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Abstract

Unlike the pressure sensor (p-sensor), the sensitivity of the parti-
cle velocity sensor (u-sensor) of a pressure-velocity (p-u) sound
intensity probe is rather difficult to obtain because the standard
reference particle velocity sensor is not available. Usually the
sensitivity of the u-sensor is obtained by exposing the probe to
a sound field where the acoustic impedance has a closed-form
solution. This paper develops a nearfield acoustic holography
(NAH)-based method to measure the sensitivity of the u-sensor,
in which the acoustic impedance is reconstructed from the mea-
sured pressure and particle velocity, and therefore the proposed
method is still applicable when the acoustic impedance does
not have a closed-form solution. The feasibility of the proposed
method was examined through two experiments with two sound
sources: a dodecahedron source and a loudspeaker. The results
show that the sensitivity obtained by using the proposed method
agrees well with that given in the calibration report provided by
the manufacturer.

1. Introduction

The pressure-velocity (p-u) sound intensity probe which is com-
posed of a Microflown (u-sensor) and a miniature pressure mi-
crophone (p-sensor) has been available for some years [1]. The
potential applications of such a probe include the measurement
of sound intensity, sound power, transmission loss, absorption
coefficient, etc. [2, 3]. When using this probe, the sensitivities
of the p-sensor and u-sensor play a very important role. For the
p-sensor, it is very easy to obtain its sensitivity by comparing it
with a standard reference pressure sensor. However, it is not easy
to obtain the sensitivity of the u-sensor because there is not any
standard reference particle velocity sensor available. Currently,
the solution for obtaining the sensitivity of the u-sensor is to cre-
ate an environment where the relation between the particle ve-
locity and the pressure, i.e., the acoustic impedance, is known
[4]. So the key point is how to get a sound field with the acoustic
impedance known a priori. To achieve this purpose, some fa-
cilities or sound sources have been designed specially, such as
a standing wave tube [5], a very long acoustic wave guide in-
stalled under the ground [6], a rigid plastic sphere with a loud-
speaker mounted inside it and with a small hole in front of the
loudspeaker (deemed to be a monopole on a sphere) [7], a big
wooden baffle with a small hole and with a small loudspeaker
behind the baffle (deemed to be a monopole on an infinite plane
baffle) [7]. In such sound fields, the acoustic impedance has a
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closed-form solution related with the design parameters of the
facilities or sound sources.

This paper develops an alternative method to measure the sen-
sitivity of the u-sensor by acquiring the acoustic impedance from
the measured pressure and particle velocity. Thus the sound field
where the acoustic impedance does not have a closed-form so-
lution can also be used to help measure the sensitivity of the
u-sensor. In this method, nearfield acoustic holography (NAH)
is used to reconstruct the acoustic impedance because NAH has
the ability of reconstructing the pressure as well as the parti-
cle velocity. In theory, all the NAH methods can be used to
reconstruct the acoustic impedance, such as the spatial Fourier
transform method [8], the inverse boundary element method [9],
the statistically optimized NAH (SONAH) [10], the Helmholtz
equation least-squares method (HELS) [11], and the equivalent
source method (ESM) [12, 13, 14, 15, 16]. However, in practice,
the NAHmethod that can be directly applied to a patch case (i.e.,
the measurement surface is small and the sound field does not
drop to a sufficiently low value near the edges of the measure-
ment surface) is more attractive because the measurement sur-
face should be as small as possible to reduce the workload. The
ESM, SONAH and HELS are such natural patch NAH methods,
and in this paper the NAH based on the ESM is adopted. Al-
though both the pressure and the particle velocity can be used
as the input of NAH, the particle velocity is recommended here
because it has been demonstrated in some previous papers that it
is advantageous to use the particle velocity rather than the pres-
sure as the input [17, 18, 19]. The theory of NAH based on the
ESM and measurements of particle velocity is briefly reviewed
in Section 2.1: See [18] for more detail. And in Section 2.2, the
theory of the NAH-based method for measuring the sensitivity of
a p-u probe is described. Finally, the proposed method is experi-
mentally examined by using two sound sources: a dodecahedron
source and a loudspeaker.

2. Outline of the theory

2.1. NAH based on the ESM and measurements of parti-
cle velocity

The main idea of the ESM is to approximate the sound field ra-
diated by a vibrating structure by using the superposition of a set
of simple sources placed in the interior of the structure. Given
that there are M measurement points and N equivalent simple
sources, the normal particle velocity vector, U nh, at these mea-
surement points can be represented in matrix form as

U nh = GhuQ, (1)

where Q = [q(ro1), q(ro2), . . . , q(roN )]T is the column vector of
equivalent source strengths q(ron), the superscript T represents
the matrix transpose, ron is the location vector of the nth equiv-
alent source, and Ghu is the transfer matrix relating the particle
velocity on the measurement surface to the equivalent sources,

Ghu m,n
=

∂g(rhm, ron)
∂nh

,

g(rhm, ron) = − e ikr

4πr
, r = rhm − ron , (2)

where rhm is the location vector of the mth measurement point, g
is the free space Green’s function with the e−iωt sign convention,
and nh is the outward normal of the measurement surface. The
unknown source strength vector Q can be obtained as

Q = G+
huU nh, (3)
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whereG+
hu is the pseudo inverse matrix ofGhu. Then the pressure

at a field point r can be reconstructed as

p(r) = iρωGpQ, (4)

where ρ is the density of the medium, ω is the angular frequency,
and Gp is the transfer matrix relating the pressure at the point r
to the equivalent sources,

Gp n
= g(r, ron). (5)

2.2. Sensitivity measurement by using a NAH-based
method

With knowledge of the sensitivity of the reference pressure sen-
sor, the sensitivity of the p-sensor, Sp, can be directly determined
by

Sp =
pout
pref

Sref , (6)

where pout and pref are the outputs of the p-sensor and the refer-
ence pressure sensor, respectively, and Sref is the sensitivity of
the reference pressure sensor.

The sensitivity of the u-sensor is much more difficult to be ob-
tained than the p-sensor because no reference particle velocity
sensor exists [2]. However, the output of the u-sensor can be re-
lated to the output of the reference pressure sensor through the
acoustic impedance at the measurement point, i.e.,

Z =
pref/Sref

uout/Su

, (7)

where uout and Su are the output and the sensitivity of the u-
sensor, respectively.

Then the sensitivity of the u-sensor can be determined by

Su =
uout
pref

Z Sref . (8)

If the p-u probe is exposed to a special sound field where the
acoustic impedance has a closed-form solution, using Equation
(8) can easily calculate the sensitivity of the u-sensor. But in an
ordinary sound field, the acoustic impedance needs to be esti-
mated. When using NAH to estimate the acoustic impedance, the
calculation procedure for getting the sensitivity of the u-sensor
can be described as follows:

1. The first step is to measure the sound pressure (denoted by a
column vector P out) and the normal particle velocity (denoted
by a column vector U out) on a plane near the sound source by
a p-u probe under test. The measurement is done by scanning
from one measurement point to another.

2. Using U out, which is the output of the u-sensor without cal-
ibration, as the input of NAH, the sound pressure at each
measurement point can be reconstructed by using the NAH
method described in Section 2.1. And the reconstructed sound
pressures at all the measurement points are to be denoted by a
column vector P r . Note that P r is also an uncalibrated quan-
tity.

3. The acoustic impedance at these measurement points can be
calculated as

Zm = P r m
U out m

, m = 1, 2, . . . ,M, (9)

where Zm is the acoustic impedance at the mth measurement
point.

Substituting Equation (9) to Equation (8), and using Equation
(6), the sensitivity of the u-sensor, Sm

u , at the mth measurement
point can be obtained as

Sm
u =

U out m

pmref
Zm Sref =

P r m

P out m

Sp, (10)

where pmref is the output of the reference microphone at the mth
measurement point.

Equation (10) is the final formulation to calculate the sensitiv-
ity of the u-sensor. It can be found that the acoustic impedance
just plays a role of intermediate quantity, which does not need to
be reconstructed explicitly. In fact, as shown in Equation (10),
the NAH-based method can also be interpreted in another point
of view: the sensitivity of the u-sensor is obtained by matching
the reconstructed-and-calibrated pressure, [P r]m/Sm

u , with the
measured-and-calibrated pressure, [P out]m/Sp.

The final sensitivity of the u-sensor is defined as the average
of the sensitivities at all the measurement points, i.e.,

Su =
1
M

M

m=1

Sm
u . (11)

3. Experiments

Two experiments were carried out to examine the feasibility of
measuring the sensitivity of the u-sensor of a p-u probe produced
by Microflown Technologies by NAH-based method. For each
p-u probe, a corresponding calibration report is attached to sup-
ply the sensitivities of p- and u-sensors. The sensitivity of the
u-sensor given in the report was obtained by using a special
loudspeaker, consisting of a hard plastic sphere in which a loud-
speaker is placed. This specially designed spherical source can
be modeled as a sphere with a moving piston, which generates
a known sound field. The calibration procedure is described de-
tailedly in [4]. The sensitivities of the p-sensor and u-sensor in
the calibration report were given by

Sap = Sap@1kHz
1 + f2/f2

c3p

1 + f2
c1p/f

2 1 + f2
c2p/f

2
, (12a)

ϕp = arctan
C1p

f
+ arctan

C2p

f
+ arctan

f

C3p
, (12b)

Sau = Sau@250Hz 1 + f2
c1u/f

2 1 + f2/f2
c2u

· 1 + f2/f2
c3u 1 + f2

c4u/f
2

−1
, (13a)

ϕu = arctan
C1u

f
− arctan

f

C2u

− arctan
f

C3u
+ arctan

C4u

f
, (13b)

whereSap andϕp are the amplitude and phase of the sensitivity of
the p-sensor, respectively,Sau andϕu are the amplitude and phase
of the sensitivity of the u-sensor, respectively.Sap@1kHz is equal
to 49.2mV/Pa, and Sap@250Hz is equal to 68.44V/(m/s). The
corner frequencies required in Equations (12) and (13) are given
in Tables I and II, respectively.

Since we could not get the same reference microphone as the
one used in the calibration report, the sensitivity of the p-sensor
(Equation 12) was directly used in both experiments. And the
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Figure 1. The measurement scenes: the first experiment (a) and the second experiment (b).

Table I. Corner frequencies (in Hz) required in Equation (12).

fc1p fc2p fc3p C1p C2p C3p

13 26 6892 13 24 21191

Table II. Corner frequencies (in Hz) required in Equation (13).

fc1u fc2u fc3u fc4u C1u C2u C3u C4u

56 823 7127 60 13 951 14430 60

sensitivity of the u-sensor (Equation 13) would serve as the ref-
erence for comparison. To obtain raw measured signals, the sen-
sitivities of the p-sensor and the u-sensor were set to be equal to
1mV/Pa and 1V/m/s, respectively, in the acquisition software.

A dodecahedron source (OS002, shown in Figure 1a, pro-
duced by BSWA) was used in the first experiment. The diam-
eter of the dodecahedron was 0.3m. The center of the dodeca-
hedron was set as the origin of the Cartesian coordinate system.
The measurement plane was located at z = 0.266m with the size
of 0.7m × 0.7m. The measurement interval was 0.05m in both
the x axis and y axis. The signal synthesized by using a series of
sinusoidal signals with the frequency range from 200 to 3000Hz
and the frequency interval of 50Hz was used to drive the sound
source.

In the second experiment, a loudspeaker shown in Figure 1b
was used. The size of the loudspeaker was 0.60m × 0.15m ×
0.14m. The origin of the Cartesian coordinate system was as-
sumed to locate at the center of the upper surface of the loud-
speaker. The measurement plane was located at z = 0.135mwith

the size of 0.8m × 0.5m. The other parameters were the same as
in the first experiment.

Figure 2 shows the sensitivities of the u-sensor corresponding
to each frequency obtained in the two experiments. It can be seen
that the results of both experiments agree well with the reference
obtained by Equation (13). In Figure 2a, the absolute error of
the amplitude (obtained by subtracting the result of NAH-based
method from the reference) in the first experiment ranges from
−0.89 dB to 0.27 dB and in the second experiment ranges from
−1.0 dB to 0.66 dB. And in Figure 2b, the absolute error of the
phase ranges from−6.2◦ to 4.59◦ in the first experiment and from
−7.04◦ to 11.84◦ in the second experiment. The results shown in
Figure 2 indicate the feasibility of the proposed method.

4. Conclusions

A NAH-based method was proposed to measure the sensitivity
of the u-sensor of a p-u sound intensity probe. Different from
the previous method that requires the acoustic impedance in the
sound field have a closed-form solution, this method reconstructs
the acoustic impedance from the measured pressure and parti-
cle velocity by using NAH, and therefore the sound field where
the acoustic impedance does not have a closed-form solution can
also be used to help obtain the sensitivity of the u-sensor. But
the proposed method inherits the limitations of NAH at the same
time, such as the frequency band is limited and more time is
needed to measure the sound field.

Two sound sources, a dodecahedron source and a loudspeaker,
were used to examine the feasibility of the proposed method. The
experimental results show that the sensitivity obtained by using
the proposed method agrees well with that given in the calibra-
tion report provided by the manufacturer.
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Figure 2. Amplitude (a) and phase (b) of the sensitivities of the
u-sensor obtained by using the NAH-based method versus fre-
quency.
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