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Introduction

Common methods to estimate the sound absorption coef-
ficient are the chamber method (for random incidence)2

and a method based on Impedance tube measurements
(for normal incidence).1 Besides these well accepted mea-
surements, a method to measure the absorption coeffi-
cient depending on the angle of incidence is increasingly
needed. So far studies regarding angle dependent mea-
surements in free field conditions failed to compute the
absorption coefficient for high incidence angles.5− 8 Even
though measurements were carried out with a finite ab-
sorber sample, these methods are based on the theory of
an infinite sample size. It was found that the finiteness
of the absorber has a significant influence on the mea-
sured absorption coefficient for high incident angles, as
e.g., shown by Thomasson.3, 4

The goal of the present study is to measure the angle
dependent absorption coefficient by taking the finiteness
of the sample into account using an inverse finite surface
method. This method aims to estimate the impedance
of the absorber in an inverse measurement approach.
Therefore Thomasson´s theory is extended to predict the
sound field in front of a finite sized absorber placed on a
rigid backing.
For validation three in-situ methods are used: the tem-
poral subtraction method, the microphone array method,
and the finite surface method.

Theory

The time convention ejωt is used, where ω = 2πf is the
angular frequency and t is the time. Furthermore, the
surface impedance ZA, normalized by ρc, is used, where
c is the speed of sound and ρ is the density of air.

Sound field model

The presented sound field model, which considers scatter-
ing from the finite absorber, is derived from the methods
described by Thomason3, 4 and Morse and Ingard.12

The sound field model is based on an incident plane wave
and a specular plane wave, as shown in Fig. 1. The
absorber with arbitrary surface area S and admittance
β = 1/ZA is placed on a surface with admittance β0. The
pressure amplitudes of the reflected and incident plane
waves are considered to be equal, similar to the reflec-
tion on a rigid baffle. Scattering from the surrounding
baffle and the absorber are considered separately. The
sound pressure at point P ∈ (x,y,z), by considering an
incident plane wave and scattering from the surface, can

Figure 1: Sketch illustrating the sound field model consid-
ering the finiteness of the absorber

be described as an integral equation,12

p(x, y, z) = p̂i

(
e−j(kxx+kyy+kzz) + e−j(kxx+kyy−kzz)

)
+ jkΔβ

∫
S

G(x, y, z|x0, y0, 0)p(x0, y0, 0)dS0, (1)

where kx = k sin θ cosϕ, ky = k sin θ sinϕ, and
kz = k cos θ are the wave numbers, expressed in terms
of the incidence angle θ and the azimuth angle ϕ, where
k = ω/c is the wave number in air, Δβ = β − β0 is
the change of admittance between the absorber and the
surrounding baffle, p(x0, y0, 0) is the pressure function
on the absorber surface at z = 0,

∫
S
dS0 is the inte-

gral over the material surface and G(x, y, z|x0, y0, 0) =
e−jkd/(2πd) is the half space Green’s function between
the respect integration point S0 ∈ (x0, y0, 0) and the
observation point P . The distance d between the ob-
servation point P and the surface point S0 is given by
d =

√
(x− x0)2 + (y − y0)2 + z2.

Here, the finite absorber is surrounded by an infinite
rigid baffle (β0 = 0). Thus ZA represents the surface
impedance of the absorbing material. The unknown
sound pressure p in the integral equation, Eq. (1), can-
not be solved explicitly. Thus the solution of the integral
equation is found by using a variational principle, shown
in Refs. 3, 4 and 11 - 13, as

p(x, y, z) = p̂i

(
e−j(kxx+kyy+kzz) + e−j(kxx+kyy−kzz)

)

+ p̂i

(
2jkF (x, y, z|x0, y0)

ZA + ZF

)
, (2)

where

F (x, y, z|x0, y0) =

∫
S

G(x, y, z|x0, y0, 0)e
−j(kxx0+kyy0)dS0,

and ZF is the normalized specific radiation impedance,
as defined by Thomasson3.
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Computation of the radiation impedance

The radiation impedance can be fully determined by size
and geometry of the absorber, as shown in Refs. 3 and 4.
For large Helmholtz numbers, the surface impedance ZF

approaches 1/cosθ, similar to the assumption of plane
wave reflections from an infinite absorber sample. For
small Helmholz numbers ke this assumption is just a good
approximation for small incidence angle, near grazing in-
cidence this does not hold anymore.
However, the computation of Thomasson´s formulation
for a rectangular absorber is not well suited for numeri-
cal integration. A more convenient expression, based on
a variable substitution, is used in this study as14

ZF = − jk

2πS

∫ a

0

∫ b

0

4 cos (kxκ) cos (kyτ)

e−jk
√
κ2+τ2

√
κ2 + τ2

(a− κ)(b− τ)dκdτ.

(3)

Computation of the absorption coefficient

It is well known that the measured absorption coefficient
according to ISO 3542 can exceed unity due to the de-
pendency on the absorber area. Therefore, the angle de-
pendent absorption coefficient α(θ) for finite absorbers
is determined from the radiation impedance ZF and the
surface impedance ZA by using Thomasson´s alternative
absorption coefficient4 as

α(θ) =
4�{ZA}�{ZF }∣∣ZAZF

∣∣2 (4)

In case of assuming an infinite absorber sample, ZF =
1/ cos(θ), the ordinary definition of the absorption coef-
ficient is used16 as

α∞(θ) = 1−
∣∣∣∣∣
ZA − 1

cos(θ)

ZA + 1
cos(θ)

∣∣∣∣∣
2

, (5)

= 1− |R(θ)|2, (6)

where R(θ) = p̂r

p̂i
is the reflection factor, and p̂i and p̂r

are the complex pressure amplitudes of the incident to
reflected plane waves, respectively.8− 11.

In-situ measurement methods

Three in-situ methods to measure the absorption coeffi-
cient are used. Besides the well accepted temporal sub-
traction method 6, 7 a microphone array method is used,
both assuming an infinite absorber sample to estimate
the absorption coefficient by using Eq. (5). Furthermore
a finite surface method is proposed, which takes into ac-
count the finiteness of the absorber using an inverse tech-
nique. The finite surface method estimates the surface
impedance ZA to calculate the absorption coefficient α
with Eq. (4). A sketch of the measurement methods is
shown in Fig. 2.

Temporal subtraction method

The temporal subtraction method is based on impulse
response measurements above the surface under test, by

using a single microphone. For post-processing, a sub-
traction method as in Refs. 6 and 7 is used. Therefore,
another impulse response, without the absorbing mate-
rial, is measured by keeping the loudspeaker microphone
distance constant.

Microphone array method

The microphone array method is based on sound pres-
sure measurements with an array of microphones. The
statistically optimized near-field acoustic holography
(SONAH)21 is used to estimate the incident and reflected
sound pressure in a reconstruction plane zs based on mea-
surements in two horizontal planes, zh1 and zh2, above
the absorber. Details about SONAH are shown in Refs.
18-20. The respective coefficients in SONAH are solved
in a Least-Squares sense, and using Tikhonov regulariza-
tion.22 A detailed description of this procedure is shown
in Ref. 19.
The reflection factor for the nth microphone in the re-
construction plane is calculated as the quotient of the
estimated reflected and incident sound pressure close to
the absorber. The overall reflection factor |R| is calcu-
lated as the average value of all |Rn|.
Finite surface method

To estimate the surface impedance for oblique sound in-
cidence, the finite surface method combines the sound
field model with microphone array measurements in an
inverse manner.
Since the measurements are performed with N micro-
phones at discrete positions, the sound pressure ampli-
tude p̂i is estimated by minimizing the least-squares prin-
ciple

ELS(p̂i) �
N∑

n=1

|p̂ie−j(kxx0,n+kyy0,n+kzz0,n)

− pi(x0,n, y0,n, z0,n)|2,
(7)

where pi(x0,n, y0,n, z0,n) is the estimated incident sound
pressure at position n obtained with SONAH using the
microphone array method and p̂ie

−j(kxx0,n+kyy0,n+kzz0,n)

is the incident sound pressure at position n, where p̂i is
the incident pressure amplitude.
By using the estimated incident sound pressure ampli-
tude from Eq. (7), the surface impedance is determined
by minimizing the least-square principle

ELS(ZA) �
N∑

n=1

|pfw,n(x, y, z|ZA)− pt,n(x, y, z)|2, (8)

where pt,n(x, y, z) is the total measured sound pres-
sure at each position in the measurement plane and
pfw,n(xn, yn, zn|ZA) is the forward model sound pressure
based on Eq. (2).
The cost functions are minimized using simplex optimiza-
tion, by the use of the Matlab function fminsearch.
Here the initial guesses are the mean incident sound
pressure amplitude over all reconstruction positions and
the surface impedance estimated from an equivalent fluid
model, Miki model24, by using the radiation impedance
for finite absorbers.
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Measurement setup

All measurements are performed in a large anechoic
chamber at DTU with a low frequency limit of about
50 Hz. The absorber under test is the ”Industrial” ab-
sorber from Rockfon,25 with thickness of hd = 5 cm
and flow resistivity of 1.42·104 Ns/m4, measured with
the impedance tube method, described by Ren and Ja-
cobsen.26

A large and heavy squared wooden plate of 3 cm thick-
ness and area of about 14 m2 is placed in the anechoic
chamber to approximate the rigid and infinite backing,
on which the square sized absorber, with a side length of
1.2 m, is placed centered, see Fig. 2.

Figure 2: Sketch illustrating the three measurement setups.

The measurements are performed with an omni direc-
tional source27 at incident angles θ = {0◦, 45◦, 60◦, 85◦}.
The distance between the absorber center and the source
is kept constant at 2 m. The distance between ab-
sorber center and the microphone (temporal subtraction
method) is kept constant at 0.8 m and with respect to
the incident angle. The planar array with 60 pressure mi-
crophones (microphone array and finite surface method)
is placed at three horizontal x-y planes, zh1 = 4 cm,
zh2 = 8 cm, zh3 = 6 cm (for the SONAH reconstruc-
tion just zh1 and zh2 are used). Since the error of the
SONAH reconstruction increases at the edges of the ar-
ray, only the 24 center reconstruction positions are used
for estimation of the sound pressure amplitudes. For the
forward model, measurements in three parallel planes
(180 measurement points) are considered. To validate
the experiments, impedance tube measurements at nor-
mal incidence are performed. Furthermore, for validation
against theory, an equivalent fluid model, Miki model, is
used.24 The surface impedance ZA at oblique incidence
θ for an absorber placed on a rigid and infinite back-
ing is calculated by using a plane wave assumption.10

The equivalent fluid model is used with two different
radiation impedances ZF , based on an infinite sample,
ZF = 1/ cos(θ), and a finite sample, Eq. (3). The corre-
sponding absorption coefficient is either calculated with
Eq. (4) (finite sample) or with Eg. (5) (infinite sample).

Measurement results

The results are given in Fig. 3, with incidence angles of
θ = {0◦, 45◦, 60◦, 85◦}.
Equivalent fluid model

Fig. 3(a) shows a good agreement between the
impedance-tube measurement and the theory at normal
incidence.
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Figure 3: Absorption coefficient of a sample with a side
length of 1.2 m. (a): θ = 0◦, (b): θ = 45◦,(c): θ = 60◦,
(d): θ = 85◦, (-o) Miki model: ZF of an infinite sample, (-�)
Miki model: ZF of a finite sample, (– · –*) Impedance tube,
(· · ·�) Temporal subtraction method, (- · -+) Microphone
array method, (--�) Finite surface method.

Furthermore, for normal incidence, the equivalent fluid
model using the radiation impedance of a finite sam-
ple and the radiation impedance of an infinite sample
are very similar. With increasing incidence angle, shown
in Fig. 3(b-d), the calculated absorption coefficient as-
suming an infinitely absorber sample decreases and ap-
proaches zero at grazing incidence, while the absorption
coefficient using the radiation impedance of a finite sam-
ple still shows a high absorption.

Temporal subtraction and microphone array
method

Figure 3 shows that it is difficult to get sufficiently ac-
curate results even for small incident angles using the
temporal subtraction method and the microphone array
method. In the temporal subtraction method a detailed
post processing is used. Nevertheless, the time difference
between the directly reflected part and the diffracted re-
flected part of the impulse response becomes too small to
obtain accurate results. The microphone array method
agrees well with the theory at normal incidence for fre-
quencies above 400 Hz. With increasing incidence angle
the results increasingly deviate from theory. Both meth-
ods assume the plane wave reflection to calculate the ab-
sorption coefficient.
The deviations from theory for θ > 45◦ show, that for
finite and small absorbers an advanced method that ac-
counts for the absorber finiteness is needed.
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Finite surface method

Figure 3(d) shows, that especially near grazing incidence
(here θ = 85◦), the finite surface method gives a promis-
ing agreement with the theory by using the finite surface
radiation impedance between 200 Hz and 1.5 kHz approx-
imately. A similar result is found for an incident angle of
60◦, Fig 3(c).
Figure 3(b-c) shows, that for small incident angles a good
agreement with the theory is found for frequencies above
200 Hz. At normal incidence, Fig. 3(a), the results from
the finite surface method deviate from the theory for
frequencies below 500 Hz. This could be explained by
the fact that for small differences in the measurement
planes the phase differences between two consecutive mi-
crophones become very small, thus capturing very similar
phase.19

Conclusions

Three different measurement methods to measure the
acoustic property of finite sound absorbers at oblique in-
cidence are proposed: the well accepted temporal sub-
traction method, the microphone array method and the
proposed finite surface method. With the finite surface
method the finiteness of the absorber is taken into ac-
count by using an inverse method with a sound field
model for finite absorbers considering scattering reflec-
tions. Good agreement between the proposed finite sur-
face method and the equivalent fluid model is found, es-
pecially for nearly grazing incidence and a small speci-
men. For future measurements better results for lower
frequencies are expected by carefully choosing a micro-
phone grid with greater distances between the measure-
ment planes and advanced post-processing.
In conclusion the finite surface method can be used for
measuring the oblique incidence absorption coefficient for
finite absorbers.
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