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This work evaluates the effect of the excitation signal used when measuring the absorption coefficient on
an impedance tube. This paper aims to offer some guidance on the selection of the excitation signal to
perform sound absorption measurements using the impedance tube. Four possible excitation signals
defined in ISO 10534-2 Standard were studied: two of them, random noise and two of them sine sweep
signals. Some hypotheses tests were executed to assess the homogeneity of each measurement. The
signal-to-noise ratio (SNR) was also computed to verify the measurement quality. The results show that
the best performing approach was accomplished using a logarithmic sweep, giving more precise sound
absorption curves with an SNR of 34.15 dB. Random signals reported similar SNR (greater than 30 dB)
after executing an average with 100 repetitions.
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1. Introduction

The sound absorption coefficient is one of the most critical
properties required to design environments or acoustic barriers.
Sound absorption is a frequency-dependent property, and, there-
fore, it is necessary to test the material along the complete fre-
quency range of interest [1].

Sound absorption is described by the sound absorption coeffi-
cient, which ranges from 0.00 to 1.00, where 1.00 indicates a per-
fect energy absorption (without reflection), and 0.00 means that
the material does not absorb any incident sound upon it, reflecting
all its energy [2].

As shown in Fig. 1, when an acoustic wave hits a barrier, we
consider that the incident energy is divided into three parts: the
reflected energy, the dissipated energy, and the transmitted energy
[3]. The sum of the transmitted and the dissipated energies is the
absorbed energy. On the other hand, the difference between the
incident and the reflected energies also equal the absorbed energy,
ie,

E. =Eq+E =E - E, (1)
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where E, is the absorbed energy, E, is the dissipated energy, E; is the
transmitted energy, E; the incident energy, and E, is the reflected
energy.

The absorption coefficient () of a material is defined as the
relationship between the absorbed energy (E,) and the incident
energy (E;) at the material’s surface [5], and is computed for fre-
quency f as

) - . @

In practical applications it can be quite challenging to decom-
pose a sound field into its incident and absorbed components.
The absorption coefficient can be shown to be equivalent to the
complement of the reflected energy, i.e.,

o=1-[RP, 3)

where R is the reflection factor, which contains all acoustical prop-
erties of the material [6]. The reflection factor can be related to the
material’s surface impedance Z [6] by

Zcosv —Zy
T ZcosVv+ 7y’ (4)

where 9 is the angle between the incident wave and the wall, and Z,
is the characteristic impedance of the medium.

Even though there is not a general method to calculate the
absorption coefficient, it is possible to predict it for a specific class
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Fig. 1. Energy balance of the incident sound in a barrier. Adapted from [3,4].

of materials through experimental techniques [7,8]. Two of the
best known and standardized methods are:

Reverberant room method [9], which measures the random
incidence absorption coefficient to specify the performance of
a material in room design.

Impedance tube method [10,11], also known as “Kundt tube”,
which measures the normal incidence absorption coefficient
(0p); this method has become widely used by developers of
absorptive materials worldwide to build up an understanding
of the material properties and to validate absorptive material
models.

The impedance tube is the most common method to estimate
the absorption coefficient since it does not use a great space and
is cheaper than a reverberant chamber. The most common calcula-
tion method used with the Kundt tube is the so-called “impedance
tube using the two-microphone method with transfer function”
described in two standards: the ASTME1050 [12] and the ISO
10534-2 [11]. These standards establish acceptable conditions for
conducting the measurement; however, they do not offer any guid-
ance on how to select the excitation signal to be used. From the lit-
erature we note that commercial manufacturers and academics
most often perform impedance tube measurements using broad-
band stationary random noise or maximum-length-sequence
(MLS).

According to Horoshenkov et al. [13], the accuracy of the mea-
surement using the impedance tube is influenced by four factors:
the quality and homogeneity of the material samples, the environ-
mental and operational conditions during the experiment, the
quality of the setup, and the signal processing method. They tested
some material samples using impedance tubes on seven laborato-
ries and observed an influence of the mounting conditions and
sample permeability on the measured data. Results with less dis-
persion were found for pseudo-random noise (PRN) and MLS,
instead of random noise. They did not, however, include sine
sweeps on their experiment.

In a further study of the same group [14], the reproducibility of
a test using the impedance tube was discussed regarding the ambi-
guity of the ISO 10534-2. Some potential measurement problems
were: installation of the samples, instrument calibration proce-
dures, number of samples to be measured for the material charac-
terization, and the acceptability of a standard deviation on the tests
conducted. In this case, most of the partners used white noise as
the stimulus, while a fewer portion applied sweep and PRN. No rel-
evant difference was observed due to the stimulus signal.

Espinosa et al. [15] made a comparison of the measured reflec-
tion coefficient using two different stimuli: Gaussian white noise
and uniform white noise, finding consistency on both results. On
their work, Suhanek et al. [16] made a comparison of three differ-
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ent stimuli on the impedance tube using the transfer function
method and their results showed a smoother response using MLS
and pink noise than with a periodic sweep. This result contrasts
with the conclusion from Miiler and Massarani [17], that “FFT
techniques using [sine] sweeps as excitation signals are the most
advantageous choice for almost every transfer-function measure-
ment situation [as they] allow feeding the device under test with
high power at little more than 3 dB crest factor and are relatively
tolerant of time variance and totally immune against harmonic
distortion.”.

We note that authors do not usually explain their reasons for
selecting the excitation signal used to measure the absorption
coefficient with the impedance tube [18-20]. The higher signal to
noise ratio perhaps influences this selection; however, this value
is commonly not reported.

This paper is intended to provide aid in the selection of the exci-
tation signal for the absorption coefficient measurement. We look
for the excitation signal that offers higher precision and accuracy
while keeping a reduced measurement time. Thus the exposition
of the measurement system to external factors that may introduce
experimental errors would be reduced.

2. Problem modeling

A impedance tube consists of a rigid wall tube with a loud-
speaker in one end and a sample holder in the other; three micro-
phone holes are located along the body of the tube, as shown in
Fig. 2. The loudspeaker generates a plane wave that reaches the
sample with normal incidence. Part of the energy is absorbed by
the sample, while another part is reflected and returns along the
tube. Due to the interaction between the two waves, a stationary
sound wave is established in the tube. In Fig. 2 we see an example
of the stationary pressure wave, with its maxima and minima dis-
tribute along the tube. Two microphones are used to measure the
sound pressure at two different positions, which is then used to
compute the cross spectrum or, equivalently, the transfer function
between these two points. Finally, the results are computed using
the transfer function method to obtain the absorption coefficient of
the tested sample in the specified frequency [11].

The ISO 10534-2 Standard defines a guide to experimentally
obtain the absorption coefficient « using the transfer function
method. The Standard allows the use of random signals, pseudo-
random sequence, or chirps (sine sweeps) as excitation signals
[11] without specifying a preferred input for the two microphone
technique; even though the Standard recommends the use of
deterministic and pseudo-random signals with the one micro-
phone technique.

3. Material and methods

An experimental setup was proposed to evaluate the advan-
tages or disadvantages of using a chirp or random excitation signal.
The two microphone technique was selected, using positions 1 and
2 of a commercial impedance tube (the BSWA SW 433, with a
diameter of 60 mm). An LMS SCADA data acquisition system was
employed as a signal generator and signal acquisition system.
Post-processing was conducted in Matlab. Fig. 3 shows a schematic
representation of the proposed experimental setup.

A tube diameter of 60mm theoretically allows its use up to a
frequency of 3300 Hz. However, the tube’s manual recommended
a frequency band from 400 Hz to 2500 Hz. Therefore, we set up
an upper frequency of 2560Hz for all excitation signals. The four
different excitation signals compared in this experiment are listed
below:
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Fig. 2. Impedance tube scheme with an stationary wave. Based on [21].
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Fig. 3. Experiment configuration using an impedance tube with the two micro-
phone technique and a LMS SCADA as the signal generator (OUT, channel 1) and
processing equipment (IN, channels 1-3).

e White Noise (denoted as WN),

o Pink Noise (denoted as PN),

e Linear sine sweep (denoted as LS),

e Exponential sine sweep (denoted as ES).

Fig. 4 shows the spectrograms of a realization of each stimulus
signal, i.e., how the spectral density of each excitation signal varies
with time. The spectrogram of white noise is almost entirely uni-
form because all frequencies are continuously present with ran-
dom amplitudes. The pink noise spectrogram shows that lower
frequencies are predominant. The linear sweep spectrogram shows
the linear relationship between frequency and time. Finally, the
spectrogram of the exponential sweep shows how frequency
increases exponentially with the time within a defined bandwidth.

The parameters used to generate the random signals are
described in Table 1. The first line represents the parameters used
for an initial comparison maintaining the same parameters for the
four signals. The second line shows the parameters used to gener-
ate the random signals in a second experiment that aimed at mak-
ing a fair comparison of the signals results regarding the
measurement time, as detailed in Section 3.2. The sine sweeps
were generated in the frequency range of 0.256 Hz to 2534 Hz (cor-
responding to the 0.1% and 99% of the upper frequency), and sweep
time of 70% of the acquisition time, i.e., an excitation signal of
1.12 s followed by 0.48 s of silence.

3.1. Experiment 1

One of the recommendations found in the ISO 10534-2 Stan-
dard [11] is to average the microphones’ spectra to reduce errors
due to noise. To evaluate the influence of averaging, a single execu-
tion measurement was conducted for all the input signals; then,
tests with 100 and 1000 averages for random excitation, and with
10 and 30 averages for sine sweep inputs were performed. The test
material, in all cases, was a sample of melamine foam with 25mm
thickness and 60mm diameter.

Two processes were followed to obtain «, one for random noise
and another for sine sweep signals. Even though the processing is
similar in both cases, due to the stochastic nature of the pink and
white noise, the use of averaging is mandatory, adding a processing
effort to the signal processing equipment for this kind of excitation.
Otherwise, for linear and exponential sweeps, a filtering process is
required after the transfer function calculation (listed in Fig. 5 as
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Fig. 4. Spectrogram of recorded stimulus signals during the measurement of the
absorption coefficient in the impedance tube.

Hj;) to reduce signal noise in «. Fig. 5 shows the implemented algo-
rithms for each case.

When using random signals, the microphones signal is divided
into n blocks where n is the predefined number of averages. A Hann
window is applied for each block before the frequency response
function (FRF) is computed. After averaging the FRFs, the result is
used to obtain Hi,. Due to the phase mismatch of the microphones,
a phase correction is executed, as explained in [11]. To conclude,
before computing «, a Hann window of 512 samples is applied in
the time domain to eliminate the influence of the background
noise present in Hy;.

When a sine sweep signal is selected, there is no blocking pro-
cess. Instead of that, a uniform window is applied, and in sequence,
the FRF and H, are computed. After the phase correction, the sig-
nal measured with a sine sweep excitation was windowed with a
Hann window in the same way as the random signal in order to
allow a fair comparison (all results are plotted first with and with-
out this step). Finally, the o is computed.

After windowing the impulse response (IR) obtained with the
sine sweep signals (Hq2(t)) the time-domain signal can either be
kept with trailing zeros or be cropped (i.e., reduced in length). In
this first experiment, the results were directly compared with the
results obtained with the random signals, without cropping.

3.2. Experiment 2

In the second experiment, the windowed IR, when measured
with sine sweep signals, was cropped to disregard the trailing
zeros, random signals were not filtered on this case and new
parameters were required to guarantee a fair comparison of the
results. For this second parameter set, the test was repeated with
16 averages for random signals and a single execution for periodic
signals.

3.3. Statistical analysis

To analyze the accuracy of the measured absorption coefficient,
the 1/3 octave band « was computed as the mean of the measured
values on each band and then, compared to the absorption coeffi-
cient given by the tube manufacturer. Two tests were performed:
the first was a hypothesis test on the mean value of each 1/3 octave
region, aimed to evaluate if the measured value on each frequency
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Table 1

Sets of excitation signals parameters, where SL are the spectral lines or number of
samples in the frequency domain, Fs is the sampling rate, Af is the frequency
resolution, N is the number of samples in the time domain, and T is the acquisition
time.

SL Fs [Hz] Af [Hz] N T [s]
Experiment 1 4096 5120 0.625 8192 1.6
Experiment 2 256 5120 10 512 0.1

Random Signal’s
Algorithm

Signal reading

I

Blocking

Processi
Processing

i |
| Post-processing |
I I

l Chirp Signal’s
Algorithm
CET

Windowing

l |

FFT Signal reading
I l
FRF Windowing
I |
I |
FRF Averaging FRF
] I
Hy [11] CH 1]
S , _ L. ,
i Phase Correction i i Phase Correction i
L iﬁﬁl’(f{]z}" N | IFFT(Hp) |
| signal windowing* ! | signal windowing* !
L FETOLe) ] L FFTOL) ]
I e

Fig. 5. Signal processing and post-processing algorithm for random and sine sweep
inputs. *The windowed signal size is not reduced using the first set while it is
reduced to 512 samples in the second set.

was statistically equal to the reference given by the tube manufac-
turer; the second one, a homogeneity test, studied each input sig-
nal separately and aimed to evaluate whether the set of measured
values for the whole frequency range, using different amount of
averages, had the same distribution.

3.3.1. Test of the mean

According to Montgomery and Runger [22, p. 278], a hypothesis
“is a statement about the parameters of one or more populations”.
In this case, one hypothesis should indicate that there is no differ-
ence between the absorption coefficient given by the manufacturer
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(o) and the measured one (o), while the other hypothesis indi-
cates they are different, i.e:

Ho: o = otm,
Hi: o # o,

where Hy is the null hypothesis, and H; the alternative one.

To test whether the null hypothesis is true or not, the t-score
was selected as the test statistic since the standard deviation of
the population is unknown. A critical region was computed, follow-
ing the procedure described in [22], with a significance level of
0.05 (the probability of rejecting the Hy, when it is true). Hp is
rejected when o, lies outside the critical region; otherwise, the
test fails to reject the null hypothesis and one could say that o,
and o, are the same on that 1/3 octave band.

3.3.2. Homogeneity test

On the other hand, the homogeneity test evaluates n popula-
tions of interest, divided into k categories. In this case, the test
was run for each input signal, with tree populations: the measured
set of o with the different amount of averages defined in Sec-
tion 3.1, each of them with seven categories or 1/3 octave bands.
The test investigates whether or not the proportions in the k cate-
gories are the same, regarding the number of averages performed.
The hypotheses were [22]:

Ho: The populations are homogeneous concerning the 1/3
octave bands,
H;: the populations are not homogeneous concerning the 1/3
octave bands.

The decision is made considering the y? statistic with
(n—1)(k — 1) degrees of freedom and a significance level of 0.01.
According to Table Il in [22, p. 655], ;{fef = 26.22 and the test fails

to reject the null hypothesis for computed y? lower than ngf-

The critical region and y? were computed using the hypothesis
test functions of R software [23].

3.4. Signal to noise ratio

The signal to noise ratio (SNR) is defined as the ratio of signal
power to noise power [24]. The ISO 10534-2 Standard [11] men-
tions that SNR “shall be at least 10dB higher than the background
noise at all reported frequencies.” However, there is no explanation
on how this measurement should be performed.

According to Huszty [25], there are various methods to compute
the SNR using the room impulse response (RIR), and one possible
representation of the RIR is the energy time curve (ETC). Obtained
by presenting the RIR in decibels and normalizing it by the peak
value, the ETC shows the decay of energy over the time, and has
two parts: a noise-free decay, where the stimulus dominates the
IR, and a flat part, where the background noise dominates the IR
[25]. According to this reference, the SNR is computed as

_ E 3 (slk)?
SNR = 1010&0—“}7&“:1 A (5)

where s is the noise-free signal with N samples and u is the back-
ground noise with M samples.

In practice, the noise-free decay is not simple to measure, hence
the SNR can be approximated trough the noise power of the ETC,
known as the peak to noise ratio (PNR)

1
PNR = 10log;g ——————,
LS (ualk])

where u, is the second (flat) part of the ETC [25].

(6)
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Following the SNR definition, PNR can not be considered the
same as SNR; therefore, another way to measure the SNR is using
the iterative truncation method. This method truncates the ETC
at a point where the noise begins to dominate the IR and assumes
the noise-free signal to be the first part of the ETC, and the back-
ground noise to be the second part [25]. Finally, SNR is computed
using Eq. (5). In this work, both, PNR and SNR were computed to
ensure the compliance of the standard requirement.

4. Results and discussion
4.1. Experiment 1

The results of the first experiment are summarized in Figs. 6
and 7. The figures are organized as follows: the first row shows
the measured value of o using the four tested signals with only
one execution, i.e., without averaging. The second row shows o
as the average of a hundred repetitions for random signals and
ten repetitions for sine sweeps, and the third row shows o com-
puted for one thousand averages for white and pink noises and
thirty for linear and exponential sine sweeps. The notation used
to identify each plot includes two letters, which indicates the type
of signal input, and a number which indicates the number of exe-
cutions or averages, e.g., WN100 shows the o using white noise and
100 averages. Columns are organized to facilitate the comparison
between signals with the same power spectral density (PSD), i.e.,
white noise alongside linear sine sweep - both signals have uni-
form PSD - and pink noise alongside the exponential sine sweep
- both signals have a PSD inversely proportional to the frequency.

Also in Figs. 6 and 7, absorption results were plotted in 1/3
octave band using the standardized center frequencies from
500Hz to 2000Hz [3], and measured curves were then compared
with a 1/3 octave reference value supplied by the tube manufac-
turer [21]. A hypothesis test was conducted, and a critical region
with a significance level of 0.05 was plotted. The results indicate

WN1 Ls1
1 1
0.8 0.8
06 06
<] <]
0.4 04
02 ]1 I 02
0 bl Ly o
05063 08 1 125 1.6 2 05063 08 1 125 16 2
Frequency [kHz, Frequency [kHz]
] WN100 ; Ls10
0.8 08
06 L 06
<] <]
0.4 0.4
02 02
0 0
05063 08 1 125 16 2 05063 08 1 125 1.6 2
Frequency [kHz] Frequency [kHz]
, WN1000 ; LS30
08 0.8
06 06
04 04
02 02
0 0
05063 08 1 125 1.6 2 05063 08 1 125 1.6 2

Frequency [kHz] Frequency [kHz]
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that, inside the critical region, the measured and the reference val-
ues of o can be considered the same.

Fig. 6 shows the results without the filtering process computed
trough the IFFT block on Fig. 5. As observed, all signals with only
one execution gave a noisy absorption curve. However, the 1/3
octave band could be computed for the whole frequency band only
using periodic stimulus. With the addition of averages, the back-
ground noise was reduced, and the 1/3 octave band was plotted
with the four selected stimuli.

Another way to reduce the background noise was windowing
the Hi, in the time domain. Results in Fig. 7 show the absorption
coefficient curves obtained from the windowed IR. The plots
WNT1 and PN1 evidentiate the need for an average process associ-
ated with the excitation with random signals, otherwise some fre-
quencies will not be excited.

Regarding the test of the mean, all the measured coefficients lay
inside the critical region. In consequence, the test fails to reject the
null hypothesis, i.e., measured o should not be considered different
than the reference o on any 1/3 octave band. Curves using white
and pink noise as input with one execution were not taken into
account due to the observed discontinuities.

The homogeneity test was run using R software [23]. The same
tests were run with each set of stimulus signals, and results are
summarized in Table 2. Using a significance level of 0.01, the refer-
ence yZ value with 12 degrees of freedom is 26.217, and the null

hypothesis would be rejected when y? > 26.217.

The test results showed that there was not enough evidence to
reject Ho using WN, LS, or ES, meaning that the o results are homo-
geneous. However, we observe that y? values are lower for deter-
ministic signals than the obtained for white noise.

The statistical correlation coefficient (denoted here as co) was
computed and shown in Table 3. A correlation coefficient near
1.0 indicates a strong relationship between the reference and the
measured values of « [22]. The highest co value was observed for
measurements using sine sweep signals with thirty averages.
Due to the nature of the random signals, a lower co was expected

PN1 ES1

0.8

" ] B
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02 T I 0.2
0 !
05063 08 1 125 16 2 05063 08 1 125 16 2
Frequency [kHz] Frequency [kHz]
, PN100 | ES10
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0.4 ’{ ’,I 0.4
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0 ‘ 0
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Frequency [kHz] Frequency [kHz]
] PN1000 ] ES30
08 08
1
06 06
Ft g ¢
0.4 04
A1
02 ‘ 7( 02
0 0
05063 08 1 125 16 2 05063 08 1 125 16 2

Frequency [kHz] Frequency [kHz]

Fig. 6. o results of a 60 mm diameter and 25 mm thickness melamine foam sample using four different input signals from 400 Hz to 2500 Hz and in 1/3 octave bands with the
computed critical region of the reference «. The two letters in the title of each subplot describes the signal type (WN, white noise; PN, pink noise; LS, linear sweep and ES,
exponential sweep) and the numbers describe the number of processed averages. No filtering process was executed in the signal post-processing.
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Fig. 7. Absorption coefficient of the melamine foam sample with a filtering process to minimize background noise. The labeling and distribution of the individual plots is the
same as in Fig. 7.

and further confirmed. There is not a significant difference in the

Table 2 lation for th f the tested d
y? values of a test of homogeneity comparing the o results in the 1/3 octave band correlation for t .e rest of the te_Ste ata. .
using three different amount of averages for the four excitation signals. In order to estimate the required amount of averages to obtain a
correlation coefficient of 0.99 using random signals, a cubic inter-
WN PN LS ES . . . .
polation was run using the Matlab spline function. Results show
Ve 0.3844"* o 0.0004 0.0003

*or for WNT1 in the 500 Hz and 630 Hz band were assumed as 0 since the y? test
requires positive values.

**PN test was not conducted due to the negative results on the PN1 o. 04 x -
— — Ascending Sweep
035 - —-—-Descending Sweep
—— Noise
0.3+ —v— Pure Tones

Table 3
Statistical correlation coefficient comparing the reference o supplied by the manu-
facturer, with the measured o.

WN LS PN ES
1 execution 0.9344 0.9932 0.0202 0.9936 0 . . . . I L ! I L |
10 means - 0.9919 - 0.9932 400 420 440 460 ;‘80 500H 520 540 560 580 600
30 means - 0.9933 - 0.9933 requency [Hz]
100 means 0.9921 - 0.9929 - . . L
1000 means 0.9930 B 09929 B E;gnds Discontinuity on the o measurement system for 400 Hz to 600 Hz frequency
Table 4
Elapsed time in seconds* for o calculation, with white noise (WN), linear sweep (LS), pink noise (PN) and exponential sweep (ES) inputs.
Executions Type WN LS PN ES
1 Processing 1.6 1.6 1.6 1.6
Post proc. 0.0094 0.0103 0.0094 0.0096
10 Processing - 16 - 16
Post proc. - 0.0104 - 0.0104
30 Processing - 50 - 49
Post proc. - 0.0097 - 0.0097
100 Processing 162 - 156 -
Post proc. 0.0097 - 0.0090 -
1000 Processing 1603 - 1603 -
Post proc. 0.0090 - 0.0097 -

*Elapsed time measured using a linux desktop computer with Intel Core i7 870 processor and 8 GB RAM.
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Fig. 10. Absorption coefficient « results for the second experiment. All curves
present the same frequency resolution and were obtained with excitation signals of
same duration.

that 96 averages were necessary to obtain co = 0.99 using white
noise as input signal while 99 repetitions were required when
using pink noise.

Computed absorption coefficient curves evidentiate the need
for averaging when using random signals since a single execution
did not stimulate the whole frequency range. An improvement in
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the curve quality was observed for o curves with random input
and 100 averages. However, the best results for random excitation
were found with 1000 averages, due to the stochastic nature of the
excitation signal.

The elapsed time during measurement and post-processing are
depicted in Table 4. We verify that the time required for post-
processing can be neglected regarding the measurement time.
Therefore, the use of sine sweep signals represented an advantage
in the whole measurement time.

Regarding the observed discontinuity in all curves of Fig. 7 in
the frequency range from 400Hz to 600 Hz we considered that it
could be caused by a non-linearity in the measurement system.
To test this assumption, we repeated the measurement using two
other signals: a descending exponential sweep and a series of pure
tones. Fig. 8 shows that a peak near 500Hz appears in all measure-
ments with deterministic signals while a peak and a valley in dif-
ferent frequencies appear in measurements with random noise.
Furthermore, we note that this resonance was also observed when
measurements were performed with the empty tube (Fig. 9). We
can, therefore, assume that the presence of this resonance is a sys-
tematic error due to the tube construction. We could not, however,
determine the cause of the discrepancy between measurements
with deterministic and random signals.

4.2. Experiment 2

The second experiment has as objective to compare input sig-
nals with the same time length. In this case, the IR, when measured
with sine sweep signals, was cropped after 1/16th of its total dura-
tion, i.e., after 512 samples, thus eliminating the noise component.
The parameters for the random signals were adjusted to have the
same number of samples as the cropped IR and were repeated 16
times to achieve the same measuring time and frequency resolu-
tion with both types of signals.

Results in Fig. 10 show a noisy « for random inputs; however,
the 1/3 octave band can be plotted despite the low amount of aver-
ages. A peak and a valley near 500 Hz were observed in the absorp-
tion results of all signals with periodic inputs, emphasizing the
systematic error of the tube.

The hypothesis test was conducted, and, as observed in the pre-
vious measurements, there is not enough evidence to affirm that
measured o is different from the manufacturer’s reference for
any of the excitation signals.
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Fig. 11. ETC measured for the impedance tube using different excitation signals. White noise and pink noise were computed with 1, 100 and 1000 averages.
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Table 5
SNR and PNR estimations from energy-time curves shown in Fig. 11 of white noise (WN), exponential sweep (ES), pink (PN) and linear sweep (LS).
WN PN LS ES
Averages SNR PNR SNR PNR SNR PNR SNR PNR
1 29.76 40.86 27.31 35.61 31.09 55.74 34.15 61.82
100 32.90 55.93 32.52 54.95 - - - -
1000 33.37 59.54 32.73 55.74 - - - -
Pink Noise Exponential Sweep an impedance tube with the two microphone technique was per-
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Fig. 12. Power Spectral Densities of recorded stimulus signals during the mea-
surement of the absorption coefficient in the impedance tube.

4.3. Signal-to-Noise ratio (SNR)

To characterize the absorption coefficient in principle, any stim-
ulus signal that provides energy through the frequency range of
interest can be used in the impedance tube to perform the mea-
surements. In practice, however, the excitation signal does impact
the results as it provides different SNR values for the same level of
background noise (BN) and the same amplitude of the excitation
signal.

Fig. 11 shows the ETC of the system measured with different
signals and different number of averages. These curves allow us
to determine the PNR for every input signal, as observed in Table 5.
We observe that the PNR obtained with random signals increase
with the number of averages, in accordance with the results from
Miiler and Massarani [17]. It is important to highlight, however,
that the highest PNR is obtained with the exponential sweep using
only one execution, even when compared with 1000 averages of
random inputs.

The SNR was computed trough Eq. (5) and results are summa-
rized in Table 5. As observed, results for PNR were always higher
than the SNR, and the highest value was always observed for the
exponential sweep. The standard reference of an SNR higher than
10 dB was achieved using both methods, and the need for averag-
ing with random inputs to obtain a higher SNR was confirmed.

We also compared the PSD of the background noise with the
PSD of the used excitation signals. This comparison is depicted in
Fig. 12. As observed, the background noise (BN) has a “pink” behav-
ior, which implies that the SNR will remain constant over the fre-
quency band using pink noise and exponential sweep despite the
standard recommendation of using input signals with a flat spec-
tral density.

5. Conclusions

An experiment to measure the absorption coefficient of a mela-
mine foam sample with a 25 mm thickness and 60 mm diameter in

formed using four different excitation signals: white noise, pink
noise, linear sine sweep and exponential sine sweep. The results
for sine sweep signals (linear and exponential sweeping) were less
noisy than results with random excitation even when presenting
the signal only once. However, this result is achieved after the win-
dowing the measured signal in a post-processing stage.

The correlation coefficient confirmed that at least 100 averages
must be performed when measuring with pink or white noise,
while only one execution of the linear or exponential sweep is
required. Therefore, the processing time for periodic signals is
approximately 100 times faster than when using random signals
as input, which implies an improvement on the test speed.

Results comparing the measurements in Table 2 did not reveal a
significant difference in the use of random or periodic stimuli. Nev-
ertheless, we verified that the random signals must be averaged at
least 100 times to provide an SNR of approximately 33 dB, similar
to that obtained with the exponential sweep signal (34.1 dB). Note
that both random signals and sine sweeps can comfortably provide
the value of 10 dB SNR recommend by the ISO 10534-2 [11].

A measurement discrepancy was observed in the region of
500 Hz in both experiments, which could not be explained and will
be further investigated.

This analysis was executed with only one system mounting, i.e.,
only one sample of melamine foam and only one impedance tube
equipment. Different instrumentation, as well as material samples,
could bring different SNR and absorption responses. We recom-
mend to perform this analysis with every system.
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