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Abstract

The details of a new approach for absolute calibration of microphones, based on the direct
measurement of acoustic particle velocity using Laser Doppler Velocimetry (LDV), are
presented and discussed. The calibration technique is carried out inside a tube in which
plane waves propagate and closed by a rigid termination. Themethod developed proposes
to estimate the acoustic pressure with two velocity measurements and a physical model.
Minimum theoretical uncertainties on the estimated pressure and minimum measurable
pressure are calculated from the Cramer Rao Bounds on the estimated acoustic velocity
amplitude and phase. These uncertainties and the minimum measurable pressure help to
optimize the experimental set up. Acoustic pressure estimations performed with LDV are
compared with acoustic pressures obtained with a referencemicrophone. Measurements
lead to a minimum bias of 0.006dB and a minimum uncertainty of0.013 dB on the acoustic
pressure estimation for frequencies1360 Hz and680 Hz.
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Notations

Acoustics

k wavenumber
ρ air density at rest
c speed of sound at rest
f acoustic frequency
ω acoustic angular frequency
v(x, t) acoustic particle velocity
V (x) acoustic particle velocity amplitude
Φv acoustic particle velocity phase
p(x, t) acoustic pressure
P̄ (x) complex acoustic pressure amplitude
P (x) acoustic pressure amplitude
Φp acoustic pressure phase
R̄ acoustic reflection coefficient in velocity
R acoustic reflection coefficient amplitude
ΦR acoustic reflection coefficient phase
P̄e(x) complex pressure amplitude at the rigid termination
P̄ref(x) reference pressure

Optics

i interfringe separation
dx probe volume length
IF (x) complex amplitudeIF ejφIF of the instantaneous frequency of the Doppler signal
IF (x) amplitude of the instantaneous frequency of the Doppler signal
ΦIF phase of the instantaneous frequency of the Doppler signal

Geometry

x1 position of measurement1
x2 position of measurement2
∆x = x2 − x1

Signal processing
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SNR Doppler Signal to Noise Ratio
CRB Cramer Rao Bounds for Doppler signal model
Fs Sampling frequency

General

x̄ is a complex value
j =

√
−1

vp(x, t) particle velocity
Vf mean flow velocity amplitude
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1 Introduction

Measurement microphones are currently used for enclosed and free field applica-
tions. The accurate estimation of the measured pressure level requires a precise
estimate of the microphone sensitivity. The sensitivity can be obtained in an abso-
lute or in a relative manner. The absolute measurement of condenser microphone
sensitivity provides primary calibration in metrology laboratories around the world.
The relative calibration technique is used to estimate the sensitivity of typical mi-
crophones used in industrial or research applications.

For relative calibration, the sensitivity of the microphone is deduced from the sen-
sitivity of a reference microphone measuring the same pressure amplitude as the
microphone under test. In the case of absolute calibration,the sensitivity of the mi-
crophone under test is estimated without using a reference microphone. For both
methods the calibration can be performed on pressure and free field microphones.
These two types of microphone are fundamentally similar. However, pressure mi-
crophones are designed to measure sound pressure in a field where the sound pres-
sure has the same magnitude and phase throughout, whereas free field microphones
are designed to measure sound pressure in a field where sound waves propagate
freely without obstruction.

Absolute calibration can be performed by implementing the reciprocity technique
[1]. This technique is based on fine modelling of the physicaleffects involved in
the measurement process. With the reciprocity technique three microphones (A,B
and C) are necessary. They are pair-wise coupled together (AB, AC, BC) by air
(cavity for pressure microphone or free field for free field microphone). One of the
two microphones under test emits sound while the second is used as a receiver. The
electrical transfer impedance is calculated as the ratio ofthe receiver output volt-
age and the transmitter input current. The physical model ofthe transfer impedance
between the input voltage and the output current enables estimation of the prod-
uct of the two sensitivities. Repeating the process enablesthe three sensitivities to
be deduced. Absolute calibration techniques can be viewed as a type of relative
technique, the reference value being estimated by means of aphysical model.

The reciprocity technique is commonly applied in enclosed field to estimate the
sensitivity of a pressure microphone. This technique uses asmall cavity and a good
accuracy can be obtained in the sensitivity estimation, typically ±0.05 dB. The
reciprocity calibration technique of microphones is approved by the International
Electrotechnical Comission (IEC) and detailed in [1]. Although this method has
been standardized, different authors are interested in increasing the measurement
accuracy of the technique [2,3] by developing more detailedmodelling of the trans-
fer impedance.

Free field microphone absolute calibration using the reciprocity technique has been
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studied by different authors [4,5] and has finally been standardized [6]. The abso-
lute calibration of microphones in free field differs from the calibration of pressure
microphones. In this case, the acoustic level produced by the emitting microphone
is very low and the Signal to Noise Ratio (SNR) is small. This technique also re-
quires that both microphones be considered as point sourceslocated at some effec-
tive distance from the membrane (the acoustic centre). The sensitivity measurement
needs to estimate the locations of these acoustic centres.

Free field calibration suffers from additional problems. Ifthe microphone distance
is sufficiently short, a standing wave can appear between thetwo membranes. The
imperfect performance of the anechoic chamber that is used to provide the free field
conditions can also generate reflections which can affect the transfer impedance es-
timation: it is necessary to use specific signal processing techniques to clean up
the measured transfer impedance [4,5]. As a result of these problems, it would be
useful to be able to calibrate free field microphones using non-intrusive techniques
which would avoid the use of a second microphone as a sound source.

Optical methods such as Laser Doppler Velocimetry (LDV) or Particle Image Ve-
locimetry (PIV) are non-intrusive measurement techniqueswhich enable the mea-
surement of acoustic velocity. LDV has been used for measuring low amplitude ve-
locities since 1976 [7] while PIV has been used for measuringhigher levels [8,9].
LDV provides a local measurement with good time resolution while PIV provides
an estimate of the shape of a velocity field in a measuring areadefined by the optical
system. LDV is more precise than PIV, especially for measuring low velocity am-
plitudes, typically less than1 mm/s. The main drawbacks of these two techniques
are the complexity of the optical system and signal processing, and the high cost of
experimental systems.

Different authors have proposed calibrating a pressure microphone using LDV. The
microphone is located at the end of a tube attached to a loudspeaker and a physical
model enables the deduction of the acoustic pressure from a single velocity mea-
surement. Taylor [10] uses a spectral analysis of the Doppler signal delivered by
the LDV system. He shows that it is possible to calibrate a condenser microphone
with an accuracy of±0.03 dB when taking a large sample of measurements, result-
ing in a long measurement time. MacGillivrayet al [11,12] use the same approach
to estimate the acoustic velocity with two methods, frequency analysis and Photon
Correlation Spectroscopy. They show that the uncertainty in the pressure estima-
tion is ±0.1 dB when using spectral analysis and is±0.2 dB when using Photon
Correlation Spectroscopy.

The issue of free field microphone calibration is clearly problematic. Both LDV
and PIV have been used for characterising the acoustic velocity in a free field.
Different authors [13,14] show that the acoustic velocity can be measured with
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LDV. Gazengelet al.[15] show that LDV can measure the acoustic velocity profile
on the axis of a radiating loudspeaker. PIV has been used by Degrootet al [16] for
characterising the velocity field in the vicinity of the membrane of a microphone
placed in a semi free field (Fig. 1).
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Figure 1. View of the velocity field in front a one inch microphone membrane measured
with PIV [16].

However, these studies only deal with the measurement of acoustic velocity and do
not propose to estimate the acoustic pressure. The calibration of microphones using
optical non-intrusive techniques such as LDV or PIV requires the construction of a
physical model of the acoustic field near the microphone membrane. Fig. (1) shows
that a model with at least two dimensions should be developedfor calibrating a free
field microphone.

In this paper, as a first step towards being able to calibrate afree field microphone,
we develop a new one dimensional physical model of the acoustic field near a mi-
crophone membrane. Building on the work of Taylor [7] and MacGillivray et al
[11,12], where the acoustic pressure was deduced from a single velocity measure-
ment, the new model provides an estimate of the mean acousticpressure acting
on the microphone membrane from velocities measured at two different points lo-
cated nearby. The new calibration method is tested on a pressure microphone in an
enclosed field.

In the next section, the analytical model which yields an estimation of the acoustic
pressure in the waveguide using two acoustic velocity measurements is presented.
Moreover, the uncertainties in the pressure amplitude and phase are derived using
the theoretical minimum uncertainty in the LDV velocity measurement.

In Section 3, the details of the experimental study are presented. First the experi-
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mental system used for assessing the calibration method is described and then the
uncertainty analysis developed in Section 2 is applied to the design of the experi-
ment. Finally, experimental results are presented and discussed.

2 Pressure estimation model

2.1 Pressure calculation

Consider an incident plane wave with acoustic particle velocity amplitudeV0 and
wavenumberk that experiences viscothermal losses [17] as it propagatesfrom left
to right along the x-axis in a waveguide having a reflection coefficientR̄ = RejΦR

(see Fig. 2).

x0

x1 x2

~ex

∆x

V0e
−jkx V0R̄ejkx

Figure 2. Schematic view of the problem

The mass conservation law gives an expression relating the acoustic pressurep(x, t)
and the acoustic particle velocity~v(x, t)

∂p(x, t)

∂t
= −ρc2div(~v(x, t)), (1)

whereρ is the air density at rest andc is the speed of sound. In the case of a
harmonic plane wave of angular frequencyω propagating along thex axis, acoustic
pressure and particle velocity can be written as

~v(x, t) = V̄ (x)ejωt~ex = V (x)ejΦv(x)ejωt~ex, (2)

p(x, t) = P̄ (x)ejωt = P (x)ejΦp(x)ejωt. (3)

whereV (x), P (x), Φv(x) andΦp(x) are respectively the acoustic velocity ampli-
tude, acoustic pressure amplitude, phase of acoustic velocity and phase of acoustic
pressure at abscissax.
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Using Eqs. 1, 2 and 3,

jωP̄ (x) = −ρc2
dV̄ (x)

dx
. (4)

Knowing that the acoustic velocity is written

V̄ (x) = V0

(

e−jkx + R̄ejkx
)

, (5)

the spatial derivative of the velocity at abscissax0 is given by [18]

dV̄

dx
|x0 =

∆V̄

∆x

1

sinc
(

k∆x
2

) , (6)

where∆V̄ = V̄ (x2)− V̄ (x1) with x1 = x0 −∆x/2 andx2 = x0 +∆x/2 (see Fig.
2).

Using Eqs. 4 and 6, the acoustic pressure at abscissax0 is given by

P̄ (x0) = jρc
∆V̄

2 sin (k∆x
2
)
. (7)

2.2 Minimum uncertainty in the pressure estimation

2.2.1 General formulation

This section aims to determine the minimum uncertainty in the pressure modulus
and phase using the uncertainties in the acoustic velocity measured by means of
LDV and the uncertainties in the physical quantities (ρ, c, ∆x).

The relative uncertaintyδP (x0)
P (x0)

in the estimation of the amplitude pressure atx = x0

is obtained using the Eq. 7 and is written

δP (x0)

P (x0)
=





(

δ∆V

∆V

)2

+

(

δ(k∆x)

2|tan(k∆x/2)|

)2

+

(

δc

c

)2

+

(

δρ

ρ

)2




1/2

, (8)

where∆V = |∆V̄ |, δρ/ρ is the relative uncertainty in the density,δc/c = −δρ/2ρ
is the relative uncertainty in the speed of sound, assuming that the speed of sound
only depends on the densityρ considered as an equivalent density as defined in
[19]. The uncertainty ink∆x is defined by [19]

δ(k∆x) = k∆x





(

δρ

2ρ

)2

+

(

δ∆x

∆x

)2




1/2

. (9)
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In the same way, the uncertainty in the phase of the pressure can be obtained using
Eq. 7

δΦp = δΦ∆V̄ (10)

whereΦ∆V̄ is the phase of∆V̄ .

2.2.2 Minimum uncertainty in the velocity difference

The determination of the minimum uncertainty in the acoustic pressure (Eqs. 8 and
10) requires the calculation of the minimum uncertainty in the velocity difference.
Using the notationV1 = V (x1), V2 = V (x2), Φ1 = Φv(x1) andΦ2 = Φv(x2), the
relative uncertainty in∆V is

δ∆V

∆V
=

1

(∆V )2

[

(δV2)
2 [V2 − V1 cos(∆Φ)]2 + (δV1)

2 [V1 − V2 cos(∆Φ)]2

+ [V1V2 sin(∆Φ)]2
[

(δΦ1)
2 + (δΦ2)

2
]]1/2

, (11)

where∆Φ = Φ2 −Φ1 andδV1, δV2, δΦ1 andδΦ2 are respectively the uncertainties
in velocity amplitude and phase at abscissax1 andx2.

The uncertainty in the phase of the velocity differenceΦ∆V̄ is

δΦ∆V̄ =
1

(∆V )2

[

(δV1)
2V 2

2 sin2(∆Φ) + (δΦ1)
2
[

V 2
1 − V1V2 cos(∆Φ)

]2

+ (δV2)
2V 2

1 sin2(∆Φ) + (δΦ2)
2
[

V 2
2 − V1V2 cos(∆Φ)

]2
]1/2

. (12)

The particle velocityvp(x, t) measured by LDV at abscissax can be estimated using
[20]

vp(x, t) = i.IF (x, t), (13)

wherei is the interfringe separation of the LDV probe and

IF (x, t) = IF (x). ejφIF (x). ejωt (14)

is the complex instantaneous frequency defined by [21]

IF (x, t) =
1

2π

dΦD(x, t)

dt
, (15)

whereΦD(x, t) is the phase of the LDV probe signal, proportional to the particle
displacementxp(t) in the probe volume (ΦD(x, t) = 2π

i
xp(t)). In the case of si-

nusoı̈dal acoustic excitation,IF (x, t) is estimated by specific signal processing (
Short Time Fourier Transform [22], Cross Wigner-Ville distribution [23,24]). The
amplitudeIF (x) and phaseφIF (x) are estimated with a Least Mean Square Method
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[25]. The uncertainties in the acoustic velocity amplitudeV and phaseΦv measured
by LDV are given by

δV

V
=

√

√

√

√

(

δi

i

)2

+

(

δIF

IF

)2

, (16)

δΦv = δΦIF , (17)

where δi
i

is the relative uncertainty in the interfringe separation measurement and
δIF
IF

is the relative uncertainty in the instantaneous frequencyamplitude estimation.
The minimum uncertainty in the instantaneous frequency is given by the minimum
variance in the estimation of the acoustic parametersV (x) andΦv(x). This min-
imum variance, depending on the signal, is expressed by the Cramer-Rao Bounds
(CRB), estimated using a model of the Doppler signal [26] . Inthe case of harmonic
excitation at acoustic frequencyf and for low mean flow velocity encountered in
an enclosed field (typically0.5 to 2 mm/s due to thermal effects generated by the
loudspeaker), Le Duffet al [26] give the CRB for the acoustic velocity amplitude
V (x) and phaseΦv(x)

CRB(V )= 2

√

2

π

F

α2NpSNR
V 2, (18)

CRB(Φv)= 2

√

2

π

F

α2NpSNR
, (19)

with

Np =
2fdx
Vf

, (20)

F =
f

Fs
, (21)

α=
V

if
, (22)

whereVf is the mean flow velocity,Fs is the sampling frequency anddx is the
length of the probe volume along thex axis [26].

Using Eqs. 11 and 18, the minimum relative uncertainty in thedifference in velocity
amplitude can be written

δ∆V

∆V

∣

∣

∣

∣

∣

min

=
2
√
2Kif

∆V



1 +

(

δi

i

)2
(V 2

1 − V1V2 cos∆Φ)2 + (V 2
2 − V1V2 cos∆Φ)2

2∆V 2(2Kif)2





1/2

,

(23)
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where

K =

√

√

√

√2

√

2

π

F

NpSNR
. (24)

Considering that the acoustic particle velocity is writtenas the sum of an outgoing
and incoming wave (Eq. 5), the minimum relative uncertaintyin the difference in
velocity amplitude can be obtained using

∆V = 2V0

∣

∣

∣

∣

∣

sin
k∆x

2

∣

∣

∣

∣

∣

|e−jkx0 − RejφRejkx0|, (25)

in Eq. 23. The uncertainty in the phase of the velocity difference is

δΦ∆V̄ |min =
2
√
2Kif

∆V
. (26)

Eqs. 23 and 26 show that the uncertainty in the velocity difference (amplitude and
phase) is minimized for∆V large, which occurs when measuring two velocities
having the same amplitude and opposite phase.

2.2.3 Total minimum uncertainty in the pressure

The total relative uncertainty in the pressure amplitude estimation is found by sub-
stituting Eqs. 23 and 25 into Eq. 8

δP (x0)

P (x0)

∣

∣

∣

∣

∣

min

=













2
√
2Kif

∆V



1 +

(

δi

i

)2
(V 2

1 − V1V2 cos∆Φ)2 + (V 2
2 − V1V2 cos∆Φ)2

2∆V 2(2Kif)2





1/2






2

+

(

δ(k∆x)

2|tan k∆x
2
|

)2

+
5

4

(

δρ

ρ

)2






1/2

, (27)

with K given in Eq. 24.

The uncertainty in the pressure phase is given by

δΦp|min = δΦ∆V̄ |min, (28)

whereδΦ∆V̄ |min is given in Eq. 26.
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2.3 Minimum measurable pressure

The minimum acoustic pressure amplitude that can be estimated using this method
is given by Eq. (7)

P (x0)min = ρc
∆Vmin

∣

∣

∣2 sin(k∆x
2
)
∣

∣

∣

, (29)

where∆Vmin is the minimum measurable amplitude of the velocity difference.

3 Experimental study

3.1 Experimental system

The experimental study aims at determining the bias and standard deviation of
the pressure estimated using two velocity measurements andEq. (7). For this, the
acoustic pressure is estimated inside a tube excited with a loudspeaker at one end
and closed by a rigid termination at the other end. The estimated pressure is com-
pared with a reference pressure obtained by means of a microphone flush-mounted
at the end of the tube.

3.1.1 Acoustic system

The acoustic set-up consists of a square cross-section duct(0.1 × 0.1 m2) made
of Perspex of thickness10 mm. The cut-off frequency associated with the first
transverse acoustic mode is1720 Hz. The tube is0.5 m long. A loudspeaker (GUO
GUANG 450100) is mounted at one end of the waveguide and the other end is
closed by a rigid termination (see Fig. 3). The acoustic pressure is measured at the
rigid end of the tube by means of a1/2 inch microphone (B&K 4192) connected
to a preamplifier (B&K 2619) and a conditioning amplifier (B&K2609).

3.1.2 LDV system

The LDV apparatus used in this study is a dual beam system operating in the differ-
ential Doppler mode. Only one velocity component is measured. The laser source,
producing light of514.5 nm wavelength in air, is installed in a separate room with
the beams delivered to the lab using fibre optics. In order to get enough light in-
tensity the forward scattering configuration is used. The laser power is20 mW at
the location of the probe volume. The focal distance of the emitting optics is1000
mm. The angle between the two incident beams is set to about28 deg. The probe
volume lengthdx ≃ 0.1mm and the interference pattern contains about100 fringes.
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Figure 3. View of the acoustic system.

The emitting and receiving optics are supported by a traverse system which enables
to measure the velocity at different locations. The velocity sign is determined using
a Bragg cell introduced in the path of one of the incident beams. The Bragg cell op-
erates here in the−1 mode, which decreases the frequency value of the beam that
is frequency shifted. The cell is driven atfB = 40 MHz. The seeding is SAFEX
Super Fog Fluid, injected inside the tube.

The optical signal is converted into an electrical signal bymeans of a photomul-
tiplier (PM) using a 1200 V supply. The signal is converted into two signals in
quadrature and analysed using the Phase Derivative Based Estimator [26] in order
to estimate the instantaneous frequency. The parameters ofthe acoustic velocity
(V , Φv) are calculated using a Least Mean Square Method [25] applied to the in-
stantaneous frequency defined in section 2.2.2.

The acquisition of Doppler signals was performed usingFs = 1 MHz andFs =
500 kHz. The velocities measured at abscissax1 andx2 were estimated using10
acquisitions, with each signal comprising of about10 bursts. This enables10 values
of the acoustic parametersV andΦv to be estimated. The mean of these10 gives
the estimation of acoustic velocity and the standard deviationsσV andσΦv

. The
uncertainties are thenδV = 2σV√

10
andδΦv

=
2σΦv√

10
.

3.2 Experiment design

The aim of this section is to define an experimental configuration which minimizes
the uncertainty in the pressure estimation. By assuming that the termination is rigid
(R̄ = −1), the minimum measurable pressure is calculated (see Eq. 33). Then,
in section 3.2.2, the uncertainties in the pressure estimated with LDV and with
the reference microphone are studied. We use parameters encountered in the usual
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experimental configuration as given in table 1.

δρ

ρ

δi

i
δL i Fs SNR Vf dx

0.05% 0.1% 0.1 mm 1µm 1 MHz 15 dB 5 mm/s 0.1 mm
Table 1
Values of parameters corresponding to usual experimental configuration in enclosed field.

Eqs. 27 and 28, which give the uncertainty in the amplitude and phase of the pres-
sure estimated with LDV, are made up of three terms and one term respectively. The
last term of Eq. 27 is a constant value describing the uncertainty in the air density
due to the seeding. The second term of Eq. 27 shows the effect of the microphone
probe spacing (term ink∆x). The first term of Eq. 27 shows the uncertainty in the
acoustic velocity estimation due to the LDV signal processing (term inKif ) and to
the interfringe measurement (term inδi). Eq. 28 shows that the uncertainty in the
phase depends only on the signal processing (term inKif ). For R̄ = −1, the un-
certainty in the velocity estimation is minimized usingkx0 = mπ (m ∈ N), which
means that the pressure is best estimated at one of its antinodes. This configuration
is used in the experiment. Assuming that the velocity is measured at

x1 =x0 +
∆x

2
and (30)

x2 =x0 −
∆x

2
, (31)

V̄1 = −V̄2 if ∆x is chosen correctly, which leads toV1 = V2 and∆φ = π. These
assumptions enable the deduction of the uncertainties in the amplitude and phase
of the pressure estimated with LDV.

3.2.1 Minimum measurable pressure

Using the assumption̄V1 = −V̄2, the minimum measurable amplitude of the veloc-
ity difference is written∆Vmin = δV1 + δV2. Using Eq. 16, Eq. 18 and Eq. 22,
∆Vmin is given by

∆Vmin = 2Kif













1 +
(δi/i)2
(

2Kif
V1

)2







1/2

+





1 +
(δi/i)2
(

2Kif
V2

)2







1/2








. (32)

The minimum measurable pressure is given by Eq. (29) and takes the following
form

P (x0)min = ρc
2Kif

| sin k∆x
2
|



1 +

(

δi

i

)2 (
V0 sin

∆x
2

Kif

)2




1/2

. (33)
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Considering the acoustic field in a resonant tube and using the conservation of mass
lawP (x0) = 2ρcV0| cos kx0|, the minimum pressure is

P (x0)min =
2ρcKif

| sin k∆x
2
|

1
√

1−
(

δi
i

)2
. (34)

Fig. 4 shows the minimum pressure amplitude that can be estimated using two LDV
measured velocities as a function of frequency for different spacings∆x and using
parameters given in table 1.
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Figure 4. Minimum measurable pressure level with LDV as a function of the acoustic fre-
quencyf for different probe spacings∆x (− 25 cm,− · − 12.5 cm and−− 6.25 cm)

3.2.2 Uncertainty in the pressure estimation

LDV estimated pressure Eq. 30 and the conditionkx0 = π combined with Eq.
25 lead to

∆V = 4V0

∣

∣

∣

∣

∣

sin
k∆x

2

∣

∣

∣

∣

∣

. (35)

Eq. 30, Eq. 31 and the conditionkx0 = π combined with Eq. 5 lead to

V1V2 = 2V 2
0 |1− cos k∆x| . (36)

The total minimum relative uncertainty in the pressure amplitude estimation is
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, (37)

and the total minimum uncertainty in the pressure phase estimation is

δΦp|min =

√
2Kif

2V0| sin k∆x
2
| . (38)

In order to minimize the uncertainties given in Eqs. (37) and(38), the probe spacing
∆x should satisfyk∆x

2
= (2n+ 1)π

2
(n ∈ N), which corresponds to∆x = (2n+

1)λ/2, λ being the acoustic wavelength. However this spacing can be very large for
low frequencies and such configurations can be unusable. Forthis reason, different
values of∆x are used in the experiment. Eqs. 37, 38 show that the uncertainty is
minimized if the velocity amplitude is large. Excitation ofthe tube at the resonance
frequency is therefore favourable. The uncertainties in the pressure amplitude and
the pressure phase, estimated with LDV, are shown in Fig. 5 and 6 respectively for
an acoustic frequency of680 Hz and a spacing∆x = 6.25 cm .

Microphone reference pressure The reference pressurēPref(x) is obtained us-
ing the pressurēPe measured by a microphone mounted flush at the end of the
tube

P̄ref(x) = P̄e cos (kx). (39)

The relative uncertainty in the reference pressure amplitude atx0 is given by

δPref(x0)

Pref(x0)
=





(

δPe

Pe

)2

+ (δ(kx0) tan kx0)
2





1/2

, (40)

with

δPe

Pe
=





(

δUc

Uc

)2

+

(

δUe

Ue

)2

+

(

δUf

Uf

)2




1/2

, (41)

whereδUc/Uc is the relative uncertainty due to the microphone calibrator, δUe is
the uncertainty in the measured voltage of the reference microphone due to varia-
tion of the air density during the measurement duration andδUf is the uncertainty
in the calibration voltage (δUf = Ures/3 with Ures the resolution of the sinusoidal
voltage signal). The relative uncertaintyδPref(x0)/Pref(x0) equalsδPe/Pe using
the conditionkx0 = π.
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Considering that the excitation frequency is a resonant frequency of the tube (680
Hz), we choose values of∆x which minimize the uncertainty in the pressure am-
plitude for an acoustic level of90 dBSPL (see table 2).
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Figure 5. Uncertainty in the pressure amplitude estimated with LDV as a function of the
acoustic level for an acoustic frequency of680 Hz and a spacing∆x = 6.25 cm (−
SNR= 5 dB,−− SNR= 10 dB,− · − SNR= 15 dB and· · · SNR= 20 dB).
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Figure 6. Uncertainty in the pressure phase estimated with LDV as a function of the acoustic
level for an acoustic frequency of680 Hz and a spacing∆x = 6.25 cm (− SNR= 5 dB,
−− SNR= 10 dB,− · − SNR= 15 dB and· · · SNR= 5 dB).

For frequencyf = 680 Hz and a probe spacing∆x = 6.25 cm, Fig. 5 and Fig. 6
show the uncertainty in the pressure amplitude and phase estimation as a function
of the acoustic level measured at the rigid end of the tube fordifferent Doppler Sig-
nal to Noise Ratio. These figures show that for a SNR of15 dB, which is commonly
encountered in LDV measurement, the minimum relative uncertainty in the pres-
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sure amplitude is less than0.06 dB if the acoustic level is greater than90 dBSPL.
The minimum uncertainty in the pressure phase is less than2.6 degrees if the acous-
tic level is greater than90 dBSPL. These uncertainties are mainly due to the signal
processing (first term in Eq. 37) especially when the acoustic level is low (90 dBSPL

: 3.5.10−4 dB and49 dBSPL : 3.52 dB for a SNR= 15 dB). The uncertainty asso-
ciated with the second term of Eq. 37 does not depend on the acoustic level and is
about2.10−5 dB.

3.3 Results

Experimental results have been obtained using the conditions given in Table 2.
In this experiment, the reference microphone was calibrated using a B&K4231
calibrator with accuracy±0.2 dBSPL.

f (Hz) x0(kx0 = π) (cm) Level (dBSPL) ∆x(cm)

680 25 90 120 6.25(1) 12.5(2) 25(3)

1360 12.5 90 120 3.125(4) 6.25(5) 12.5(6)
Table 2
Values of parameters used for making the experiment in enclosed field.

Initially, the velocity pattern in the tube was measured atf = 680 Hz and at an
acoustic level of120 dB using LDV and compared with the velocity

V̄ref(x) = j
sin kx

ρc
P̄e (42)

estimated using pressurēPe measured at the end of the tube. Fig. 7 shows that
LDV provides an estimate of the velocity pattern which is in good agreement with
the reference velocity. However, a bias of1.8 mm/s (2.6 % corresponding to0.22
dBSPL) can be seen between the two curves.

Secondly, the pressure atx0 = λ/2 was estimated with LDV and compared with the
reference pressure as shown in Fig. 8. For these experiments, the acoustic velocity
was measured using a single LDV probe, moving between the twomeasurement
pointsx1 andx2 with the traverse system (section 3.1.2). The measurement was
repeated10 times after the seeding was introduced into the tube. In thisconfigu-
ration, the acoustic pressure amplitude changes during theexperiment because the
air density varies with the seeding density. These variations serve to maximise the
uncertainties in the reference and estimated pressures dueto the finite time for the
displacement of the traverse system between the two measurements. These uncer-
tainties would be smaller with two simultaneous LDV measurements.

The observed bias values (mean of the difference between reference and estimated
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Figure 7. Velocity profile in the tube for an acoustic level of120 dBSPL and an acoustic
frequency of680 Hz.
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pressure) are in the interval[−0.36; 1.07] dB with an absolute minimum of0.006
dB.The largest biases could be due to large uncertainties in the estimated pressure
but for both cases (92.7 and120 dB ), the different results show a low variance.
For this reason, we explain the largest biases by the errors made when calibrating
the reference microphone at the end of the tube. Results showrelative uncertainties
in the reference pressure of around0.2 dB. The relative estimated pressure uncer-
tainties are in the interval[0.15; 1.27] % corresponding to[0.013; 0.11] dB for the
acoustic level between[90; 124] dBSPL. Concerning the estimated phase, the uncer-
tainties are in the interval[0.34; 1.77] deg.

Results show a relatively good correlation between experimental uncertainties on
the estimated pressure (amplitude, phase) and theoreticaluncertainties obtained
with the CRB. CRB give, for all the configurations tested, relative uncertainties on
the amplitude of under0.06 dB for an acoustic level greater than about90 dBSPL.
For the phase, theoretical uncertainties are under2.6 deg for an acoustic level
greater than90 dBSPL. Even if uncertainties obtained in the pressure estimated
with LDV (amplitude [0.013; 0.11] dB and phase[0.34; 1.77] deg) reach higher
values for the amplitude than the theoretical uncertainties, the experimental and
theoretical ranges are of the same order of magnitude.

4 Conclusion

This work deals with the estimation of acoustic pressure using acoustic velocity
measured with LDV. A physical model of plane wave propagation in a waveguide
is developed to calculate the pressure from two velocity measurements. This model
is based on the mass conservation law. It can be seen as the equivalent of the model
used for acoustic intensity measurement in the case of a 1D propagation model.

The theoretical minimum uncertainty in the LDV measured velocity given by the
Cramer Rao Bounds is used in order to deduce the uncertainty in the pressure am-
plitude and phase. Moreover, this provides knowledge of theminimum measurable
pressure level which is about50 dBSPL for usual conditions encountered inside a
waveguide (with small mean flow velocity).

The estimation technique is assessed experimentally usinga tube excited by a loud-
speaker. The uncertainty analysis is incorporated into thedesign of the experiment.
To define the maximum admissible uncertainty, the optimal position for estimat-
ing the pressure, the optimal spacing between the two velocity measurements, the
optimal frequency and the minimum acoustic level are determined.

The LDV estimated pressure is compared with reference pressure obtained from
a microphone located at the end of the tube. Results show a bias in the interval
[−0.36; 1.07] dB and a relative uncertainty in the pressure estimated by LDV of
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[0.013; 0.11] dB. Bias and uncertainty values remain small (minimum bias of0.006
dB and minimum relative uncertainty of0.013 dB) in some cases and show that it
is possible to estimate the pressure with two velocity measurement in a waveguide
excited with a plane wave. Large values of bias can be explained by errors that
can occur when calibrating either the microphone or the LDV probe. Uncertainties
observed experimentally show values broadly in agreement with the theoretical
approach using the Cramer-Rao Bounds. For example, an acoustic level of 90
dBSPL leads to theoretical relative uncertainties under0.06 dB and experimental
relative uncertainties between[0.03; 0.1] dB. As the acoustic level becomes higher,
theoretical uncertainties in the pressure estimated by LDVdiminish (level> 120
dBSPL, uncertainties< 0.015 dB).

The absolute calibration of microphones can be performed with LDV measure-
ments if the acoustic level is high enough, typically120 dBSPL. In these condi-
tions, experimental uncertainties are in the interval[0.013; 0.055] dB. This spread
of values can be explained mainly by the fact that the two velocity measurements
are not performed simultaneously and that the physical state of the system changes
over the measurement duration. The uncertainty in the pressure estimation could
therefore be lowered by using a system with two LDV probes measuring the two
velocities at the same time.
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