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Abstract
Standardized room acoustics measurements require a sound source as omnidirectional as possible with sound
power large enough to excite the environment. ISO 3382 defines the maximum acceptable directivity deviations,
and the most common geometry used is the dodecahedron to comply with these requirements. The deviation of
the loudspeakers frequency response affects the directivity patterns of the sound source and manufacturers should
be careful about it. In this work, the frequency response of the twelve loudspeakers attached to a dodecahedral
sound source was measured using a laser vibrometer. Next, these results were applied to prescribe the velocities
in a sound radiation model using Boundary Elements Method (BEM). Convergence analysis of the model showed
the best match between acoustic field accuracy and computational cost using four elements per wavelength, with
a divergence less than 0,05 dB. Directivity patterns showed an omnidirectional behavior up to the frequency
in which the source circumscribed diameter times the wavenumber (ka) is 3. Up to this frequency, the sound
source can be represented as a pulsating sphere. For frequencies above this limit, the directivity lobe of each
speaker exerts a strong influence on the radiation pattern of the sound source. The frequency response deviation
of the loudspeakers causes stronger effects within this frequency range. Perfectly coupled vibration between
loudspeakers presents deviations up to 12 dB at 4 kHz, while the decoupling effect is prescribed in the BEM
model, a deviation of 25 dB is obtained. This effect is much less prominent in lower frequencies. At 1 kHz a
deviation of 1,2 dB was observed. The main conclusion about the coupling of loudspeakers resonance affects
directivity patterns for shorter although the sound source can be considered omnidirectional for wave number
times source diameter ka less than 3.
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1. INTRODUCTION

In room acoustics characterization many param-
eters are used, such as reverberation time (TR),
early decay time (ETD), definition, clarity, and
central time. These quantities are very important
in the room’s project and can be derived directly
from the room impulse response (RIR). Also,
for room auralization purposes, the convolution
of the RIR with an anechoic signal allows an
estimation of how this signal sounds in the room.

The idea behind this formulation is assuming
a source-receiver position in the room can be
considered a linear and time-invariant (LTI) sys-
tem [1, 2]. So, each source-receptor configura-
tion can be completely characterized by its im-
pulse response. Standard measurements require
source and receptor to be as omnidirectional
as possible, while for high fidelity applications,
the directivity of specific sound sources and re-
ceivers can be reproduced using the spherical
harmonics decomposition technique, as largely
studied by Pollow [3].

For reverberation time and acoustic isolation
measurements, the standards ISO 3382 [4] and
ISO 16283-1 [5] respectively, define the max-
imum directivity deviations to be accepted in
each octave band between 125 Hz and 4 kHz.
If the sound source is not perfectly omnidirec-
tional, the directivity patterns cause different un-
certainty levels in the room acoustic parameters
obtained in the measurements [6].

Normally, to achieve the omnidirectionally re-
quirements, dodecahedral sources containing a
speaker attached to each face are used. Another
option is to use open tubes as radiators, but the
low sound power obtained in this case makes
dodecahedral sources more attractive [7]. Nor-
mally, polyhedral-based sound sources provide
high levels of sound power, producing a good
signal-to-noise ratio (SNR) in most cases.

Nevertheless, due to the nature of the dodecahe-
dral source geometry, directivity lobes are cre-
ated with increasing frequency, even though the
speakers have FRFs perfectly matched in magni-
tude and phase. This happens due to the complex
acoustics effects of diffraction and the directiv-
ity lobe of the loudspeakers. A good empirical

method to define the transition between omni-
directional and directional regions of the sound
source in the spectrum is to use the frequency
which corresponds to ka = 3, being k the wave
number and a the source diameter [7].

Furthermore, investigations about the effects of
the difference between loudspeakers’ frequency
response function (FRF) are still sparse. In practi-
cal applications, is impossible to build loudspeak-
ers with identical FRF, so a difference in magni-
tude and phase is always observed. The differ-
ence is more prominent in low-cost loudspeakers
because the manufacturing process must be pro-
jected to reduce costs, increasing the uncertainty
of the final parameters of the product.

In this context, the objective of this work is to
compute the acoustic field generated by a dodec-
ahedron sound source using a numerical and ex-
perimental method. This research was performed
following the steps:

1. Measure the FRF of the 12 loudspeakers
attached in the sound source under study
using a laser vibrometer;

2. Use this results to prescribe the velocity in a
boundary elements method model (BEM);

3. Compare the acoustic field with computed
by BEM with an analytical pulsating sphere
model.

2. EXPERIMENTAL VIBRATORY RE-
SPONSE OF THE SOUND SOURCE

The first step of this study was to measure the
vibratory response of the twelve loudspeakers of
a sound source using the workbench shown in
the Figures 1 and 2. The sound source used was
a Brüel & Kjaer dodecaedron type HP 1000 and
the devices used was:

• Brüel & Kjaer amplifier type 2716;

• Audio interface Behringer UCA 222;

• Doppler laser vibrometer Ometron type
8338;
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This experimented allowed to obtain the fre-
quency response between each loudspeaker and
the input voltage of the sound source, as the ref-
erence signal.

So, a exponential sweep signal was generated
by the computer and sent to the digital-to-analog
converter (DAC). Using the amplifier, the sound
source is excited and the laser vibrometer mea-
sure the velocity of the loudspeaker membrane.
The sound source input voltage and velocity sig-
nals are acquired by the analog-to-digital con-
verter (ADC) and registered in the computer. The
frequency response is obtained dividing the ve-
locity spectrum spectrum by input voltage spec-
trum.

Figure 1: Schematic diagram illustrating the
measurement workbench.

Figure 2: Speaker’s measurement in hemi-anechoic
chamber.

Figure 3 show the frequency response of the
vibratory response of the loudspeakers for the
measurement performed in hemi-anechoic room.
There is a large dispersion between the loud-
speakers response, and this effect happens prob-
ably by the long usage time of the sound source.

Figure 3: FRF of the 12 loudspeakers in hemi-anechoic
room.

In the Figure 7 is shown the comparison between
the FRFs obtained in hemi-anechoic and rever-
berant rooms. There are a very few difference of
the vibratory behavior of the sound source in the
different rooms. So this results allows to observe
witch the coupling between the loudspeakers and
acoustic field is week. So, it is possible to mea-
sure the vibration FRF experimentally and use
this results to prescribe the velocities in a numer-
ical radiation model.

3. NUMERICAL MODEL

As cited previously, a numerical model was
elaborated using the boundary elements method
(BEM). The objective of BEM is to compute the
Helmholtz-Kirchoff equation numerically, using
a mesh to built a discretization of the geometry.
Details of the method are largely discussed in the
literature [8, 9]

A simplification of the sound source was used to
build the mesh, as shown in Figure 8. Four differ-
ent meshes were built, one four each frequency
range using triangular elements.

To find an optimal math between processing time
and measurement accuracy, a convergence anal-
ysis was performed with different discretization
levels and parameterized in elements per wave-
length. Figure 4 show the sound pressure level
(SPL) difference in different meshes obtained in
a circular array concentric to the sound source
(Figure 9). The discretization used was the mesh
with a minimum of four elements per wavelength,
assumed as the best mach between processing
time and numerical accuracy.
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Figure 4: SPL difference in function of the radiation
angle for different meshes discretization.

For the calculus of the sound field radiated by
the sound source, two arrays of points were used
as field points as shown in Figure 9. The first
was the same circular array used in the converge
analysis, with 72 points, reaching a five degrees
step in angle discretization. The second was a
spherical array with a large number of points
used to obtain the radiation patterns of the sound
source in the 3D space. Both arrays were built
with the radius of 1.5 m.

The analytical model of a pulsating sphere was
implemented to compare the results with the
BEM model. The radiated sound pressure is
given by:

p̃ =
jωρQ̃ejk(r−a)

1+ jka
, (1)

being j the imaginary unity, ω the angular fre-
quency, k the wavenumber, a the source diameter,
r the source-receptor distance. Q̃ was computed
as the equivalent volume velocity, given by:

Q̃ = 12Ũπa2
ls, (2)

where Ũ is the average velocity of the twelve
loudspeakers and als is the radius of the cir-
cumference representing the loudspeaker in the
model.

4. MODEL RESULTS AND DISCUSSION

In Figures 5 and 6 is shown the SPL computed
for unity and experimental velocities, respec-
tively and in circular and spherical arrays. The
SPL corresponding to the spatial average sound
pressure and a equivalent pulsating sphere sound

source is shown, as well.

Figure 5: SPL calculated of the sound source in circular
and spherical arrays of points using unit velocity in all

faces.

Figure 6: SPL calculated of the sound source in circular
and spherical arrays of points using experimental

velocity in each face.

There was not observed large differences caused
by using circular or spherical arrays. This mach
between the results is expected in polyhedral
sound sources an is very benefit in experimen-
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tal characterizations, because circular arrays de-
mands much less transducers and test time.

In all cases, it is possible to observe that the
sound pressure discrepancy is very low for fre-
quencies up to ka = 3 and the sound source can
be well represented by a pulsating sphere. At this
frequency range, the most prominent difference
between unit and experimental velocities is the
shape of the curves.

Nevertheless, in frequencies above this point, it
is observed most prominent discrepancies. In
the Figure 10 is shown the directivity patterns
obtained for unit velocity in all faces and exper-
imental velocities. At 1 kHz, the radiation can
be assumed as constant, since the SPL range is
0.1 dB for unity velocities and grows to 1.2 dB
in the experimental velocities case.

For the frequencies of 2 and 4 kHz, the directiv-
ity lobes is prominent, due the source geometry
and the proportion between its dimensions and
wavelength. Another interesting phenomenon
is the effect of loudspeakers velocity in this fre-
quencies. The mismatch between transducers
causes a kind of "splotch" in the directivity pat-
terns, breaking the spherical periodicity of the
sound source radiation.

Furthermore, the SPL range is increased in this
frequencies due to the velocity mismatch. In
2 kHz the SPL range is 5 dB and 8 dB for
unit and experimental velocities, respectively. In
4 kHz the difference increase, reaching 12 dB
and 25 dB for unit and experimental velocities,
respectively.

5. CONCLUSIONS AND FURTHER INVES-
TIGATIONS

In this work, a hybrid numerical-experimental
model was implemented to investigate the radi-
ation patterns of a dodecahedron sound source.
It was observed that up to frequencies in with
ka = 3, corresponding to a half wavelength close
to the geometry circumscribed diameter, the
sound source radiates energy like an acoustic
pulsating sphere and loudspeakers velocity mis-
match do not cause observable effects in the di-
rectivity patterns. Above this frequency, both
the source geometry and velocities mismatch af-

fects the radiation patterns reasonably. In further
works it is intended to characterize the individual
loudspeakers behavior using microphone in near
field measurements and compare with the laser
vibrometer results. Also, the effects of the modal
behavior of the loudspeakers membrane will be
added in the BEM model to analyze this effect
on the radiation patterns.
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Figure 7: FRF of the 12 loudspeakers in hemi-anechoic and reverberant room.

Figure 8: Meshes used for the different frequency ranges in the simulations.

Figure 9: Circular and spherical array used to compute the SPL radiated by the sound source.
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Figure 10: Comparison between directivity patterns using unit and experimental velocities.
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