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Diffraction of sound from a dipole source near to a barrier
or an impedance discontinuity

Marc Bureta) and Kai Ming Lib)

Department of Mechanical Engineering, The Hong Kong Polytechnic University, Hong Kong

Keith Attenborough
Department of Engineering, The University of Hull, Hull HU6 7RX, United Kingdom

~Received 5 November 2001; revised 7 January 2003; accepted 11 February 2003!

Pierce’s formulation for the diffraction of spherical waves by a hard wedge has been extended to the
case of the sound field due to a dipole source. The same approach is also used to extend a
semiempirical model for sound propagation above an impedance discontinuity due to a dipole
source. The resulting formulas have been validated by comparing their numerical solutions with that
computed by summing the sound fields due to two closely spaced monopole sources of equal
magnitude but opposite in phase. These new formulations are then used to develop a simple model
for calculating the dipole sound field diffracted by a barrier above an impedance ground.
Applications of these models relate to transportation noise prediction, particularly railway noise
abatement, for which dipole sources are commonly used. The numerical predictions have been
found to compare reasonably well with indoor measurements using piezoceramic transducers as
dipole sources. ©2003 Acoustical Society of America.@DOI: 10.1121/1.1566977#

PACS numbers: 43.28.En, 43.20.El@LCS#
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I. INTRODUCTION

There is considerable interest in the study of noise
duction by means of screens and barriers in the contex
environmental noise control. Although approximations
the calculation of the barrier insertion loss are widely us
the theoretical foundation for these studies is diffract
theory that is intimately related to corresponding solutio
for electromagnetic fields.1 An analytic solution for the
sound field due to an omnidirectional point source diffrac
by a hard wedge of arbitrary angle has been derived
Pierce.2 It is often used as the basis for calculations of t
screening effects due to barriers.3 In addition, De Jonget al.4

have developed a semiempirical solution for the calculat
of the sound field above an admittance discontinuity, wh
is based on the diffraction of sound by a horizontal scree

In view of the difficulties of computing Pierce’s origina
solution2 that includes Fresnel integrals, Hadden and Pier5

have reformulated the problem and propose an expres
using simpler functions. However, more recently, Menoun
et al.6 have suggested a formulation of the diffraction in
gral by means of Hankel functions. Their approach consid
the diffracted wave as being emitted by a directive li
source located at the edge of the wedge. It leads to a un
formulation for the diffraction of the field due to point an
line sources as well as arrays of point sources. In the cas
an omnidirectional point source, it recovers Pierce’s solut
when asymptotic expressions are used.

The dipole field is a classical problem for the diffractio
of electromagnetic waves,1 but little can be found about th

a!On leave from the Department of Mechanical and Environmental E
neering, The Open University, Walton Hall, Milton Keynes MK7 6AA
United Kingdom.

b!Author to whom correspondence should be addressed. Electronic
mmkmli@polyu.edu.hk
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acoustic dipole and although, for example, train noise
modeled by means of a line of incoherent dipoles,16–18most
of the methods for evaluating the shielding by barriers in
vicinity of tracks are approximations based on the solut
for spherical or cylindrical waves.18 The problem of diffrac-
tion of sound waves emitted by a dipole source has not b
treated yet. Such a calculation is useful in the context
railway noise as well as for moving sources in general. It h
been shown recently7 that the sound field due to a monopo
source in motion can be separated into two components:
that has the characteristics of a monopole and a second
has a dipolar behavior.

Our aim in this paper is to give a solution for the pre
sure field due to an arbitrarily oriented dipole diffracted by
wedge. This solution can then be used to extend De Jo
semiempirical model for propagation above an admitta
step to dipole sources, as well as for the calculation of
sound field due to dipoles in the presence of barriers. O
starting point is the diffracted pressure for a monopole,
derived by Pierce.2,8 This formulation is preferred to tha
given later by Hadden and Pierce5 because of its consistenc
with De Jong’s model4 as well as the recent formulation o
the Directive Line Source Model.6

The structure of the paper is as follows: in Sec. II w
introduce the fundamental approach used to derive the so
field due to a dipole for the direct waves, reflected wav
and diffracted waves. In Sec. III, we discuss the use of th
formulations for predicting sound in outdoor environmen
Two typical cases are considered. They are namely,~1! sound
propagation above an impedance discontinuity and~2! sound
propagation in the presence of a barrier above the ground
Sec. IV we present the experimental results for the validat
of our theoretical formulations. Finally, Sec. V summariz
the main results obtained in the paper.

i-

il:
13(5)/2480/15/$19.00 © 2003 Acoustical Society of America



FIG. 1. Geometry for a wedge of arbitrary shape.
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II. THEORETICAL FORMULATION

A. Geometrical configuration

Consider a two-dimensional wedge that has a cons
cross-sectional area in they-z plane and an arbitrary top
angleT5t22t1 . The anglest1 and t2 are measured from
the positivez axis; see Fig. 1. The wedge is acoustically ha
with two reflecting planes. We choose a rectangular coo
nate system such that the verticalz axis passes through th
center of the source. The edge of the wedge is located in
direction parallel to thex axis and it is situated a horizonta
distance ofye and a height ofze from the origin. In some
situations, it may be more convenient to use a cylindri
polar coordinates system~r, w, x! to specify field points from
the edge of the wedge. These two coordinate systems
related according to

r 5A~y2ye!
21~z2ze!

2, ~1a!

w52arctanS y2ye

z2ze
D , ~1b!

y5ye1r sinw, ~1c!

z5ze2r cosw, ~1d!
J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003
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where the anglew is measured from the verticalz axis. In the
cylindrical polar coordinate system, the two sides of t
wedge are located atw5t1 and w5t2 . Defining a wedge
index,2

n5
p

t22t1
, ~2!

we can fix the shape of the wedge by specifying the para
eters,n, t1 , andze .

To derive an analytical expression for the sound fie
due to a dipole source, it is useful to identify the sour
orientation by its direction cosines (,x ,,y ,,z) in the rectan-
gular coordinate system as follows:

,x5sing cosc,
,y5sing sinc,
,z5cosg,

~3!

whereg andc are the polar and azimuthal angles as sho
in Fig. 2.
d

al
FIG. 2. Dipole orientation and direction cosines an
relative orientations of a horizontal~a! along thex axis,
~b! along they axis, and vertical dipoles~c!, and their
images with respect to the horizontal and vertic
planes.
2481Buret et al.: Diffraction of sound from a dipole
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FIG. 3. Components of the pressur
field in a function of the relative
source and receiver positions with th
faces of a wedge (t1 andt2).
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B. The sound field in the vicinity of an acoustically
hard wedge

The sound field can be expressed as a sum of four c
ponents: the direct wave term, two terms corresponding
the waves reflected by the planes at either sides of the we
and the diffracted wave as follows:

ptot5pdir1prefl,11prefl,21pdiffr . ~4!

The first three components of the total pressure m
vanish depending on the source and receiver positions
tive to the obstacle. The presence or absence of these
ponents has been extensively discussed in the literatu2,5

and is summarized in Fig. 3.
The pressure field due to a dipole can be derived

considering its definition: it is the total field due to tw
monopoles of equal strength but 180° out of phase, infinit
2482 J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003
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close to one another.8 The resultant sound field is given by

p5 lim
uDu→0

p0~R,RS1D!2p0~R,RS2D!

2uDu
, ~5a!

wherep0 is the pressure field due to a monopole,R andRS
are, respectively, the receiver and source coordinate vec
and the vectorD represent the separation between the t
out-of-phase monopoles, including the dipole orientation:

D5uDuS ,x

,y

,z

D . ~5b!

Consider a coordinate system (x8,y8,z8) with the z8 axis
laying along the dipole axis, as illustrated in Fig. 2, Eq.~5a!
can be rewritten as
p5 lim
uDu→0

p0~x8,y8,z8,x8s,y8s,z8s1uDu!2p0~x8,y8,z8,x8s,y8s,z8s2uDu!
2uDu

5
]p0~x8,y8,z8,x8s,y8s,z8s!

]z8s
5S ]xs

]z8s

]

]xs
1

]ys

]z8s

]

]ys
1

]zs

]z8s

]

]zsD p0~R,RS!. ~5c!
it
(,x ,,y ,,z) are the direction cosines for thez8 axis and
hence express~x,y,z! as functions ofz8; Eq. ~5c! can then be
rewritten as

p5~ I "¹S!p0~R,RS!,

with ~ I "¹S!5F,x

]

]xS
1,y

]

]yS
1,z

]

]zS
G . ~6!
C. Direct and reflected waves

The direct wave from a dipole source is well known as
is the free field solution,8–10

pdir5P0QR

12 ikR

R2 eikR, ~7a!

whereP0 is a pressure magnitude constant.QR and R are,
Buret et al.: Diffraction of sound from a dipole
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respectively, directivity factor and the direct path given b

QR52~ I "¹S!R

5cosg cosfS1sing sinfS cos~cS2c!, ~7b!

R5A~x2xS!21~y2yS!21~z2zS!2. ~7c!

The directivity factor is a function of the dipole orienta
tion and the relative source and receiver position represe
here by the incidence anglefS and the azimuthal anglecS

~see Fig. 1!. It is interesting to note that the pressure falls
1/R2 for kR!1 and 1/R for kR@1. The expressions of th
directivity factorQR and the direct pathR can be written in
the cylindrical coordinate system~r, w, x! as follows:

QR5,x

x2xS

R
1,y

r sinw2r S sinwS

R

2,z

r cosw2r S coswS

R
, ~8a!

R5Ar 21r S
222rr S cos~w2wS!1~x2xS!2. ~8b!

The reflected waves can be calculated using a local coo
nates system relative to each face of the wedge. It is t
straightforward to calculate these waves in the case of a
wedge. The sound fields due to these two components ca
written in a compact form as

prefl,n5P0Qn

12 ikSn

Sn
2 exp~ ikSn!, ~9a!

wheren51, 2 with the corresponding directivity factors an
reflected wave paths given by

Qn5,x

x2xS

Sn
1,y

r sinw1r s sin~wS22tn!

Sn

2,z

r cosw2r s cos~wS22tn!

Sn
~9b!

Sn5Ar 21r S
222rr S cos~w1wS22tn!1~x2xs!

2. ~9c!

D. Diffracted wave

The wave diffracted at the edge of the wedge from
dipole source can be derived from the corresponding exp
sion for a monopole source. Making use of Eq.~6! for the
calculation of dipole fields, the diffracted pressure from
dipole source can be written as

pdiffr5~ l"“S!D0~R,RS!, ~10!

whereD0 is the diffracted pressure for a monopole. Usi
Pierce’s solution,2 we can write the analytical solution for th
diffracted pressure from a monopole source as

D05P0

11 i

2

exp~ ikL !

L
@AD~X1!1AD~X2!#, ~11a!

whereL is the shortest path from the source to the diffract
edge to receiver,
J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003
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L5A~x2xS!21~r 1r S!2. ~11b!

AD(X) is the diffraction integral:

AD~X!5
1

p&
E

2`

` e2u2

~p/2!1/2X2e2 ip/4u
du

5sgn~X!@ f ~ uXu!2 ig~ uXu!#, ~11c!

where f (X) andg(X) are the auxiliary Fresnel functions.2,11

The parameters,X1 andX2 , are given by

X25GM n~a2!; a25w2wS , ~11d!

X15GM n~a1!; a15w1wS22t1 , ~11e!

with

G5Akrr S /pL5A2rr S /lL ~11f!

and

M n~a!5
cosnp2cosna

n sinnp
, ~11g!

wherel is the wavelength. It is remarkable from Eqs.~11d!
and ~11e! that the term inX2 in the expression of the dif-
fracted pressure in Eq.~11a! is related to the direct wave
whereas the term inX1 is linked to the image source with
respect to the wedge.

The presence of the sign function sgn(X) in Eq. ~11c!
means that the diffracted pressure for a monopole is not c
tinuous. Mathematically speaking, its derivative is undefin
at the points whereX1 andX2 are equal to 0. These point
are the lines of sight for the direct and reflected waves. Ho
ever, the total pressure field is continuous. The step in
diffracted pressure is then compensated for by the prese
~or absence! of the direct or reflected wave considered a
the value of the diffracted pressure on the sight lines can
calculated using the continuity of the total pressure. Bef
we proceed, we remark that De Jong4 gives a slightly differ-
ent formulation for the diffracted pressure due to a monop
source, making use of another form of Fresnel function th
the diffraction integralAD . Although it requires tedious ma
nipulations on the Fresnel integrals, it is straightforward
show that this expression for the diffracted pressure wav
actually identical to Pierce’s formulation.2

Next, we wish to derive an analytical expression for t
diffracted wave due to a dipole source. As shown in Fig.
let « be the angle made by the diffracted ray with the diffra
tion edge. According to Keller’s law of diffraction, this ang
is the same for both parts of the diffracted ray path8 ~source
to edge and edge to receiver!; thus

cos«5~x2xS!/L ~12a!

and

sin«5~r 1r S!/L. ~12b!

The derivative of the auxiliary Fresnel functionsf (X) and
g(X) are11

f 8~X!52pXg~X!, ~13a!

g8~X!5pX f~X!21. ~13b!
2483Buret et al.: Diffraction of sound from a dipole
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Hence, the diffracted wave for an arbitrarily oriented dipo
can be derived by substituting Eqs.~11!, ~12a!, ~12b!, ~13a!,
and ~13b! into Eq. ~10!:

pdiffr5P0

11 i

2
QL

12 ikL

L

eikL

L
@AD~X1!1AD~X2!#

2P0

12 i

2

exp~ ikL !

L
@12pX2AD~X2!#

3H X2

2 FQL

L
1

sinwS2coswS

r S
G2X28

coswS1sinwS

r S
J

2P0

12 i

2

exp~ ikL !

L
@12pX1AD~X1!#

3H X1

2 FQL

L
1

sinwS2coswS

r S
G1X18

coswS1sinwS

r S
J ,

~14a!

whereQL , which is the directivity factor at the point wher
the diffracted ray intersects the edge of the wedge, is gi
by

QL52~ l"“S!L5,x cos«2~,y sinwS2,z coswS!sin«.
~14b!

The parameters,X28 andX18 , can be determined according

X68 5GM n8~a6!, ~14c!

whereM n8 is the derivative ofM n with respect to its argu-
menta6 .

At high frequencies and long ranges with respect to
wavelength considered,G and henceX68 are large and the
auxiliary Fresnel functions can be approximated by

f ~X!'1/pX, ~15a!

g~X!'0. ~15b!

Therefore, the diffraction integral of Eq.~11c! reduces to

AD~X!5sgn~X!@ f ~ uXu!2 ig~ uXu!#'1/pX. ~15c!

Figure 4 shows that for arguments greater than 1, the
proximation in Eq.~15c!—shown by the dotted line—is al
ready acceptable. The fact thatAD(X) is an odd function
ensures the same results for negative values ofX. At high
frequencies and long ranges with respect to the wavelen
the diffracted pressure as expressed in Eq.~14a! can be ap-
proximated by

pdiffr'P0

11 i

2
QL

12 ikL

L

eikL

L
@AD~X1!1AD~X2!#.

~16!

The expression in Eq.~16! is analogous to the expres
sion for a monopole source, but modified by the sou
strength factor (12 ikL)/L and the directivity factorQL ,
both typical of a dipole. Menounou’s Directive Line Sour
Model6 leads to a rather similar result for an array of tw
sources. Nevertheless, the source strength factor
2 ikL)/L must then be introduced to account for the 18
difference in phase of the two point sources composing
dipole.
2484 J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003
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E. Diffraction by a half-plane

A common idealization of diffraction of sound due t
outdoor noise source by a barrier is that of diffraction by
thin screen, modeled by a half-plane. Diffraction by a ha
plane is a classical case and can be derived by considerin
infinitely thin wedge of top angleT50. Hence,

t150; t252p and n51/2. ~17!

The functionM n used for the calculation of the diffracte
wave can then be rewritten from Eq.~11g! as

M n~a!522 cos~a/2!. ~18!

The total sound field can be computed for a giv
source/receiver geometry. In Fig. 5, we show the total so
field at 1000 Hz when the receiver revolves around the e
of a half-plane. The source is located 1 m away from the
edge, atwS55p/3 and its image is thus located atwS8
5p/3 ~both are marked by stars in Fig. 5!. The receiver
revolves at 2 m from the edge of the half-plane (r 52 m).
These plots show the sound field for a monopole~dotted
line!, a horizontal dipole~solid line!, and a vertical dipole
~dashed line!. We remark that the axis of the horizontal d
pole, which is aligned along they axis, is perpendicular to
the edge of the half-plane. Relative sound pressure le
~SPL! are used to facilitate the presentation of the theoret
results. The corresponding reference levels for differ
source types are chosen with the receiver located on the
illuminated side of the half-plane at the given range, i.e., 2
from the edge. The continuity of the total sound field on t
sight lines for direct and reflected waves, marked by rad
lines, is evident in the plots for all source types.

To confirm the validity of Eq.~14a! for the diffracted
sound field, comparisons are made with numerical calcu
tions using two monopoles of 180° difference in phase a
very close to one another. In Fig. 5, we display these p
dicted results with squares for the sound field due to
horizontal dipole and triangles for that due to the vertic

FIG. 4. Approximation of the diffraction integralAD(X) by 1/pX. The
exact function is shown by solid lines, its approximation represented
dotted lines.
Buret et al.: Diffraction of sound from a dipole
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dipole. The predictions with such ‘‘composite dipoles’’ sho
no discernable difference with waves calculated by E
~14a!.

In the shadow zone, all sources present the same v
tions in diffracted pressure, as the directivity functionQL is
calculated at the top edge of the obstacle and is there
independent of the receiver angular position. Outside
shadow zone, where the diffracted wave interferes with
direct wave, it is remarkable that the sound field pattern fo
vertical dipole is comparable in shape to that of a monop
This is not the case for the horizontal dipole. Different b
related observations were made in the case of propagatio
sound due to a dipole above ground.10 In this case, the sound
field due to a horizontal dipole~whose image has the sam
orientation! is very close to that due to a monopole. On t
other hand, the sound field due to a vertical dipole above
ground~whose image is inverted! is somewhat different be
cause of further interference between direct and reflec
waves as well as a loss of reciprocity. Conversely, in
presence of a vertical half-plane described here, the imag
the vertical dipole conserves the source orientation, whe
that of a horizontal dipole is inverted. Relative orientatio
of dipole sources and their images are summarized in Fig
We have seen in Sec. II D that the source and its image b
contribute to the diffracted pressure and hence their orie

FIG. 5. The total sound field at 1000 Hz around a half-plane (n51/2; t1

50; t252p) for a receiver revolving around the edge atr 52 m. The
source is located atwS55p/3; r S51 m; x5xS50. Three different sources
are shown: a horizontal dipole~solid line!, a vertical dipole~dashed line!,
and a monopole~dotted line!. The squares and the triangles show the c
culations for two monopoles with 180° out of phase and close to one ano
in the configuration of a horizontal and a vertical dipole, respectively. T
stars show the positions of the source and its image with respect to
left-hand side of the screen. The results are referenced to the SPL whe
receiver is located on the nonilluminated side of the wedge (w5t1). Solid
radii represent the sight lines for direct and reflected waves.
J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003
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tions have an important influence on its interaction with
rect and reflected pressure waves.

Figure 6 displays the total sound field around the edge
a hard wedge of top anglep/4 (n54/7;t15p/6;t2

523p/12) at 1000 Hz for the same source and receiver
sitions. For such a narrow wedge, the pattern for a vert
dipole is again closer in shape to that of the monopole, du
the respective orientations of the source and its image.
continuity of pressure at the lines of sight is evinced and
agreement with the sound fields due to ‘‘composite dipole
~squares for a horizontal dipole and a triangle for a verti
dipole! is again excellent.

Figure 7 shows the sound field for the same wedge
the same source as a function of the source–receiver o
distancex2xS for three receivers in different regions for th
composition of the total pressure field. These receiver p
tions are shown by circles in Fig. 6. Predictions are sho
for two horizontal dipolesed—along thex axis, parallel to the
edge of the wedge~dashed–dotted line!, and along they axis,
perpendicular to the edge of the wedge~solid line!, respec-
tively. Also shown are predictions for a vertical dipole alon
the z axis ~dashed line! as well as a monopole~dotted line!.
The dipole fields are compared with the correspond
‘‘composite dipoles’’~crosses, squares and triangles, resp
tively!. The agreement is again very good. The plots ha
been normalized to the point of null offset, except for t
dipole along thex axis as the receiver is then in the midpla
of the dipole and there is no sound field.

The results for horizontal and vertical dipole are und
tinguishable. These calculations confirm observations m
in earlier studies,6 stating that the diffracted wave sho
greater directivity in the transverse direction than wav
from the original source in the absence of a barrier. This
due to the behavior of the diffraction integralAD(X). Its

-
er
e
he
the

FIG. 6. The same as Fig. 5, but for a wedge of top anglep/4 (n54/7; t1

5p/6; t2523p/12).
2485Buret et al.: Diffraction of sound from a dipole
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FIG. 7. The sound field at 1000 Hz in the presence of a hard wedge of top anglep/4 (n54/7; t15p/6; t2523p/12) as a function of the source–receive
offset. The source is located atr S51 m; wS55p/3. The receiver is located atr 52 m and at three positions corresponding to different compositions for
total pressure:~a! w5p/3 ~diffracted wave only!; ~b! w5p ~direct wave and diffracted wave!; and~c! w54p/3 ~direct wave, wave reflected on thet2 side
and a diffracted wave!. These positions are shown in Fig. 6 by circles. Four different sources are shown: a horizontal dipole oriented along they axis,
perpendicular to the edge of the wedge~solid line!, a horizontal dipole oriented along thex axis, parallel to the edge of the wedge~dashed–dotted line!, a
vertical dipole~dashed line!, and a monopole~dotted line!. The squares, the crosses, and the triangles show the calculations for two monopoles out o
and close to one another in the configuration of the respective dipoles. The relative sound pressure level is referenced to its value at the point ofoffset,
except for the dipole along thex axis.
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magnitude increases with offset, asX2 andX1 decrease@cf.
Eqs.~11d!–~11f! and Fig. 4#. This partly compensates for th
decay in the sound field due to the increase in the sour
receiver range. Outside the short offset range, the dip
along thex axis behaves in a way very similar to that of
monopole.

Comparing Figs. 7~a!, ~b!, and~c! provides good insight
into the influence of the direct waves and the reflections fr
the sides of the wedge on the total sound field. An inter
ence pattern is observed in the region where the three c
ponents of the sound field are present. The horizontal dip
aligned along thex axis ~dashed–dotted line! and the vertical
dipole ~dashed line! behave similarly to a monopole~dotted
line! in that respect, whereas the pattern for the dip
aligned along they axis ~solid line! seems to be somewha
out of phase. This is also due to the relative orientations
the actual and image sources~see Fig. 2!, which are identical
for the dipole alongx, almost the same for a vertical dipo
and quasi-opposite for the dipole along they axis. This figure
shows that reflected waves are critical components of
total sound field.
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III. TWO APPLICATIONS RELEVANT TO OUTDOOR
ENVIRONMENT

A. Sound propagation above an admittance
discontinuity

Several models can be found in the literature concern
the propagation of sound above a discontinuous grou
Boulangeret al. have given a review of these models.12 Two
of them are of interest for the present study as they make
of the solution for the diffracted pressure by a wedge. Koe
model13 considers a wedge of top angle 180° with differe
admittance of each ‘‘side.’’ However, not only is such
model subject to the restrictions concerning the absorb
wedge but the sound field is not well defined when the
flection occurs at the point of discontinuity. The seco
model, a semiempirical one, has been proposed by De Jo4

It is based on the superposition of two half-planes of diff
ent admittance. The actual diffracted wave is then estima
by considering the two limiting cases: that of a hard screen
the air and that of homogeneous ground. De Jong’s mo
has proved to give relatively good agreements with exp
Buret et al.: Diffraction of sound from a dipole
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FIG. 8. Geometry for the propagation of sound abo
an admittance step.
ca
g
o

g’

y
i

io

nd

r
by
.

fla
-

fi-

on

the
-
lf-

nti-

b-
the

ntal

the

e of

q.
the
Li

 26 February 2025 08:44:37
mental results and with more accurate numeri
calculations12 for an omnidirectional point source. Havin
derived an expression for the pressure field due to a dip
diffracted by a half-plane, we shall now adapt De Jon
model to dipole sources.

After Li et al.,10 the sound field due to an arbitratril
oriented dipole above a plane of specific normalized adm
tanceb can be expressed in a close-form analytical solut
as

p5QRF12 ikR

R G eikR

R
1QSRPF12 ikS

S G eikS

S

1QZ~12RP!F~w!F12 ikS

S G eikS

S
, ~19a!

whereR andSare the direct and reflected ray paths,RP is the
plane wave reflection coefficient,

RP5
cosuS2b

cosuS1b
, ~19b!

with uS the incidence angle of the reflected ray. The bou
ary loss factor,F(w), is

F~w!511 iApwe2w2
erfc~2 iw !, ~19c!

with the numerical distancew given by

w5~ 1
2 ikS!1/2~cosuS1b!. ~19d!

The corresponding directivity factors are determined by

QR5cosfS cosg1sinfS sing cos~cS2c!, ~20!

QS5cosuS cosg1sinuS sing cos~cS2c!, ~21!

QZ52b cosg1A12b2 sing cos~cS2c!, ~22!

wherefS is the elevation angle of the direct ray andcS the
azimuthal angle of the direct path connecting source and
ceiver shown in Fig. 8. The dipole orientation is defined
the polar and azimuthal anglesg andc ~see Sec. II and Fig
2!.

In the presence of an admittance discontinuity on a
reflecting ground~see Fig. 8!, the pressure field for a mono
pole source of unit strength can be expressed as4

p05
eikR

R
1Qr

eikS

S
1~Q12Q2!D0 , ~23a!
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whereQ1 and Q2 are the spherical wave reflection coef
cients calculated for the two types of ground,

Qi5Rpi
1~12Rpi

!F~wi !, for i 51,2, ~23b!

with Rpi
and wi being the respective plane wave reflecti

coefficients and numerical distances. The parameterQr is the
corresponding spherical wave reflection coefficient at
point of specular reflection andD0 is the relative sound pres
sure of a monopole source diffracted by a horizontal ha
plane with the edge coincided with the admittance disco
nuity. The form of the solution forD0 is given in a form
similar to Eq.~11a! with a different configuration of source
and receiver.

The sound field for a dipole of unit strength can be o
tained by differentiating the expression for a monopole,
right hand side of Eq.~23a!, to yield

p5~ I "¹S!Fexp~ ikR!

R
1Qr

exp~ ikS!

S G
1~Q12Q2!@~ I "¹S!D0#1@~ I "¹S!~Q12Q2!#pdiffr ,

~24!

where the operator (I "¹S) is given in Eq.~6! andpdiffr is the
pressure due to the dipole source, diffracted by a horizo
half-plane whose edge coincides with the discontinuity,

pdiffr'
11 i

2
QL

12 ikL

L

eikL

L
@AD~X1!1AD~X2!#,

~25a!

QL5cosuE cosg1sinuE sing cos~cS2c!, ~25b!

with L the diffracted ray pathlength.X1 andX2 are defined
in Eqs. ~11d! and ~11e! with angle wS measured from the
negativey axis, as shown in Fig. 8. The parameterQL is the
directivity factor at the pointE where the diffracted ray in-
tersects the admittance discontinuity, i.e., the edge of
half-plane, as shown in Fig. 1. The parametersuE and cS

are, respectively, the elevation angle and azimuthal angl
the diffracted ray path joining source to edge to receiver.

The first bracketed term on the right hand side of E
~24! represents sound fields due to a dipole above
ground. Use can be made of the solution derived by
et al.10 shown in Eq.~19!. The derivative of the diffracted
pressure in the second term on the right-hand side of Eq.~24!
2487Buret et al.: Diffraction of sound from a dipole
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FIG. 9. Geometry for the propagation of sound in th
presence of a barrier above the ground.
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is the pressure due to a dipole source diffracted by a h
zontal half-plane, cf. Eq.~16!, with the use of appropriate
parameters. The last term involves the derivative of
spherical wave reflection coefficients. In the case of a h
zontal dipole, its contribution will not be significant com
pared with the first two terms because the variations of
reflection coefficient with horizontal distance are small. O
the other hand, its influence becomes crucial in the case
vertical dipole as the spherical wave coefficient is more s
sitive to variations in height.

Li’s formulation10 is used to rewrite (I "¹S)Qi as

~ I "¹S!Qi5~QZi2QS!
12 ikS

S
~12RPi!F~wi !,

for i 51,2, ~26!

whereQS , QZ1 , and QZ2 can be determined according
Eqs.~21! and ~22!. Hence, Eq.~24! becomes

p5QR

12 ikR

R

eikR

R
1QS

12 ikS

S
Qr

eikS

S

1
11 i

2

eikL

L FQL

12 ikL

L
~Q12Q2!1

12 ikS

S
~j12j2!G

3@AD~X2!1AD~X1!#, ~27a!

where

j i5~QZi2QS!~12RPi!F~wi !, i 51,2. ~27b!

For near-grazing propagation and soft grounds, further
proximations can be used,10 in Eq. ~27b! to simplify j1 and
j2 as follows:

j i'22b i cosgF~wi !, i 51,2. ~27c!

The solution is nonsingular and continuous where the p
of specular reflection crosses over the admittance discon
ity because, at the transition point,L5S; QL5QS and X1

50, which leads toAD(0)52(12 i )/2. Hence, the continu
ity of the solution is ensured.

B. Sound propagation in the presence of a barrier
above the ground

Consider sound propagation in the presence of a ba
when source and receiver are located on either sides
barrier with the receiver located at the shadow zone ab
ground. The sound field for a monopole source can then
2488 J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003
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represented by the sum of four components~see Fig. 9! cor-
responding to each path from source to receiver, taking
account the effect of the ground reflections. The total sou
field can be expressed as

p05p0,S2R1Q1p0,IS2R1Q2p0,S2IR1Q1Q2p0,IS2IR ,
~28!

where the subscriptsS, R, IS, IRstand for the source, the
receiver, the image source and the image receiver, res
tively. The parameters,Q1 and Q2 are the reflection coeffi-
cients for the waves reflected on the source side~ground
admittanceb1) and on the receiver side~ground admittance
b2). It has been found13 that these reflection coefficient
should be calculated for the respective paths joining the
age source to the edge of the wedge (r1) and the edge to the
image receiver (r2). These are calculated from geometric
considerations~see Fig. 9! as

r15
r S

sin«
A12

4ze

r S
S coswS2

ze

r S
D sin2 «, ~29a!

r25
r

sin«
A12

4ze

r S cosw2
ze

r S
D sin2 «. ~29b!

In the case of a dipole source, the expression for
sound field can be obtained by substituting Eq.~28! into Eq.
~6!. This leads to

p5~ I "¹S!p0,S2R1Q1@~ I "¹S!p0,IS2R#

1Q2@~ I "¹S!p0,S2IR#1Q1Q2@~ I "¹S!p0,IS2IR#

1@~ I "¹S!Q1#p0,IS2R1@~ I "¹S!Q2#p0,S2IR

1$Q1@~ I "¹S!Q2#@~ I "¹S!Q1#Q2%p0,IS2IR . ~30!

However, as the reflection coefficientQ2 is calculated for the
path joining the edge of the barrier to the receiver, it is
dependent of the source coordinates in the vertical pla
hence,

~ I "¹S!Q250. ~31a!

The derivative of the reflection coefficientQ1 may here
again be estimated after Li’s formulation for the sound fie
due to a dipole above the ground,10

~ I "¹S!Q15~QZ12QS1!
12 ikr1

r1
~12RP1!F~w1!,

~31b!
Buret et al.: Diffraction of sound from a dipole
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FIG. 10. Free field spectra of the sources used. T
dashed lines show the broadband spectra, the solid l
the filtered spectra, and the dotted lines the third-octa
band filters used.~a! Piezoceramic disk with resonan
frequencyf c52875 Hz; ~b! piezoceramic disk withf c

53980; ~c! omnidirectional source, filtered on the thir
octave centered atf c52875 Hz;~d! the same as~c! but
for f c53980 Hz.
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where

RP15
cosuE2b1

cosuE2b1
, ~31c!

w15~ 1
2 ikr1!1/2~cosuE1b1!, ~31d!

QS15cosuE cosg1sinuE sing cos~cE2c!, ~31e!

QZ152b1 cosg1A12b1
2 sing cos~cE2c!, ~31f!

with uE andcE being the elevation and azimuthal angles
the path joining the image source to the edge of the bar
~see Fig. 9!. Equation~30! can then be simplified to

p5pS2R1Q1pIS2R1Q2pS2IR1Q1Q2pIS2IR

1~QZ12QS1!@p0,IS2R1Q2p0,IS2IR#
12 ikr1

r1

3~12RP1!F~w1!, ~32!

where, when the receiver is in the shadow zone,pS2R ;
pIS2R ; pS2IR ; pIS2IR are the diffracted pressures for ea
of the four propagation paths calculated using the expres
given in Eq.~16!.

IV. LABORATORY MEASUREMENTS

A. Experimental setup

Measurements have been carried out in an anec
chamber of dimension 6 m36 m34 m ~high!.

Piezoceramic disks with peak frequencies of 2875
~diameter 35 mm! and 3980 Hz~diameter 27 mm! with di-
pole directivity have been used. Although they may be d
cate to manipulate, similar disks were used successfully
dipole sources in our previous studies.10 The impulse re-
sponses were obtained by means of a Maximum Length
quence Analyzer15 and then filtered on the third octave ban
centered on the peak frequency of the source. The so
J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003
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pressure levels were then calculated by means of an inte
tion of these filtered responses rather than on single frequ
cies, to ensure that small spectral instabilities linked to
change geometry do not affect the results presented h
Since the piezoceramic disks emitted quite low levels
sound, a relatively short source–receiver range up to 1.
was chosen in our indoor measurements. They also h
been carried out with an omnidirectional source, a driv
prolonged by a tube of diameter 30 mm and length 1.5
Here again the responses have been filtered on the third
tave bands centered on the resonant frequencies of the d
transducers. The sound pressure level is then calculate
integration of the filtered responses. The free field spectr
the various sources used are presented in Fig. 10.

The measurements were compared to theoretical pre
tions that have been adjusted with the filtered spectra of
corresponding sources. Hard ground was modeled by me
of varnished plywood panels. Two different impedan
grounds were modeled using a two-parameter model,14 a car-
pet with equivalent parametersse510 kPa s m22 and ae

5100 m21 and rough rubber mat sheets, withse

58 kPa s m22 and ae52000 m21. Characterizations of
these two materials by means of Excess Attenuation m
surements are presented in Fig. 11. Barrier measurem
have been made using a steel plate as a rigid thin scree

B. Impedance discontinuity

In our experiments, the carpet and the rough rubber
are used to create a mixed impedance ground surface. Fi
12 shows the variations of the sound pressure level with
percentage of the harder ground~rubber mat! on the source
receiver path. The source height is 0.035 m above the rub
mat and the receiver height is 0.025 m. The source–rece
range is 0.75 m and there is no offset (xS5x50). The data
shown correspond to the measurements for a mono
~dots!, a horizontal dipole along they axis ~squares!, and a
2489Buret et al.: Diffraction of sound from a dipole
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FIG. 11. Characterization of the two types of groun
used. The solid lines show measurements for a sep
tion of 0.75 m and source and receiver heights of 0.0
and 0.025 m, respectively, referenced to free field m
surements. The dashed lines show predictions usin
two-parameter ground model~Ref. 14! with the follow-
ing values:~a! se510 kPa s m22; ae575 m21 for the
carpet; ~b! se58 kPa s m22; ae52000 m21 for the
rubber mat.
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vertical dipole ~triangles!. They are compared with th
theory: the dotted line shows the predictions for the mo
pole, the solid line for the horizontal dipole, and the dash
line for the vertical dipole. The sound pressure levels h
been normalized at the point of discontinuity in Figs. 12 a
13 in order to give a better comparison of the trends at
point, particularly in the change of slope observed when
surface on which the reflection occurs changes.

The continuity of the pressure field is well respect
when the specular reflection occurs on the discontinuity
~about 58% of rubber mat on the source-receiver path!. Nev-
ertheless, we can observe a discrepancy in Fig. 12 betw
the theory and the measurements when the percentage o
harder ground tends to zero. This is also observed fo
monopole source and may therefore be a fault inherent to
Jong’s model. It is, however, slightly more important in t
case of a dipole, probably due to the use of an approxim
formula for the derivatives of the reflection coefficients. O
side this region, where the percentage of harder groun
larger, the agreement between measurements and theo
generally very good. There is a discrepancy between pre
tions of measurements for a vertical dipole in Fig. 12~b! for
the range 50%–60% of hardest ground. In view of the go
results obtained for other configurations this can be
plained by a slight deviation in the orientation of the piez
ceramic source used for the corresponding set of meas
ments.

As in the case of propagation above a homogene
2490 J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003
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boundary,10 we can observe from Fig. 12 that the behavior
the horizontal dipole is very similar to that of a monopo
The behavior of the vertical dipole is somewhat differe
This can be explained, as mentioned earlier in Sec. I
when commenting upon Fig. 5, by the relative orientations
the sources and their images.

Figure 13 shows the variations of the sound press
level with source–receiver range. The source is at he
0.035 m above the rubber mat and 0.6 m away from
discontinuity (ye50;yS520.6 m). The receiver is locate
0.025 m above the ground and its position varies fromy
520.1 m toy50.9 m. Here again, the sound field of a ho
zontal dipole~solid line! is almost indistinguishable from
that due to a monopole~dotted line!. The vertical dipole
~dashed line! is more sensitive to the change in the value
the admittance, as one can observe a more important ch
of slope in the decrease of the sound pressure level w
range when the specular reflection occurs on the second
of ground. The agreement with the experimental data for
three types of source~dots for monopole, squares and tr
angles for horizontal and vertical dipole, respectively! is
again very good.

Figure 14 shows the variations of the sound press
level for a horizontal dipole along the discontinuity~x axis!
with the source–receiver offsetx2xS ~solid line for the
theory and crosses for the experimental data!. The results for
a monopole are shown for comparison~dotted line: theory,
dots: measurements!. The source is 0.035 m above the ru
a
-

he

t
ed
at
FIG. 12. Sound field above an admittance step for
monopole~dotted line for the theory; dots for the ex
perimental data!, a horizontal dipole~solid line: theory;
squares: measurements! and a vertical dipole~dashed
line: theory; triangles: measurements! as a function of
the percentage of the hardest ground~rubber mat!. The
two ground models are those presented in Fig. 11. T
source is located at heightzs50.035 m above the rub-
ber mat, the receiver height isz50.025 m. The source–
receiver range isy2yS50.75 m and there is no offse
(x2xS50). The results are referenced to the predict
SPL at the point where the specular reflection occurs
the discontinuity~58% of harder ground!, materialized
by the vertical solid line.
Buret et al.: Diffraction of sound from a dipole
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FIG. 13. Sound field above a rubber mat–carpet d
continuity for a monopole~dotted line for the theory;
dots for the experimental data!, a horizontal dipole
~solid line: theory; squares: measurements! and a verti-
cal dipole ~dashed line: theory; triangles: measur
ments! as a function of the source–receiver range. T
discontinuity is located aty50. The source is located a
height zS50.035 m above the rubber mat and atyS

520.6 m, the receiver atz50.025 m. The source–
receiver distancey2yS varies from 0.5 to 1.5 m and
there is no offset (x2xS50). The results are refer-
enced to the predicted SPL at the point where t
specular reflection occurs at the discontinuity (y2yS

51.027 m), materialized by the vertical solid line.
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ber, 0.2 m away from the discontinuity and the receiver
0.025 m above the carpet, 0.3 m away from the discontinu
When there is no offset, there is no sound field, as the
ceiver is located in the midplane of the dipole source. T
sound pressure level then increases with the offset follow
the directivity function of the source and reaches a sta
value when the offset is roughly of the same order as
source–receiver distance as increases in the directivity in
are compensated by longer ranges. Here again, the agree
in between the predictions and the experimental data is v
good.

C. Barrier measurements

The study of the sound field in the presence of a bar
over the ground involves images with respect to the gro
as well as the obstacle. This is particularly interesting in
light of the remarks we have made in Sec. II E.

Figures 15, 16, and 17 show the variations of the so
field with the receiver position when the ground is hard
both sides, hard on the source side and covered with ca
on the receiver side, and covered with carpet on both si
J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003
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respectively. The height of the screen isze50.22 m and it is
located at ye50. The source is located atxS50; yS

520.3 m; zS50.1 m and the receiver is located atx50 and
z50.05 m. The dots show the experimental results fo
monopole, the squares for a horizontal dipole along thy
axis ~perpendicular to the edge of the screen!, and the tri-
angles for a vertical dipole. They are compared with theo
ical predictions with a dotted line for the monopole, a so
line for the horizontal dipole, and a dashed line for the v
tical dipole. As in the case of the admittance discontinu
the results shown here for the sound pressure level are b
on an integration of the sound power over the third octa
and centered at the resonant frequencies of the dipole sou
~respectively, 2875 and 3980 Hz!.

Agreement between the measurements and the pre
tions is very good. One may notice that, in the configurat
chosen, the behavior of the dipoles is somewhat simila
that of the monopole, independently of the orientation. As
have mentioned in the beginning of this section, the image
the horizontal dipole with respect to the ground conser
the source orientation. This type of source behaves lik
is-

o-
is

d.
FIG. 14. Sound field above a rubber mat–carpet d
continuity for a monopole~dotted line for the theory;
dots for the experimental data! and a horizontal dipole
along the line of discontinuity~solid line: theory;
squares: measurements! as a function of the offsetx
2xS . The discontinuity is located aty50. The source
is located atyS520.2 m, at heightzs50.035 m above
the rubber mat and the receiver aty50.3 m, at height
z50.025 m above the carpet. The results for a mon
pole are referenced to the predicted SPL when there
no offset; those for the dipole are arbitrarily reference
2491Buret et al.: Diffraction of sound from a dipole
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FIG. 15. Sound field diffracted by a rigid thin screen
the presence of ground for a monopole~dotted line for
the theory; dots for the experimental data!, a horizontal
dipole ~solid line: theory; squares: measurements! and a
vertical dipole~dashed line: theory; triangles: measur
ments!. The screen is located atye50 and its height is
ze50.22 m. The source coordinates arexS50; yS

520.3 m; zS50.1 m. The receiver is located atx50
andz50.05 m its distance from the barriery2ye is the
varying parameter. The ground on both sides is ha
The results are referenced to the total predicted SPL
the presence of the barrier at the first point conside
(y2ye50.2 m).

FIG. 16. The same as Fig. 15, except the ground is h
on the source side and covered with carpet on the
ceiver side.

FIG. 17. The same as Fig. 15, except the ground
covered with carpet on both sides.
2492 J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003 Buret et al.: Diffraction of sound from a dipole
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FIG. 18. Sound field as diffracted by a thin scree
above hard ground as a function of the source–recei
offsetx2xS . Results are shown for a monopole sour
~dotted line: prediction; dots: measurements!, a hori-
zontal oriented along they axis, perpendicularly to the
edge of the screen~solid line: prediction; squares: mea
surements!, a horizontal dipole oriented along thex
axis, parallel to the edge~dashed–dotted line: predic
tion; crosses: measurements! and a vertical dipole
~dashed line: prediction; triangles: measurements!. The
screen is 0.22 m high; both source and receiver
located at height 0.17 m; 0.1 away from the screen
each side. The results are referenced to the predic
SPL at null offset, except for the dipole along thex axis.
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monopole for the ground reflection. On the other hand,
image with respect to the screen is inverted. It is the ot
way round for the vertical dipole whose sound field is simi
to that due to a monopole as regards screen diffraction,
not for ground reflection. It appears from Figs. 15–17 tha
the combination of both phenomena, the monopolar beha
is predominant. A remarkable consequence of this obse
tion is in the acceptability of using monopole expressions
a rough estimate of the sound field due to directive source
outdoor noise predictions involving barriers and screens
2-D situations.

Finally, Fig. 18 shows the variations of the sound pr
sure level as a function of the source–receiver offset for
rigid thin screen above hard ground. Source and rece
are located relatively high above the ground:z5zS

50.17 m—i.e., 0.05 m below the edge of the screen—an
a reasonably short distance away from the screen:y52yS

50.1 m. Four different sources were used: a monopole~dot-
ted line: predictions; dots: measurements!; a horizontal di-
pole along they axis, perpendicular to the edge of the scre
~solid line: predictions; squares: measurements!; a horizontal
dipole along thex axis, parallel to the edge~dashed–dotted
line: predictions; crosses: measurements! and a vertical di-
pole ~dashed line: predictions; triangles: measuremen!.
Agreement between the experimental data and the pre
tions is generally very good. In view of the results shown
Fig. 18, the influence of the ground reflections is still critic
though the source and receiver are relatively high above
ground. This is confirmed by the fact that, unlike the verti
dipole and except whenkR!1, the horizontal dipoles behav
in a way similar to a monopole source: with respect to
ground, the image source of a vertical dipole is invert
whereas it keeps the original orientation in the case o
horizontal dipole. Unlike the 2-D situation, the dipole orie
tation seems to be crucial for the sound fields in the tra
verse direction when considering diffraction by a barrier
the presence of ground.

V. CONCLUDING REMARKS

A closed-form solution for the sound field due to a d
pole source as diffracted by a hard wedge has been der
J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003
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for arbitrary source and receiver positions. Based on Pier
formulation for the diffraction of sound due to a poin
source,2 this solution leads to an expression similar to t
formulation according to Menounou’s Directive Line Sour
Model.6 By means of this solution for the diffracted dipo
field, De Jong’s semiempirical model for propagation abo
a ground discontinuity4 has been extended. Similarly, an an
lytical formula has been derived for the calculation of t
sound field due to dipole sources above the ground in
presence of a barrier. These practical cases have show
influence of the source directivity on the prediction of t
sound field. Particularly, in 2-D cases of barrier abo
ground, the dipole field is somewhat similar to that due to
omnidirectional point source. Nevertheless, in 3-D cases,
sound field in the transverse direction is very sensitive to
orientation of the source. This result is important in the co
text of screening of transportation noise where lines of in
herent dipoles may be used to model the noise source.
this reason, an extension of this work to more directio
sources, such as quadrupoles, would be useful.
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