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ABSTRACT

Far-field acoustical holography methods reconstruct the sound fields mainly based on the simple point source
model because of the loss of abundant information compared with near-field acoustical holography (NAH). It
brings problems that the reconstructed sound sources are different from the actual measured sound sources
especially because of the evanescent waves which attenuate rapidly in the near field. In the recent study, we
establish the approximation formulation of evanescent wave propagation which suggests that evanescent
wave can be considered as the interference of dipole model and quadrupole model with different weighting
factors distributed on the incident wave-front. Without the evanescent wave component, the constructed
sound sources are actually the components that are effective in the far-field and we proposed the concept of
“far-field effective sound source” to show its physical meanings. With simulations and actual experiments
with known speakers, the approximation method of sound source model is validated and the far-field
acoustical holography has been improved to achieve more accurate quantitative reconstruction results. The
study explored the evanescent wave which is hard to capture and for engineering practice, this research can
give more accurate reconstruction as well as the approximation.
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1. INTRODUCTION

Sound source identification is an important foundation for noise control because being able to know
where the noise is generated and how it propagates can help to reduce the noise. Various methods are
used in sound source identification and different types of microphone arrays are employed for
localizing the noise sources (1, 2, 3). Beamforming and acoustical holography are two widely used
methods in sound sources identification. Compared with beamforming method, acoustical holography
has the decided advantage that it can achieve quantitative measurement and reconstruction. In 1980s,
Williams and Maynard proposed and conducted relatively systematic studies on the principles and the
experiments using the near-field acoustic holography (NAH) (4, 5). Although NAH methods achieve
quantitative measurement, they cannot be applied in far-field sound source because of the limitation of
measuring conditions. In 1990s, Williams extended the NAH theory to far-field acoustical holography
theory (6, 7). In 1990s, Yang originally proposed acoustical holography based on Kirchhoff diffraction
theory (KDAH) (8), which was inspired by the classical Kirchhoff diffraction principle in optics. In
addition, Yang and Wang improved the KDAH method with de-dopplerization method in time-domain
to achieve sound sources identification of moving vehicles at the speed of 117 km/h (9).

Although these acoustical holography methods can give quantitative reconstruction results of
sound sources, there is still no systematic investigation on the mechanism and errors in quantitative
reconstruction. A key difficulty in validating the quantitative accuracy of acoustical holography is the
loss of evanescent wave component in sound sources, especially in far-field conditions. Evanescent
wave attenuates so rapidly that the far-field microphone array cannot capture it at all. So it remains as
a challenge to validate the quantitative accuracy of sound sources reconstructed with far-field
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acoustical holography. In order to reveal the influence on experiment validation of evanescent wave
component in sound sources, the method of approximation sound source modeling is proposed to
calculate the evanescent wave component. In Musafir’s study, evanescent waves obtained by the
decomposition of the trace field generated by a source distribution of finite extent on an infinite
surface generally do not have physical existence (10). Makris and Psaltisfield claimed that the
evanescent waves decayed along the propagation direction could be considered as the result of
interference between elementary oscillating dipole sources rather than point sources (11). Their study
further suggested that evanescent wave could be considered as the interference of dipole model and
quadrupole model with different weighting factors distributed on the incident wave-front. Without the
evanescent wave component, the reconstructed sound sources are actually the components that are
effective in the far-field, so the concept “far-field effective sound source” is proposed to show the
physical meanings. With simulations and actual experiments with known sound source, the
approximate model method of sound source is validated to achieve more accurate quantitative
reconstruction results in far-field acoustical holography.

2. THEORY AND METHOD

2.1 Influence of evanescent wave on far-field acoustical holography

Waves radiated from the sound sources are composed of two parts: propagation waves and
evanescent waves. As Fig. 1(a) shows, propagation wave travel from the (x, y) plane, but evanescent
wave travel parallel to it with wavefronts in vertical planes parallel to the (y, z) plane, as Fig. 1(b)
shows.

z

Direction of Wave

= e~ — -
(a) (b)
Figure 1 — The spectrum of propagation waves traveling and Evanescent waves traveling. (a) Propagation
wave traveling parallel to x axis, infinite wavelength in the vertical direction. (b) Evanescent waves traveling

parallel to x axis, decaying exponentially in the vertical direction.
The wavenumber in the three directions can be calculated from the constant wavelength k and two
of them can be chosen as the independent variables. Here K, is chosen as the dependent variable and

calculated as Eq. (1) shows,
K, :J_r,/k2 —kX2 —ky2 1)

Sincek, =0, particle motion is now only in the x direction. Whenk, ork >k, Eq. (1) can be
converted to Eq. (2). It is a condition under which the plane waves turn into evanescent waves.

K, :J_ri,/kx2 +k, 2 —k? =ik, )

Where kz' is real and here it is restricted the solution to the decaying term according to
Sommerfeld radiation condition and the evanescent waves is expressed as Eq. (3),
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p= Ae—kz’zei(kxx+kyY) (3)

Equation (3) is the form of an evanescent wave, exponentially decaying in amplitude in the z
direction. When the evanescent waves travel more than the wavelength of the sound source 4, it
decays and disappears. Near-field acoustical holography (NAH) method is applied under the
condition that the measurement plane is much smaller than A, which can capture the evanescent
waves to reconstruct the sound source without the limitation of wavelength. In addition, evanescent
waves conclude more information about the sound source such as particle velocity and vibration
parameters, which make NAH can obtain more accurate results than far-field acoustical holography.
In the research of Williams (12), the evanescent waves of NAH can be calculated as Eq. (4),

P(r) ~ (r—;)"”P(rh) (4)

In Eq. (3), if all the sound sources are supposed contained within the minimum radius a, I, isa
greater radius (1, >a) of a sphere where the hologram is obtained. P(r)is the sound pressure at

the propagation distance d =r, which is reconstructed from the sound pressure P(r,) . However,

far-field acoustical holography method was established based on the point sound source model.
However, in the actual measurement, the influence of evanescent wave must be taken into
consideration especially when the quantitative reconstruction is discussed. Without the proportion of
evanescent wave component, the quantitative accuracy cannot be validated. Until now, there is no
study that had discussed the physical meaning of the results reconstructed by far-field acoustical
holography. The definition “far-field effective sound source” is proposed for this problem. Under the
far field condition, the measured sound pressure can be regarded as the propagation of the sound
source without the evanescent wave component. Because the acoustical holography reconstructs the
sound source based on the far field sound signal without near-field evanescent component received by
microphone array, the sound sources reconstructed by acoustical holography are actually the “far-field
effective sound source”.

2.2 Approximate model method for actual sound source

In order to calculate the influence of evanescent wave on quantitative accuracy, the evanescent
wave component is considered in the classical and simple sound source model according to Morse
acoustic theory, dipole source model and quadrupole source model. The resulting radiation field of
dipole can be derived from that for simple source, the sound pressure of dipole can be expressed as Eq.

(%),

"(r,0,t) =——
P ) Cr ot r?

A
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Ea] ®

t =t—r/c,

cosé . . L . 1 oF .
- is the propagation direction, the item — —stands for the propagation wave component
4r C,r ot
F iwt :
and — stands for the evanescent wave component. If F = Ae™, the sound pressure will be converted
r
to Eq. (6),
AeM (i 1
p= — +— |cosd (6)
m o \Cr r
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When — = —, the propagation wave equals to the evanescent wave and the radiation radius is,
Cr r
CO CO
= — = — 7
* o 2xf )

I, is defined as the critical radiation radius. The proportion of evanescent wave in the dipole is
calculated as Eq. (8),
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The quadrupole sound source can be regarded as a combination of four simple sources, two of
strength +Q, placed at the points x=1/2d,y=1/2d,z=0and(-1/2d,~1/2d,0), and two of

strength —Q , placed at the points (1/ 2d,-1/ 2d,0) and (—1/ 2d,1/ 2d,0) . It’s radiation sound
pressure equation is as Eq. (9) shows,

Xy 3i 1Y
= —ipck® 1+—-3[ — | |e" ™ 9
P=-1p Qxy47zr{ kr [krj} ®)
The proportion of evanescent wave in the dipole is calculated in Eq. (10),

3 1Y

74_3 _
Pe __kr (kr) __ 3kr+3 (10)
P 2 2

, 3+3(1j 1 (kr)"+3kr +3
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With the propagation distance increases, the evanescent wave components of dipole source and
quadrupole source is as shown in Fig. 2,
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Figure 2 — Evanescent wave component proportion of dipole and quadrupole model

(a) diploe source, (b) quadrupole source
N is the wavelength number converted from propagation distance R. Figure 2 shows that when N>3,
the evanescent wave component of diploe model is less than 5%; when N>12, the evanescent wave
component of quadrupole model is less than 5%. It can be concluded that when the propagation

distance d becomes longer, the evanescent wave component decay rapidly and can be ignored
eventually in the sound pressure.

According to Morse acoustic theory, a real sound source can be regarded as a region vibrating

sharply. If the region is small enough, the radiation wave from the sound source can be expressed as Eq.
(11),

_ 1
P,(r)=P.(r)+P,(r)+P,(r) (11)
The equation suggests that real sound source can be regarded as a combination of single point
source, dipole source and quadrupole source. Furthermore, the point source is so ideal that its weight
in the actual sound source p,(r) is small. Depending on the rich experience from various

measurement experiments on actual sound sources, actual sound source can be approximately
decomposed into dipole source and quadrupole source with different weights. So it can be expressed as
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Eq. (12),
P,(r) =W, -P,(r)+W, - R,(r) (12)

W, and Wq is the weighting factors of dipole source and quadrupole source. In the experiment, the

approximate model of actual sound source can be built by the method above, W, anqu can be

obtained by curve fitting. With the approximation model method described above, the influence and
error caused by evanescent wave component can be calculated and eliminated.

3. EXPERIMENTS AND RESULTS

3.1 Evanescent wave component measurement and analysis

3.1.1 Experiment set up and measured sound source

In order to validate the approximation model method, experiments of actual sound source are
carried out in the anechoic chamber. The actual sound sources measured in the experiments are
volume sound source and HiVi loudspeaker as Fig. 3 shows. Linear uniform microphones are fixed to
measure the 1000Hz single frequency volume of the sound source from very near to 2 meters. The
effective sound pressure can be calculated. In order to illustrate the variation trend, the maximum
amplitudes of measured sound source, dipole source and quadrupole source are normalized.

(a) (b)

Figure 3 — Measured sound source (a) Volume sound source, (b) HiVi loudspeaker

3.1.2 Validation of approximation model for volume sound source

Some groups of volume sound source experiment results are shown in Table 1. The sound
pressure curve of volume sound source at different measurement distance and the curve of
normalized sound pressure of different sound source model with the wavelength number are shown in
Fig. 4.

Table 1 — Sound pressure of volume source, dipole source and quadrupole source

Group Propagation Wavelength Dipole source  Quadrupole source Measured sound
distance, m number pressure, Pa pressure, Pa pressure, Pa
1 0.19 0.559 1.000 1.000 1.000
2 0.33 0.971 0.576 0.331 0.476
3 0.55 1.618 0.345 0.119 0.302
4 0.72 2.118 0.264 0.070 0.239
5 0.12 3.441 0.162 0.026 0.150
6 0.15 4.294 0.130 0.017 0.089
7 0.19 5.647 0.099 0.010 0.042
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Figure 4 — Curve of sound pressure changed with the propagation distance (a) sound pressure curve of

volume sound source, (b) curve of normalized sound pressure of different sound source model

Based on the approximation model method mentioned above, the approximate model of the
volume source is obtained by fitting the experimental data with the dipole source model and the

quadrupole source model. If the sound pressure of volume source is P, , Eq. (13) is established to show
the approximation model for volume source expressed in dipole source and quadrupole model. P, is

the sound pressure of the dipole source, P, is the sound pressure of quadrupole source. W, anqu are
the weighting coefficients.
P, =W,P; +W,P, (13)
The equation is solved according to the following steps in Eq. (14),
Par Pos Py

pdzpqz [W W]— P2
M d al " |:

_pdn pqn pxn
~ Pas pql Pa
Par Pz P || Pg2 Pa2 Por Paz - Pan || Py
d1 d2 d :dz: q I:Wd Wq]: d1 d2 d : 2
L pql pq2 pqn . . pql pq2 pqn .
pdn pqn pxn (14)
Pas Pos
If M2X2=|:pd1 Po2 - pdn:| ‘de‘pQZ
pql pqz pqn . .
pdn pqn
pxl
[Wd Wq]: M5i2|:pd1 Pyr - pdn} :px2
pql qu pqn .
Pxn

The solution of the equation isW; = 0.73,W, = 0.25. The volume source approximation model is

expressed as Eq. (15) and the comparison between approximation model and the actual sound source
is shown in Fig. 4.

P, =0.727P, +0.250P, (15)
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Obtained the approximation model in Eq. (15), fitting methods can be applied to further more
optimize the model. In order to select the optimization fitting order, fitting models of different orders
are established and calculated the fitting errors. The results of some fitting orders are shown in Fig. 5
and best performance is obtained when fitting order n=6~8.
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Figure 5 — Comparison between approximation models of different orders and real volume source

Figure 5 shows that the approximation model is close matched with the volume source curve and
optimized fitting order can also improve the fitting degree.
3.1.3 Validation of approximation model for HiVi loudspeaker

Similar analysis procedure with volume sound source, its sound pressure propagation curve is
shown and compared with dipole source and quadrupole source in Fig. 6.
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Figure 6 — Curve of HiVi loudspeaker sound pressure changed with the propagation distance

The HiVi loudspeaker sound pressure curve is not between the dipole source curve and the
quadrupole source curve. This indicates that the evanescent wave component proportion in HiVi
loudspeaker is greater than that in volume sound source. In order to apply approximation model
method, the sound source can be regarded as the interference of some dipole sources, which means

in Eq. (13) Wq =0and W, is larger than 1. Figure 7 shows the approximation models when
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W, increase from 1 to 4. From the comparison results, it can be concluded that W, =3 is the
optimization model for HiVi loudspeaker.
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Figure 7 — Comparison between approximation models of different W, and HiVi loudspeaker

Based on the approximation model method, we can approximately calculate the evanescent wave
component at any position in front of the source. Sound pressure correction can also be achieved by
this method. The development of the source approximation model method in our work will supply
theoretical foundation for quantitative accuracy validation.

3.2 Far-field acoustical holography experiments and results

In order to validate the quantitative mechanism of far-field acoustical holography, a system is
designed in our work to measure the volume sound source. The system is composed of X-shaped
microphone array, two electronic cameras and a NI PXI data collector mentioned as in the previous
section. The volume sound source plays 1000Hz single frequency harmonic sound. Microphone array
composed of 21 microphones is located 1.8m in front of the loud speaker to measure the radiated sound
pressure.

For the same experiment conditions, the locations of the volume source are identified and the near
field sound pressure represented as the sound source is measured with the sound level meter. The
sound pressure measured with sound level meter is taken as the reference value and it concludes the
evanescent wave component. The result of sound source identification and reconstruction is shown in
Fig. 8. The evanescent wave sound pressure at the position of the reconstructed sound source is
calculated by the approximation model in Eq. (15).
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Figure 8 — Sound source identification and reconstruction result of far-field acoustical holography

Results show that the sound source reconstruction quantitative errors decrease by about 8%. These
results prove that the sound source approximation model plays an effective role in correcting the
evanescent wave error of point sound source model. Future research may focus on establishing an
universally applicable method for establishing the approximate model of actual sound source needs to
be proposed. In addition, the experiment results tell that holographic aperture is another critical
factor on the quantitative accuracy of far-field acoustical holography.

4. CONCLUSIONS

In this paper, the influence of evanescent waves on the quantitative accuracy of far-field acoustical
holography has been illustrated. Approximation model method for calculating evanescent waves
component has been established based on dipole sound source model and quadrupole sound source
model. Simulations and fitting curves show the effective performance of the approximation model.
Experiment results with known sound source have demonstrated that this method can improve the
quantitative accuracy of far-field acoustical holography more accurately. There still remain some
further improvement in this method and the study will be continued in the future.
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