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Abstract
The sound scattering properties of diffusng pands are actualy very difficult to measure and to
predict. Furthermore, an unique, commonly accepted "diffuson coefficient” has not been
defined yet. In this paper the Wave Fidd Synthesis approach is employed for the experimenta
measurement of a physicaly defined diffuson coefficient. The results are in good agreemen
with the numerica smulations presented in a parallel paper.

1. Precis

Although many researches were conducted in the last few years, a consistent definition of
a single number (the "diffuson coefficient") for stating the effectiveness of diffusing panels has
not been yet obtained. In this paper, moving from the Wave Field Synthesis approach
developed at the Tech. University of Deft, it is demonstrated how itispossiblet characterize
completely the scattering properties of a generic object by a large number of impulse response
measurements taken moving the microphone at small steps along astraight line. From this
characterization, by comparison with the theoretical behaviour of an absorbing/diffusing object,
and after separation of the edge diffraction effect, it is possible to define objectively a surface
diffusion coefficient. Thisnew quantity iseasy to measure, and ranks correctly diffusing panels
of variouskinds. Furthermore, this new approach is consstent with the employment of the
measured diffusion coefficientin room acoustics simulation programs based on the geometrica
acoustics theory, as reported in a paralel paper. The work starts with the theoretica
explanation of the method, and prosecutes with experimental measurements on different
panels, with validation of the results by comparison with numerical smulations.

2. Introduction

The actudly employed methods for measuring the scattering properties of objects are
based on a series of measurements taken placing microphones on a semicircumference (or on a
hemisphere) centered in the center of the object under test. This way, results suitable for the
congtruction of polar patterns are easily obtained.

Furthermore, the “spatial uniformity” of the scattered sound energy can essily be
evaluated: the recently proposed “diffusion uniformity coefficent” [1,2] is an unique numeric
descriptor of such an uniformity. After having evaluated the impulse response in each j- th of
the N microphones, separated the reflected signal from the incident one, and computed the
“intensity” |; assummation of the squared pressure values, the definition of the uniformity
coefficient isasfollows:



This parameter is usually evaluated for each frequency band, and ranges from 0O (the sound
is scattered back only in a very narrow angle) to 1 (the reflected sound is spread uniformly
over the whole hemispace). The above definition inherently assumes as “perfect diffuson” an
uniform re-irradiation, not a Lambert re-irradiation as it is commonly accepted in therma
sciencesfor radiant exchange.

In practice, the above approach is satisfying for the comparison of different diffusing
panels, asit ranks correctly the “diffusion qudity” of various surfaces at least from an energetic
point of view.

But the “diffuson uniformity coefficient” is not directly corresponding to the
“quantitative” diffusion coefficient usually introduced in room acoudtics programs, where an
empiric definition isusually accepted:

5= energy reflected in adiffuse way
total reflected energy

In which it is assumed that the totd reflected energy is composed of two parts. the
specular one, which goes inthe specular direction, defined by the Snell’s law, and the diffused
energy, which spread uniformly inall thedirections.

The above two definitions of the diffuson coefficient & are dmost coincident for the
extremes of the scae: aflat, polished panel for which is =0 will be probably measured wit
very little values of &, and instead an highly diffusing surface, with an ailmost uniform polar
pattern of the reflected intengity will give unitary valuesfor both coefficients.

But inintermediate cases, the quditative nature of thefirst coefficient and the quantitative
nature of the second cause intrinsic mismatch between the values. Consider first the case of a
panel which scatters the sound in dl directions, but with pronounced |obes which modulate the
radiation of the diffused energy between a constant maximumand zero. In this case, the
amount of energy which goesin the “ specular” direction is negligible, and thus é approaches 1,
whilst &, is approximately 0.5.

Consder then the opposite case of a panel which exhibit an eviden specular behavior, so
that 70% of the reflected energy goesin the specular direction corresponding with the Snell’s
law. But the other 30% of the reflected energy is spread uniformly inall directions. In this
case, by definition, 6is0.3, butinstead the value of &, depends on the geometry of the
measurement setup. In fact, the ratio between the distance between the panel and the sound
source (dsuce), and thedistance between the panel and the microphones ( dyic) influences the
ratio between the specular intendty and the diffused intensity, and so the vaue of 3, ca
assumeamost any value.

Thiswas checked by numerical simulation of a test case, in which an omnidirectional point
source islocated at adistancer 1 = 10 m, in front of the panel (6=90°), whilst a semicircular
array of 37 microphones (spaced 5°) is surrounding the diffusing panel, at a distance r ,=5m,.
The size of the panel is assumed to be 1m x 1M Sy = 1 N7) and thus it intercepts afraction
Sena/ (41T1%) OF the total radiated sound power W. The absorption coefficient is assumed zero.
The specularly-refl ected sound intendty received by thethree microphonesin the specular zone
(the central one and the two adjacent) is:
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Instead, the diffuse sound intensity received by all the microphones (including the three
centrd ones, where it sumsto the above specular intensty) is:
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Fig. 1 reports the results of the above caculation of sound when the “true’ diffuson
coefficient o is0.3. Fromsuch a distribution of sound intensities, the “diffuson uniformity
coefficient” &,. can be computed following its definition: it resulted equd to 0.061426, which
is quite different from &. This computation was repeated for different values of  &: fig. 2
reports the results of this smulation, from which it is clear tha &, and o are related by a not
linear relaionship, which depends on the geometry of the case studied, and particularly on the
number of microphones which happen to fal inside the specular zone.

It must be noted that the relationship reported in fig. 2 cannot be considered generdl, it i
valid only for the particular geometric case depicted above.

The result of this preliminary andyss is that the recently proposed diffuson uniformit
coefficient [1,2], athough easily measurable and certainly well correlated with the acoustica
properties of different diffusors, is not corresponding with the “quantitative’ diffusion
coefficient usually implemented in computer programs for the prediction of the sound field i
large endosures [3].

The main goal of thisresearch is consequently to develop a measurement technique and a
subsequent data anadyss procedure, capable of esimating the “true” value of the diffusion
coefficient, so that introducing it in room acoustics programs produces correct results.

3. TheWaveField Synthesis (Analysis) approach

Wave Field Synthesis wasiinitialy developed at the Tech.Universty of Deft as a technique
for producing synthetic soundfidds, thanks to linear arrays of loudspeakers [4]. More
recently, the technique was folded back to the analysis of complex sound fields, being renamed
Wave Field Analysis [5]. In this second application, a large number of impulse responses are
measured with a sngle microphone, repeatedly placed in subsequent positions along a straight
line, with congtant spacing.

After the impulse responses are measured, an image is formed plotting the magnitude of
the signal along averticd line for each microphone in terms of darkness of the pixels. This
graphing technique is common in other fields, such as underwater acoustics or medica
imaging. Important information can then be obtained applying to such images proper data
processing techniques, the most simplebeing windowing and filtering, going up to
deformations and synthetic focusing.

In the case of a diffusang pand inserted in a flat surface, this technique evidencesthe
scattered wavefronts from thespecularly reflected one, as thefirst has more curvature than the
latter [6]. In principle, thisdifferent curvature could be usedfor separating the two sound
fields (specular and diffused), and this would enable the direct computation of the “true’
diffusion coefficient

So it was decided to employ adata acquistion technique based on the WFS approach,
with a microphone moving along astraight lineinstead of alonga semicircumference. Asit w
be explained in thefollowing paragraphs, thismadeit possible to obtain a better understanding
of the reflected sound field than what can be seen by energetic polar plots. Although the direc
computation of the diffusion coefficient with WFS is not finished yet, the first results obtained
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with the new technique are so promising that it was decided to publish this preliminary paper,
with the goal to promote the debate about the correct definition of the diffusion coefficient and
about the possible measurement techniques.

4. Experimental apparatus

Two experimental setup were employed for this work. In thefirst one, the diffusing pand
wasplaced on an hard, polished concrete floor, and a loudspeaker was suspended above it.
The experiment was conducted in a large, untreated room: the dimination of unwanted
reflection was obtained by timewindowing of the measured impulse responses.

An omnidirectional microphone was moved along aline, passing over the diffusing pand,
thanks to a light carriage and a rotating board which acted as drum, over which a cable was
folding pulling the carriage. A rall embedded in the floor ensured linear movement of the
microphone. The advancement step was 27.91 mm, and 255 microphone positions were
measured.

The measurement was conducted with a PC equipped with a MLSSA board, directl
interfaced with the rotating board. A macro ensured automatic, unattended operation (the
whole measurement procedure waslasting more than three hours).

Fig. 3, 4 and 5 show the overal setup, the suspended loudspeaker, the rotating board and
the panel on thefloor. As shown, it was attempted to reduce the unwanted reflections from the
carriage by covering it with a thick coat of sound absorbing materid, which gained it the
surname of “sheep”.

Fig. 6 shows a typical result obtained from a measurement conducted with the firg
apparatus. It can be seen that the specular reflection on the floor causes a very evident, low-
curvature wavefront, whilgt the sound diffused from the panel distributes over a much more
curved wavefront. As these wavefronts are crossng, it was not easy to separate the two
contributions. Some atempts to operate a spatid separation of the wavefronts faled, although
alot of time was wasted writing Matlab programs.

S0 it was decided to make the things easer, modifying the experimental apparatus in such
a way to avoid completely the specular reflection on the floor. The relaive postion of
loudspeaker and diffusng pand wasinterchanged: the loudspeaker was mounted flush on the
floor, in which a proper niche was created. Thediffusing panel was suspended aboveit.

Also the measurement equipment was updated: a new computer, fitted with an high-
quality Echo Layla sound board was employed (capable of smultaneous acquistion of up to 8
channds, at 20 hit), and the omnidirectional microphone was substituted with a three
dimensiond pressure/velocity probe (a Soundfield MKV  microphone), sampling
simultaneoudly its four channds (pressure and the three cartesan components of the particl
velocity). This was possible thanks to the measurement software Aurora[7], employed in its
multiple-MLS mode (emulating the MLSSA board).

Although these acquisition make it possible, in principle, to measure the three-dimensiona
sound intendity, only the pressure channd results wereemployed for the subsequen
computationstill now: in the future, a morerobust true intensimetric anayss will be conducted
on the acquired data, instead of employing the squared pressure in place of the true acoustic
intengity.

Figs. 7 and 8 show the second measurement setup with particulars of the microphone and
loudspeaker.

The second measurement setup reveded capable of producing much more clean images. |
was also possible, thanks to the advanced digital signal processing tools included in Aurora, to
apply a proper filtering to the measured impulse responses, for “sharpening” the time signature
of the loudspeaker. This was possble thanks to the module which computes the
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Nelsor/Kirkeby inverse filter of the loudspeaker response [8], which was computed selecting
thedirect wave in the microphone located exactly above the loudspeaker. After the
computation of the inverse filter, it was applied by convolution to the whole sequence of 255
impulse responses, obtaining a substantial deconvolution of the loudspeaker signature to an
amost perfec Dirac’s deltafunction.

This process was capable of producing a substantial improvement of the image definition,
asit isdemonstrated in fig. 9, which compares an original acquisition with the corresponding
filtered image. Thus the same processing was systematicaly employed for al the measurements
conducted withthe experimental gpoparatus #2. A further improvement is possible, substituting
the MLS signal with the new logarithmic sweep [9]. This method was not employed here
because it takes more time for the processing, athough it is planned to repeat all the
measurements adso with this new technique, which already demonstrated to produce better
results particularly regarding the peak sharpness and the S/N ratio.

5. Resultsfrom thetests on three diffusors

In the following, the results obtained with threedifferent diffusing panels are presented.
Thefirst oneisasquare, fla, smooth panel, made of heavy wood (MDF) and measuring 0.715
X 0.715 m. The second has the same sze and is made of the same material, but has evident
diffusing properties at medium frequency due to its congtruction as a sequence of cavities of
different depth (it isvisible in fig. 5). The thirdisa curved hemicylinder, also made of smooth
wood (marine plywood), measuring 2m x 0.9m. It was measured in the direction of maximu
diffusion, that isperpendicularly to the cylinder axis.

Fig. 10 shows the three WFS representations of the measurement on these three pandls,
after the Kirkeby equalization.

The next step in processing the experimental results was the separation of thedirect sound
from the reflected waveform. This was possble employing the WFES theory for computing
proper spatial windows, and applying them to the above results, setting to zero al the data
points outside these windows.

This processis possble on a smple geometrical basis, as the computation of the traveled
distance trandates eadly in the corresponding time lag over theimpulse response of each
microphone. The windowing processis demonstrated infig. 11. The experimental response of
the curved pand is separated in the direct and reflected parts; the plots of the latter two data
sets have been done with a wider dynamic range (150 dB instead of 100 dB), so that the exac
shape of the windows is made evident.

After the windowing, it is possible dso the “listen” separatdy at the direct and reflected
sound. The first is always the same for al the measurements, whilst the second reveds the
nature of the reflected sound. In fact, the flat panel produces a short impulse (but somewha
smeared for the border effect), the diffusing panels responds with a smooth and long signal,
having little impulsive character, and the curved surfaces produces a very sharp peak, withou
any sort of tail. Thisdifferent behavior isevident looking at fig. 12, which shows the enlarged
portion of the reflected waves for the central microphone.

6. Evaluation of the diffusion unifor mity coefficient

In its original formulation, the diffusion uniformity coefficient has to be evauated from
measurements of the reflected component made with microphonesplaced dong a circular arch,
centered in themiddle of the panel. In our measurements, instead, the microphones are placed
at varying distance from the center of the panel. So it is necessary to compensate for this
varying distance, assuming spherica divergence from the center of the panel.
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If thedigance of the pand from the floor is cdled z., thedigance of the microphones
from the floor is called z, and the current position of each microphone is called x (with x=0
abovetheloudspeaker), the reflected intensity of each microphone can be corrected as follows:

| semicircle = lline %ZC _Zr)z "X H
(Zc _Zr)2 H

The angle is then reated to the longitudina position of the microphone with the

relationship:
o= arctan% %E
c~Zrg 2

With thiskind of post processng, the polar pattern of the reflected energy can be
congtructed for each of the three panels.

This computation can be repeated a many frequencies, obtained by proper filtering in
octave bands of the windowed impulse responses. Figs. 13, 14 and 15 show the polar patterns
at 8 frequencies for the three panels. In fig. 15 it is easy to see how, being the cylindrica
diffuser a not-isotropi  scatterer, which spreads the sound more inacylindricad way thanin a
sphericd one, the application of the above equation for spherical correction causes the extreme
microphones to be over-corrected, and the polar pattern seems to indicate that more sound is
redirected at very low or very high angles than near the specular direction.

From each polar pattern it is quite easy to compute the diffusion uniformity coefficient,
making use of the normalized autocorredation definition provided in [1,2] and already discussed
inthe paragraph 2 of this paper (itis thefirstformula). Figs. 16, 17 and 18 show the frequency
spectrum of the diffuson uniformity coefficient for the three tested panels.

It is evident how this uniformity parameter assigns maximumvalues to the smooth
behavior of thecurved pand, dthough the reflected sound coming from it sounds very
“specular”. Thismust make it clear that the diffuson uniformity coefficient is “qualitative’ in
the sense that it relates to the overall quality of the sound diffusion, it does not have any
relationship with thetemporal sructure of thereflected sound and itsintrinsic coherence.

7. Estimation of the quantitative diffusion and absor ption coefficients

Asthe derivation of the quantitative diffusion coefficient (as the ratio between the diffused
energy and the total reflected energy) reveaed to be quite difficult, it was decided for now to
searchfor approximate values of the “true”’ diffusion coefficient. The separation of the diffused
and specular reflected intengties will be probably possible working with the true intensimetric
measurements, following the theory dready developed in [10] for the measurement of the
absorption coefficient

The approximate definition of the diffusion coefficient is very pragmatic: we search for the
value of the diffusion coefficient (and of the absorption coefficient, at once) which, inserted in
a smplified formulation of the reflection (specular, diffuse, and border effect) produces
numericd resultsin optima agreement with the experimenta ones.

The theory for the computation of the diffuse reflections has been derived in a parallel
paper [3], so here we report only the final results. Considering the geometrica assumptions
depicted in fig. 19, at each microphone position, the total diffused energy which comes back
from the panel can be computed as:

b2 Wiz, D(1—0()[6,0C
Atn® 200,

ldﬁ -

Laix Caty

y=—bx=-a
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In which & is the locd value of the diffusion coefficient, dueto the increase of the
diffuson coming near to the edges of the panel. In practice, & increases over the normd
value of & only garting from adistance equal to A/2 from the border of the panel, and it reach
its maximum value (1) at the border itself, following this linear equation:

80 =1-(1-5) Cfmn
Al2

The andytical computation of the aboveintegrd isnot easy, so it was decided to perform
it numericdly, inside an Excel spreadsheet. The surface of the pand was dividedin 11x11 cells,
and from each cdl a loca contribution to the diffused energy is computed for each
microphone. Thisway, a column of 255 theoretica reflected intensities is obtained, and thisis
compared with the column containing the experimentdly measured values of the reflected
intengity.

First of dl, the value of the emitted sound power W is adjusted so that the direct wave, for
the central microphones, assumes exactly the same value as measured. Thereafter, the Excel’s
solver function isemployed, for automatically optimizing the values of o and & which cause the
numerica results to maximaly match the experimental data. This process takes some minutes,
and after the optimizationis concluded it ispossible to compare graphicdly the results.

Figs. 20, 21, 22 and 23 show the results obtained for the three already described panels,
and for a fourth one which isssmply the same curved pand dready employed, but turned in it
direction of minimum diffusion (with the cylinder axis paralel to the microphone array).

This table compares the values of the diffusion coefficients with the diffusion uniformity
coefficient, at thefrequency of 1 kHz.

Parameter | Flat Pand | Galav2 diffuser | curved pane | curved pand (90°)
a 0 0.03 0.286 0.76
o 0.117 0.86 1 0.20
duc 0.35 0.86 0.92 0.52

It can be seen that in some cases the correspondence is very good, but in others the values
of d and &, are very different.

8. Conclusions and futurework

In this paper it was demongrated that the recently proposed definition of a diffuson
uniformity coefficient produces values which are effectively significant for the qudificationo
diffusing pands, and correctly rankstheir cgpabilities at various frequencies.

Nevertheless, it resulted that the values of this*diffuson uniformity” coefficient are not
aways satifying for the numerical computations made under the hypothesis of geometrica
acoustics: the experimental results are often better explained with avalue of the“true”
diffusion coefficient (also called quantitative diffusion coefficient) which can differ significantly
from the uniformity coefficient.

The experimentd apparatus developed for this research made it possible to employ some
parts of the Wave Field Synthesis theory: this reveded particularly useful for obtaining a
graphicd representation of the scattered wavefronts, but also for the separation of the direct
and reflected waves. In principle, with similar techniques it could be possible to separate the
diffuse from the specular reflections, and this remains atopic on which further researchis
required.



A second improvement in the data analyss procedure will be the use of the complete
measured data sets, including the particle velocity components, so that the true sound intensity
vector can be computed in each measurement point.

Findly, the experimentd bass will be enlarged, repeating measurements on a wider
number of different scattering objects.

9. Acknowledgements

This work was supported by a research convention with Audio Link — Alberi (Parma),
Italy and from the Italian Ministry for University and Research (MURST) under the grant
MURST-98 #9809323883.

10. References

[1] T.J. Hargreaves, T.J. Cox, Y.W. Lam, P. D’Antonio, “Characterisng scattering fro
room surfaces’, proc. 16" ICA and 135" Meeting A.S.A., Seaitle WA, val. IV, pp2731-
2732, June 1998.

[2] P. D" Antonio, T. Cox, “Two Decades of Sound Diffusor Design and Development”
(part 1 and 2) Journd of AESval. 46, n° 12 (December 1998).

[3] A. Faring, “Introducing the surface diffuson and edge scattering in a pyramid-tracing
numerical model for room acoustics’, Pre-prints of the 108" AES Convention, Paris, 19-
22 February 2000.

[4] A. J Berkhout, P. Vogel, D. de Vries, “Use of Wave Field Synthesis for Natural
Reinforced Sound” — Pre-prints of the 92th AES Convention, #3299, March 1992

[5] D. de Vries, A. J. Berkhout, J. J. Sonke, “Array Technology for Measurement and
Analysis of Sound Fields in Enclosures’ - Pre-prints of the 101th AES Convention,
#4266, May 1996.

[6] Diemer de Vriesand Jan Baan, Auralization of Sound Fields by Wave Field Synthesis’ -
Pre-prints of the 106th Convention, Munich, Germany, 1999 May 8-11, # 4927.

[7] A. Farina, F. Righini, “Software implementation of an MLS anayzer, with toadls for
convolution, auralization and inverse filtering”, Pre-prints of the 103rd AES Convention,
New Y ork, 26-29 September 1997.

[8] O. Kirkeby and P. A. Nelson — “Digitd Filter Designfor Virtual Source Imaging
Systems’, Pre-prints of the 104™ AES Convention, Amsterdam, 15 - 20 May, 1998.

[9] A. Farina, “Simultaneous measurement of impulse response and distortion with a swept-
sine technique’, Pre-prints of the 108" AES Convention, Paris, 19-22 February 2000.

[10] A. Farina, A. Tordli - "Measurement of the sound absorption coefficient of materid
with anew sound intensity technique” - Pre-printsof the 102nd AES Conference, Berlin,
23-26 March 1997.



Theoretical reflected intensity - § =0.3
10

s 1]

o

(2]

>

g

S 01-

8

2

‘»

o

£ 0.01 p ,

0.001 T T T T T
0 30 60 90 120 150 180
Angle (degrees)

Fig. 1- Theoreticd angular distribution of the intensity reflected by a Ime1m pand with =0.3

0.8

0.6

0.4

Diffusion Uniformity Coefficient

0.2 /
e

0 0.2 0.4 0.6 0.8 1

Quantitative Diffusion Coefficient

Fig. 2 — Theoretical relationship between quantitativediffusion coefficien o and qualitative
diffusion-uniformity coefficient .

-9-



%.1 A L :___ , L

=t F - I —— el wh i | - ' i

Fig. 4 — Experimentd apparatus #1, particular of the suspended |oudspeaker (left) and of the
rotating board with the cablefolding around the drum (right).
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Fig. 5 — the diffusing panel (named GALAV2) on the reflecting floor.
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Fig. 6 — Sonar result with experimentd apparatus #1
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Particular of the Soundfield microphone

Fig. 7 — Experimentd apparatus #2 —Overall view

Fig. 8 — Particular of the loudspeaker insertedin thefloor
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Fig. 10 — responses of three different pands
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Polar Pattern - Flat panel - 125 Hz Polar Pattern - Flat panel - 250 Hz

Polar Pattern - Flat panel - 500 Hz Polar Pattern - Flat panel - 1 kHz

Polar Pattern - Flat panel - 2 kHz Polar Pattern - Flat panel - 4 kHz

Polar Pattern - Flat panel - 8 kHz Polar Pattern - Flat panel - 16 kHz

Fig. 13 — Polar patterns of theflat pane
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Polar Pattern - Rough panel -125 Hz

Polar Pattern - Rough panel -250 Hz

Polar Pattern - Rough panel -500 Hz

Polar Pattern - Rough panel - 1 kHz

Polar Pattern - Rough panel - 2 kHz

Polar Pattern - Rough panel - 4 kHz

Polar Pattern - Rough panel - 8 kHz

Polar Pattern - Rough panel - 16 kHz

Fig. 14 — Polar patterns of the GALAV 2 diffusing pane
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Polar Pattern - Curved panel - 125 Hz Polar Pattern - Curved panel - 250 Hz

Polar Pattern - Curved panel - 4 kHz

Fig. 15— Polar patterns of the curved pane
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