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This study examines the estimation of the surface impedance of an absorber with microphone

arrays. Two array geometries are compared—a rigid spherical array and a double layer planar array.

The impedance is estimated via reconstructing the sound field (pressure and particle velocity) on

the absorber’s surface, using a plane wave expansion. The comparison is carried out by studying

the numerical properties of the two arrays as well as through experimental tests.
VC 2019 Acoustical Society of America. https://doi.org/10.1121/1.5116705
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I. INTRODUCTION

Absorbing materials are typically characterized in terms of

surface impedance ZS or absorption coefficient a. However, the

standardized methods to estimate these quantities only provide

limited information.1,2 Therefore, alternative methods have

been proposed, in particular to study the angle dependence.3

Several of these methods make use of microphone array mea-

surements. A first approach is to separate the incident and

reflected components of the sound field, using a spatial Fourier

transform,4 beamforming,5 or near-field acoustic holography.6

It has also been proposed to reconstruct the sound field (pres-

sure and particle velocity) on the tested material, from which

the surface impedance is calculated.7–9

Different array configurations have been used for

impedance measurements. Planar arrays are well-suited to

capture the behavior of the sound field near a plane sur-

face.10 Spherical arrays are omnidirectional sensors, that

have proved useful for the experimental capture and analysis

of the sound field.8,11 However, a direct comparison of such

arrays seems missing in the literature. The present study

investigates the influence of the array geometry on an imped-

ance estimation method. The method is described in Ref. 8;

it is based on reconstructing the sound field on the tested sur-

face with a wave expansion model.12 Two geometries are

compared in this study, namely, a planar double layer array

and a rigid spherical array. The numerical properties of the

wave expansion are examined, and the accuracy of the

impedance estimation is investigated experimentally.

II. METHODOLOGY

Consider a microphone array placed close to a horizon-

tal surface, and a given incident sound field on the surface.

We assume that the measured pressures at the M micro-

phones of the array can be represented locally as a superposi-

tion of L propagating plane waves, with directions of arrival

distributed over the whole space.13 A matrix equation is

obtained,

p ¼ Hx; (1)

where p 2 C
M contains the measured pressures, x 2 C

L con-

tains the unknown plane wave amplitudes, and H 2 C
M�L

is

called the sensing matrix containing propagation functions.

Usually, L�M, which makes Eq. (1) an underdetermined

inverse problem. Equation (1) is solved using Tikhonov regu-

larization, which is expressed as the optimization problem14

~x ¼ argmin
x

kHx� pjj22 þ kkxjj22
� �

; (2)

where k is a regularization parameter. k is selected automati-

cally by generalized cross-validation.14 Other regularization

strategies are possible, such as ‘1-norm regularization,16 but

the Tikhonov regularization is chosen as a conventional way

of solving the inverse problem.

Once the vector x has been estimated, the pressure ~p and

the normal component of the particle velocity ~un can be recon-

structed on any point rS of the surface, as a sum of plane waves.

A pointwise normalized surface impedance is calculated,

ZSðrSÞ ¼ �
1

qc

~pðrSÞ
~unðrSÞ

: (3)

The pointwise impedance is then averaged over a small surface

in order to smooth out variance errors due to noise. Finally, an

absorption coefficient is estimated using a plane wave model,

a ¼ 1�
����

~ZS cos ðwÞ � 1

~ZS cos ðwÞ þ 1

����
2

; (4)

where ~ZS is the spatially averaged surface impedance and w
is the angle of incidence of the incident wave. This approxi-

mation is valid if the incident wave is quasi-plane, which we

assume to be true if the sound source is sufficiently far away

from the surface.

III. COMPARISON OF MICROPHONE ARRAYS

We consider an experimental setup that consists of a large

plane sample placed on a backing plate, an omnidirectionala)Electronic mail: apar@elektro.dtu.dk
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source, and a microphone array close to the surface of the sam-

ple, as shown in Fig. 1(a). The setup is placed in an anechoic

room of about 1000 m3 at the Technological University of

Denmark. Two different array geometries are tested, a planar

double layer array and a rigid spherical array. A basis of

L¼ 256 plane waves is used for the plane wave expansion.

The directions of arrival of the plane waves are uniformly dis-

tributed over a sphere.

The planar array [Fig. 1(b)] consists of M1 ¼ 128 channels,

arranged in two square layers of 64 microphones, with a vertical

spacing of 2.9 cm between the two layers and a horizontal spac-

ing of 2.5 cm. The array aperture is 17.5 cm� 17.5 cm. We

assume that the planar array does not disturb the sound field.

Therefore, the sensing matrix coefficients correspond to plane

wave terms in free-field,

Hi;j ¼ e�jkj�ri ; (5)

where kj is the wave vector of the jth plane wave (j¼ 1,…,

L) and ri is the position vector of the ith microphone

(i¼ 1,…, M1).

The spherical array [Fig. 1(c)] contains M2 ¼ 64 uni-

formly distributed microphones, which are flush-mounted on

a rigid sphere of radius a¼ 9.75 cm. The average spacing

between the microphones is about 4 cm. The spherical array

introduces scattering, which is accounted for analytically in

the sensing matrix,15

Hi;j ¼ �
4p

ðkaÞ2
X1
n¼0

Xn

m¼�n

jnþ1

h
0ð2Þ
n ðkaÞ

Ym
n ðhi;uiÞYm�

n ðh0;j;u0;jÞ;

(6)

where k is the wavenumber, (a, hi, ui) are the spherical coor-

dinates of the ith microphone on the sphere (i¼ 1,…, M2),

(h0,j, u0,j) represents the direction of arrival of the jth plane

wave (j¼ 1,…, L), hð2Þn is the spherical Hankel function of

the second kind of order n and Ym
n is the spherical harmonic

of order (n, m).

First, the numerical differences between Eq. (5) and Eq.

(6) are examined. It is known that redundancies between the

columns of H introduce linear dependencies that make it

rank-deficient. In that case, the inversion of Eq. (1) becomes

more sensitive to noise.16 These redundancies are studied

using the Gram matrix C 2 RL�L, which contains the corre-

lations between the columns of H, noted h1,…, hL. The term

ði0; j0Þ of C is given by16

Ci0;j0 ¼
jh�i0hj0 j
khi0 k khj0 k

; (7)

with i0 ¼ 1;…; L and j0 ¼ 1;…; L. C is a symmetric matrix,

with terms ranging from 0 to 1. Large values in C indicate

pairs of plane waves that have a similar effect on the array,

so they cannot be easily distinguished.

Figures 2(a)–2(f) represent the elements of the Gram

matrix for the two array configurations at 250, 1000, and

4000 Hz. In general, plane waves with close directions of

arrival are highly correlated, which explains for instance the

larger coefficients close to the diagonal of C. At 250 Hz [Figs.

FIG. 1. (Color online) Experimental setup. (a) Sketch. (b) Planar array

setup. (c) Spherical array setup.

FIG. 2. (Color online) Gram matrix coefficients for the planar array at (a) 250 Hz, (b) 1000 Hz, and (c) 4000 Hz. Gram matrix coefficients for the spherical

array at (d) 250 Hz, (e) 1000 Hz, and (f) 4000 Hz. (g) Matrix coherence. (h) Condition number.
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2(a) and 2(d)], both microphone arrays show large values in

C, as the wavelength (1.4 m) is much larger than the two

arrays’ dimensions. The correlations for the planar array in

Fig. 2(a) are generally higher than for the spherical array in

Fig. 2(d), due to the smaller distances between its micro-

phones. In addition, values in the upper left corner (small i0

and large j0) are higher for the planar array. These elements

correspond to correlations between plane waves traveling nor-

mally to the layers of the planar array. Such plane waves

would yield the same pressure on an entire layer, which intro-

duces redundancies in the sensing matrix. At 1000 Hz [Figs.

2(b) and 2(e)], the values of C are lower than at 250 Hz for

both arrays, due to the smaller wavelength (34 cm). The dif-

ferences observed in the upper left corner are also more pro-

nounced. At 4000 Hz [Figs. 2(c) and 2(f)], the correlations

continue to decrease for both arrays, with still higher values

for the planar array. Figure 2(g) presents the matrix coherence

l, which is the maximum off-diagonal of the Gram matrix, as

a function of frequency. l decreases with frequency and it is

overall higher for the planar array. Figure 2(h) shows the con-

dition number of H, denoted j, which is the ratio between the

maximum and the minimum singular value of H. j is lower

for the spherical array, which indicates that the inverse prob-

lem Eq. (1) is better conditioned for the spherical array.14

This is also a consequence of the lower coherence, as j is

bounded by a function of l.16 The sensing matrices remain

severely ill-conditioned at low frequencies for both configura-

tions, where the same information is measured by all the

microphones. In conclusion, the spherical array captures less

redundant information on the sound field than the planar

array, leading to a better conditioned inverse problem.

IV. EXPERIMENTAL IMPEDANCE ESTIMATION

The surface impedance of a porous absorber sample is

estimated with both arrays. The sample is a plate of glass

wool. It has a flow resistivity of 10 900 Nsm�4 and dimen-

sions of 1.8 m� 2.4 m� 10 cm. The source is placed at a

distance of 1.5 m from the sample. The planar array is placed

directly on the sample, its layers parallel to the surface, with

a distance of 1.3 cm between the lower layer and the surface

[see Fig. 1(b)]. The spherical array is suspended above the

sample. Due to experimental constraints, the distance

between the surface and the bottom of the sphere is 10 cm

[see Fig. 1(c)]. The estimated surface impedance is an aver-

age of 441 pointwise impedances calculated on a grid of

dimensions 10� 10 cm2 below the microphone arrays.

Figure 3 shows the estimated surface impedance and

absorption coefficient for the two arrays, at 0�, 30�, and 45�

incidence. A theoretical surface impedance is obtained as ZSðwÞ
¼ �jZCðk=knÞcotðknhÞ, where kn ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�c2 � k2 sin2ðwÞ

q
, h is

the sample’s thickness, and the parameters ZC and c are calcu-

lated using Miki’s model.17,18 An absorption curve from an

impedance tube measurement is also used as reference for nor-

mal incidence in Fig. 3(d) (tube diameter 3 cm). At 0� incidence

[Figs. 3(a) and 3(d)], the spherical array performs better than the

planar array below 400 Hz, due to its better numerical condition-

ing, discussed in Sec. III. Between 400 and 1000 Hz, the estima-

tion is accurate with both microphone arrays. Above 1000 Hz,

the planar array results are more accurate than the spherical

array ones. Indeed, the planar array benefits from being very

close to the reconstruction surface, so that errors in the wave

expansion are not amplified in the reconstruction.12 The estima-

tion with the spherical array can be considerably improved using

other regularization techniques to solve Eq. (1) (e.g., compres-

sive sensing).8,16 However, compressive sensing is not suitable

for the planar array, due to the high coherence of its sensing

matrix observed in Fig. 2(g). At 30� incidence, in Figs. 3(b) and

3(e), the impedance estimates are similar to those found at nor-

mal incidence, which shows that the surface impedance of this

particular sample can be considered independent of the angle up

to 30�. At 45� incidence [Figs. 3(c) and 3(f)], the spherical array

result shows deviations from the theoretical value, due to stron-

ger edge diffraction and a smaller normal particle velocity, which

lead to reconstruction errors. Overall, although the numerical

FIG. 3. (Color online) Estimated surface impedance at (a) 0�, (b) 30�, and (c) 45� incidence. Estimated absorption coefficient at (d) 0�, (e) 30�, and (f) 45� inci-

dence. Planar array (—), spherical array (� � �), theoretical results (- - -), impedance tube measurement (- � -).
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conditioning of the spherical array does lead to a better imped-

ance estimation at low frequencies, the small distance between

the sample and the planar array (1.3 cm) is beneficial at high fre-

quencies and larger incidence angles. The estimation with the

planar array worsens as the distance increases (not shown).

V. CONCLUSION

This study presents a comparison of two microphone

arrays (double layer planar array and spherical array with a

regular spacing) for estimating the impedance of a surface,

based on a plane wave expansion. In this specific study, the

spherical array captures less redundant information on the

sound field, which improves the numerical conditioning of

the wave expansion. However, the sound field is more accu-

rately reconstructed with the planar array at high frequen-

cies, due to its proximity to the sample. Although the results

are specific to the present study, they demonstrate that the

choice of a suitable array depends on several aspects, includ-

ing numerical properties due to the array configuration (size,

microphone spacing, etc.) as well as experimental conditions

like the distance to the sample.

ACKNOWLEDGMENTS

The authors would like to thank Jonas Brunskog and

Cheol-Ho Jeong for helpful discussions, Jørgen Hald, Karim

Haddad, and Wookeun Song (Br€uel & Kjær) for the

experimental planar array data, and M�elanie Nolan for the

impedance tube measurement data. The measurements were

part of the Danish Sound Innovation Network project called

in situ acoustic impedance estimation based on sparse array
processing, in collaboration with Br€uel & Kjær, Bang &

Olufsen, Ecophon, and Odeon.

1ISO 10534-2, “Acoustics—Determination of sound absorption coefficient

and impedance in impedance tubes” (International Organization for

Standardization, Geneva, Switzerland, 1998).

2ISO 354, “Acoustics—Measurement of sound absorption in a reverbera-

tion room” (International Organization for Standardization, Geneva,

Switzerland, 2003).
3E. Brand~ao, A. Lenzi, and S. Paul, “A review of the in situ impedance and

sound absorption measurement techniques,” Acta Acust. Acust. 101,

443–463 (2015).
4M. Tamura, “Spatial Fourier transform method of measuring reflection

coefficients at oblique incidence. I. Theory and numerical examples,”

J. Acoust. Soc. Am. 88(5), 2259–2264 (1990).
5J. Rathsam and B. Rafaely, “Analysis of in situ acoustic absorption using

a spherical microphone array,” Appl. Acoust. 89, 273–280 (2015).
6M. Ottink, J. Brunskog, C.-H. Jeong, E. Fernandez-Grande, P. Trojgaard,

and E. Tiana-Roig, “In situ measurements of the oblique incidence sound

absorption coefficient for finite sized absorbers,” J. Acoust. Soc. Am.

139(1), 41–52 (2016).
7Y.-B. Zhang, W.-L. Lin, and C.-X. Bi, “A technique based on the equiva-

lent source method for measuring the surface impedance and reflection

coefficient of a locally reacting material,” in Proceedings of Internoise,

Melbourne (2014).
8A. Richard, E. Fernandez-Grande, J. Brunskog, and C.-H. Jeong,

“Estimation of surface impedance at oblique incidence based on sparse

array processing,” J. Acoust. Soc. Am. 141(6), 4115–4125 (2017).
9J. Hald, W. Song, K. Haddad, C.-H. Jeong, and A. Richard, “In-situ
impedance and absorption coefficient estimations using a double-layer

microphone array,” Appl. Acoust. 143, 74–83 (2019).
10S. Gade, J. Gomes, and J. Hald, “Use of hand held array for NVH

measurement in the automotive industry,” in Internoise, Innsbruck

(2013).
11B. Rafaely, “Analysis and design of spherical microphone arrays,” IEEE

Trans. Speech Audio Process. 13(1), 135–143 (2005).
12E. Fernandez-Grande, “Sound field reconstruction using a spherical micro-

phone array,” J. Acoust. Soc. Am. 139(3), 1168–1178 (2016).
13E. G. Williams, Sound Radiation and Nearfield Acoustical Holography

(Academic, San Diego, 1999), Chap. 2.
14P. C. Hansen, Rank-Deficient and Discrete Ill-Posed Problems. Numerical

Aspects of Linear Inversion (SIAM, Philadelphia, PA, 1998).
15B. Rafaely, “Plane wave decomposition of the sound field on a sphere

by spherical convolution,” J. Acoust. Soc. Am. 116, 2149–2157

(2004).
16E. Fernandez-Grande, A. Xenaki, and P. Gerstoft, “A sparse equivalent

source method for near-field acoustic holography,” J. Acoust. Soc. Am.

141(1), 532–542 (2017).
17J. F. Allard and N. Atalla, Propagation of Sound in Porous Media:

Modelling Sound Absorbing Materials, 2nd ed. (Wiley, Chichester, UK,

2009), Chap. 3, pp. 29–43.
18Y. Miki, “Acoustical properties of porous materials—Modifications of

Delany-Bazley models,” J. Acoust. Soc. Am. 11, 19–24 (1990).

504 J. Acoust. Soc. Am. 146 (1), July 2019 Antoine Richard and Efren Fernandez-Grande

https://doi.org/10.3813/AAA.918840
https://doi.org/10.1121/1.400068
https://doi.org/10.1016/j.apacoust.2014.10.008
https://doi.org/10.1121/1.4938225
https://doi.org/10.1121/1.4983756
https://doi.org/10.1016/j.apacoust.2018.08.027
https://doi.org/10.1109/TSA.2004.839244
https://doi.org/10.1109/TSA.2004.839244
https://doi.org/10.1121/1.4943545
https://doi.org/10.1121/1.1792643
https://doi.org/10.1121/1.4974047
https://doi.org/10.1250/ast.11.19

	s1
	s2
	d1
	d2
	d3
	d4
	s3
	l
	n1
	d5
	d6
	d7
	f1
	f2
	s4
	f3
	s5
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18

