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ABSTRACT

Several measurement techniques are available for the de-

termination of the acoustic properties of materials. Kundt’s

tube and reverberation room methods are widely used

as standardized methods in laboratory environments, and

thus not applicable in-situ. However, the acoustic prop-

erties can be changed when the materials are deformed

or moved away from the original mounting for laboratory

measurements. Several in-situ methods have been pro-

posed, among which the PU in-situ method outperforms

in terms of strong restriction of background noise and re-

flections, and a broad frequency range (typically from 300

Hz up to 10 kHz). This in-situ technique relies on di-

rect measurements of sound pressure and acoustic parti-

cle velocity using a sound intensity PU probe. Acoustic

impedance, sound reflection and acoustic absorption coef-

ficients can be estimated by combining the measured data

with an acoustic model. There are multiple sources of

uncertainties that can bias the in-situ estimation, such as

the measurement environment, measurement setup, mate-

rial of the tested sample and calculation model. This pa-

per focuses on the background noise as the uncertainty

source and elaborates the background noise with added

white noise and an external source of white noise to fully

understand the influence of signal-to-noise ratio (SNR) to

the calculation accuracy of the absorption coefficient.

1. INTRODUCTION

Acoustic absorbing materials are widely used in many dif-

ferent applications in order to offer a better environment or

in a product composition. These samples are important in

reducing sound energy from unwanted noise sources and

lowering noise pollution as could be seen at [1]. The char-

acterization of acoustic material properties has been the

subject of extensive research as they are an essential input

to acoustic simulations [2, 3].

Understanding its acoustic properties leads to a effec-

tive and aimed usage as well a better acoustic controlled

and predictable situation. Non-acoustic specific and in-

trinsic properties, such as flow resistivity, tortuosity, den-

sity or porosity are often used in combination with empiri-

cal models and theoretical equations to determine acoustic

properties of materials: impedance, absorption and reflec-

tion.

The surface impedance and absorption coefficient can

be determined based on standardized methods, such as

the Kundt’s tube method [4] and the reverberation room

method [5]. However, the standardized methods require

laboratory environments, which are not always available.

In addition, the samples under test have to be treated to

fulfil the requirements. The acoustic properties of materi-

als can then be changed, for example, through deformation

or being moved away from the original mounting.

The limitations using the standardized laboratory mea-

surement methods mentioned above suggest the necessity

of introducing in-situ methods to characterize the acoustic

properties of materials. Most of current in-situ methods are

microphone-based, being single or multiple [6]. Alterna-

tively, a PU in-situ method was proposed to calculate the

surface impedance and then the absorption coefficient [1].

A PU probe contains one microphone, and one Microflown

that measures particle velocity directly. The “figure of 8”

directivity of the Microflown sensor enables a strong re-

striction of background noise [7]. Apart from this, the

particle velocity can be measured directly in a broad fre-

quency range, without frequency constraint if derived by

pressure gradient. The PU method has been widely used

for in-situ material measurements, such as the interior ma-

terials of vehicles [8], road surfaces [9] and theatres [10].

Due to uncontrolled conditions, the accuracy of in-situ

PU measurements can usually be deteriorated by the mea-

surement environments, measurement setup or the material

of the test sample. Besides, different calculation models

also lead to calculation variations in impedance and ab-

sorption coefficient [11, 12]. The material geometry and

reflections from other objects were investigated based on

BEM simulations in [6]. Deviations of the absorption co-

efficient can be observed when material surface is curved

or in the presence of surrounding objects. Measurement

setup was examined and it was found that the setup uncer-

tainty affects more low absorbent samples [13]. The rela-

tionship between sample size and sensor probe height was

intensively studied and some recommendations were given

in [14].

Background noise, as an important factor that intro-

duces measurement uncertainties in the PU in-situ method,

has been limitedly investigated to the best of the authors

knowledge. External loudspeakers were applied, and cer-

tain conclusions on the signal-to-noise ratio (SNR) of the

external sound source and source angle are provided in
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[1, 15]. However, the conclusions were merely based on

limited amount of measurements, and detailed reasons on

the signal level were missing. Other types of noise should

also be considererd, for instance, self noise in the sensors.

This paper elaborates the background noise with two dif-

ferent types, added white noise and external source to fully

understand how they influence the signals and the calcu-

lated absorption coefficient. Frequency dependent SNRs

of the sound pressure and particle velocity are inspected.

In addition to the type of the noise, the receiver height,

material type and the angle of the external source are also

taken into account to study the error of the absorption coef-

ficient. The SNR of background noise can be an indicator

to check the quality of the PU in-situ measurements to as-

sure an accurate calculation of the absorption coefficient.

2. SOUND FIELD MODEL ABOVE A SAMPLE OF
MATERIAL

The absorption coefficient of a material surface is defined

as, if no sound transmission is considered,

α =
Ii − Ir

Ii
= 1− |R|2 (1)

where Ii and Ir are the incident and reflected sound in-

tensity, and R is the reflection factor [16]. This equation

demonstrates that the absorption coefficient can be derived

either by intensity or by reflection factor, the latter of which

can be calculated by impedance. This work focuses on the

reflection/impedance based approach.

The reflection factor R is calculated by the surface

impedance Zs. There are three ways to do so: plane wave,

mirror source and Q-term models [1, 11]. The Q-term

model takes spherical reflection into consideration and has

been proved to be more accurate than the other two mod-

els [11, 13]. Thus this model will be applied in the follow-

ing contents.

The impedance at the receiver can be calculated by the

sound pressure p and particle velocity u

Zr =
p

u
, (2)

where

p =
e−jk(hs−h)

hs − h
+Q

e−jk(hs+h)

hs + h
(3)

and

u =
1

ρc
(
e−jk(hs−h)

hs − h
(

1

jk(hs − h)
+ 1)−Q

e−jk(hs+h)

hs + h
(

1

jk(hs + h)
+ 1) +

∂Q

∂h

e−jk(hs+h)

jk(hs + h)
). (4)

Here, ρ is the air density, c is the speed of sound, hs

is the source height, h is the receiver height, k is the

wavenumber, and Q is the spherical reflection factor which

is denoted as

Q(Zs, h, hs) = 1− 2k

Zs

hs + h

e−jk(hs+h)

∫ ∞

0

e−q k
Zs

e−jk(hs+h−jq)

hs + h− jq
dq. (5)

Zs cannot be directly solved from Equation. (2), and

thus Secant Method was introduced to derive Zs itera-

tively [11]. Q(Zs, h, hs) is subsequently calculated with

known Zs. Since obtaining the absorption coefficient α is

the final goal of this work, Equation. (1) has to be adapted

to for the Q-term model. It can be seen that Q depends on

the surface impedance Zs of the material, receiver height

h and source height hs. Hence the reflection factor rep-

resents the reflection at the material surface when h = 0.

The absorption coefficient is thus denoted by the spherical

reflection factor

α = 1− |Q(Zs, 0, hs)|2. (6)

3. SIMULATION OF MEASUREMENT
ENVIRONMENTS

The PU probe based impedance measurement is simulated.

The sound pressure and particle velocity fields above an

infinite locally reactive plane are simulated by Equation.

(3) and Equation. (4), where spherical reflections are as-

sumed. The surface impedance is predicted by the Delany

and Bazley model [17].

Two ways of simulating extraneous noise in in-situ mea-

surement environments are investigated: directly added

white noise (AWN) to the pressure and velocity signals

at the receiver, and an external source of white noise

(ESWN). The source and receiver are vertically aligned,

with a distance of 0.26 m, which remains constant in

the simulations. The source-receiver distance follows the

source-probe distance of the in-situ absorption system of

Microflown [1].

In the AWN case, the signal-to-noise ratio (SNR), re-

ceiver height h and frequency dependent SNR of the sound

pressure PSNR and particle velocity USNR are taken as

variables to evaluate the absolute error of absorption co-

efficient E(α). For the ESWN case, the external source

is placed 10 m away from the receiver. Along with the

previously mentioned variables, the angle θ of the exter-

nal source is studied. In the simulations, PSNR is taken

as reference. The simulation setup is shown in Figure.

1. An absorbent material (absorber) and a reflective ma-

terial (reflector) are simulated with a flow resistivity σ
of 2× 104 kgm−3 s−1 and 5× 106 kgm−3 s−1, respec-
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tively. The flow resistivity is integrated in the Delany and

Bazley model to calculate the surface impedance.

Source

Receiver

External source

…

…

h

0.26 m

10 m

θ=0

θ=90

hs θ

Material surface

Figure 1. Simulation setup.

4. ANALYSIS OF EXTRANEOUS NOISE

4.1 Added white noise (AWN)

The receiver height h is set to 0.005 m, 0.015 m and 0.03

m, and PSNR is changed from 10 dB to 40 dB with 10 dB

interval. With h = 0.015 m, the calculated absorption co-

efficient, sound pressure and particle velocity of different

SNRs and the two materials are shown in Figure. 2. The

absorption coefficient is smoothed by moving median, and

the pressure and velocity are smoothed by moving average.

It is not surprising that the deviation in the absorption coef-

ficient increases as the SNR decreases, except that at high

frequencies the SNR has limited significance on deviating

the absorption coefficient of the absorber. For both materi-

als, the SNR of the particle velocity is relatively low at low

frequencies.

Figure 2. Absorption coefficient, and sound pressure and

particle velocity at the receiver with h = 0.015 m.

Figure. 3 and Figure. 4 present the absolute errors of

the absorption coefficient E(α), as well as the frequency

dependent SNR of the pressure (PSNR) and particle ve-

locity (USNR). The equal SNR contours confirm that the

both PSNR and USNR are frequency dependent, which in-

dicates that the overall SNR would not be sufficient to ex-

plain the variable behavior of the absorption deviation in

a broadband frequency range. For the absorber in Fig-

ure. 3, the low USNR at low frequencies is more signif-

icant on causing the large deviation of absorption coeffi-

cient than PSNR, because PSNR varies little as the fre-

quency changes. Whereas for the reflector in Figure. 4, al-

though USNR could reach -15 dB with the overall SNR of

the particle velocity being 10 dB, E(α) does not show its

frequency dependency as what is shown for the absorber.

According to the results in [11], when the frequency

is above 1 kHz, the three impedance models deliver quite

similar surface impedance. The results at high frequencies

calculated by a simpler model are reliable as well. The

plane wave impedance model is denoted as

α = 1− |R|2 = 1− |Zr − 1

Zr + 1
|2, (7)

where Zr = p/u as in Equation. (2). At high frequencies,

the energy is mostly absorbed and barely reflected back

to the receiver, therefore p and u are much the measures

of the incident wave, which is the case for the absorber

at high frequencies. In addition, the receiver is in the far

field. These factors result in p and u are of similar ampli-

tude and phase. However, for the reflector, different stand-

ing wave patterns due to reflections lead to large amplitude

difference between p and u and phase mismatch at high

frequencies. Therefore, large deviations still exist at high

frequencies for the reflector.

Note that negative absorption coefficient is observed at

low frequencies for both materials with the presence of

noise, under the condition that the absorption coefficient

is low. The conclusion can be drawn here that the low

USNR is the main reason for the negative values compared

to PSNR. Another observation is that as the receiver height

increases, the error of absorption coefficient slightly de-

creases in the low frequencies. This can also be explained

by the increment of USNR as the height increases, despite

PSNR decreases.

Figure 3. Absolute error of absorption coefficient E(α),
frequency dependent SNR of the pressure PSNR and par-

ticle velocity USNR for the absorber.

4.2 External source of white noise (ESWN)

The external source is positioned 10 m away from the re-

ceiver, with the angle θ = 0◦, 30◦, 60◦, 90◦. In this simu-

lation scenario, the SNR of the pressure is fixed to 10 dB.

Figure. 5 shows E(α), PSNR and USNR with the receiver

10.48465/fa.2020.1031 3383 e-Forum Acusticum, December 7-11, 2020



Figure 4. Absolute error of absorption coefficient E(α),
frequency dependent SNR of the pressure PSNR and par-

ticle velocity USNR for the reflector.

at 0.005 m. The black dashed line represents E(α) in the

AWN case with the same SNR of the pressure, which is 10

dB.

First, it can be seen that θ = 0◦ shows peculiar be-

haviour compared to other angles. This can be explained

that the Microflown particle velocity sensor has a figure-

of-eight directivity pattern, which benefits the sensor to be

insensitive to sound arriving from the sides [18]. This asset

allows the reduction of background noise and enables the

PU probe to be applied for in-situ measurements. Bearing

this in mind, in the USNR plot, the SNR is much higher

when the external source is at 0◦ than at other angles. No

direct sound is received at the receiver, but only the re-

flected sound, which is strongly restricted due to the di-

rectivity. For the reflector, as the angle increases, USNR

drops, and so does the accuracy of the absorption coeffi-

cient which is implied by the increase of E(α). This is not

observed in the absorber though.

Figure 5. Absolute error of absorption coefficient E(α),
frequency dependent SNR of the pressure PSNR and par-

ticle velocity USNR for the absorber and reflector. The

receiver height h = 0.005 m.

For the reflector, as the receiver height h increases, the

overall E(α) increases, as in Figure. 6 and Figure. 7. At

high frequencies above 1 kHz, E(α) shows no clear depen-

dency on the angle θ. The frequency of the standing wave

shifts to lower ranges as the receiver location rises. When

the external source is at different angles, the frequency of

the standing wave also shifts accordingly. The standing

wave patterns of the external source overlaps with the pat-

tern of the source, which results in irregular absorption er-

ror distribution. Similar as in Figure. 5, the receiver height

h has no significant influence on the absorption error, ex-

cept for a slight gain at low frequencies with increasing h.

Opposite to the dependency on USNR in the AWN case,

the ESWN case seems to depend more on PSNR, espe-

cially at high frequencies and receiver height. Only when

h = 0.005 m, E(α) is correlated with USNR and PSNR

when θ = 0◦.

Compared with the AWN case, the absorber shows quite

similar E(α) distribution. While for the reflector, the error

only deteriotes and get close to the error of the AWN case

with a large receiver height.

Figure 6. Absolute error of absorption coefficient E(α),
frequency dependent SNR of the pressure PSNR and par-

ticle velocity USNR for the absorber and reflector. The

receiver height h = 0.015 m.

Figure 7. Absolute error of absorption coefficient E(α),
frequency dependent SNR of the pressure PSNR and par-

ticle velocity USNR for the absorber and reflector. The

receiver height h = 0.03 m.

To summarize, the absorber is insensitive to the receiver

height and the angle of a external source. Whereas for the

reflector, a large receiver height impacts the accuracy of the

calculated absorption coeffcient, more at high frequencies.
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4.3 Considerations of quality indication in in-situ
measurement environments

In the above two subsections, the scenarios of added white

noise and external source with white noise are studied and

compared. A real in-situ measurement environment mostly

contains the two scenarios. Therefore, the results of the

two scenarios need to be combined to provide quality in-

dication. A quality indicator indicating acceptable back-

ground noise level (SNR) needs to be explored.

The absorber that represents absorbent materials, is in-

sensitive to the receiver height h and the angle θ of an ex-

ternal source. Large errors of absorption coefficient E(α),
including negative values, only exist at low frequencies,

which can be indicated by the frequency dependent SNR

of the particle velocity USNR. Since no large error is ob-

served at high frequencies, the quality indicator in terms of

SNR can be focused on the low-frequency USNR.

The quality indication of the reflector that represents

reflective materials is more complicated. As h increases,

E(α) decreases for the AWN case but increases for the

ESWN case. Note that Figure. 4, or the dashed black

curves in Figure. 5 to 7 exhibit that the decrease of E(α)
of AWN is limited, whereas the E(α) increase in ESWN is

more pronounced when the receiver location rises. There-

fore, in an in-situ environment, it is recommended to keep

the receiver as close as possible to the measured material

surface to assure accurate absorption coefficient. For the

AWN case, E(α) is more dependent on USNR; for the

ESWN case, E(α) is more influenced by PSNR at high

frequenceis and large receiver heights. Only when the re-

ceiver is at 0.005 m, E(α) is correlated with USNR. In

terms of SNR quality indicator, no frequency dependent

E(α) is observed and USNR is not strongly correlated with

E(α). Standing waves at high frequencies lead to large

PSNR deviations, and it causes large E(α). Therefore,

high-frequency PSNR can be an effective quality indica-

tor to control E(α).

5. CONCLUSIONS

This work investigated the influence of background noise

in in-situ absorption measurements based on PU method

through simulations. The SNR of the background noise,

two different types of background noise (SWN and

ESWN), receiver height and two types of materials (ab-

sorber and reflector) were regarded as variables for the ac-

curacy evaluation of the calculated absorption coefficient

in the simulations. In general, a low receiver height con-

tributes to high accuracy of deriving the absorption coef-

ficient. For the absorber, it was found that the absorption

coefficient is insensitive to the receiver height and the ex-

ternal source angle, and large deviations only exist at low

frequencies. The deviation is highly correlated with the

low-frequency SNR of particle velocity USNR, which can

be used as SNR indicator for the absorber to control the er-

ror of the absorption coefficient. Whereas for the reflector,

high-frequency PSNR could be an effective SNR indicator

to show a threshold of the quality of the signals for achiev-

ing certain absorption accuracy.

The presented conclusion is a good guideline to fur-

ther explore quantitative SNR quality indicator. The future

work includes investigating the relationship between the

error of the absorption coefficient and the frequency depen-

dent PSNR and USNR for different materials, and in which

frequency range to look into which SNR. Techniques of re-

moving reflections not from the source would also be in-

teresting to study. In addition, more quality indicators are

required to fully understand uncertainties that might occur

in the in-situ measurements, and to deliver confident mea-

sures of materials’ acoustic characteristics.
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