
measures the velocity in the direction of the laser
beam, but the velocity component to be considered
for acoustic emission is the one normal to the surface.
In these experiments the facility has been set up in
such a way as to have a negligible difference between
these two directions. In fact, the distance between laser
vibrometer and loudspeaker was about 3 m. Consid-
ering that the loudspeaker has a diameter of about
105 mm, the maximum measurement inclination an-
gle was lower than 1◦. Therefore, the resulting differ-
ence between normal and measured velocity was lower
than 1%. In other particular applications (e.g., when
the source has a complex shape or when it has large
dimensions with respect to its distance from the laser
head) this must be taken into account dividing by the
cosine of the measurement incidence angles.

6. Conclusions

In this paper two methods for sound power measure-
ment have been presented, which are based on laser-

Doppler scanning vibrometer and post-processing of

surface velocity data.

The techniques have been experimentally validated

on a simple case study, a loudspeaker diaphragm. Re-

sults, compared with both those computed by a BEM

code and those obtained by an intensity measurement

system, have shown limited uncertainty (differences

lower than 1 dB with respect to the sound intensity re-

sults). Also, measured and calculated spatial distribu-

tions of sound intensity correlate well. In particular, the

method based on the ISO/TR 7849 Technical Report

seems to be fast and easy to use, but it is unable to sup-

ply information about spatial distribution of the acous-

tic variables. On the other hand, the linear superposi-

tion of effects gives more complete results, but requires

a larger number of calculations.

This work presented different approaches for sound

power estimation. The two methods based on laser vi-

brometry can be used as a solution for many indus-

trial and engineering problems (e.g., measurement of

the sound power emitted by machines in a production

line). They are quite simple to be implemented and,

furthermore, in the literature the formulations for sev-

eral types of sources are reported, which approximate

well a large number of practical cases.

BEM codes constitute an upper end solution, since

they can also be used for reverberating environments

and complex shapes of the source, but they are expen-

sive and require long processing times and powerful

computers.

At the end we have the experimental acoustic in-

tensity measurement techniques, which usually give

the most reliable results, but in some cases (e.g., in

the characterisation of small sources) present problems

and uncertainty, especially for what concerns spatial

resolution.
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