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Characterization of a diffuse field in a reverberant room
H. Nélisse and J. Nicolas
G.A.U.S., Mechanical Engineering Department, Universite´ de Sherbrooke, Sherbrooke, Que´bec J1K 2R1,
Canada

~Received 30 April 1996; revised 22 November 1996; accepted 31 December 1996!

An efficient modal approach to characterize the diffuseness of the sound field in a rectangular room
is presented. Using two simple descriptors, the correlation function and the spatial uniformity of the
pressure field, a practical and convenient tool is proposed to study the diffuse field in the room. A
precise criterion has been given in terms of the least permissible number of room modes to achieve
an adequate diffusion. It has been shown that the criterion is in great accordance with the
well-known ‘‘Schroeder frequency’’ limit for the diffuse field. Detailed calculations of the
correlation function are presented to show the importance of theDk/k correction terms to the
well-known sin(kR)/kRprediction. A new closed form for the correlation function is thus derived.
A discussion about the importance of having more than one descriptors is also presented. It is shown
that a diffuse field can be established in a room with strong modal behavior under certain
assumptions. ©1997 Acoustical Society of America.@S0001-4966~97!02105-X#

PACS numbers: 43.55.Br, 43.55.Cs, 43.55.Nd@JDQ#
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INTRODUCTION

The degree of diffuseness of the acoustical field in
reverberant room has been widely investigated in the last
decades. However, even if the concept of diffuse field
well-understood, there are few practical and meaningful t
oretical tools to characterize the sound field in a room. Mo
over, many definitions of diffuseness and descriptors use
quantify the degree of diffuseness are often misused, if
misunderstood. As an example, the knowledge of only
uniformity of the pressure field in the room gives no suf
cient information about the degree of diffuseness of the fie
Generally, more than one descriptor have to be used to
rectly define the sound field.

When dealing with reverberant test rooms, many qu
tions can be raised by both experimentalists and theo
cians. For a given reverberant room, is it possible to creat
simulate a diffuse field? If so, what are the frequency lim
or what is the spatial extent of such a field? What are
basic assumptions that have been made to establish the
fuse field and what is the ‘‘quality’’ of the diffuseness? Sin
the room is used to conduct material testings, what will
the effect of these materials on the diffuseness? This p
tries to give some answers to these questions for an em
rectangular room, keeping in mind that the room is desig
to contain testing structures. The main objective is to prov
to acousticians concrete criterion of diffuseness using sim
and well-known descriptors as well as a simple theoret
tool to compute these descriptors.

A simple analytical modal approach is presented to co
pute descriptors of interest in a rectangular reverberant ro
Two indicators have been used: the correlation function
the spatial uniformity. The results are compared with
‘‘perfect’’ diffuse field model, the so-called plane-wav
model. The modal approach provides a useful tool to ch
acterize the acoustic field in the empty chamber as well a
the one containing structures.
3517 J. Acoust. Soc. Am. 101 (6), June 1997 0001-4966/97/101
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I. DEFINITION OF A DIFFUSE SOUND FIELD

A generally accepted definition of a diffuse field1–3 can
be given by:An acoustic field is considered to be perfec
diffuse in a volume V if the energy density is the same on
points of this volume V. It is possible to build such a field by
a superposition of an infinite number of freely propagati
plane waves, such that all directions of propagation
equally probable and the phase relations of the waves
random. This ‘‘construction’’ is usually called the plane
wave model~PWM!. From a conceptual point of view thi
definition is quite adequate but it gives no practical help
criterion to determine the degree of diffuseness of an aco
tical field.

II. METHODS TO CHARACTERIZE A DIFFUSE FIELD

Many experimental and theoretical methods have b
proposed for evaluating diffuseness, each of these ha
their pros and cons. Brief reviews of various descriptors
presented by Schultz4 and more recently by Abdou.5

Bodlund6 has proposed an estimatored based on the standar
deviation of the correlation coefficients in regard to the th
oretical predictions for a diffuse field. A stochastic model
used to compute the theoretical predictions. Property of
estimatored has been experimentally verified. A comple
statistical study of the diffuse field has been performed
Jacobsen7 using a similar stochastic model than the one us
by Bodlund. Quantities such as distribution, mean and v
ance of the energy density or spatial autocovariance,
correlation function are studied. Comparisons between th
retical predictions and measurements are also presented

Two of the most commonly used techniques are
cross-correlation and the spatial uniformity of the press
field. These two have been chosen here as they can be
easily measured and, for simple rooms, easily computed

Experimental works have been performed by many
thors. Among all of these, Cooket al.8 have presented som
results for the correlation function. Good agreements w
3517(6)/3517/8/$10.00 © 1997 Acoustical Society of America
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the sin(kR)/kRpredictions are obtained for a high-frequen
white-noise excitation. In the same spirit, Balachandran9 has
presented one-third octave bands results for a reverbe
room excited by a white noise. Once again, good agreem
with the sin(kR)/kR form are found for high frequencies
Schroeder10 has computed, using an orthonormal modes
pansion, the angular distribution of the energy density a
some correlation functions for incident diffuse field on me
suring walls. Pressure and pressure gradient are comp
for both single frequencies and finite frequency bands. R
ommendations and precautions are presented for the ev
tion of the degree of diffuseness. Using the traversing mic
phone spectroscopy~TM!, Lubman11 has presented a
technique to measure the autocorrelation function and
directivity function with an omnidirectional microphone fo
a 2-D and 3-D diffuse field. More recently, sound propag
tion and sound decay in reverberation rooms have been s
ied experimentally by Hodgson12,13 where results are com
pared with the method of images predictions. Zeng14 has
computed the acoustic intensity and spatial distribution
the pressure field with a ray tracing approach. Comparis
with experimental results are also shown. It is shown that
field in the room is not perfectly diffuse, even for a hig
frequency excitation. Experimental results for the correlat
function in a reverberation room has also been given by
yasu and Yamashita15 as well as results for the directiona
pattern in the room. It is pointed out that it is important
observe the correlation coefficients for all directions in t
field. Correlation coefficients along a line and directivi
power spectra have been both computed and measured
rectangular room by Tohyamaet al.16,17 Good agreements
between measurements and theoretical predictions are f
but no quantitative assessment of sound field has been
posed.

On the theoretical side, Morrow18 has computed the cor
relation function in a cavity. A high-modal density is a
sumed and cross terms in the correlation function are
glected. Blake and Waterhouse19 have calculated the
correlation function for an isotropic and anisotropic diffu
field. It is shown that anisotropy has no effect on the real p
of the correlation but strongly modifies the imaginary pa
Chien and Soroka20 have calculated the correlation functio
in a high-modal cavity at high frequency for a stationary a
a decaying state. In the stationary case, the sin(kR)/kR pre-
dictions are obtained. These calculations, as well as thos
Morrow,18 for the correlation function are discussed
Chu.21,22 A discussion on the cross terms for the correlat
function is presented. Computations of the spatial uniform
have been performed by Waterhouse23 and Chu.24 Their
main conclusions are that spatial uniformity cannot be es
lished for a monochromatic source. More recently, Kub
and Dowell25 have proposed an asymptotic modal analy
~AMA ! to study the spatial uniformity at high frequencies
a cavity. It is shown that AMA gives better results than t
ray tracing technique.

This brief review reveals that, while a great amount
work has been done, no simple and clear criterion have b
stated in terms of modal density. Generally speaking
‘‘Schroeder frequency’’-type limit is given but it gives n
3518 J. Acoust. Soc. Am., Vol. 101, No. 6, June 1997
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clear insight on the number of modes per band required
achieve an adequate diffusion. Most of the studies have b
dedicated to high frequencies and there is no precise ind
tion on how to characterize the acoustic field when stro
modal behavior is involved, i.e., at lower frequencies. In t
sense, this paper is addressed to the study of cavity and
quency range for which modal behavior is important. Amo
all the descriptors commonly proposed to characterize
sound field, two of them have retained our attention in t
paper: the correlation function and the spatial uniformi
These two descriptors are reliable, easy to measure and
to compute in the framework of the PWM model and t
modal approach.

A. Correlation function

The spatial cross-correlation function of the press
field between two points, or simply the correlation functio
is defined by

C~r ,r1r 8!5
P~r !P~r1r 8!

AP2~r !P2~r1r !

. ~1!

The acoustic pressure atr is given byP(r ) while the
horizontal bar means time average.

It will be shown later that the plane-wave model leads

C~r ,r1r 8!5
sin~kR!

kR
, ~2!

with R5u r2 r 8u.
This function has been widely studied theore

cally18,23,19,21,20 and experimentally.8,9,15–17 Generally, the
plane-wave prediction sin(kR)/kR is obtained if a narrow-
band containing enough chamber modes is used. In mos
the theoretical studies, certain assumptions have been m
to simplify the calculations of the correlation function:~i! in
the modal expression of the correlation function, cross te
are neglected using a high-frequency approximation;~ii !
high-frequency approximation allows to change the discr
summation over chamber modes to a continuous freque
integration. This assumption is valid only if the modal de
sity is high;~iii ! Detailed calculation of the correlation func
tion shows that aDk/k correction applies to the well-known
sin(kR)/kR form but it is always neglected.

One of the goals in this paper is to compute the corre
tion function without approximations, in order to extend t
previous calculations to lower frequencies range and to t
into account cross terms in the modal expansions.

B. Spatial uniformity

To study the spatial uniformity of the pressure field in
volumeV, the standard deviations of the acoustic pressur
field, which is related to the variance, is used. If one cons
ersN points for which the sound-pressure levels SPL~r ! are
computed in the central volume of the room, one defines
standard deviation to be given by

s2~ f !5
1

N21 (
i51

N

@SPL~r i , f !2SPL~ f !#2, ~3!
3518H. Nélisse and J. Nicolas: Characterization of a diffuse field
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whereSPL(f ) is the mean sound-pressure level in the v
umeV at the frequencyf . At the point r i in V, the sound-
pressure level SPL(r i , f ) is defined by

SPL~r i , f !510 log~ uP~r i , f !u2!. ~4!

It has been accepted that an acoustic field in a quali
reverberation room exhibits adequate diffuseness if the s
dard deviations remains under 1.5 dB. To be more precis
the ISO standard26 states that the maximum admissible sta
dard deviation must not exceed the values given in Tabl
Naturally, the plane-wave model givess50 dB.

C. Modal approach

To compute the acoustic pressure generated in an em
reverberant room that exhibits strong modal behavior
modal expansion model, noted MODAP, has been used
rigid-walled rectangular room~dimensionsLx3Ly3Lz! is
considered, as shown in Fig. 1. The room can be excited
a vibrating surfaceSs lying in the z50 plane. It is to be
noted that only one acoustic source has been used to
better understand the physical phenomena. However,
present model can be easily adapted to take into acc
many sources. The wall surfaces are considered to be
fectly reflective. The acoustic pressure in the room can
computed with a modal approach that uses a two-ind
empty cavity Green’s function.27,28 It allows to reduce the
number of summations by one which is a great improvem
for algorithm efficiency. Appendix A draws a summary
this modal approach. With this expansion the acoustic p
sure reads

P~r , f !5(
mn

Pmn~z, f !cmn~x,y! ~5!

TABLE I. Maximum admissible standard deviation for third-octave band
prescribed by the ISO standard #3741.

Central frequency
~one-third-octave band!

Maximum standard
deviation~dB!

100–160 1.5
200–630 1.0
800–2500 0.5
3150–10 000 1.0

FIG. 1. Geometrical representation of an empty rectangular room exc
acoustically.
3519 J. Acoust. Soc. Am., Vol. 101, No. 6, June 1997
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where the coefficientsPmn(z, f ) and the basis functions
cmn(x,y) are given in Appendix A.

To include losses in the fluid, an acoustic damping fa
tor h is used. It relates the wave numberk to the piston
driving frequencyv by the relation

k25
v2

c2
1

~11 jh!
. ~6!

The damping factorh can be related to the reverberatio
time of the room if an exponential decay is assumed after
source has been cut off.

The correlation function and the spatial uniformity h
been computed with this model and compared with the PW
predictions. The results are presented in Sec. IV.

III. PWM PREDICTIONS FOR THE CORRELATION
FUNCTION

One wishes to compute the correlation function@Eq. ~1!#
for the plane-wave model. Consider the pointsr andr 1 r 8 as
shown in Fig. 2. The pressure at these points is given by

P~r !5Aeik•r and P~r1r 8!5Aeik•~r1r8!. ~7!

If a harmonic state is assumed for the pressure field,
correlation function becomes

C~kR!5ReS P~r !P* ~r1r 8!

AuP~r !u2uP~r1r 8!u2
D

5Re~e2 ikR cosu!5cos~kR cosu!. ~8!

It is to be noted that the correlation function only d
pends on the distanceR. For a diffuse field an integration
over all the possible directions~u,f! of the plane waves ha
to be performed. It gives the following results for 1, 2, and
dimensions:

1D

C~kR!5cos~kR!. ~9!

2D

C~kR!5
1

2p E
0

2p

cos~kR cosu!du5J0~kR!, ~10!

whereJ0(kR) is the first-order Bessel function of the firs
kind.

s

d

FIG. 2. Representation of an incident plane wave.
3519H. Nélisse and J. Nicolas: Characterization of a diffuse field
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3D

C~kR!5
1

4p E
0

2pE
0

p

cos~kR cosu!sin u du df

5
sin~kR!

kR
. ~11!

If one is interested in a frequency-band response,
must integrate the correlation function over the frequency
the bandwidthD f5 f 22 f 1 . Appendix B gives the calcula
tion of the correlation function in the 3D case. It leads to

CD f~kR!;sincS DkR

2 D Fsin~kR!

kR

22
cos~kR!

~kR!2
sin2S DkR

4 D G , ~12!

where k is now defined byk5(k21k1)/2 and where
sinc(x)5sin(x)/x.

The above form forCD f(kr) is quite different than those
one can find in the literature for which only additional co
rection terms are found from a Taylor expansion. It is to
noted that for almost all practical situations, the second te
of ~12! can be neglected so that Eq.~12! can be written:

CD f~kR!;sincS DkR

2 D sin~kR!

kR
, ~13!

It then gives a simple closed form for the influence
theDk/k correction.

To validate the last relation forCD f(kR) @Eq. ~13!#, the
frequency integrated equation~11! has been computed nu
merically using a simple Simpson’s rule algorithm for t
wave number integral. Figure 3 presents the results from
simple form sin(kR)/kR ~bold line!, from Eq.~13! ~gray line!
and from the numerical integration of Eq.~11! ~gray circles!
as a function ofkR. The figure shows that Eq.~13! is a very
good approximation for the finite frequency band correlat

FIG. 3. Correlation function sin(kcR)/kcR ~bold line!, C(kR) from Eq. ~13!
~gray line!, and from the numerical integration of Eq.~11! ~gray circles! as
a function ofkR.
3520 J. Acoust. Soc. Am., Vol. 101, No. 6, June 1997
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function. The importance of theDk/k correction to the usua
sin(kR)/kR form clearly appears for high values ofkR.

IV. RESULTS

A. Correlation results

To compute the correlation with the MODAP mode
one has used

C~kR!D f5

Re(
f 85 f1

f2 P~r !P* ~r1r 8!

A(
f 85 f1

f2 uP~r !u2(
f 85 f1

f2 uP~r1r 8!u2
, ~14!

where the acoustic pressures is given by Eq.~5!.
If there is only one chamber mode in the bandwidth

for a monochromatic source, one can show that the corr
tion function becomes 0 or6 1. This fact is well illustrated in
Fig. 4. A 8.036.939.75 m3 chamber with a dampingh
5 531023 has been used to compute the correlation funct
for the 121.6–121.7 Hz frequency band as a function
kR. For this room, only the~3,3,4! mode has its natura
frequency in the frequency band of interest (f 334
5121.65 Hz). All the different points used to compute t
correlation have been chosen in order to avoid the effec
the walls on the acoustic pressure.18,24The damping has bee
chosen in order to simulate losses in real cavity.24 The
dashed line represents the MODAP predictions while
solid line gives the PWM predictions. A value of61 is
correctly obtained for the correlation function with th
MODAP technique. Similar results have been obtained
higher frequencies. It suggests that a diffuse field canno
established in a room for a monochromatic source, a re
not predicted by the plane-wave model. Chu22 has presented
similar experimental results for which the same conclus
has been drawn.

Figure 5 shows the correlation function for the sam
chamber and damping with, now, a frequency band rang
from f 1590 Hz to f 25112 Hz. For the test room used her
there exist 49 modes in this bandwidth. Three cases h
been shown: the MODAP predictions and the PWM with a
without theDk/k correction. One can see that the MODA
model gives satisfactory results, in particular for low valu

FIG. 4. Correlation function for the 121.6–121.7 Hz band.
3520H. Nélisse and J. Nicolas: Characterization of a diffuse field
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of kR. Above kR54, discrepancies between MODAP an
PWM are observed. It suggests that the field is not perfe
diffuse ~in the sense of the PWM!. However, since the
MODAP predictions are far from the single-frequency r
sults discussed above@C(kR)561#, it is believed that these
results indicate that a diffuse field can be obtained fo
measurement bandwidth containing enough chamber mo
By the way, it gives no indication on the least permissib
number of room modes to achieve adequate diffuseness
do so, one can use the spatial uniformity as an indica
Moreover, as pointed out by Schultz,4 the correlation func-
tion is not very sensitive to deviations from perfect diffus
ness.

B. Spatial uniformity results

To study the spatial uniformity of the sound field, th
relations~3! and~4! have been used. If one is interested in
frequency-band response one has:

SPL~r , f !510 logS (
f 85 f1

f2

uP~r , f 8!u2d f 8D , ~15!

with f5( f 21 f 1)/2, the center of the band.
A number of 20 points have been chosen in a volu

V far from the walls~at leastl/2 from the nearest wall!.24

The indicators( f ) is shown in Fig. 6 for the 8.036.9
3 9.75 m3 chamberwith a dampingh 5 53 1023. One-third
octave bands have been used. It has been verified th
sufficient number of frequency points has been chosen
ensure convergence. In the same way, Table II gives
number of room modes in each of the one-third-octave b
used for the computation ofs( f ). It is observed that the
values( f ) begins to be in accordance with the prescrib
values of Table I, less than 1.5 dB, at the 90–112 Hz ba
For this band, one hass( f );1.3 dB, which is in accor-
dance with the previous results for the correlation funct
~Fig. 5!. From these results, a tentative criterion can
stated: A diffuse field can be established in a rectang

FIG. 5. Correlation function for the 90–112 Hz band.
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room if there is at least 20–30 modes in the measurem
bandwidth. For a bandwidth which contains less modes th
is no adequate diffuseness, in particular at a given freque
~monochromatic source!. For lower dimensions~1D and 2D
rooms!, different values have been obtained: 2 modes/b
at 1D and 6 modes/band at 2D.

Similar simulations have been performed for differe
room dimensions to examine if a possible ‘‘critical’’ fre
quency above which the field is assumed diffuse can be
timated~analogous to the ‘‘Schroeder frequency’’!. Figure 7
shows the standard deviation for three rooms with differ
volumes using the MODAP as a function ofkL where L

FIG. 6. Descriptors( f ) as a function of the frequency for one-third-octav
bands.

TABLE II. Number of modes in the one-third-octave bands for the 8
3 6.93 9.75 m3room.

f 12 f 2 Number of modes/band

5.627.1 0
7.129 0
9211.2 0
11.2214 0
14218 1
18222.4 1
22.4228 2
28235.5 3
35.5245 4
45256 9
56271 14
71290 32
902112 49
1122140 95
1402180 206
1802224 347
2242280 678
2802355 1380
3552450 2773
4502560 4975
5602710 10617
7102900 21371
90021120 38612
3521H. Nélisse and J. Nicolas: Characterization of a diffuse field
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5 A3 V is a characteristic dimension of the room. If one a
proximates the critical wave numberkc52p f c /c to be the
one for which the standard deviation remains stable and
der 2 dB, one has

kc'
22

A3 V
. ~16!

which gives, withc5340 m/s

f c'
1190

A3 V
. ~17!

For the room withV 5 538 m3 it gives f c 5 146 Hz.
From our damping model@see Eq.~6!# it can be shown

that the ‘‘Schroeder frequency’’29 is given by

f s'A3 ac3

4phV
, ~18!

where a is the modal overlap. Schroeder has propose
modal overlapa53. For a damping ofh5531023 one then
obtains f s5152 Hz. This is in great accordance with th
‘‘critical’’ frequency f c found above. Meanwhile, it has to b
noted that the choice of the factor 22 in~16! ~and by the way
the modal overlap of 3! is a quite subjective one. However,
gives a good approximation for the ‘‘critical’’ frequency an
shows how the present model can be related to the w
known ‘‘Schroeder frequency.’’

From the above results it becomes clear that a freque
limit for which the diffuse field exists can be estimated und
certain conditions. In the limit where there is enough mod
in the measurements bands the usual ‘‘Schroeder frequen
relation can be applied to estimate the diffuse field freque
limit. For very narrow bands the frequency limit will b
higher than for broadbands ones and no clear relation ca
given for this ‘‘critical frequency.’’ This frequency depend
on the room dimensions, the frequency, and the width of
band. With this information, the spatial uniformity is a pra
tical tool to determine from which band the field begins to

FIG. 7. Descriptors( f ) as a function of the frequency for three differe
rooms’ volumes.
3522 J. Acoust. Soc. Am., Vol. 101, No. 6, June 1997
-

n-

a

ll-

cy
r
s
y’’
y

be

e

considered as diffuse, in terms of modal density. Meanwh
the use of the correlation function assures whether or no
the field really presents adequate diffuseness. It is thou
that the two descriptors must be used together to insure
quality of the diffuseness. The plane-wave model give
good example of a case where only the use of the spa
uniformity is not sufficient to characterize a sound field.

V. CONCLUSION

The present paper has been dedicated to the study o
characterization of the sound field in a rectangular cav
Even if the concept of diffuse field is well-understoo
thanks to the numerous papers on this topic, there is a n
for practical tools and in-depth analysis of diffuseness in
sense of the plane-wave model in relation with field th
exhibits strong modal behavior.

By the use of two descriptors, the correlation functi
and the spatial uniformity, this paper has presented a sim
and convenient model to characterize the sound field i
rectangular cavity. The main advantage of the proposed
proach is the ability to simply implement it, both experime
tally and analytically. The use of a two-indices Green’s fun
tion allows to obtain a fast computation code. Emphasis
been put on the fact that only one descriptor is not suffici
to define correctly the diffuse field. Results have shown t
a diffuse field can be established in a volumeV if there is at
least 20–30 room modes in the measurement band. This
dition applies for all types of frequency bands. Relation b
tween the present model and the well-known ‘‘Schroe
frequency’’ has been discussed. Moreover, a computatio
the correlation function in the framework of the plane-wa
model has been presented for 1, 2, and 3 dimensions.
importance of theDk/k correction to the generally used form
for the correlation function has been discussed. A n
simple closed form for the finite-frequency band correlati
function has been given. It has been validated by the mo
approach.

An important conclusion of the paper lies in the fact th
a diffuse field can be established in a room that exhib
strong modal behavior. Even if it seems simple, this asser
indicates that an acoustic field without modal characteris
can be simulated by an a priori different approach with le
computation costs. It also validates the generally used
proximation which consists in neglecting the walls effects
the pressure by generating the diffuse field with a infin
number of plane waves. The present model allows to give
limitations of the plane-wave model with precise criterion

While being a good starting basis, the present appro
would benefit from experimental validations. It would he
experimentalists to conduct practical works with insight
indications such as orientation and location of micropho
in the room, spatial and/or frequency averaging, and so
In this sense, a parametric analysis of the present model,
the help of experimental results, could provide this type
information.
3522H. Nélisse and J. Nicolas: Characterization of a diffuse field



is
m
e
R

ng
e

gi

ity
is
in
n

b
en

n

n

be

r of

or-
ACKNOWLEDGMENTS

The authors would like to thanks the reviewers of th
paper for very helpful suggestions, in particular for the co
putation of the correlation function. This work was support
by grants from the National Sciences and Engineering
search Council of Canada~NSERC!.

APPENDIX A: MODAL-CAVITY APPROACH FOR THE
ACOUSTIC PRESSURE

One has to compute the acoustic pressure in a recta
lar cavity. Consider first the cavity shown in Fig. 1. Th
acoustic source is given by a vibrating surfaceSs while the
surface of the walls is notedSe . The ‘‘Kirchoff–Helmholtz’’
equation for this problem reads:

P~r0!5E E
Ss

dS G~r ,r0!“ rP~r !–ns ~A1!

where the walls have been considered to be perfectly ri
This condition can be written

¹ rG~r ,r0!–ne50;rPSe . ~A2!

Instead of expanding the Green’s function on cav
modes, which implies a triple summation, the function
expanded on a set of two-dimensional functions, reduc
the number of summations by one. Such an expansio
written, as shown by Bruneau,27 in the following form:

G~r ,r0!5(
tu

gtu~z,z0!c tu~x,y!c tu~x0 ,y0!. ~A3!

The orthonormal basis functionsc tu are given by

c tu~x,y!5
4

~11d t0!~11du0!LxLy
cosS tpxLx D cosS upy

Ly
D ,

~A4!

whered tu is the Kronecker delta and the functiongtu(z,z0)
is

gtu~z,z0!5H 2
cos@kztu~Lz2z0!#cos~kztuz!

kztu sin~kztuLz!
, if z<z0 ,

2
cos@kztu~Lz2z!#cos~kztuz0!

kztu sin~kztuLz!
, if z>z0,

~A5!

where

kztu
2 5k22F S tpLx D

2

1S up

Ly
D 2G . ~A6!

With this Green’s function, all the modes along thez
axis are implicitly present so faster convergence can
achieved comparing to the classical three-indices Gre
function.

If one considers that the surfaceSs vibrates harmoni-
cally with the frequencyv and with the velocityVv , one
has:

P~r !5 ivrVvE E
Ss

dS G~r ,r0!. ~A7!
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Using the above Green’s function~A3!, the acoustic
pressure in the room reads

P~r !52 ivr(
tu

Vtu cos@kztu~Lz2z!#

kztu sin~kztuLz!
c tu~x,y!. ~A8!

The termVtu is obtained from the integration over the pisto
surface and is given by

Vtu5VvE
Ss

dS c tu~x,y!. ~A9!

APPENDIX B: CALCULATION OF THE CORRELATION
FUNCTION

One wants to compute the correlation functio
GD f(kR) given by

CD f~kR!5
1

Dk Ek1
k2 sin~kR!

kR
dk. ~B1!

By a simple change of variables, the integral can
rewritten

CD f~kR!5
1

Dk E2Dk/2

Dk/2 sin@~k1kc!R#

~k1kc!R
dk, ~B2!

wherekc5(k11 k2)/2 andDk5 k22 k1 .
One first uses the following trigonometric identity

sin@~k1kc!R#5sin~kR!cos~kcR!1cos~kR!sin~kcR!
~B3!

to write

CD f~kR!5
1

Dk E2Dk/2

Dk/2 H sin~kR!cos~kcR!

~k1kc!R

1
cos~kR!sin~kcR!

~k1kc!R
J dk. ~B4!

Sincek varies in the range ofDk, the denominator of
the two above integrals can be Taylor expanded as powe
k/kc to give:

1

kR1kcR
5

1

kcR
F12

k

kc
1S kkcD

2

2••• G . ~B5!

Using this expansion in~B4! and neglecting highDk/k
orders, it can be shown after few manipulations that the c
relation function is given by

CD f~kR!;sincS DkR

2 D Fsin~kR!

kR

22
cos~kR!

~kR!2
sin2S DkR

4 D G , ~B6!

where the function sinc(x) is defined by

sinc~x!5
sin~x!

x
~B7!

and where one has nowk[kc5(k1 1 k2)/2.
The second term of~B6! decreases asR3 asR increases

while its maximum value is atR50 and is given by
3523H. Nélisse and J. Nicolas: Characterization of a diffuse field
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1/8(Dk/k)2. Therefore, for typical finite frequency band
the second terms in~B6! can be neglected so the correlatio
function reads

CD f~kR!;sincS DkR

2 D sin~kR!

kR
. ~B8!

Numerical integrations of~B1! have shown that this ap
proximation remains valid for frequency bands as large
octave bands.
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