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Abstract

The details of a new approach for absolute calibration ofoplecones, based on the direct
measurement of acoustic particle velocity using Laser Dapygelocimetry (LDV), are
presented and discussed. The calibration technique iedasut inside a tube in which
plane waves propagate and closed by a rigid terminationnidtbod developed proposes
to estimate the acoustic pressure with two velocity measentés and a physical model.
Minimum theoretical uncertainties on the estimated pmessund minimum measurable
pressure are calculated from the Cramer Rao Bounds on timeagsti acoustic velocity
amplitude and phase. These uncertainties and the minimuasureble pressure help to
optimize the experimental set up. Acoustic pressure estmamperformed with LDV are
compared with acoustic pressures obtained with a referamcemphone. Measurements
lead to a minimum bias of 0.0G8 and a minimum uncertainty 6£013 dB on the acoustic
pressure estimation for frequencie®0 Hz and680 Hz.
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Notations
Acoustics

wavenumber
air density at rest
speed of sound at rest
acoustic frequency
acoustic angular frequency
t acoustic particle velocity
x) acoustic particle velocity amplitude
acoustic particle velocity phase
t acoustic pressure
x) complex acoustic pressure amplitude

) acoustic pressure amplitude
acoustic pressure phase
acoustic reflection coefficient in velocity
acoustic reflection coefficient amplitude
acoustic reflection coefficient phase
complex pressure amplitude at the rigid termination
e () reference pressure
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Optics

) interfringe separation

d, probe volume length

IF(x) complex amplitudd Fe/?’F of the instantaneous frequency of the Doppler signal
IF(x) amplitude of the instantaneous frequency of the Doppleradig

O;p phase of the instantaneous frequency of the Doppler signal

Geometry

T1 position of measuremert

To position of measurement

Ax =19 — 171

Signal processing



SNR Doppler Signal to Noise Ratio

CRB Cramer Rao Bounds for Doppler signal model
F Sampling frequency

General

z is a complex value

j=v-1

vp(z, 1) particle velocity

Vi mean flow velocity amplitude



1 Introduction

Measurement microphones are currently used for enclosgdrea field applica-
tions. The accurate estimation of the measured pressuet rleguires a precise
estimate of the microphone sensitivity. The sensitivity ba obtained in an abso-
lute or in a relative manner. The absolute measurement afestser microphone
sensitivity provides primary calibration in metrology tahtories around the world.
The relative calibration technique is used to estimate #émsigvity of typical mi-
crophones used in industrial or research applications.

For relative calibration, the sensitivity of the micropleas deduced from the sen-
sitivity of a reference microphone measuring the same presamplitude as the
microphone under test. In the case of absolute calibratiensensitivity of the mi-
crophone under test is estimated without using a referencepmhone. For both
methods the calibration can be performed on pressure aediéd microphones.
These two types of microphone are fundamentally similakeéier, pressure mi-
crophones are designed to measure sound pressure in a figdd thie sound pres-
sure has the same magnitude and phase throughout, where#glil microphones
are designed to measure sound pressure in a field where s@awad wropagate
freely without obstruction.

Absolute calibration can be performed by implementing #@procity technique
[1]. This technique is based on fine modelling of the physaftdcts involved in
the measurement process. With the reciprocity techniguee timicrophones (A,B
and C) are necessary. They are pair-wise coupled togethizr A&, BC) by air
(cavity for pressure microphone or free field for free fiel&draphone). One of the
two microphones under test emits sound while the seconesasa receiver. The
electrical transfer impedance is calculated as the ratib@feceiver output volt-
age and the transmitter input current. The physical modiiefransfer impedance
between the input voltage and the output current enable@nagin of the prod-
uct of the two sensitivities. Repeating the process endbkethree sensitivities to
be deduced. Absolute calibration techniques can be vieweal tgpe of relative
technique, the reference value being estimated by meanplofsical model.

The reciprocity technique is commonly applied in encloseltifio estimate the
sensitivity of a pressure microphone. This technique usasal cavity and a good
accuracy can be obtained in the sensitivity estimationicaly +0.05 dB. The
reciprocity calibration technique of microphones is appbby the International
Electrotechnical Comission (IEC) and detailed in [1]. Altlgh this method has
been standardized, different authors are interested neasog the measurement
accuracy of the technique [2,3] by developing more detaitledelling of the trans-
fer impedance.

Free field microphone absolute calibration using the recipy technique has been



studied by different authors [4,5] and has finally been stasided [6]. The abso-
lute calibration of microphones in free field differs fronetbalibration of pressure
microphones. In this case, the acoustic level produced demhitting microphone
is very low and the Signal to Noise Ratio (SNR) is small. Tleishinique also re-
guires that both microphones be considered as point solorcaed at some effec-
tive distance from the membrane (the acoustic centre). @hgtsvity measurement
needs to estimate the locations of these acoustic centres.

Free field calibration suffers from additional problemgshié microphone distance
is sufficiently short, a standing wave can appear betweetwihenembranes. The
imperfect performance of the anechoic chamber that is wsgbvide the free field
conditions can also generate reflections which can affedrémsfer impedance es-
timation: it is necessary to use specific signal processuogrtiques to clean up
the measured transfer impedance [4,5]. As a result of thed®gms, it would be
useful to be able to calibrate free field microphones usingintrusive techniques
which would avoid the use of a second microphone as a soumdesou

Optical methods such as Laser Doppler Velocimetry (LDV) artiele Image Ve-
locimetry (P1V) are non-intrusive measurement techniquieEh enable the mea-
surement of acoustic velocity. LDV has been used for meaglow amplitude ve-
locities since 1976 [7] while PIV has been used for measunigber levels [8,9].
LDV provides a local measurement with good time resolutidmievP1V provides

an estimate of the shape of a velocity field in a measuringdetaed by the optical
system. LDV is more precise than PIV, especially for meagulow velocity am-
plitudes, typically less thah mm/s. The main drawbacks of these two techniques
are the complexity of the optical system and signal proogssind the high cost of
experimental systems.

Different authors have proposed calibrating a pressureopione using LDV. The
microphone is located at the end of a tube attached to a lea#tepand a physical
model enables the deduction of the acoustic pressure frangke srelocity mea-
surement. Taylor [10] uses a spectral analysis of the Dogdmal delivered by
the LDV system. He shows that it is possible to calibrate aleaser microphone
with an accuracy of-0.03 dB when taking a large sample of measurements, result-
ing in a long measurement time. MacGillivrayal [11,12] use the same approach
to estimate the acoustic velocity with two methods, freqyeanalysis and Photon
Correlation Spectroscopy. They show that the uncertaimtyé pressure estima-
tion is +£0.1 dB when using spectral analysis anditif.2 dB when using Photon
Correlation Spectroscopy.

The issue of free field microphone calibration is clearlyhpeonatic. Both LDV
and PIV have been used for characterising the acoustic itielioca free field.
Different authors [13,14] show that the acoustic velocian e measured with



LDV. Gazengekt al.[15] show that LDV can measure the acoustic velocity profile
on the axis of a radiating loudspeaker. PIV has been used gyoDeet al [16] for
characterising the velocity field in the vicinity of the merabe 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 micrapte membrane measured
with PIV [16].

However, these studies only deal with the measurement ofssicovelocity and do
not propose to estimate the acoustic pressure. The cabib@Etmicrophones using
optical non-intrusive techniques such as LDV or PIV reqaitree construction of a
physical model of the acoustic field near the microphone nman# Fig. (1) shows
that a model with at least two dimensions should be develapedhlibrating a free
field microphone.

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

In the next section, the analytical model which yields amestion of the acoustic
pressure in the waveguide using two acoustic velocity nreasents is presented.
Moreover, the uncertainties in the pressure amplitude dadeare derived using
the theoretical minimum uncertainty in the LDV velocity nsegement.

In Section 3, the details of the experimental study are prtese First the experi-



mental system used for assessing the calibration methagsibed and then the
uncertainty analysis developed in Section 2 is applied ¢odigsign of the experi-
ment. Finally, experimental results are presented andisié=u.

2 Pressure estimation model

2.1 Pressure calculation

Consider an incident plane wave with acoustic particle cigfcamplitudel; and
wavenumbe¥: that experiences viscothermal losses [17] as it propadatesleft
to right along the x-axis in a waveguide having a reflectioafficient R = Re/*%
(see Fig. 2).

Zo

1171 Az L:EQ
Figure 2. Schematic view of the problem

The mass conservation law gives an expression relatingthestic pressurg(z, t)
and the acoustic particle velociiz, t)

Ip(z,1)
ot
where p is the air density at rest andis the speed of sound. In the case of a

harmonic plane wave of angular frequencpropagating along the axis, acoustic
pressure and particle velocity can be written as

= —pcidiv(v(z, 1)), 1)

vz, t) =V (x)e?e, = V(x)ed P @eite, (2
p(x,t) = P(x)e’t = P(x)e!Pr@ et (3)
whereV (z), P(z), ®,(z) and®,(z) are respectively the acoustic velocity ampli-

tude, acoustic pressure amplitude, phase of acousticityebyad phase of acoustic
pressure at abscissa



Using Egs. 1, 2 and 3,

.5 dV(x)
P(z) = —pc? . 4
JwP(x) = —pe =" (4)
Knowing that the acoustic velocity is written
Viz) =V, (e*jkm + Reﬂ”) : (5)
the spatial derivative of the velocity at abscisgas given by [18]
dv AV 1
(6)

whereAV =V (z,) — V(1) with 7, = 29 — Az /2 andxz, = 2 + Az /2 (see Fig.
2).
Using Egs. 4 and 6, the acoustic pressure at abseisisagiven by

_ AV

P(xg) = JPCW- (7)

2.2 Minimum uncertainty in the pressure estimation

2.2.1 General formulation

This section aims to determine the minimum uncertainty engressure modulus
and phase using the uncertainties in the acoustic veloaigsored by means of
LDV and the uncertainties in the physical quantities{ Ax).

The relative uncertamtg;f(i in the estimation of the amplitude pressure at
is obtained using the Eq 7 and is written

2 2 2 27 1/2
OAV N d(kAx) N de N dp ®)
AV 2|tan(kAz/2)| c p ’
whereAV = |AV], §p/p is the relative uncertainty in the densidy,/c = —dp/2p
is the relative uncertainty in the speed of sound, assunhiaigthe speed of sound

only depends on the densipyconsidered as an equivalent density as defined in
[19]. The uncertainty irkAz is defined by [19]

() + ()
- + JE—
2p Ax

5P(10)
P(zo)

1/2

§(kAz) = kAx 9)




In the same way, the uncertainty in the phase of the presaarbeobtained using
Eq. 7

00, = 0Py (20)
where® ,; is the phase oAAV.

2.2.2 Minimum uncertainty in the velocity difference

The determination of the minimum uncertainty in the acaystessure (Egs. 8 and
10) requires the calculation of the minimum uncertaintyhia velocity difference.
Using the notatior’; = V (z4), Vo = V(z3), &1 = ®,(x1) and®, = ®,(z5), the
relative uncertainty il\V' is

ZA‘Y 1 A;)Q [(6V2)? [Va = Vi cos(AD)[* + (6V4)* [Vi — V3 cos(AD)]?
+ [ViVasin(A®) [(50,)° + (58,)°]] ", 1)

whereAd = ¢, — &, anddVy, §V,, §®; andid, are respectively the uncertainties
in velocity amplitude and phase at abscissandxs.

The uncertainty in the phase of the velocity differedcg; is

5Dy = ﬁ (6V1)?V3 sin®(A®) + (6®1)* [V — ViV3 COS(A(I))F
911/2
+ (8V2) V2 sin®(AD) + (58,)° [V7 — Vi Vs cos(AD)] ] W)

The particle velocity, (x, t) measured by LDV at absciss&an be estimated using
[20] o

vp(x,t) = i.1F(z,t), (13)
where: is the interfringe separation of the LDV probe and

TF(z,t) = I[F(z). %17 @) vt (14)
is the complex instantaneous frequency defined by [21]

id@p(l‘,t)

TF(a.1) = 2r  dt

(15)
where®,(x,t) is the phase of the LDV probe signal, proportional to theiplart
displacement, (¢) in the probe volume&p(z,t) = % x,(t)). In the case of si-
nusoidal acoustic excitatiod F'(x, t) is estimated by specific signal processing (
Short Time Fourier Transform [22], Cross Wigner-Ville disution [23,24]). The
amplitude/ F'(z) and phase; () are estimated with a Least Mean Square Method




[25]. The uncertainties in the acoustic velocity amplitileand phas@, measured
by LDV are given by

5V 5i\>  [S6IF\’
7{ (7) (%) 1o

8P, =D 5, (17)

where is the relative uncertainty in the interfringe separatiogasurement and
‘”F is the relative uncertainty in the instantaneous frequameplitude estimation.
The minimum uncertainty in the instantaneous frequencwisgby the minimum
variance in the estimation of the acoustic paramelgts) and ¢, (x). This min-
imum variance, depending on the signal, is expressed by th@&-Rao Bounds
(CRB), estimated using a model of the Doppler signal [26]thBicase of harmonic
excitation at acoustic frequengyand for low mean flow velocity encountered in
an enclosed field (typicallg.5 to 2 mm/s due to thermal effects generated by the
loudspeaker), Le Dufét al [26] give the CRB for the acoustic velocity amplitude
V(z) and phas@, (x)

CRB(V) = 2\/% ﬁSNR‘/Q’ (18)

CRB(®,) = 2@ ﬁSNR, (19)
with

Ny = Q‘Qf (20)

P % (21)

a= %, (22)

whereV; is the mean flow velocityF is the sampling frequency and is the
length of the probe volume along theaxis [26].

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

1/2
0OAV

AV

2\/_Kzf
T AV

5\ (V2 = ViVhcos AD)? + (V7 — ViV cos AD)?
2AV2(2Kif)?

1

man

(23)

10



where

2 F
K =22 . 24
7 N,SNR (24)

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

kAz

AV =2V, |e~ikz0 _ Reioreikzo| (25)

sin

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

_ QV2Kif

5®A\7|min - AV

(26)

Egs. 23 and 26 show that the uncertainty in the velocity difiee (amplitude and
phase) is minimized foAV 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 amplitudieregion is found by sub-
stituting Eqgs. 23 and 25 into Eq. 8

(8 2 (V2 = ViVacos A®)? + (V2 — V1V cos AD)?
2AV2(2Kif)?

AV

]

(2\/§Kif

1/2) 2
1/2

S(kAz) \> 5 (dp\’
“(gtmtyr) <3 (%) ] ’ @)

2
with K givenin Eq. 24.
The uncertainty in the pressure phase is given by
0Py |min = 0P AT |min, (28)

whered® Ay | min iS givenin Eq. 26.

11



2.3 Minimum measurable pressure

The minimum acoustic pressure amplitude that can be esttneing this method
is given by Eq. (7)
A‘/min

per—"o
‘2 sin(552)

whereAV,,;, is the minimum measurable amplitude of the velocity diffee

P(20) i, = : (29)

3 Experimental study

3.1 Experimental system

The experimental study aims at determining the bias anddatdndeviation of
the pressure estimated using two velocity measurementgEqn(¥). For this, the
acoustic pressure is estimated inside a tube excited withidspeaker at one end
and closed by a rigid termination at the other end. The estidharessure is com-
pared with a reference pressure obtained by means of a rhimnedlush-mounted
at the end of the tube.

3.1.1 Acoustic system

The acoustic set-up consists of a square cross-section@uck 0.1 m?) made

of Perspex of thickness0 mm. The cut-off frequency associated with the first
transverse acoustic modelig20 Hz. The tube i$).5 m long. A loudspeaker (GUO
GUANG 450100) is mounted at one end of the waveguide and ther @nd is
closed by a rigid termination (see Fig. 3). The acousticquesis measured at the
rigid end of the tube by means oflgd2 inch microphone (B&K 4192) connected
to a preamplifier (B&K 2619) and a conditioning amplifier (B&609).

3.1.2 LDV system

The LDV apparatus used in this study is a dual beam systenatipgin the differ-
ential Doppler mode. Only one velocity component is meakufée 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 orderetcegough light in-
tensity the forward scattering configuration is used. Tiserdgower i20 mW at
the location of the probe volume. The focal distance of théterg optics is1000
mm. The angle between the two incident beams is set to &3oditg. The probe
volume lengthi, ~ 0.1mm and the interference pattern contains aloQffringes.

12



Figure 3. View of the acoustic system.

The emitting and receiving optics are supported by a travgystem which enables

to measure the velocity at different locations. The velosign is determined using

a Bragg cell introduced in the path of one of the incident bedrhe 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 g = 40 MHz. The seeding is SAFEX
Super Fog Fluid, injected inside the tube.

The optical signal is converted into an electrical signahtgans of a photomul-
tiplier (PM) using a 1200 V supply. The signal is convertetbitwo signals in
guadrature and analysed using the Phase Derivative BasieabEs [26] in order
to estimate the instantaneous frequency. The parameteh® @fcoustic velocity
(V, ®,) are calculated using a Least Mean Square Method [25] apfi¢he in-
stantaneous frequency defined in section 2.2.2.

The acquisition of Doppler signals was performed usihg= 1 MHz andF, =
500 kHz. The velocities measured at abscisgsandz, were estimated usint)
acquisitions, with each signal comprising of abbibursts. This enableld) values
of the acoustic parametels and ®, to be estimated. The mean of thesegives
the estimation of acoustic velocity and the standard dewiav, andog,. The

uncertainties are thefly, = %/0—110 andjg, = 2\(;%-

3.2 Experiment design

The aim of this section is to define an experimental configumathich minimizes
the uncertainty in the pressure estimation. By assumirtghleaermination is rigid
(R = —1), the minimum measurable pressure is calculated (see BgT8an,
in section 3.2.2, the uncertainties in the pressure estmnaith LDV and with
the reference microphone are studied. We use parameteysrégaced in the usual

13



experimental configuration as given in table 1.
op 01

p )

0.05% 01% 01mm 1gym 1MHz 15dB 5mm/s 0.1 mm

Table 1
Values of parameters corresponding to usual experimeatdiguration in enclosed field.

5L i F, SNR V; d,

Egs. 27 and 28, which give the uncertainty in the amplitudk@rase of the pres-
sure estimated with LDV, are made up of three terms and onerespectively. The
last term of Eq. 27 is a constant value describing the unogytan the air density
due to the seeding. The second term of Eq. 27 shows the effdw snicrophone
probe spacing (term ihAx). The first term of Eq. 27 shows the uncertainty in the
acoustic velocity estimation due to the LDV signal proceggterm ink’i f) and to
the interfringe measurement (termdf). Eg. 28 shows that the uncertainty in the
phase depends only on the signal processing (terfiiif). For R = —1, the un-
certainty in the velocity estimation is minimized usihg, = mn (m € N), which
means that the pressure is best estimated at one of its desindhis configuration
is used in the experiment. Assuming that the velocity is mesbat

A

T =g+ 7:6 and (30)
A

T2 =T — 736, (31)

Vi = =V, if Az is chosen correctly, which leads ¥§ = 1, andA¢ = «. These
assumptions enable the deduction of the uncertaintiesimplitude and phase
of the pressure estimated with LDV.

3.2.1 Minimum measurable pressure

Using the assumptio; = —V%, the minimum measurable amplitude of the veloc-
ity difference is writtenAV,,,;,,, = dV; + dVs. Using Eq. 16, Eq. 18 and Eq. 22,
AV, IS given by

,\ V2 ,\ V2
(0¢/1) N U0

2K f )2 2Kif )2
1%1 \ %}

AVipin = 2Kif | [ 1+

(32)

The minimum measurable pressure is given by Eq. (29) and téieefollowing

form
1/2

. .\ 2 Vi si Az 2
P = 2 e () (B22)] . e

T
2

14



Considering the acoustic field in a resonant tube and usengdhservation of mass
law P(zq) = 2pcVy| cos kx|, the minimum pressure is

2pcKif 1
i EAz :
| sin #57 | 1 _ (54)2

(2

Fig. 4 shows the minimum pressure amplitude that can be astthusing two LDV
measured velocities as a function of frequency for diffespacingsAz and using
parameters given in table 1.

~3 100
3 |
m i
S« _ Ar—25em |
; o Az =12.5 cm ﬂ
1
QL 80 il Ar =625 ¢cm ;
) 'I
5 ;
o o A
0 i
9_) ! \
Q- 607 /, ‘\\
e /, ..
3 50 . ~ e
g <f: ‘‘‘‘‘‘‘‘‘‘‘‘ -
= U S
S 4o . o
30 | ‘ |
0 500 1000 1500 2000
Frequencyiiz)

Figure 4. Minimum measurable pressure level with LDV as afiom of the acoustic fre-
quencyf for different probe spacingdx (— 25 cm, — - — 12.5 cm and—— 6.25 cm)

3.2.2 Uncertainty in the pressure estimation

LDV estimated pressure Eq. 30 and the conditiohz, = m combined with Eq.
25 lead to

kA
AV = 4V |sin 221 | (35)
Eq. 30, Eqg. 31 and the conditid:, = 7 combined with Eq. 5 lead to
ViVa = 2VZ |1 — cos kAx| . (36)

The total minimum relative uncertainty in the pressure augé estimation is

15



0P (o) - V2Kif ? . 5i 2V02|1—coskAx|
P(20) |yir <m> " <7> 2Kif)?
stkax) \2 5 (sp\° |
" (W%ﬂ)) (%) ] o@D

and the total minimum uncertainty in the pressure phasmastn is

V2Kif

i KAz
2Vp| sin =5

0Py | min = (38)

In order to minimize the uncertainties given in Egs. (37) é88), the probe spacing
Az should satisf)/“ﬁ—x = (2n+1)F (n € N), which corresponds tdz = (2n +
1)A/2, X being the acoustic wavelength. However this spacing carbhelarge for
low frequencies and such configurations can be unusableéhisameason, different
values ofAzx are used in the experiment. Egs. 37, 38 show that the unariai
minimized if the velocity amplitude is large. Excitationtbe tube at the resonance
frequency is therefore favourable. The uncertainties énpfessure amplitude and
the pressure phase, estimated with LDV, are shown in Figd3%aespectively for
an acoustic frequency 680 Hz and a spacing\z = 6.25 cm .

Microphone reference pressure  The reference pressure.(z) is obtained us-
ing the pressuré’, measured by a microphone mounted flush at the end of the
tube

Pref(z) = P, cos (kx). (39)
The relative uncertainty in the reference pressure angadiaizx, is given by
5Pos(ze) | [P\ 2
ref\ L0 e 2
—_—— = + (6(kxo) tan kx , 40
ey = () ot i } o
with
1/2
OP,

: (41)

<ML>2 (&4)2 <&g>2
+ + | =
P, U. U. Uy
wheredU, /U. is the relative uncertainty due to the microphone calibyaitg, is
the uncertainty in the measured voltage of the referenceoptione due to varia-
tion of the air density during the measurement durationdndis the uncertainty
in the calibration voltages(; = U,.s/3 with U,., the resolution of the sinusoidal
voltage signal). The relative uncertainty,.(zo)/Pr.r(zo) equalsi P,/ P, using
the conditiorkzy = 7.

16



Considering that the excitation frequency is a resonanuiacy of the tube6g0
Hz), we choose values dfz which minimize the uncertainty in the pressure am-
plitude for an acoustic level ¢f0 dBgp;, (See table 2).

5

4.5 1:“‘ —— SNR=5dB |
= 4 --- SNR=10dB
a8 SNR=150B
5 g SNR=20dB
Q
>~ 25"

8
Q,
[‘O 1.5,

1,

0.5+

910 50 60 70 80 90 100 110 120
Acoustic level {IBspr,)

Figure 5. Uncertainty in the pressure amplitude estimatitd WDV as a function of the
acoustic level for an acoustic frequency €0 Hz and a spacing\z = 6.25 cm (—

SNR=5dB, —— SNR=10dB, — - — SNR= 15 dB and- - - SNR= 20 dB).
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Figure 6. Uncertainty in the pressure phase estimated vidihas a function of the acoustic
level for an acoustic frequency 680 Hz and a spacind\z = 6.25 cm (— SNR= 5 dB,
—— SNR=10dB,— - — SNR=15dB and- - - SNR= 5 dB).

For frequencyf = 680 Hz and a probe spacinyxz = 6.25 cm, Fig. 5 and Fig. 6
show the uncertainty in the pressure amplitude and phaseat&tn as a function
of the acoustic level measured at the rigid end of the tubdiffarent Doppler Sig-
nal to Noise Ratio. These figures show that for a SNRsaiB, which is commonly
encountered in LDV measurement, the minimum relative uacsy in the pres-
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sure amplitude is less than06 dB if the acoustic level is greater thaf dBgpy,.
The minimum uncertainty in the pressure phase is lessXiéategrees if the acous-
tic level is greater thaA0 dBgp;,. These uncertainties are mainly due to the signal
processing (first term in Eq. 37) especially when the acolesiel is low Q0 dBgpy,

: 3.5.107* dB and49 dBspry, : 3.52 dB for a SNR= 15 dB). The uncertainty asso-
ciated with the second term of Eqg. 37 does not depend on thesacdevel and is
about2.10~° dB.

3.3 Results

Experimental results have been obtained using the condigioven in Table 2.
In this experiment, the reference microphone was caliraging a B&K 4231
calibrator with accuracy-0.2 dBgpy,.

f(Hz) | zo(kxo = m) (cm) | Level (dBgp1,) Az(cm)
680 25 90 120 6.25(1) | 12.5¢9) | 253)
1360 125 90| 120 | 3.125( | 6.255) | 12.5¢
Table 2

Values of parameters used for making the experiment in sadlfield.

Initially, the velocity pattern in the tube was measured at 680 Hz and at an
acoustic level ofi20 dB using LDV and compared with the velocity

_ sinkzx -
‘/ref(x> =7 Pe (42)
pc

estimated using pressuf@ measured at the end of the tube. Fig. 7 shows that
LDV provides an estimate of the velocity pattern which is @od agreement with
the reference velocity. However, a biaslof mm/s @.6 % corresponding t0.22
dBspr,) can be seen between the two curves.

Secondly, the pressureat = \/2 was estimated with LDV and compared with the
reference pressure as shown in Fig. 8. For these experintieatacoustic velocity
was measured using a single LDV probe, moving between thente@surement
pointsz; andx, with the traverse system (section 3.1.2). The measuremast w
repeated 0 times after the seeding was introduced into the tube. Indbigigu-
ration, the acoustic pressure amplitude changes duringberiment because the
air density varies with the seeding density. These vanatgerve to maximise the
uncertainties in the reference and estimated pressuret® diie finite time for the
displacement of the traverse system between the two measnte. These uncer-
tainties would be smaller with two simultaneous LDV measwgsts.

The observed bias values (mean of the difference betweererefe and estimated
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Figure 7. Velocity profile in the tube for an acoustic levell@f dBgpr, and an acoustic
frequency o680 Hz.
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Figure 8. Amplitude of the ratio between the pressure estichaith LDV and the reference
pressure as a function of the reference pressure for thexeliff spacingaz shown in Table
2. Horizontal bars give information on the absolute undetyan the reference pressure and
the vertical bars give information on the relative uncetiaiin the pressure estimated by
LDV. (a): acoustic level arounflo dBspr,, (b): acoustic level arount20 dBgpr..
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pressure) are in the intervg0.36; 1.07] dB with an absolute minimum af.006
dB.The largest biases could be due to large uncertaintieeieshmated pressure
but for both cases9@.7 and 120 dB ), the different results show a low variance.
For this reason, we explain the largest biases by the errademwhen calibrating
the reference microphone at the end of the tube. Results iHative uncertainties

in the reference pressure of around dB. The relative estimated pressure uncer-
tainties are in the interval.15; 1.27] % corresponding t¢0.013; 0.11] dB for the
acoustic level betweef0; 124] dBgpr,. Concerning the estimated phase, the uncer-
tainties are in the interval.34; 1.77] deg.

Results show a relatively good correlation between expartal uncertainties on
the estimated pressure (amplitude, phase) and theoreticartainties obtained
with the CRB. CRB give, for all the configurations testedat®ke uncertainties on
the amplitude of unded.06 dB for an acoustic level greater than ab60tdBgp;,.

For the phase, theoretical uncertainties are urderdeg for an acoustic level
greater thard0 dBgp;,. Even if uncertainties obtained in the pressure estimated
with LDV (amplitude [0.013;0.11] dB and phasg0.34;1.77] deg) reach higher
values for the amplitude than the theoretical uncertasntiee experimental and
theoretical ranges are of the same order of magnitude.

4 Conclusion

This work deals with the estimation of acoustic pressuraegisicoustic velocity

measured with LDV. A physical model of plane wave propagatina waveguide

is developed to calculate the pressure from two velocitysneaments. This model
is based on the mass conservation law. It can be seen as tlkialequof the model

used for acoustic intensity measurement in the case of a 4jpagation model.

The theoretical minimum uncertainty in the LDV measuredg#y given by the
Cramer Rao Bounds is used in order to deduce the uncertaititgipressure am-
plitude and phase. Moreover, this provides knowledge ofrimemum measurable
pressure level which is abo@i® dBsp;, for usual conditions encountered inside a
waveguide (with small mean flow velocity).

The estimation technique is assessed experimentally agurge excited by a loud-
speaker. The uncertainty analysis is incorporated intalésggn of the experiment.
To define the maximum admissible uncertainty, the optimaitfm for estimat-
ing the pressure, the optimal spacing between the two \glowasurements, the
optimal frequency and the minimum acoustic level are datesth

The LDV estimated pressure is compared with reference pressbtained from
a microphone located at the end of the tube. Results showsairbithe interval
[—0.36; 1.07] dB and a relative uncertainty in the pressure estimated by LDV o
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[0.013;0.11] dB. Bias and uncertainty values remain small (minimum bia @f6
dB and minimum relative uncertainty 6f013 dB) in some cases and show that it
is possible to estimate the pressure with two velocity mesmsant in a waveguide
excited with a plane wave. Large values of bias can be exglaby errors that
can occur when calibrating either the microphone or the Ldbp. Uncertainties
observed experimentally show values broadly in agreemétht the theoretical
approach using the Cramer-Rao Bounds. For example, antactewel of 90
dBspy, leads to theoretical relative uncertainties und@6 dB and experimental
relative uncertainties betwedén03; 0.1] dB. As the acoustic level becomes higher,
theoretical uncertainties in the pressure estimated by dibMnish (level> 120
dBspr,, Uncertainties< 0.015 dB).

The absolute calibration of microphones can be performed WDV measure-
ments if the acoustic level is high enough, typicalB) dBgpy,. In these condi-
tions, experimental uncertainties are in the intef0al13; 0.055] dB. This spread
of values can be explained mainly by the fact that the twoacrBloneasurements
are not performed simultaneously and that the physicad stiathe system changes
over the measurement duration. The uncertainty in the pressstimation could
therefore be lowered by using a system with two LDV probessueag the two
velocities at the same time.
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