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In this short note, some experimental results are presented on the diffraction of a spherical
way by a hard half-plane. This study was conducted with the aim to give evidence to the
existence of the edge-diffracted wave. The sound source used in this experimental study is
a condenser microphone operating in a reverse way. The wave emitted by a sound source
propagates in space and hits a thin aluminium sheet with a straight edge, considered as an
idealization of the hard half-plane. The resulting impulse response includes among others
a wave diffracted by the edge of the half-plane, which is compared to its theoretical
prediction. This latter is calculated from the exact Biot and Tolstoy solution to the problem
of diffraction of a spherical wave by a hard wedge. Relatively satisfactory agreement is found
between theory and experiment.

© 2002 Published by Elsevier Science Ltd.

1. INTRODUCTION

The problem of interaction of waves with scattering objects delimited by straight edges has
been known for a long time. When light propagates near the edge of an opaque screen, the
classical geometrical optics fails to explain the cause of appearance of diffraction bands
visible in the vicinity of the geometrical propagation boundaries. Earlier, Young attempted
to explain this phenomenon by attributing to the diffracting screen the ability of emitting an
edge wave when an incident wave falls upon it. This idea was taken up later by Fresnel who
used Huygens’ construction of the wave envelopes in combination with Young’s principle of
interference of waves to present for the first time a quite rigorous treatment of the
phenomenon of light diffraction by a sharp straight edge [1]. Due to its importance and
relative simplicity, the case of the half-plane has since then been given special attention in
the theory of diffraction. Hence, in the light of the Huygens-Fresnel principle, the
appearance of the light and dark diffraction fringes may then be simply attributed to either
the constructive or destructive interference between the directly incident wave and the wave
diffracted by the edge of the obstructing object. However, for a long time after the
elaboration of the Huygens-Fresnel principle of diffraction, it had been assumed that
the edge wave was simply a mathematical artifice used to ensure the smooth continuity of
the total field at the transition between the geometrical boundaries. Consequently, it had to
wait for Sommerlfeld’s exact theory of diffraction to put Young’s ideas on a sound basis.

On the other hand, the solutions to the presumably simple problem of the half-plane are
few, and the exact ones among them resort often to the use of quite elaborate mathematics.
To take again Sommerfeld’s approach to the problem, the original two-dimensional
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solution to the problem of plane wave incidence makes use of the concept of branched
solutions [2]. Hence, it is only at quite high frequencies, ideally in the limit of a vanishing
wavelength, that the total field may explicitly be split into the sum of two contributions of
different natures; the classical geometrical component and the edge-diffracted wave. In this
case, the edge wave has some characteristics that remind one much of a cylindrical wave. It
behaves as if it were originating at the edge of the diffracting screen, and its amplitude in the
far field decreases in proportionality to the square root of the distance from the edge. It is
this concept of the edge-diffracted wave which again has contributed to the elaboration of
the Geometrical Theory of Diffraction [3], and its various subsequent refinements [4].
Earlier, Rubinowicz had also been able to isolate the edge wave from his reformulation of
Kirchhoff’s diffraction integral formula, which is the mathematical formulation of the
Huygens-Fresnel principle. In this case too, the total field scattered by an aperture in
a screen may be expressed as the sum of a geometrical part and of a wave considered as the
build-up of contributions from fictive sources seeming to radiate from the rim of the
aperture [5].

It would also be of some interest to note that most of the solutions to the problems of
diffraction of the kind at hand start at the Helmholtz equation, and therefore are formulated
in the frequency domain. However, a little more than 40 years ago, Biot and Tolstoy
succeeded in presenting a new solution, this time in the time domain, to the more general
problem of scattering of a spherical wave by a hard wedge [6]. The attractiveness of this
approach is that it is formulated for a pulse excitation which could have interesting practical
applications in the calculation of impulse responses, and that it uses rather simple
mathematics. Hence, for a spherical pulse, an observer would possibly receive the
geometrical components of the scattered field, depending on the geometry of the problem,
but would always sense a wave diffracted from the edge of the wedge, the expression of
which is given in an explicit closed form. The edge-diffracted wave then no longer remains
a mathematical artefact used to ensure the smooth transition of the total field between the
various geometrical zones in space, but it has a real physical existence. It is therefore the aim
of this study to make a further contribution to the experimental evidence of the edge wave.

2. THEORY: THE BIOT-TOLSTOY THEORY OF DIFFRACTION APPLIED
TO THE HARD HALF-PLANE

Consider in Figure 1 an infinitely rigid half-plane in a fluid with density p, a point source
at S and a receiver at R. Then, according to the Biot and Tolstoy, B-T, diffraction theory,
the total field at the receiver position would be made of a geometrical optics component and
a diffraction component. In its original formulation, the B-T diffraction theory treats the
problem of a source emitting an instantaneous explosion, but Medwin with slight
mathematical changes presented the B-T solution to the diffraction problem of
a concentrated Dirac impulse source [7]. The total field is equal to the sum of the
geometrical components and the edge-diffracted field, that is wu,, = u; + u, + uyz. The
geometrical optics contributions are u; and u,, respectively, the incident, direct wave from
the source, and the reflected one, seeming to emanate from the source image of the real
source through one face, or both faces, of the wedge. These two components are expressed
as u; = &;pSo(t — d;/c)/(4nd;) and u, = &,050(t — d,/c)/(4nd,) for, respectively, the direct and
reflected waves, d; and d, being the distances to the field point from the real sound source
and its image. The coefficient g; (¢,) is equal to one whenever the field point “sees” the real
sound source (its image through the face of wedge), and zero otherwise. Moreover, the B-T
theory considers the problem of a wedge with an arbitrary exterior angle, and the half-plane
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Figure 1. Geometry of the problem of diffraction of a spherical wave by a hard half-plane.

may simply be considered as a special case when letting the wedge exterior angle approach
27. Hence, let S radiate a delta pulse of pressure

u; = Ad(t — d/c)/d, (1)

in which 4 is a quantity proportional to the strength of the source, ¢ the speed of sound
propagation, d the distance from the source, and 6 the Dirac delta function. After the source
emits its divergent pulse, and at a time longer than 7, afterwards appears the diffracted wave
due to the tip of the half-plane. The time 7, is the time needed by the wave to travel its
shortest path from the point source to the field point via the crest line of the half-plane, and
it is given by

1o = [(r + ro)? + z2]"?/c. )
With some minor changes, the diffracted field u,(t) is given by [6, 7]

—Ac__ {B}
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is the sum of four terms resulting from the four possible combinations of the signs in
(£0/2 £ 00/2).
For z =0, equation (3) leads to the simplified form

)= A B2 -t cos(0 + 60)/2
walt) == 2 —t3 |t2 — 2 + (t2 —t2)cos?(0 + 0,)/2

N cos(0 — 0y)/2
2 —t2 + (12 —t2)cos?(0 — 0,)/2

(©)

with t, = (r + ro)/c. It may be noted that in our case ¢, = 7, because the source and the
receiver lie in the same plane that is perpendicular to the half-plane. Upon introducing the
time variable t =t — 7, equation (6) may again be expressed as

cos(0 + 0,)/2

_ ~ 21 + 2t 2 %) cos2(0 + 0,)2
walt) = A Jt2 —t (1 + 2t /1) + (15 —t=)cos™(0 + 0,)/ , o

ENAES IR cos(0 — 0,)/2

2(1 4 2t 4 /1) + (13 — t2)cos?(0 — 0,)/2

which lends itself to easy and quite simple formulation in the frequency domain [8].

3. EXPERIMENTAL RESULTS

The most reliable quantitative theoretical investigations of the problem of diffraction by
a half-plane have extended over a period of time of more than a hundred and fifty years. But
due to the delicacy of the problem in acoustics, it is only during the few past decades, with
the development of more powerful measurement techniques and better performing
instruments, that successful experiments could be conducted. Some earlier experiments
having direct relevance to the present work may be found in Maekawa’s classical paper on
the charts for noise reduction by screens [9], as well as those published by several other
authors mainly on the validation of different theories of diffraction [10-14]. Related
experimental work includes also, to name only a few, the diffraction by a thick half-plane
[15] or the cases of noise reduction by thin barriers on the ground [16-22].

In an experiment, and in order to be able to isolate the edge-diffracted wave from the
other components of the total field, an intense and short pulse, ideally a Dirac pulse, of
sound would be the appropriate signal; hence, the idea of measuring the impulse response
for a set-up composed of a sound source, a receiver and a diffracting half-plane. However, in
the real world sound signals are finite both in amplitude and in frequency content. To
overcome these difficulties in the best possible way, the impulse response was accessed in the
present experiment through using a technique which during the last years has gained much
popularity within the room acoustical community. The principle behind it is to process the
cross-correlation function between the signal used to excite the system under investigation
and the response of the system to this same signal. According to theory, the best estimate of
the impulse response would be achieved for a driving signal that has the characteristics of
random noise. The latter, again, may not be realized in practice, and instead, use is often
made of the so-called maximum length sequences (MLS), periodic signals, which have
similar properties to those of random signals though deterministic. For a short and
well-accounted description of the theory underlying these techniques, the reader is referred
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to chapter VIII of Kuttruff’s book [23]. For the purpose of our experiments, use was made
of the popular MLSSA system, a ready-made measurement package comprising
a measurement circuit board (ready to be slotted in a lap-top computer, for the easy
performance of field measurements) and the accompanying software permitting to assess
several room acoustical parameters’. Another technical concern is to find a sound source
that approaches best a spherical one. The sound source is also expected not to disturb
appreciably the acoustical field, and hence be of a suitably small size. A condenser
microphone operating in the reverse way was therefore chosen: i.e., the electrical voltage of
the signal is fed between the cathodes of the condenser of the microphone causing its
membrane to vibrate, and thereby to radiate sound in the surrounding medium. The
dynamic range of the obtained sound signal is rather small and therefore for obtaining
reliable results, both the sound source and the field point must be selected at the greatest
possible proximity of the diffracting edge (this is dictated by the time duration of the
excitation pulse, hence by the bandwidth of working frequency). A similar measurement
procedure had been reported earlier by Jebsen and Medwin [12], and for technical
details on microphones operating as sound sources, reference is made to the pertaining
literature [24].

The measurement set-up comprised a 1-5 mm thick aluminium plate with dimensions
2:0m x 1:0 m laid on a 2 cm thick plywood board. The microphone used as a sound source
was a 1 in Briiel & Kjar condenser microphone of the type B & K 4145, and the receiver
microphone was a 5 in, B & K of the type 4133. According to equation (7) and its form in the
frequency domain, the edge-diffracted wave exhibits its strongest behaviour in the regions of
space near the geometrical boundary zones. The geometrical wave incidence boundary is
the plane containing the sound source and the edge of the half-plane away from the sound
source. Similar considerations apply to the wave reflection boundary and the image of the
sound source through the half-plane. The polar plot in Figure 2 represents the variation of
the amplitude of the edge-diffracted field around the edge of the hard half-plane for a sound
source at the angle 0, = 91°. Two properties of the edge-diffracted field may be noted from
this figure. For the first, its angular symmetry (with a phase opposition) with respect to the
half-plane (which may be proved through changing 6 by 2z — 6 in equation (7)), and second,
the relatively slow variation of its amplitude as one moves at a constant distance in the
shadow zone (or its image through the half-plane).

Turning towards the experimental results, the pressure in the time domain for some
configuration of the source and receiver positions is presented in Figure 3, where the
presence of the wave diffracted by the edge of the metal plate is clearly manifested. The
receiver microphone is in this case positioned near the reflection boundary. Some traces
resulting from the scattering by other remote edges of the plate are also persistent in
the whole signal time history, but in the signal analysis procedure these disturbances were
smoothed out by a tapering window. Figure 4 shows a comparison between the
theoretically predicted and the experimentally measured edge-diffracted pressures both in
the time domain and in the frequency domain. The theoretically predicted time history of
the pressure is evaluated simply through performing a convolution operation of the freefield
pressure on the expression of the edge-diffracted field as expressed in equations (3-6), with
the appropriate amplitude scaling and time translation. As may be seen, a quite satisfactory
agreement is found between the two curves. In the lower range of the working frequency
band, the poor performance of the sound source may be the cause of the large discrepancies
between the theoretical and the experimental curves. On the other hand, due to the

See for instance the website www.mlssa.com for more information on the MLSSA measurement system and
related techniques.
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Figure 2. Amplitude of the diffracted field for a constant distance of the receiver from the edge of the half-plane;
plot of the theoretical angular variation. ro = 4, r = 1-54, 0, = 91°.
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Figure 3. Experimental determination of the impulse response for a thin metallic plane in the incidence zone.
ro=89cm, 0, =92°,r=69cm, 0 =91:6°, z =26 cm.

relatively short wavelengths in the upper frequency range, the disagreements between the
curves may be attributed to either the mutual scattering of the field between the two
microphones, or the scattering around the receiver microphone itself. Therefore, another
experiment was conducted, this time the receiver was positioned away from the sound
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Figure 4. Edge-diffracted field: comparison between theory and experiment. r, = 89 cm, 6, = 91:6°, r = 69 cm,
0 =916° z = 2:6 cm. (a) Time domain. (b) Frequency domain. ——, predicted; -—-—--— , measured.
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Figure 5. Same as Figure 4 but for ro = 10-0 cm, 0, = 88-5°, r = 139 cm, 0 = 271-5°.

source in the shadow of the direct sound field, and at an angular position of just a few
degrees away from the geometrical incidence boundary. The results are presented in
Figure 5 where this time the convolution of the time history of the pressure was performed
by means of equation (6). In this latter case, better agreement is found between theory and
experiment.

4. CONCLUSIONS

In this short note, some experimental results on the diffraction of a sound wave by a hard
half-plane have been presented. The investigation emphasized on the wave diffracted by the
straight edge of the half-plane. Previously published work on this topic considered mostly
the diffraction at specific frequencies whereas the present study highlights the edge
diffraction phenomenon in a wide frequency range. To this end, a simple experimental
set-up was mounted, consisting of a thin metallic plate representing the half-plane, and
a microphone operating as a sound source. For some positions of the sound source and the
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receiver, it is possible to isolate the contribution of the edge wave from the total signal
and it may be compared to its theoretical prediction. Two positions of the receiver
were chosen therefore: one position near the source in the incidence zone (where the total
field is composed of the incident field and the diffracted field), and another position in the
shadow zone where the total field comprises only the edge-diffracted field. Comparisons
were made with theoretical predictions using the Biot and Tolstoy exact theory of
diffraction and the results show reasonably satisfactory agreement between experiment and
theory.
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