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Calibration of acoustic particle velocity sensors is still difficult due to the lack of standardized
sensors to compare with. Recently it is shown by Jacobsen and Jaud �J. Acoust. Soc. Am. 120,
830–837 �2006�� that it is possible to calibrate a sound pressure and particle velocity sensor in free
field conditions at higher frequencies. This is done by using the known acoustic impedance at a
certain distance of a spherical loudspeaker. When the sound pressure is measured with a calibrated
reference microphone, the particle velocity can be calculated from the known impedance and the
measured pressure. At lower frequencies, this approach gives unreliable results. The method is now
extended to lower frequencies by measuring the acoustic pressure inside the spherical source. At
lower frequencies, the sound pressure inside the sphere is proportional to the movement of the
loudspeaker membrane. If the movement is known, the particle velocity in front of the loudspeaker
can be derived. This low frequency approach is combined with the high frequency approach giving
a full bandwidth calibration procedure which can be used in free field conditions using a single
calibration setup. The calibration results are compared with results obtained with a standing wave
tube. © 2010 Acoustical Society of America. �DOI: 10.1121/1.3268608�
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I. INTRODUCTION

For several years direct measurement of the acoustic
particle velocity in air is possible by a particle velocity trans-
ducer called the Microflown.1,2 In combination with a small
pressure microphone, a very compact pressure-velocity
sound probe is available which can be used for direct mea-
surement of impedance,3 sound intensity,4 or sound energy.5,6

To make proper measurements, one has to know how the
output voltage of the sensor relates to the value of the acous-
tic particle velocity at the measurement location. Also the
phase between pressure and velocity sensor has to be accu-
rately known, especially for intensity measurements. Until
recently, the calibration of this pressure-velocity probe for
the full acoustic bandwidth was quite cumbersome. No ref-
erence particle velocity sensor exists, so it is not possible to
calibrate a particle velocity sensor by comparing it with a
standard reference sensor as is done with microphones. The
solution is to create an environment where the acoustic im-
pedance is known. The calibration technique used so far was
based on a standing wave tube,7,8 which could only be used
for low frequencies. Recently a high frequency approach was
introduced by Jacobsen and Jaud based on a spherical
source.9 Although best calibration results were achieved in
an anechoic room of good quality, acceptable results were
obtained in an ordinary room, which makes this approach
very attractive for a standard calibration procedure. How-
ever, for low frequencies the approach described by Jacobsen
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and Jaud gives unreliable results. Therefore, the method is
extended to lower frequencies. In the current paper, a full
bandwidth calibration technique for the pressure-velocity
sound probe is described. The technique is composed of two
parts: one for the lower frequency range and one for the
higher frequencies. The results of both calibration steps are
combined in the final step. The complete procedure can be
performed with a single calibration setup. First, some back-
ground of the high and low frequency calibration steps will
be given.

II. HIGH FREQUENCY CALIBRATION

For the calibration of a pressure-velocity probe, a special
loudspeaker is designed that has a known acoustic
impedance,9 see Fig. 1. The pressure velocity probe and a
reference pressure microphone with a known sensitivity �in
the present case a G.R.A.S. 40AC with G.R.A.S. 26AF pre-
amplifier is used� will be positioned at certain distance in
front of the speaker. The microphone and the pressure-
velocity probe are positioned at nearly the same position, see
Fig. 1. With the pressure measured with the reference micro-
phone and the known normalized impedance at the measure-
ment location, the pressure-velocity probe can be character-
ized.

The loudspeaker consists of a hard plastic sphere in
which a loudspeaker is placed. This spherical loudspeaker
can be modeled as a sphere with radius a and a moving
piston with radius b. The relation between sound pressure
and particle velocity �the acoustic impedance� on the axis of

10
the piston is given by
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Zsphere�r� = − j�c
�m=0

�
�Pm−1�cos �� − Pm+1�cos ���

hm�kr�
hm� �ka�

�m=0

�
�Pm−1�cos �� − Pm+1�cos ���

hm� �kr�
hm� �ka�

,

�1�

where r is the distance from the centre of the sphere, �
=arcsin�b /a�, a is the radius of the sphere, b is the radius of
the loudspeaker, Pm is the Legendre function of the order m,
hm is the spherical Hankel function of the second kind and
order m, hm� is its derivative, � is the density of the air, and c
is the speed of sound in air. The calibration results are nor-
malized with the specific impedance �c. The sensitivity of
the particle velocity sensor will therefore be given in
mV /Pa*, where 1 Pa* corresponds to 1 Pa /�c�2.4 mm /s.
The specific impedance depends on environmental condi-
tions, such as temperature, atmospheric pressure, and relative
humidity.

Although the �normalized� impedance on the axis of the
spherical source is described by the complex expression �1�,
the resulting impedance is quite similar to the acoustic im-
pedance at a certain distance r of a monopole source, given
by

Z�r� = �c
jkr

1 + jkr
. �2�

The ratio of the impedance of the piston �diameter piston
6.5 cm� in a sphere �diameter 20.5 cm�, described by Eq. �1�
and the acoustic impedance of a monopole source �Eq. �2��,
is given in Fig. 2 for varying distance from the front of the
sphere. As can be expected, the difference between both im-
pedance descriptions is largest at a short distance from the
source and for low frequencies.

For the calibration procedure in the current paper, the
standard pressure-velocity probe is used. This probe has a
0.5 in. packaging for protection and increases the sensitivity
of the particle velocity sensor. However, this packaging
means that the PU probe can be used under 10 kHz. Above
these frequencies, the packaging has too much influence on

FIG. 1. �Color online� Measurement setup for the piston in a sphere for high
frequency calibration.
the measured sound field.

J. Acoust. Soc. Am., Vol. 127, No. 1, January 2010 T. G. H. Basten an
III. LOW FREQUENCY CALIBRATION

At lower frequencies, the calibration procedure de-
scribed in Sec. II has some drawbacks. In an ordinary room,
at lower frequencies the background noise has higher pres-
sure levels than the noise that is generated by the source.
This is shown in Fig. 3 where some measurement results are
given. The output of the microphone with the source on and
the output when the source is switched off are given in the
upper figure �all measurements are done with a Siglab 20–42
signal analyzer with a frequency resolution of 1.5625 Hz�.
As can be seen, the background noise is dominant for fre-
quencies below 50 Hz. For the particle velocity, this effect is
not observed, see the lower figure. There, the difference be-
tween background noise and the emitted signal from the
loudspeaker is much higher. The main reason for this obser-
vation is that in the near field of a sound source the ratio
between particle velocity and pressure increases. For a
monopole this can be easily observed by applying Eq. �2�. So

FIG. 2. �Color online� The ratio between the impedance at a certain distance
in front of a piston in a sphere and the impedance in front of a monopole
�diameter piston 6.5 cm, diameter sphere 20.5 cm�. The distance from the
front of the sphere is increased from 15 to 75 cm in steps of 10 cm. The dB
scale in the upper figure is defined by 20 log �amplitude ratio�.

FIG. 3. �Color online� Pressure and velocity signals just in front of the
moving piston with source switched on and off. At low frequencies, the
microphone signal is clearly more affected by background noise than the

particle velocity signal.
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for low frequencies, when the probe is in the near field of the
source, the ratio between particle velocity and acoustic pres-
sure is significant. For the background noise, for which the
probe is in the far field, the ratio between pressure and par-
ticle velocity is similar as for high frequencies.

Therefore, in an anechoic room with low background
noise, the method described in Sec. II will work down to
50 Hz.9 In an ordinary room, the background noise is higher
and the method starts to work properly from 100 to 200 Hz.
The sound pressure microphone, however, can be calibrated
in the frequency range 20–10 kHz, because its calibration is
based on the comparison with the output of the reference
microphone which is at the same position. Both sensors are
omnidirectional and it is of no consequence if the output is
caused by background noise or by the spherical loudspeaker.
For the particle velocity sensor, this does not hold because its
calibration is based on the known impedance due to the loud-
speaker. When the background noise becomes dominant, Eq.
�1� cannot be applied anymore. Therefore, depending on the
amount of background noise, the velocity sensor can be cali-
brated in the frequency range from several hundreds of Hertz
to about 10 kHz. For the low frequencies, a different ap-
proach will be followed, see Fig. 4.

Now the reference microphone is put into a hole in the
sphere and tightened with rubber rings. The reference micro-
phone measures the interior pressure variations in the sphere
and the relation between the interior pressure and the particle
velocity at a distance in front of the sphere will be used for
calibration. The advantage is that the pressure inside the
sphere is sufficiently high down to lower frequencies and
there is a simple relation between the interior pressure and
the particle velocity at the probe position. For low frequen-
cies �well below the first internal acoustic resonance of the
sphere�, the frequency response between the interior pressure
and velocity of the membrane of the loudspeaker is inversely
proportional to the frequency. Due to the continuity condi-
tion, the particle velocity just in front of the membrane is
similar to the velocity of the membrane itself. Therefore, the
relation between the sound pressure in the sphere and the

FIG. 4. �Color online� Measurement setup for the low frequency calibration.
The pressure microphone is now put inside the spherical loudspeaker.
particle velocity un just in front of the membrane is given by
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un = −
j�V0

�A0p0
pref. �3�

where � is the angular frequency, V0 is the interior volume
of the sphere, A0 is the surface area of the moving piston, p0

is the ambient pressure, and � is the ratio of specific heats
�1.4 for normal air�. It is assumed that the compression and
rarefaction of the air in the sphere is an adiabatic process.

To verify that this relation is valid, a simple experiment
is performed, see Fig. 5. Here the transfer function between
the sound pressure in the sphere and the displacement of the
membrane is given. The displacement is measured by inte-
grating twice the output of an accelerometer, which for this
measurement is glued on the membrane of the loudspeaker.
According to Eq. �3�, the transfer function between pressure
and displacement is frequency independent. In Fig. 5, it is
clear that this independency is found from 10 Hz up to about
300 Hz. In this figure also the theoretical model is given,
where it is assumed that the internal volume of the sphere is
2.8�10−3 m3 �corresponding to 17.5 cm internal diameter�
and that the surface area is 3.3�10−3 m2 �corresponding to a
piston with diameter of 6.5 cm�.

For higher frequencies, the method fails because of in-
ternal acoustic modes in the sphere. If the wavelength is
smaller than the dimensions of the sphere, the sound pressure
is not uniform in the sphere and the simple relation given by
Eq. �3� is not valid anymore.

Because the characteristics of an acoustic field around a
sphere with a moving piston are known, also the particle
velocity at a certain distance in front of the moving piston
can be derived when the particle velocity just in front of the
piston is known. Therefore, the particle velocity at the mea-
surement position can be related to the interior pressure of
the sphere.

The relation between the particle velocity just in front of
the piston, which equals the normal velocity of this piston
�un� and the particle velocity at a distance r from the centre

10

FIG. 5. �Color online� Transfer function between pressure in the sphere and
the displacement of the membrane. The displacement is calculated by
�un /��.
of the sphere, is given by
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u�r� = −
un

2 �
m=0

�

�Pm−1�cos �� − Pm+1�cos ���
hm� �kr�
hm� �ka�

. �4�

The ratio of the surface velocity of the loudspeaker �un� to
the particle velocity u�r� measured from 1–16 cm in front of
a piston �6.5 cm� in a sphere �20.5 cm� calculated with Eq.
�4� is given in Fig. 6. It is clear that for lower frequencies
��200 Hz�, the amplitude is almost independent of the fre-
quency and the phase difference is almost zero. This means
that the phase difference between the reference pressure mi-
crophone in the sphere and the particle velocity sensor has to
be 90° �see Eq. �3��. This fact can be used for calibration.

As a check for this behavior, a measurement is per-
formed. The transfer function is measured between the par-
ticle velocity 1 cm in front of the piston and the particle
velocity at 14 cm, see Fig. 7. As can be clearly seen, the
phase difference at low frequencies ��200 Hz� is almost

FIG. 6. �Color online� Transfer function between particle velocities at sev-
eral distances from the moving piston and the particle velocity just in front
of the piston as given by Eq. �4�. The diameter of the sphere is 20.5 cm and
the piston diameter is 6.5 cm. The dB scale in the upper figure is defined by
20 log �amplitude ratio�.

FIG. 7. �Color online� Measured and modeled transfer functions of particle
velocities measured at 1 cm and at 14 cm in front of the large spherical

loudspeaker. �Upper� Modulus. �Lower� Phase.
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zero, as is also predicted by the model, for which the results
are also plotted in this figure. The measurement results are in
very good agreement with the model.

Combining Eqs. �3� and �4� gives a relation between the
particle velocity at position r and the pressure in the piston.
This means that when the interior acoustic pressure of the
sphere is measured, the �normalized� particle velocity at dis-
tance r is exactly known. This known particle velocity value
is used for calibration. This can only be done for frequencies,
well below the first internal resonance frequency of the
sphere. For higher frequencies, the pressure inside the sphere
is not uniform anymore. With a correction, taking into ac-
count the effect of the first internal resonance frequency of
the sphere, the low frequency approach can be applied up to
higher frequencies.

IV. COMBINING THE LOW AND HIGH FREQUENCY
APPROACHES

Two steps to determine the full bandwidth sensitivity
and phase characteristics of the pressure-velocity probe are
described, one for the high frequency range and one for the
low frequency range. These two results are combined in the
final step. It will be shown that the high frequency approach
and low frequency approach give similar results in the me-
dium frequency range around 300 Hz.

The complete procedure is now as follows. First, a mea-
surement is performed with the high frequency configura-
tion. That means that the reference pressure sensor and the
pressure-velocity probe are placed at a known position on the
axis of the spherical source, while white noise is emitted.
The transfer functions between all sensors are measured. The
ratio of the reference microphone output �in volts� and the
output of the pressure sensor �in volts� is directly used to
determine the sensitivity Sp �mV/Pa� of the pressure sensor:

Sp�mV

Pa
	 =

p

pref
�V

V
	 · Sref�mV

Pa
	 , �5�

where Sref is the known sensitivity of the reference micro-
phone �14 mV /Pa�, which is assumed to be independent of
frequency in the frequency range of interest and independent
of the static pressure.

The particle velocity cannot directly related to the refer-
ence sensor output. Here the model of the impedance of the
piston in a sphere, Eq. �1�, has to be used. The sensitivity of
the particle velocity sensor Su �mV /Pa*� is calculated by

Su�mV

Pa*	 =
u

pref
�V

V
	 · Zsphere� Pa

Pa*	 · Sref�mV

Pa
	 . �6�

Now the sensitivity of the pressure sensor of the probe is
known for the complete frequency range and the sensitivity
of the particle velocity sensor only for the high frequency
range.

Next, the reference pressure sensor is put in the hole of
sphere and tightened with rubber rings so that the sphere is
leakage-free. The pressure-velocity probe is placed at a
known position in front of the moving membrane, but closer

than in the previous step �about 1 cm in front of the moving

d H. de Bree: Calibration of pressure-particle velocity probes 267 A
u

th
o



r'
s 

co
m

p
lim

en
ta

ry
 c

o
p

y

piston�. Again all transfer functions are measured while
white noise is emitted by the source. The particle velocity is
now calculated based on Eqs. �3� and �4�:

Su�mV

Pa*	 =
u

pref
�V

V
	 ·

un

u
�Pa*

Pa*
	 ·

pref

un
� Pa

Pa*	 · Sref�mV

Pa
	 .

�7�

In the next step, the low and high frequency curves are con-
nected. For the amplitude, see Fig. 8, upper, the low fre-
quency calibration curve ��350 Hz� is tuned such that it
connects with the high frequency curve. The parameters in
Eq. �7� to make this connection are �=1.2 kg /m3, c
=340 m /s, V0=2.8�10−3 m3 and A0=3.3�10−3 m2. The
phase is continuous over the frequency. For the low fre-
quency approach around 350 Hz, the phase is exactly known.
For the high frequency part, a discontinuity can be intro-
duced by the correction term �Eq. �1��. Within this term, the
distance between the probe and the source is the most impor-
tant parameter which can be used to tune the phase, such that
it connects with the low frequency part. The low and high
frequency calibration curves have a small overlap around
350 Hz. Around this frequency, both curves can be combined
to create a full bandwidth calibration curve.

Before connecting the low and high frequency calibra-
tion curves, the complex sensitivities for the high frequency
approach are smoothed. Because of the reflections in the or-
dinary room, the determined sensitivities seem rather noisy.
This is avoided by smoothing the results by a moving aver-
age filter.11 Another technique to smooth the curves is a time
selective technique. In this way room reflections can be re-
moved by canceling the reflected signals in the impulse re-
sponse. However, this method is not very accurate for low
frequencies.12

V. COMPARISON WITH STANDING WAVE TUBE
CALIBRATION

Another environment where the acoustic impedance is
exactly known is in the interior of a rigidly terminated tube
where a sound wave is generated by a speaker,8 see Fig. 9
and schematically in Fig. 10.

This tube is also known as the standing wave tube and

FIG. 8. �Color online� Low and high frequency calibrations, combined.
can be used as an alternative for calibration at low frequen-
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cies. With the reference pressure sensor at the rigid end of
the tube, the pressure and particle velocity are known at each
location in the tube. This tube can therefore be used for
calibration of the particle velocity sensor. However, it only
works down to low frequencies below the cut-off frequency
fc of the tube, which is determined by the diameter of the
tube d and the speed of sound:

fc =
c

1.71d
. �8�

Above the cut-off frequency �which is about 4.5 kHz for
the current tube�, the sound field is not one-dimensional any-
more, i.e., the sound pressure across the cross section of the
tube is not uniform and the impedance cannot be described
anymore with simple relations. Non-ideal behavior, such as
damping due to viscous and thermal effects and non-ideal
reflection of the rigid termination, can be neglected.8

The relation between pressure p�x� and particle velocity
u�x� at an arbitrary location in the tube is given by

u�x�
p�x�

=
j

�c
tan�k�l − x�� . �9�

The sensitivity of the pressure microphone Sp and the par-
ticle velocity Su of the probe can be calculated by

Sp�mV

Pa
	 =

p

pref
�V

V
	 1

cos�k�l − x��
Sref�mV

Pa
	 , �10�

Su�mV

Pa*	 =
u

pref
�V

V
	 1

j sin�k�l − x��
Sref�mV

Pa
	 . �11�

A short standing wave tube as given in Fig. 9 is used for
calibration for low frequencies. The inner dimensions of the
tube are 47�47 mm2 and the probe is positioned such that
l-x=55 mm. While white noise is emitted by the loud-
speaker, the transfer functions p / pref and u / pref are mea-
sured. The sensitivities are calculated by Eqs. �10� and �11�,

FIG. 9. �Color online� Small standing wave tube for low frequency calibra-
tion of the pressure-velocity probe.
FIG. 10. Schematic representation of the standing wave tube.
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where the reference microphone has a sensitivity of
14 mV /Pa. The calculated sensitivities are given in Fig. 11.

The calculated phase response of the pressure and par-
ticle velocity sensor relative to the reference pressure sensor
is given in Fig. 12.

The calibration results of the particle velocity sensor
measured with the sphere setup and standing wave tube setup
are compared in Fig. 13. Both the absolute amplitude and
phase responses are given. In Fig. 14, the difference between
the standing waving tube and the sphere calibration for low
frequencies is given. Up to 400 Hz, the error in magnitude is
less than 0.5 dB and the phase error is smaller than 4°. The
deviations are probably caused by experimental inaccuracies.
Especially the offset in the phase error is probably caused by
a small leakage during the standing wave tube experiments.

VI. DISCUSSION

The results given in the current paper are all obtained in
an ordinary room with background noise due to all kind of

FIG. 11. �Color online� Calculated sensitivities of the particle velocity sen-
sor and the pressure sensor.

FIG. 12. �Color online� Phase response of particle velocity and pressure
sensors of the pressure-velocity probe relative to the reference pressure sen-

sor.
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activities in the neighborhood. Because the measurements
are performed very close or even inside the sphere, the cali-
bration results seem to be still very good. The influence of
reflections due to the floor, wall, and furniture inside the
room are canceled by smoothing the results with a moving
average filter. There is a good indication that the proposed
method is valid both for low and high frequencies. The com-
parison with a standing wave tube shows the accuracy for
low frequencies and in the paper by Jacobsen and Jaud,9 the
accuracy for higher frequencies is demonstrated. However,
because there are many potential errors, a complete sensitiv-
ity study for the different parameters involved should be per-
formed. In the paper by Jacobsen and Jaud,9 it is, for in-
stance, shown that the distance between the probe and the
sphere has no significant influence and the calibration per-
formed at several source probe distances agreed within
�0.3 dB and �1° above 100 Hz. However, the exact dis-
tance between probe and source is difficult to determine, but
can be found because the phase relation for low frequencies
is accurately known. Using this fact, the distance between
probe and source can be used as the parameter to tune the
phase for high frequencies such that it fits to the low fre-

FIG. 13. �Color online� Results of calibration of the particle velocity probe.
The curves for the sphere calibration, and the standing wave tube results are
given. �Upper� Amplitude. �Lower� Phase.

FIG. 14. �Color online� Difference between standing standing wave calibra-

tion and the sphere calibration.
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quency phase. Therefore, the combination of high and low
frequency results make the approach described in this paper
very strong.

VII. CONCLUSIONS

A full bandwidth calibration procedure for pressure-
velocity probes is described, based on the known sound field
around a spherical source, which is modeled as a sphere with
a moving piston. For lower frequencies ��1 kHz�, the ve-
locity sensor of the probe is calibrated close in front of the
spherical loudspeaker and the reference sound pressure mi-
crophone is measuring the interior sound pressure of the
sphere which is directly related to the piston motion. For
higher frequencies �	100 Hz� the pressure-velocity probe is
calibrated in front of a spherical loudspeaker in combination
with a reference sound pressure microphone. Room reflec-
tions are canceled by a moving average technique in the
frequency domain. Low and high frequency results, obtained
with the same calibration setup, are combined at intermediate
frequencies yielding the amplitude and phase response of the
pressure velocity probe in the full acoustic bandwidth.
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