BNAM
2026

Baltic-Nordic Acoustics Meeting
May 04-06 2026 Gothenburg, Sweden
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Knowledge of the impedance of a sound-absorbing material is essential for accurate predictions of room
acoustics using computational models. While some materials can be described using a local reaction model,
extended reaction models provide a more general description in which the impedance depends on the angle
of incidence. Angle-dependent impedance can be measured in various ways, many of which use an array of
microphones. The measured sound field is decomposed into incident and reflected components, allowing
computation of the normal impedance. Varying the source position then enables measurement of the
angle-dependent impedance. These methods typically rely on a plane-wave assumption. However, because
this assumption is difficult to satisfy at low frequencies, these methods are often limited to high-frequency
measurements. Measuring the impedance at low frequencies remains a challenge for the community. In
this contribution, a finite-difference-based impedance estimation method is proposed for measuring angle-
dependent impedance at low frequencies. The pressure and particle velocity captured near a material sample
are used as input data to a finite-difference discretization of the homogeneous Helmholtz equation, from
which an effective impedance is estimated. An inverse model of the measurement setup is then used to
estimate the angle-dependent impedance. The proposed method is verified using a simulated measurement
in a semi-anechoic chamber, and the challenges of practical implementation are discussed.

1 Introduction

The characterization of the angle-dependent surface impedance of absorbing materials is important for accurate predictions
of interior sound fields by numerical wave methods. Obtaining this information across the entire audible frequency range,
however, remains a challenge for the acoustics community. In this study, a recently proposed method for normal impedance
estimation [I]] is extended to provide estimates of the angle-dependent surface impedance of a sample at low frequencies.

For brevity, only a brief review of the methods for measuring angle-dependent impedance is provided here. (For a
detailed discussion of in-situ impedance measurement methods, the interested reader is directed towards the review by
Brand@o er al. [2]]). Tamura [3]] proposes the use of the spatial Fourier transform to measure angle-dependent reflection
coeflicients. The pressure is measured at two planes above the material, and the incident and reflected waves are separated



to compute the reflection coefficient. Richard er al. [4] consider the use of a spherical microphone array to estimate the
angle-dependent impedance of a sample from 200 Hz to 4 kHz, and at angles of incidence up to 60 degrees. Hald er
al. 5] use a double-layer array of microphones to reconstruct the pressure and velocity at the sample surface via near-field
acoustic holography, which are then used to calculate an area-averaged impedance. Nolan et al. [6] propose a method for
measuring angle-dependent impedance in reverberation chambers. The method uses a plane wave decomposition of the
pressure field to reconstruct pressure and normal velocity at a sample’s surface. Operating in the wavenumber domain, the
incident and reflected components are separated to obtain impedance estimates.

While these methods perform well for a wide range of frequencies, their suitability at low frequencies is yet to be
demonstrated. The author has recently proposed an impedance estimation method [[1]] that could be used at low frequencies.
The method makes use of a small microphone array and a finite difference discretization of the Helmholtz equation to
estimate normal surface impedance. In this study, the method is extended to enable the estimation of angle-dependent
impedance. This is achieved by first estimating an effective impedanceﬂ of a sample due to a single source position, and
then by solving an inverse model of the measurement setup to find the parameters of an Equivalent Fluid Model (EFM) of
the sample. The parameterized EFM is used to provide inputs for an angle-dependent surface impedance model. Thus,
the method accounts for the effects of geometry and diffraction, providing angle-dependent impedance estimates.

This paper is organized as follows: The proposed method is introduced in Sec.[2] The simulated semi-anechoic chamber
test case considered is presented in Sec. |3} and the error analysis is presented in Sec. 4} The practical application of the
method is discussed in Sec. 5} and conclusions are drawn in Sec. [6]

2 Proposed impedance estimator

The impedance estimator has two main components. The first being the estimation of an angle-dependent effective
impedance. The second is the solution of an inverse model to obtain the angle-dependent impedance.

2.1 Effective impedance

The impedance estimator requires measurements of pressure and velocity near the surface of an absorbing sample. A finite
difference approximation of the local field is then used to estimate the normal impedance. By varying the source position,
an angle-dependent effective impedance can be estimated.

We begin with the Helmholtz equation. For a quiescent medium, the Helmholtz equation can be written as
Vi + k2 =0, (1)

where ¥ € {p,ux,uy,u;} can be either the acoustic pressure or one of the three particle velocity components, and
k = 2nf/c is the wavenumber with frequency f and speed of sound c¢. Expanding the gradient operator, Eq. (I) can be
written as
limpo Y(x+hy,z)+y(x—hy,z)+
'ﬁ(x,y + th) + 'ﬁ(x’y - h’Z) +
v(x,y,z+h) +w(x,y,z—h)
= (6-hk>) y(x,y,2) .

If we relax the limit, such that /4 is not infinitesimally small, but is smaller than the wavelength of interest, 0 < & < A, then
we obtain a standard finite difference approximation of a harmonic sound field at the position (x, y, 7).

2)

Let us now consider the scenario depicted in Fig. Measurements are made of the acoustic pressure and velocity at
six points in the vicinity of a sound-absorbing material sample. Equidistant points are chosen such that Eq. can be
rewritten, using a finite difference scheme, in terms of an unknown quantity at the surface of the sample, i.e,

l;(x’y’z_h) = (6_h2k2) ll/(.X,y,Z) - l//(x+h,y,z)—l,b(x—h,y,z)
—'ﬁ(x’Y"‘h,Z) _'/’(x’y_h’z) - w(x,y,z+h) .

Solving Eq. (3) for the acoustic pressure and velocity components provides estimates § and @, which can be used to
estimate the normal impedance, as follows:

3)

7= @)

§‘ |"Bl

I The effective impedance includes the effects of source, receiver, and room geometry, and diffraction effects from the boundaries of the finite sample.
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Figure 1: Grid of measurement positions above a material sample of infinite extent. In this example, the measurement
grid origin is located at xo = 0, yo = 0, z9 = &, and the measurement positions are separated by 4 = 0.01 m.

where i, is the estimated velocity normal to the surface. By varying the source position, the angle-dependent effective
impedance can be estimated.

2.2 Angle dependent impedance

In the presence of extended reaction materials, the proposed approach estimates an effective impedance that depends not
only on the angle of incidence but also on the geometry and diffraction. To estimate the angle-dependent impedance, we
must remove these unwanted effects. An inverse model is proposed to achieve this.

To capture wave interaction effects, a numerical wave model of the measurement system is required, and the model
geometry should be a faithful representation of the measurement geometry. In this study, we choose to use the finite
element method. To model the sample, an EFM is used. This is the forward model, which, given input parameters that
correspond exactly to the measurement setup, will provide an estimate of the angle-dependent effective impedance. While
the geometry and many of the input parameters can be measured in advance, the EFM parameters are unknown. An
optimization routine is used to find EFM parameters that provide good agreement between the measured and predicted
effective impedance. These EFM parameters are then used to predict the characteristic impedance and characteristic
wavenumber of the EFM. Finally, we use a surface impedance model to estimate the angle-dependent impedance.

In this study, two EFMs are used, a Miki model [7] and a Johnson-Champoux-Allard-Lafarge (JCAL) model [8 9} [10],
and we choose to use the surface impedance model for a rigidly backed isotropic porous material [L1], given by
. ke(f)
Z0, f)=-1Z ————cot(k,(0, f)d) , 5
(6./) = =i 2:(f) o5 ot (kn(6. ) ) 5)
where Z, is the characteristic impedance of the equivalent fluid, k. is the characteristic wavenumber, d is the thickness of
the material, and the normal wavenumber component inside the material is

k(0. ) = AKR(f) = K2(f) sin%6 . 6)

3 Test case

Without access to the required experimental facilities, we make use of finite element simulations to verify the proposed
method. To reduce computational cost, we consider 2D test cases only in this study (which reduces the number of required
pressure and velocity measurements from 6 to 4). Note, however, that the method has been verified in 3D [[1].

Measurements in a semi-anechoic chamber are simulated, as depicted in Fig.[2] The chamber floor is assumed to be rigid.
A material sample of length 2 meters and height d = 0.1 meters is placed on the floor. Three source types are used: a
plane wave, a point source, and a square loudspeaker with a side length of 0.2 meters. The plane wave has its origin in the



(a) Loudspeaker in semi-anechoic chamber. (b) Real part of pressure at 100 Hz.

Figure 2: Test case geometry and example of simulated pressure field. (a) The loudspeaker is placed such that the incident
angle is 40 degrees at the center of the sample. Examples of four measurement positions are shown as small dots above
the rectangular sample. (b) An example of the simulated pressure field with the Miki model representing the sample.

far field, while the point source and the center of the front of the loudspeaker have a radial distance of 2 meters from the
center of the top surface of the sample. Four receivers capable of capturing both pressure and velocity are placed in the
positions shown in Fig.[2a] The receivers in the array are spaced at a distance h = 0.01 meters, and the array is positioned
above the center of the sample.

Two samples are modeled using the Miki and JCAL models. An example of the simulated pressure field at 100 Hz due
to the loudspeaker and Miki model is shown in Fig. 2b] (note the refracted wave). The Miki model has a flow resistivity
of o = 5 x 10° Pa-s/m?. The JCAL model represents Melamine foam, for which the parameters are taken from Ref.
Table 1]. The effective speed of sound and effective density of these models are presented in Fig. [3a] and Fig. 3]
respectively. These quantities are used in the finite element models of the samples. In the Miki model, the real part of the
density takes on negative values at very low frequencies, indicating that this model may not be valid for the low frequencies
considered here. Despite the model’s potential physical inaccuracies, the simulation still provides solutions that can be
used to demonstrate the feasibility of the proposed impedance estimator. While the sound speed and density of the JCAL
model exhibit qualitatively similar behaviors to the Miki model, the angle-dependent resistances and reactions, computed
using Eq. (B) and presented in Fig. 3| through Fig. 3T, show noticeable differences.

To estimate the effective impedance, the positions of the sound sources are varied to collect data for a set of incident angles,
and the pressure and velocity at the receiver positions in the microphone array are computed. To simulate measurement
noise, random noise is sequentially added to the pressure and velocity predictions at each receiver point. The signal-to-
noise ratio is set to 80 dB. The pressure and velocity at the center of the sample are estimated using Eq. (3), and these
estimates are then used to estimate the normal impedance at the surface, according to Eq. (E[), for each angle of incidence.

4 Results

In this section, the relative errors of the estimated effective impedance and the estimated angle-dependent impedance to
the reference angle-dependent impedance given by Eq. (3)) are presented.

4.1 Effective impedance (error)

The errors of the estimated effective impedance for the three source types and two material models are presented in Fig. 4]
The lowest error is found for the plane wave. In this case, the propagating wave is refracted in the equivalent fluid (as can
be seen for the loudspeaker in Fig.[2b). The increase in error with frequency is expected to be related to the shortening of
the wavelength. This trend can be observed in both the Miki and JCAL models, suggesting it is related to the source type.
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Figure 3: Characteristics and impedances (shown as resistance and reactance) of the Miki and JCAL materials under test.

When we consider the point-source error, as illustrated in Fig. [dc and Fig. [#d] we observe similar patterns in the two
models. In this case, the error appears to be lowest at approximately 45 degrees. This pattern appears to be influenced by
the refraction of the spherical wave in the equivalent fluid and diffraction from the sample’s corners. Similar observations
can be made regarding the loudspeaker error plots, shown in Fig. de|and Fig. [} Note, in data not presented here, the error
levels in a reverberant room are very different, and the regions of the highest error appear to be related to the room modes.
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Figure 4: Relative error, given in %, as a function of frequency and angle for the three sources and two materials.

4.2 Angle dependent impedance (error)

Due to space constraints, we consider only the error of the loudspeaker source and the Miki model estimates in this section.
Two signal-to-noise ratios are considered: 80 dB and 60 dB. The effective impedance estimated at an angle of 40 degrees
is used as input for the inverse model (cf. Sec. , with an initial guess of o = 15 X 103, and Eq. (E[) is used to estimate
the angle-dependent impedance. The errors of the resulting estimates are presented in Fig.[5} We observe that small errors
in the angle-dependent impedance are obtained. While the error increases with the level of noise, which is to be expected,
similar trends are found. In data not presented here, similar error levels are obtained for the plane wave and point sources.
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Figure 5: Relative error, in %, of the estimated angle-dependent impedance as a function of frequency and angle.

5 Discussion

While the type of source affects the error of the effective impedance, when compared to the reference angle-dependent
impedance, the source type does not affect the estimates of the angle-dependent impedance. The reason is that the
inverse model used accurately captures the geometry and diffraction effects of the measurement setup. While this study
demonstrates the feasibility of the proposed angle-dependent impedance estimator, we expect that the small errors obtained
here will be difficult to obtain in practice. The practical application of the approach is briefly discussed here.

We have assumed that the pressure and velocity can be accurately measured at the receiver positions. In practice, it is
unlikely that this assumption will be satisfied. While pressure-particle velocity (PU) sensors might be used (see, e.g.,
Jacobsen and De Bree [13]] and Lanoye et al. [14]]), PU sensor measurements can be affected by uncertainties in the position
of the acoustic center of the sensor [[13]]. It is expected that sensor-related uncertainties and noise will adversely affect the
accuracy of the estimates. We note, however, that it is not necessary to use a PU sensor. Using a single microphone to
measure pressure (to avoid phase errors), whose position can be robotically controlled to visit multiple locations, would
enable the extension of the finite-difference scheme to the prediction of the required velocity information.

Other sources of uncertainty are likely to be more detrimental. The proposed method relies on an accurate model of the
experimental setup, including a geometric description, medium parameters, precise transducer positioning, and quantifiable
measurement noise. Obtaining accurate models of real spaces can be challenging, see, e.g., Refs. [16} [T7]]. We expect that
modeling a semi-anechoic chamber at these low frequencies will be difficult. However, there are ongoing efforts within
the community to reduce the difference between measurements and simulations in reverberant spaces, see, e.g., Ref. [18].

Another potential source of error in practical realizations is the inverse model. The EFM chosen to model the measured
material must be able to accurately represent that material, and the optimization routine used to find the unknown parameters
must be robust enough to find unique estimates of the parameters. Choosing an inadequate EFM model or optimization
routine could be a significant source of error. One final, less significant but practical, issue is the computational cost of
solving the inverse model multiple times. To avoid long wait times, especially as the frequency of interest is increased,
highly efficient, yet accurate, numerical wave methods are required.

6 Conclusions

A method for estimating the angle-dependent impedance of a sample at low frequencies had been proposed. The method
requires the measurement of acoustic pressure and velocity in the vicinity of an absorbing material sample, and the solution
of an inverse model of the experimental setup. Regardless of the source type and with only one source position, good
agreement has been found between the estimated and reference angle-dependent impedance in finite element simulations.
The results of this study verify the method. Future studies should consider experimental validation of the approach, which
will require accurate acoustic models and efficient numerical methods.
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