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ABSTRACT

Reliable descriptions of a room’s physical properties are
essential for accurately simulating room acoustical fields.
An important model input parameter is the impedance of
the materials that comprise the boundaries of the room.
However, the impedance information of commonly used
sound-absorbing materials is generally unavailable. While
databases of absorption coefficients are available for com-
monly used materials, these are of limited use for simu-
lation tools that require impedance (or angle-dependent
reflection coefficients) as input data, and it is uncom-
mon to find absorption coefficients below 100 Hz. This
study estimates the normal impedance of a sample of
sound-absorbing material at frequencies below 100 Hz.
An eigenvalue-based impedance estimation method is
used to determine a sample’s complex-valued, frequency-
dependent impedance from measurements in a reverber-
ation chamber. While the results are encouraging, the
method is sensitive to model input parameters, and further
refinement is required to make the method practical.

Keywords: Reverberation chamber, Eigenvalue estima-
tion, Impedance estimation.

1. INTRODUCTION

Understanding the impedance characteristics of surfaces
is crucial for accurately modeling room acoustical fields.
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However, obtaining this information can be challenging,
particularly at low frequencies and for complex-valued
impedance. Eigenvalue analysis has been suggested in the
literature as a solution [1,2]. This work employs eigen-
value analysis to estimate the normal impedance of an ab-
sorbing surface at low frequencies. In this report, the pro-
posed method is used to estimate the normal impedance
of the walls of an empty reverberation chamber and the
impedance of a material sample placed in the same cham-
ber. The approach is checked by comparing the mea-
sured and simulated reverberation times, absorption co-
efficients, and room transfer functions.

This paper is organized as follows. In Sec. 2, we pro-
vide background information by reviewing relevant litera-
ture and offer motivation for the work. Section 3 outlines
the impedance estimation method. The measurements
conducted in the reverberation chamber are described in
Sec. 4, and the results of the impedance estimation are
presented in Sec. 5. Finally, we discuss the findings of
this study in Sec. 6 and conclude the paper in Sec. 7.

2. BACKGROUND

In general, the impedance of an absorbing material is best
described by an extended reaction model. However, a lo-
cal reaction model can be used to approximate the behav-
ior of some commonly used materials. The local reac-
tion model assumes that the surface impedance is inde-
pendent of the angle of incidence, meaning it only mod-
els the impedance at normal incidence, yielding a normal
impedance. Descriptions of absorbing materials based
on normal impedance can be easily integrated into wave
modeling tools. The normal impedance model is also ad-
vantageous for certain geometrical modeling tools, such
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as the image source method, because it allows practition-
ers to specify angle-dependent reflection and absorption
coefficients (see, e.g., Ref. [3]).

In practice, absorption coefficient tables are often uti-
lized in lieu of normal impedance values, a practice that
has several disadvantages. The standard method for quan-
tifying a material’s sound-absorbing properties, known as
the reverberation chamber method [4], provides absorp-
tion coefficients. In theory, these coefficients represent the
sound absorption at all angles of incidence, but in prac-
tice, only a subset of all possible angles is represented
in the data. This limitation leads to measured absorp-
tion coefficients that depend on the specific environment
in which they were collected. The lack of angle-dependent
information and the dependence of the data on the mea-
surement room restrict the usefulness of these absorp-
tion coefficients. Therefore, having access to the normal
impedances of commonly used materials would be highly
beneficial for the room acoustics community.

The impedance tube method [5, 6] yields normal
impedances of absorbing materials. The method is lim-
ited to small samples, which excludes edge effects and po-
tentially includes unwanted installation effects. Depend-
ing on the physical dimensions of the tube being used,
there is also a limited range of frequencies for which
such a measurement is valid. Measurements at low fre-
quencies typically require tubes of potentially impracti-
cal length. Due to these limitations, there are ongoing ef-
forts within the community to develop in-situ impedance
measurement methods. These usually depend on multi-
microphone measurements and advanced signal process-
ing techniques. The interested reader is directed towards
Ref. [7] for a recent review of the work being done in
this field. Long wavelengths and modal effects in the
rooms under test complicate the in-situ measurement of
surface impedance at low frequencies. An interesting ap-
proach is to use the room’s modes to measure the surface
impedance.

Hull and Radcliffe propose an eigenvalue-based
impedance method [8]. They successfully demonstrate the
method using one-dimensional analytical descriptions of
the modes in an impedance tube. Nowakowski et al. [9]
use the eigenmodes of a two-dimensional problem to es-
timate surface impedance. Prinn et al. [1, 2, 10] present
an estimation method based on eigenvalue analysis of im-
pulse responses simulated and measured in rooms con-
taining a test sample. The proposed method is extended
here to make the approach more robust and is used to es-
timate a sample’s impedance in a reverberation chamber.
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3. ESTIMATION METHOD

The eigenvalue-based estimator has two main steps: first,
the reverberation chamber’s eigenvalues are computed,
and second, the measured eigenvalues are compared to
the predicted eigenvalues obtained from a model, and
an initial guess of the impedance is refined to obtain an
impedance estimate. The following sections will describe
these steps. For brevity, derivations are omitted, and the
interested reader is directed towards Refs. [1,2].

3.1 Chamber eigenvalues

The first step is to estimate the empty chamber’s eigenval-
ues. We do this for a set of measured room impulse re-
sponses using the matrix pencil method [11], which pro-
vides a set of potential eigenvalues. The matrix pencil
method can be written as follows: Solve the eigenvalue
system

det (IﬂH2 - »yI) —0, (1)

where superscript 1 indicates the Moore-Penrose pseu-
doinverse,

Iy h hy
ha hs hpta
H, = ) ) , (2)
|hN—p hN—py1 hn—1 (N—p)xp
and
[ hy hy By
h3 hpy1 hpyo
H; = . : 3)
|AN—pt1 hv-1 BN ] (n_pywp

The entries of Hankel matrices (2) and (3) are sam-
ples from a measured impulse response, h,, with n
1,2, ..., N, and pencil parameter p = round(N/2). Solv-
ing (1) yields eigenvalues ~,,, which are used to compute
the mth resonance frequency

fm =[5 arg(%n)/(27r) ) “4)
and the mth damping constant
om = fs log(lyml) , ®)

where fs is the sampling frequency. The mth measured
chamber eigenvalue is then

Am = fm +iom/(27) . (6)

11™* Convention of the European Acoustics Association
Milaga, Spain * 23" — 26" June 2025 *

SOCIEDAD ESPAROLA
SEA DE ACUSTICA



FORUM ACUSTICUM
ails EURONOISE

The matrix pencil method generates both valid and
spurious eigenvalues (see, e.g., Ref. [12]). Given data
from multiple measurement positions, the valid eigenval-
ues tend to form local clusters. From this clustering, the
distance of each eigenvalue to its neighbors is calculated,
and the eigenvalues with the smallest differences from one
another are identified. Thus, in this work, k-means clus-
tering (see, e.g., Friedman et al. [13]) is used to identify
the valid eigenvalues. This provides us with a set of cham-
ber eigenvalues that contain information on the resistance
and reactance, i.e., the complex-valued impedance, of the
surfaces in the chamber.

3.2 Impedance estimates

With a set of chamber eigenvalues, a numerical wave
model of the chamber is used to find the unknown
impedance. The finite element method is chosen to model
the chamber since the method robustly models problems
with arbitrary geometries. The Helmholtz equation-based
eigenvalue problem is written as

J 12

S A
K +( 27“22::0 ¢tey + (2m)? CQM v=0, (7)

>/>

where matrices K, C, and M, are the usual finite element
matrices (see, e.g., Ref. [14]). Here, fj is the impedance
of the jth surface of the chamber, v is an eigenvector, and
the mth simulated eigenvalue is given by

Am = fom +16m/(27) . 8)

For a given eigenvalue, the present method provides one
impedance estimate. Therefore, to estimate the impedance
of the jth surface for the mth resonance frequency, we as-
sume that, either all impedances of the other surfaces in
the chamber are known, or the impedance is spatially uni-
form (J = 0). To obtain an estimate, we refine an initial
guess for fj. This guess is refined using an optimization
algorithm to minimize the differences between the cham-
ber and simulated eigenvalues. Thus, we solve the prob-

lem
~ . A
Cm = min Mloo . O]
c|  lmle2

The cost function is a relative error. Estimates that fail
to reach an upper bound on the error (in this case, 1%)
are assumed to be erroneous and are removed from the
frequency-dependent estimates set. This is necessary due
to the sensitivity of the impedance estimation method.

A significant issue that can arise during optimization
is when an eigenvalue is associated with an eigenvector
that does not correspond to that eigenvalue. This situa-
tion occurs when eigenvalues are closely spaced in the fre-
quency domain. As the impedance is varied, the eigenval-
ues can exchange their chronological order; for instance,
an eigenvalue that was previously higher in frequency than
its lower-frequency neighbor can become lower than that
same neighbor after a change in impedance.

The consequence is that the impedance estimator may
attempt to fit an impedance to the incorrect eigenvalue. To
improve the method’s robustness, we make use of mea-
surements at multiple positions. We use the magnitude
of the normalized transfer functions at the measurement
positions to approximate the mth normalized eigenvector.
This approach allows us to compare the error of the cho-
sen eigenvector with the errors of its immediate neighbors
(in terms of resonance frequency). If an eigenvalue with
a lower eigenvector error is identified, it is assumed that
the eigenvalues have exchanged their chronological order.
The eigenvector with the lowest error is used for the esti-
mation.

This work uses the commercially available finite ele-
ment tool COMSOL [15] to solve the eigenvalue problem.

4. MEASUREMENT SETUP AND DATA

The reverberation chamber under test is shown in Fig. 1.
The chamber is formed by two rooms with non-parallel
walls joined by a large open window. The sound field pro-
duced by two sound sources is recorded at multiple posi-
tions within the room. One sound source is a full-range
loudspeaker placed in a corner of the reverberation cham-
ber, while the other is a low-frequency woofer placed in
the same position. The measurements are taken in two
chamber conditions: the empty chamber and the occupied
chamber, in which two copies of a sound-absorbing mate-
rial sample are placed on the chamber floor. This section
outlines the experimental setup and presents the relevant
data.

4.1 Empty chamber

The chamber is excited with a swept sine signal. An om-
nidirectional microphone receives the signal, emitted by
either the loudspeaker or the woofer, at 12 evenly spaced
receiver positions. These positions are reported in Tab. 1.
The received signals are deconvolved to obtain a set of
measured impulse responses. The speed of sound is esti-
mated to be 343 m/s, and the medium density is 1.2 kg/m3.
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Figure 1: Top view of the reverberation chamber
under test. The origin of the coordinate system is
the bottom left-hand corner of the chamber. The
highlighted rectangle close to the origin is the loud-
speaker, facing in the y-dimension, and with the
driver’s center located at (0.5, 0.5, 0.2) [m]. The
highlighted rectangles in the middle of each cham-
ber section are two identical material samples.

Table 1: Measurement receiver positions.

id = Y z

1 1.00 1.00 1.25
2 1.00 5.00 1.25
3 1.00 9.00 1.25
4 300 1.00 1.25
5 300 500 125
6 3.00 9.00 1.25
7 500 1.00 1.25
8§ 500 500 125
9 500 9.00 1.25
10 6.00 1.00 1.25
11 6.00 5.00 1.25
12 6.00 9.00 1.25
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Figure 2: Comparison of empty and occupied cham-
ber eigenvalues, for two sources of sound.

4.2 Chamber with sample

The absorbing material is a polyurethane foam with a
porous foam top layer. It is divided into two parts (this
is necessary due to the chamber construction; see Fig. 1).
The two samples, each with dimensions 1.0x3.0x0.14 m,
are placed on the floor. The measurement procedure de-
scribed above is repeated for the occupied chamber.

5. RESULTS

First, the unknown impedance of the chamber walls is
estimated using the eigenvalues of the empty chamber.
This impedance data is then used to estimate the sample’s
impedance using the eigenvalues of the occupied cham-
ber. The empty and occupied chamber eigenvalues are
presented in Fig. 2. Note the increase in damping with
the introduction of the sample, and the unexpected damp-
ing offset between the sources. This section presents these
data and compares the measured and simulated reverbera-
tion times, absorption coefficients, and transfer functions.

5.1 Impedance estimates

The estimated impedance of the chamber walls is shown
in Fig. 3a for both the loudspeaker and the woofer. Al-
though there are some differences between the two data
sets, the general shape of the graphs is consistent. At low
frequencies, the resistance of the chamber walls lies in
the region between 100 and 250. It is important to note
that the lower bound for the resistance optimization is 50,
while the upper bound is 250. Thus, for the woofer data,
the impedance estimate in the region of 60 Hz might not
be correct. For the reactance, the lower and upper bound
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Figure 3: Impedance estimates for the loudspeaker (black lines) and the woofer (gray lines). (a) spatially
uniform impedance of all surfaces of the empty chamber. (b) impedance of the material sample.

of the optimization are -50 and 50, respectively. The esti-
mated reactance above approximately 65 Hz is close to the
upper bound. It is important to note that this data likely
does not represent the actual impedance of the chamber
walls, as not all chamber surfaces may exhibit the same
impedance (this is a necessary assumption in this work).
Instead, this impedance estimate represents the spatially
uniform complex-valued impedance.

The estimated impedance of the material sample is
presented in Fig. 3b. As expected, the resistance of the
sample is lower than that of the chamber walls. Upon
comparison of the loudspeaker and woofer data, we see
that while the data have similar trends, there are noticeable
differences. It is expected that these differences appear
due to inaccuracies at the eigenvalue estimation stage.

5.2 Reverberation time estimates

A set of spatially averaged reverberation times can be
computed from the measured data. To simulate this quan-
tity, the estimated impedance values are used to describe
the boundary conditions of finite element models for both
the empty and occupied chambers. A two-microphone
method measures the velocity of the loudspeaker and
woofer drivers during the measurements. The measured
velocity is then post-processed to remove noise and is
used to describe the source excitation in the models.

The measured and simulated reverberation times for
third-octave bands are compared in Fig. 4. While there is
some qualitative agreement between the two, noticeable
differences exist. Notice also that the measured reverber-

ation time depends on the source type. Since the same po-
sition was used for both sources, it is expected that these
differences appear due to the changes in excitation lev-
els as a function of frequency. The exact source of the
differences between the measured and simulated data is
unknown, but it is expected that improving the estimates
of the sample impedance could help reduce them.

5.3 Absorption coefficients

The measured and simulated absorption coefficients are
compared in Fig. 5. The measured absorption coeffi-
cients for the chamber walls were calculated from the
reverberation times obtained in the empty chamber us-
ing Sabine’s formula. The absorption coefficients for the
sample were determined using the reverberation chamber
method [4]. The random incidence absorption coefficients
(see, e.g., Kuttruff [16]) were derived from the estimated
impedances to obtain simulated absorption coefficients.
We do not expect the measured and simulated absorption
coefficients to be in perfect agreement since the random
incidence assumption might not be fulfilled in this rever-
beration chamber at the low frequencies of interest.

Data for both the loudspeaker and the woofer are in-
cluded. The results show that the absorption coefficients
for the chamber walls are similar, which is reassuring.
However, there are noticeable differences between the
measured and estimated sample impedances. While im-
proved impedance estimates are expected to yield better
agreement for the woofer data, the loudspeaker absorption
coefficients at 80 and 100 Hz are concerning.
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Figure 4: Comparison of measured and simulated spatially averaged reverberation times for the loudspeaker
(black lines) and the woofer (gray lines). (a) empty chamber. (b) occupied chamber.
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Figure 5: Comparison of the measured and simulated absorption coefficients. (a) chamber walls, (b) material

sample.

5.4 Transfer functions

The empty chamber’s measured and simulated transfer
functions are compared in Fig. 6. In general, there is
some agreement between the transfer functions; however,
noticeable differences appear at certain frequencies. The
cause of these discrepancies is not immediately apparent.
It is possible that the positioning of the sources, or their
acoustic centers, is not identical to those in the simulation.

For instance, at approximately 48 Hz, we observe
a significant difference. An eigenvalue analysis of the
chamber reveals two eigenvalues in this frequency range,
with resonance frequencies around 48 Hz and 49 Hz. For

the 48 Hz mode, there is a pressure minimum (a node) at
the speaker location, whereas for the 49 Hz mode, there is
a pressure maximum (an antinode). (Please refer to Fig. 7
for mode shapes.) One would expect that the 48 Hz mode
would not be excited while the 49 Hz mode would be, but
in the measured data the opposite seems to be true. Upon
examining Fig. 6a and Fig. 6b, it appears that the 48 Hz
mode is present in the measured data, while the 49 Hz
mode is reflected in the simulations. Clearly, this study
could be improved by increasing the precision of both the
experimental and simulation setups.
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Figure 6: Comparison of empty chamber transfer functions at measurement position 1. (a) loudspeaker, (b)

woofer.
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Figure 7: Modes of the empty chamber (a) 48 Hz, (b) 49 Hz.

6. DISCUSSION

While the results presented in this paper are promising,
the comparisons between the measured and simulated data
shown in Figs. 4, 5, and 6 indicate that further work is nec-
essary for this method to be effectively used in impedance
measurements. Some of the assumptions made to derive
the impedance estimates may need to be modified. For
example, we have assumed that the surface impedances
of the floor, walls, and ceiling of the reverberation cham-
ber are spatially uniform, which may be an oversight. Ef-
forts should be made to quantify the impedances of all
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surfaces in the reverberation chamber, possibly including
ventilation systems. The differences between the chamber
eigenvalues computed for the two different sound sources,
shown in Fig. 2, are concerning. In theory, since the
chamber eigenvalues are global quantities, these should
not depend on the sound source. The observed differences
result in similar differences between the impedance esti-
mates, shown in Fig. 3. The cause of the observed dif-
ferences between the chamber eigenvalues is unknown. A
detailed analysis of the measurement setup is needed to re-
fine the input data for the impedance estimation method.
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7. CONCLUSION

Measuring the normal impedance of a material sample at
low frequencies can be challenging. In this study, we em-
ployed an eigenvalue-based method to estimate both the
impedance of the walls of an empty reverberation cham-
ber and that of a material sample at frequencies below 100
Hz. The impedance estimation method yielded two differ-
ent results for two different sound sources, due to unex-
pected variations in the chamber’s eigenvalues. The cause
of the discrepancy remains unclear. Therefore, while the
method is theoretically sound, it may produce unreliable
impedance estimates due to measurement noise and un-
certainties in the input parameters for the inverse model.
Future research should aim to minimize the uncertain-
ties associated with this impedance estimation method.
For example, more detailed descriptions of the cham-
ber’s geometry, the sound source, and the properties of
the medium could improve the accuracy of the estimates.
Additionally, reevaluating the assumption that a spatially
uniform impedance adequately represents the impedance
of the chamber walls may also lead to better estimations.
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