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ABSTRACT

This paper proposes the improvement of a recently pub-

lished method for measuring the sound absorption and the

surface impedance of an acoustic material using a double

planar array of microphones. It uses an optimization pro-

cess on the surface impedance, which matches the mea-

sured sound pressure field to a theoretical model. The pre-

vious model calculated the complete solution of a point

source over an infinite layer of material, but had the disad-

vantage of having a high computational cost. The model

proposed in this paper is based on the classical image

source approximation. The results shows an excellent ac-

curacy in high frequency, where the approximation is good.

However, the approximate model is not as accurate as the

previous one in low frequency. The gain in computing time

with the approximate model is significant: a factor of 30

is observed. Experimental validations are performed in a

semi-anechoic room with a layer of melamine foam using

a 3D positioning system to move a single 1/2” microphone.

The measured surface impedance is compared to the mea-

surements obtained with an impedance tube. Overall, both

methods give good results between 200 Hz and 6000 Hz.

1. INTRODUCTION

Standard sound absorption methods such as the impedance

tube work very well but have the disadvantage of mea-

suring only a small sample at normal incidence [1]. The

second standard method uses a reverberation chamber to

measure an average absorption coefficient in the diffuse

field. It is well known for its non-physical results and se-

vere non-repeatability, especially at low frequencies [2–6].

Conventional methods for measuring sound absorption in
situ generally use very few microphones. These methods

have inherited some of the above mentioned defects, while

introducing new ones [7]. On the other hand, with the rise

of low-cost MEMS technology, it is now possible to create

robust microphone arrays at an affordable cost. This has

led to a renewed interest in microphone antennas for mea-

suring sound absorption. The ultimate goal is to be able

to measure absorption in situ, while overcoming the prob-

lems of standardized and conventional methods. Recent

publications on the subject have mostly focused on holo-

graphic approaches [8–10], or the approximation of local

plane waves [11]. This presentation shows the improve-

ment of a recently presented method [12]. It is based o n an

optimization process which uses a simplified point source

propagation model on an impedance plane. This method

is studied here for a double layer plane microphone array

under various incidences. Simulations of the measurement

method and experimental results are presented. A brief

discussion of the advantages and disadvantages of this new

implementation is presented.

2. THEORETICAL BACKGROUND

2.1 Problem definition

The measurement configuration consists of a double square

planar array of K = 50 (2 × 25) microphones with a side

length a, a spacing c placed at a distance h above the acous-

tic material whose normalized surface impedance Zs is to

be characterized. The sound field is generated by a point

source and is reflected by the infinite planar surface of the

acoustic material. A scheme is presented in Fig. 1.

hc

a

Material with a

rigid backing (Zs)

φm

Source

Figure 1: A point source and a planar microphone array

above a material of normalized surface impedance Zs.

2.2 Optimisation

The optimization process minimizes using the Matlab

fminsearch function the cost function J :

J = argmin(‖p(rl, Zs, A)− pmeas‖22) (1)

where A is the amplitude (modulus and phase) of the

source, p ∈ C
Kx1 is the vector containing the sound
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pressures associated with the transfer functions between

a point source located in rl(xl, yl, zl) and the sound pres-

sures at K antenna microphone positions for the selected

model. The vector pmeas ∈ C
Kx1 is the measurement

associated with the p model. Zinit is the initial value of

Zs at each frequency in the optimization process. The

process is carried out in the frequency domain, starting

with the high frequencies and continuing towards the low

frequencies using the previously found solution as initial

values. The initial value is here estimated by a simulation

impedance Zs from the Johnson-Champoux-Allard (JCA)

model [13] model, but others, like Miki model [14] can

be used. rinit is the position of the source relative to the

center of the antenna estimated on the measurement setup.

Ainit is calculated with Ainit = ‖pmeas‖2rinit.

The process minimizes the error between the model and

the measured acoustics by the microphone array, it aims to

calculate the ‘best’ Zs corresponding to the configuration.

Such an approach has been detailed in [12] with the use of

a point source above an infinite layer of impedance model,

a second simplified model is studied in this paper.

The configuration of the subsequent models with the dif-

ferent geometrical quantities is shown in Fig. 2.

φj

lr

hs

Zs, R

Microphone j

Source

Image source

rj

r′j

Figure 2: Diagram of a source point and a microphone

above a plane with impedance Zs.

The time convention ejωt is used in this paper.

2.3 Point source above an infinite layer of impedance
model

Full details of the method can be found in [12], but are

briefly presented here for the sake of completeness. The

first model evaluates p at each microphone position, con-

sidering the solution of a point source above an infinite

layer of impedance Zs [15], as follows:

p(rl, Zs, A) = A

(
e−ikrj

rj
+

e−ikr′j

r′j
− 2

k

Zs
I1

)
, (2)

with k the wave number and I1 defined by:

I1 =

∫ ∞

0

e−ikr′j [(1−ξ2−2iξ sinφj)
1/2−iξ/Zs]

(1− ξ2 − 2iξ sinφj)1/2
dξ. (3)

The evaluation of I1 is the most expensive part of the op-

timization process because it evaluates the integral at each

iteration. This model will be referred to as ‘COSI inf’ in

the following.

2.4 Approximated image source model

In order to reduce the calculation cost, the classical image

source method [16, 17] is used. The p model is therefore

evaluated at each microphone as follows:

p(φj , ω) = A(
e−ikrj

rml
+R(φj , ω)

e−ikr′j

r′j
), (4)

with the reflection coefficient R(φj , ω) related to the nor-

malized surface impedance Zs per:

Zs =
1 +R(φj , ω)

1−R(φj , ω)

√
l2r + h2

s

hs

ik
√

l2r + h2
s

1 + ik
√

l2r + h2
s

(5)

thus given by:

R(φj , ω) =
Zs −

√
l2r+h2

s

hs

ik
√

l2r+h2
s

1+ik
√

l2r+h2
s

Zs +

√
l2r+h2

s

hs

ik
√

l2r+h2
s

1+ik
√

l2r+h2
s

. (6)

This model will be referred to as ‘COSI approx’ in the

following.

Once Zs is obtained, the sound absorption α can be cal-

culated assuming an incident plane wave:

α = 1−
∣∣∣∣Zs cosφj − 1

Zs cosφj + 1

∣∣∣∣
2

. (7)

3. SIMULATIONS

Several simulations are then presented in order to compare

the advantages and disadvantages of the two methods. The

first simulations show the results without noise, followed

by results with the introduction of a white noise signal and

finally with the presence of reflections. The point source

is placed at rl = 1.5 m and three elevations are tested:

ψm = 0◦, 30◦ and 60◦. The microphone array has a side

length a of 0.14 m, a spacing c of 0.015 m and a distance

from the material surface h = 0.01 m. The ‘exact’ normal-

ized surface impedance of the material with a rigid support

is calculated using the JCA model [13] whose input param-

eters are given in the Table 1. The formulation given in Eq

(2) is used to calculate the sound pressure field radiated by

the point source above the impedance plane Zs assumed to

be infinite.

It is noted that since the same model is used for both the

generation and optimization of ‘COSI inf’, this could re-

sult in a bias in the results. However, this approach is suffi-

cient to make a general comment on the method before the

experimental validation.
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3.1 Results without measurement noise

These first simulations in the absence of measurement

noise presented in Fig. 3 aim at showing the limits of the

two models by considering a perfect case. Both methods

are able to estimate accurately the plane wave absorption

α and the normalized surface impedance Zs especially at

high frequency. However, at low frequencies, ‘COSI inf’

shows much better performance than ‘COSI approx’. For

the latter, we can explain that below ka ≈ 1 (≈ 380 Hz),

especially near the material, the approximate model is not

accurate enough to represent the physics of the problem be-

cause the interaction between the material and the source

is rather complex and modeled by Eq. 3. This means that

there are significant differences between the model and the

measurement, resulting in the failure of the optimization

process at low frequencies. As for the ‘COSI inf’ model,

the results are good up to a frequency of 100 Hz (ka ≈
0.26). Although the inverse crime may be an explanation,

it is more likely that the interaction between the source and

the material in the model is sufficiently well defined to al-

low the optimization process to converge. Below 100 Hz,

the wavelength is too large relative to the size of the array,

causing the optimization process to fail due to the lack of

information in the observations. The use of the ‘COSI ap-

prox’ model compared to the ‘COSI inf’ model is therefore

recommended for frequencies above ka = 1 because there

is no interest in using the full model, considering that the

cost of the calculation is reduced by a factor of 30.

3.2 Results with a Signal to Noise Ratio (SNR) of
30 dB

The results of the simulations in the presence of measure-

ment noise (SNR of 30 dB) are presented in Fig. 4. The

results at high frequency are as good as without measure-

ment noise, which is normal because the influence of white

noise is negligible compared to the amount of information

contained in the high-frequency observations (especially

for the phase). In these simulations, both models are accu-

rate down to 400 Hz, where the noise starts to significantly

disturb the measurement data. In this case, the noise de-

teriorates the measurement so that no information prior to

ka = 1 can be obtained, the use of the ‘COSI inf’ model

below ka = 1 is then worthless.

3.3 Results with acoustics reflections

The results of simulations in the presence of point source

reflected in a room are presented in Fig. 5. The room con-

sists of infinite walls that are modeled by first-order image

sources only. The walls and ceiling are covered with 60 cm

thick rock wool (Miki model [14], static airflow resistivity

σ = 1500 N.s.m−4). The melamine foam that covers rigid

floors is the one that must be characterized. This simula-

tion is therefore far from physical, but the intention here

is only to show that there is an influence of reflections. It

therefore does not show the effect of nearby reflections,

such as the first reflections of the measuring devices or the

edge effect of the material. It will only affect low to mid

frequencies, because the absorption of the walls is close to

1 in high frequency. The infinite walls are located at x =

3.2 m and x = -5.8 m, y = -2.6 m and y = 3.5 m, z = 4 m.

When the source is at normal and low incidence, the result

does not differ from that obtained without any measure-

ment noise as in Fig. 3. However, when the incidence is

high (Fig. 5.c and Fig. 5.f), the results start to deteriorate

because the two models fail to converge below 300 Hz.

The fact that the reflections only affect the measurement

at high incidence in low frequency is explained by the fact

that the value of the particle velocity uz is very low. In

addition, a projection on the normal to the material is per-

formed at oblique incidence, due to the fact the velocity

field is propagating in the direction of the source and not

in the direction of the normal to the material. The quantity

uz on the surface of the material to be characterized thus

becomes very sensitive to the surrounding disturbances.

In a real case, it is to be expected that the reflections will

have a greater influence than the present result due to edge

effects, measurements apparatus reflections and higher-

order reflections from the room.

4. MEASUREMENTS RESULTS

The measurements were carried out in the semi-anechoic

room of LAUM to characterize a sample of melamine foam

of 1.8 m × 1.2 m. A three-dimensional (3D) positioning

system was used to move a 1/2” B&K type 4192 micro-

phone. The microphone is positioned successively at the

different desired positions (about 1 minute per microphone

position).The results are then assembled to create a single

antenna measurement. This kind of set up avoid calibration

issues related to array of microphones which is a critical

problem at low frequency. The results of the measurement

with the melamine foam are compared to the result of the

impedance tube method, whose JCA parameters have been

characterized (see table 1). The measurement configura-

tion is presented in Fig. 6. The results at normal incidence

are presented in Fig. 7.a and Fig. 7.c. They corroborate

with what has already been observed in simulation. In

high frequency, both models give an accurate result, while

the ‘COSI approx’ does not converge below ka ≈ 1 and

the ‘COSI inf’ does not converge below ka ≈ 0.26 and

seems to be affected by reflection as small oscillations are

present. The results at φm = 30◦ are shown in Fig. 7.b and

Fig. 7.d. In high frequency, both models give an accurate

result. The two methods do not converge below ka ≈ 1
(≈ 380 Hz ), which probably indicates that reflections dis-

turb the measurement because both methods are affected

while measurement noise is the same than at normal source

incidence.

4.1 Comments on the measurement and simulation
configuration

The parameter c was chosen to be equal to 1.5 cm how-

ever further simulations showed that best results in low fre-

quency were obtained with c = 3.5 cm which corresponds

to the step size step size of the microphone grid.
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(a) φm = 0◦
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(b) φm = 30◦
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Figure 3: Estimated absorption and normalized surface impedance for a source at 0◦, 30◦ and 55◦ without noise. Figures

(a) to (c): �(Zs) and �(Zs) and Figures (d) to (f): α.

5. CONCLUSION

This paper presents the comparison of two models used

in an optimization process to determine the normalized

surface impedance Zs and the sound absorption α of the

acoustic material with a double planar array of micro-

phones. The first model has already been presented in a

paper while the second model used here is the classical ap-

proximation of the image source model. The second model

does not outperform the result of the first one, however a

computational time gain factor of 30 is observed. The sec-

ond model shows inaccurate results below ka = 1, which

is normal because it does not correctly model the inter-

action between the acoustic material and the microphones

when the source is close. It is therefore suggested to use a

combination of the two models: model 2, ‘COSI approx’

above ka = 1 and model 1, ‘COSI inf’ below ka = 1. Dif-

ferent types of perturbations have also been numerically

investigated, showing that both models are robust to white

noise, but give poor results in low frequencies when re-

flections are introduced in the measurements. Taking into

account reflections due to edge effects, measurement ap-

paratus and room reflections when performing a free-field

characterization of an acoustic material remains a chal-

lenge for the future. Although these results do not show

it, both models show good robustness to reflections in high

frequencies. Further developments regarding the inclusion

of reflections in the approximate model are currently under

investigation.

A. APPENDIX

σ 11500 [N.s.m−4] Static air flow resistivity

ha 0.08 [m] Height of the material

φ 0.998 Porosity

Λ 124 [μm] Viscous length

Λ′ 183 [μm] Thermal length

α∞ 1.005 Tortuosity

Table 1: Melamine foam JCA parameters
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Figure 4: Estimated absorption and normalized surface impedance for a source at 0◦, 30◦ and 55◦ with a 30 dB SNR.

Figures (a) to (c): �(Zs) and �(Zs) and Figures (d) to (f): α.
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Figure 5: Estimated absorption and normalized surface impedance for a source at 0◦, 30◦ and 55◦ with reflections. Figures

(a) to (c): �(Zs) and �(Zs) and Figures (d) to (f): α.
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Figure 7: Estimated absorption and normalized surface impedance of the melamine foam for a source at 0◦, 30◦ in the

semi-anechoic room. (a) to (c): �(Zs) and �(Zs) and (d) to (f): α.
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