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Abstract: The Microflown Ultimate Sound Probe (USP) is an acoustic vector sensor capable of measuring the acoustic
intensity in 3D and consists of a pressure microphone and a 3D particle velocity sensor. In order to perform a
calibration of all three orthogonally positioned components of the particle velocity sensor simultaneously, we calibrate
the USP by means of a reference velocity field above a vibrating piston in an ordinary room without anechoic
conditions. During measurements and in this simultaneous calibration procedure it is a matter of importance to know
the orientation of the USP. Therefore, a 3D-acceleration sensor and the USP are combined to the ACCeleration
MicroFlown (ACCMF)-System. In this paper we present a characterization of the ACCMF, where the 3D-acceleration
sensor and the USP are analysed concerning the orientation of the axes and the sensitivity of each component of the
sensors. Furthermore, we compare our calibration results with the manufacturer’s. Microflown performs the
calibration of the USP with the Piston On a Sphere (POS) calibrator and is not able to calibrate the whole frequency
range of interest at once and all three components simultaneously. This POS calibration procedure only provides nine
calibration parameters, which were obtained from a least square fit of a sensitivity model. For a proper comparison of
our obtained calibration results to the POS calibration data, the post processing of the POS calibration procedure is
performed by an own implementation of the evaluation process. ACCMF aided calibration results are compared to the
results of the POS calibration technique and deviations of the two different calibration procedures are discussed.
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1. INTRODUCTION

Since the invention of the Microflown sensor [1, 2], a
Micro-Electro-Mechanical-System (MEMS) device, it is
possible to measure the acoustic particle velocity in a
direct way. With the USP, which can be seen in Fig. 1 a),
consisting of three orthogonally positioned components of
the particle velocity sensor (™, M, ZMY) and the
pressure microphone, a sensor is realized capable for
determining 3D particle velocity, sound pressure,
impedance [3] , 3D sound intensity [4] and sound energy
[5]. In this paper, we analyse the introduced measurement
system ACCMEF, a combination of a Microflown USP and
a 3D acceleration sensor [6, 7]. The ACCMF is analysed
concerning the orientation and the sensitivity of each
sensor’s component. Furthermore, an analysis of the

simultaneous calibration procedure is given. Finally, we
show and discuss ACCMF aided calibration results in
comparison to the calibration results of the manufacturer.

1.1. Working principle of the particle velocity sensor

The working principle of the acoustic particle velocity
sensor is depicted in Fig. 1 b). One component of the
particle velocity sensor consists of two tiny strips heated
by electrical current to an operational temperature
between 200 °C and 500 °C. When air flows across the
wires from left (orange arrow), wire 1 cools down and the
air picks up heat. Wire 2 is cooled down with the heated
air. In consequence there is a temperature difference
between both wires, which alters their electrical
resistance. Due to this operation principle one can



distinguish between positive and negative acoustic
particle velocity direction (orange and green arrow). The
sensor works in a range of 10 nm/s up to 1 m/s.
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Fig. 1. a) USP b) Working principle of the acoustic
particle velocity sensor.

1.2. Electric circuit model of the sensitivity

The frequency response of each component of the
acoustic particle velocity sensor can be modelled by an
electric circuit [8]. This electric circuit, consisting of two
high pass filters (R1 & C1, R4 & C4) and two low pass
filters (R2 & C2, R3 & C3) can be seen in Fig. 2 a). The
first high pass filter represents the thermal boundary layer
on the wires with a corner frequency in the order of
f, = 100 Hz. It takes time for heat to travel from one wire
to another and this diffusion effect is shown by the first
low pass filter with a corner frequency of about
f, =~ 1 kHz. Due to the thermal mass, the temperature of
the sensor cannot vary at infinite speed, which is
represented by the second low pass filter and a corner
frequency in order of f3~ 10 kHz. The second high pass
corner frequency is about f,~200Hz. Thereby, the
magnitude frequency response is modeled by

|S| — |S|@250 Hz (1)

f12 2 2 f4.2
f_2 1+f_22 1+E 1+f_2

1+

and the phase frequency response by
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A magnitude and phase response are exemplary shown in
Fig. 2 b). |S|@2s0 1 IS the magnitude frequency response at
250 Hz and the constants c¢;, c,, c3 and c, are
approximately the same as the corner frequencies fy, f, f3
and f,.

1.2. The Piston on a sphere calibration technique

The calibration technique to calibrate the USP by
Microflown is the piston on a sphere calibration method
[9]. This calibration process is based on known
impedance in front of a spherical loudspeaker. According
to the manufacturer the usable bandwidth for calibration

with the POS is 20 Hz to 20 kHz whereat this frequency
range is covered in two steps.

1 (&) |S|

R2 R3 100

R1 « a3 R4

0 2 v s
10 10 10 10
Frequency (Hz)

a) b)

Fig. 2. Model of the acoustic particle velocity sensor: a)
electric circuit and b) an exemplary magnitude/phase
response.

At higher frequencies (200 Hz — 20 kHz) the USP is
placed in front of the spherical loudspeaker at nearly the
same position as a calibrated reference microphone, see
Fig. 3 b). The method is extended to low frequencies
(20 Hz — 400 Hz) by measuring the acoustic pressure
inside the spherical source and the USP is placed directly
in front of the moving membrane, because at low
frequencies the acoustic pressure inside the sphere is
proportional to the movement of the membrane. This low
frequency setup can be seen in Fig. 3 a). Furthermore, the
three components of the acoustic particle velocity cannot
be calibrated simultaneously. Hence, for the whole
calibration procedure six steps are required.

Fig. 3. Piston on a sphere: a) low frequency and b) high
frequency calibration setup.

The POS speaker is special designed and consists of a
hard plastic sphere in which a loudspeaker is placed. This
speaker can be modelled with a moving piston with radius
b (radius of the moving membrane) on a sphere with
radius a. The acoustic impedance, the relation between
acoustic pressure and particle velocity in front of a polar
cap on a rigid sphere computes with [11]
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In (3) p denotes the density of air, ¢ the speed of sound, k
the wave number, B, the legendre function of order m,
h,, the spherical hankel function and h;, its spatial
derivative, r the distance from the center of the sphere
and a = sin~1(b/a). Equation (3) calculates very similar
to the impedance of a monopole impedance
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The ratio of impedances (3) and (4) is given in Fig. 4.
There is no big difference between both impedances
except of the peak at 700 Hz and a major deviation at
frequencies around 17 kHz. Additionally, it can be seen
that (3) is not very sensitive to the distance variations
around r = 23 cm. This is very important, because in the
high frequency calibration the sensor is placed at a
distance of 23 cm in front of the loudspeaker. Because the
calibration at high frequencies is done in a range between
200 Hz and 20 kHz in the right part of Fig. 4 only this
frequency range is shown.
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Fig. 4. Ratio of (3) and (4) at a distance of r = 230 mm,
radius of the sphere a = 50.5 mm, radius of the piston b =
37.5 mmand N = 50.

The sensitivity in the high frequency calibration
procedure of the particle velocity sensor computes with

_ VmF
SPOS - ZsphereSPref ) (5)
Vpref

where Vy is the voltage signal of the particle velocity
sensor, Vpnos IS the voltage signal of the reference
microphone and Sp.; is the sensitivity of the reference
microphone.

At frequencies below 400 Hz the background noise has
higher pressure levels than the noise generated by the
speaker. In the low frequency calibration setup the
acoustic pressure p,.r inside the sphere is measured. The
velocity of the membrane can be calculated with [12]
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In (6) w denotes the angular frequency, V, the interior
volume, A, the surface of the membrane, p, the ambient
pressure and y the ratio of specific heat (1.4 for normal
air). The particle velocity in front of the moving
membrane at a distance r is given by [11]
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Using (7), the particle velocity at the USP can be
calculated and thus the calibration at lower frequencies
can be performed. In a final step the calibration results of

both calibration procedure will be combined with an
overlap area in the frequency range between 200 Hz and

400 Hz.
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Fig. 5. Calibration results of a POS calibration: on the left
the result of the manufacturer software and on the right
the evaluation by our own.

An exemplary calibration result of the POS calibration is
shown in Fig. 5. The calculated sensitivities and the phase
response are displayed as yellow lines. The fit with (1)
and (2) is displayed with the blue line. The fitting
parameter Cy, C, C3 ,Cq ,f1, Tp, f3,f;, and |S|@2s0 w, TOr €ach
component of the particle velocity sensor of the USP can
be found in the calibration report provided by the
manufacturer. With this known sensitivities the measured
particle velocity can be corrected, but it is obvious, that
there is a difference between the real sensitivity (yellow
line) and the model of sensitivity (blue line). This
difference can cause measurement errors, especially in the
frequency range where the difference between the model
and the calculated sensitivity is singificant. A major
difference up to 120° in phase and 10 dB in magnitude
can be seen between 400Hz and 500 Hz and at
frequencies more than 5 kHz.

2. THE SIMULTANEOUS CALIBRATION
TECHNIQUE

The simultaneous calibration technique for the acoustic
particle velocity sensor by means of a reference velocity
field generated by a vibrating piston was introduced in
[6]. As part of this calibration technique, the three
components of the acoustic particle velocity sensor can be
calibrated without any anechoic conditions over the whole
audible frequency range at once. Thereby, the USP is
exposed to a sound field generated by a vibrating piston
mounted on an electrodynamic vibration exciter. The
surface velocity of the piston v, is assumed to be
homogeneous, perpendicular to the moving surface and
oriented in the same direction as the local gravity field g.
This orientation of the homogeneous assumed reference
fields has been verified by mounting the acceleration
sensor on the surface of the vibrating piston. The
deviation of orientation between
v, and g is the deviation of the static and dynamic



acceleration vector. This deviation is smaller than 1° and
negligible. The velocity on the surface of the vibrating
piston is determined by using a laser vibrometer and is
controlled to be constant over frequency with relative
deviations under one percent of the preset velocity.

A particle velocity sensor is sensitive to the reference
velocity field v, and a acceleration sensor responses to
the local gravity field g. With the assumption that

e both reference fields are antiparallel to each
other and perfectly homogeneous,

e the three components of both sensors are
perfectly orthogonal and

e the origin of both sensor’s coordinate systems
are different but the axes are identically
orientated,

the effective acoustic particle velocity v; at each
component (i = 1,2,3) can be determined with

4V (8)
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where a; is the effective acceleration of the i-th
component of the acceleration sensor, g the local gravity
vector and v, the vector of the reference velocity field.

3. CHARACTERIZATION OF THE ACCMF

The ACCMF, a combination of a 3D acceleration sensor
and a particle velocity probe, which can be seen in Fig. 6,
was introduced in [7]. By means of this ACCMF it is
possible to perform a calibration of the particle velocity
sensor as described in section 2. The 3D acceleration
sensor used in the measurements is a ADXL330 and the
particle velocity probe is a Microflown USP.

Fig. 6. The ACCMF Measurement system.
3.1. Sensitivity of the acceleration sensor
For determining the sensitivities of the three components

(X", y©, 2°°) of the acceleration sensor the system of
linear equations
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have to be solved. Here [M] is a nx3 matrix of voltage of
the acceleration sensor, [a] the nx4 matrix of
accelerations and [A] the system matrix with the
sensitivities of the three components (Aq1, Az, Asz) and
the offsets Ajg, Ay and Asy, where n is the number of
measurements. With n > 4, one can solve for the system
matrix by using the least square method
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1.625 1.643 1.613

and hence determine the sensitivities of the components
of the acceleration sensor. The entries of the system
matrix were obtained by n = 6 measurements. With this
characterization of the sensitivities of the acceleration
sensor’s axes, We get the sensitivity of the acceleration
sensor in each direction.

3.2. Numerical Simulation of the reference velocity
field

Before an investigation of the orientation of the single
components of the both sensors is done, the reference
field will be analysed. Both reference fields were assumed
to be perfectly homogeneous. However, the velocity field
in front of a moving piston is not homogenous. The beam
angle strongly depends on the frequency of excitation.
The reference velocity field above the moving piston was
calculated by a 2D FEM-simulation. The axially
symmetric simulation setup and its dimensions are shown
in Fig. 7. This simulation setup consists of an excitation
line, which represents the excitation via the moving piston
and a propagation region, which models the air in front of
the piston. The propagation region is surrounded by a
perfectly matched layer (PML) [10] for modelling free
radiation. The simulation was done with different radius
of the moving piston from 15 mm to 40 mm over the
whole audible frequency range between 20 Hz and
20 kHz.
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Fig. 7. Axially symetric simulation setup.



The result of the FE simulation can be seen in Fig. 8,
where the amplitude of the velocity relative to the
amplitude of the excitation is shown. It can be seen, that
the sound field is getting more and more inhomogeneous
with higher frequenicies. Especially at frequencies above
10 kHz a homogeneous sound field cannot be assumed.
Therefore, we use the computed particle velocity field
within our calibration procedure.
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Fig. 8. Simulation results of the relative amplitude of
acoustic particle velocity infront of the moving piston
with radius 15 mm, 25 mm and 40 mm at 5 kHz, 10 kHz
and 20 kHz.

3.3. Orientation of the ACCMF sensor’s components

To identify the orientation of the sensor’s components, we
rotate the ACCMF around each pair of parallel axes in the
reference field. The measurement setup and the expected
signals from both other axes for a rotation around the z-
axis of both sensors are displayed in Fig. 9. The signals of
the sensors’ components should be shifted. If the axes of
one sensor are perfectly orthogonal, the phase shift of the
two signals (e.g. between x™" and y™") of the sensor’s
components should be exactly 90°. Between the parallel
assumed sensor components of each sensor (e.g. between
x"F and x*°) there should be a phase shift of 180°,
because the reference fields are antiparallel to each other.

Fig. 9. Measurement setup to identify the orientation of
the ACCMF sensor's components (not to scale!).

As can be seen in Fig. 9, it is very easy to turn the
ACCMF-system around the z-axes, but there is a problem
with the other axes. The angles of rotation around the x-
and the y-axes are limited to 180°. Moreover the signals
shown in Fig. 9 either require a rotation of one
component of the particle velocity around a point or a
rotation in a homogeneous velocity field. The analysis of
the orientation was performed at 500 Hz with a piston
radius of 40 mm at two different distances of 2.25 cm and
4.5 mm in front of the moving piston. As shown in the
numerical simulation of the reference velocity field we
cannot assume a homogeneous field in front of the
moving piston. Additionally the components of the
particle velocity sensor does not turn around a point, but
they describe a circle with radius 2.5 mm. In Fig. 10 the
velocity distribution at 500 Hz and two circles at the
different distances are shown. Furthermore, the velocity
relative to its maximum at 180° at the two different
distances to the surface of the moving piston are
displayed.

Velocity rel to maximum

RelVelocity
1

Fig. 10. Velocity distributuion in front of the moving
piston with radius 40 mm at 500 Hz. The plot shows the
velocity relative to the maximum at 180°.



The deviation from the perfect orthononality of the
acceleration sensor is shown in Tab. 1. It is obvious that
the acceleration sensor is not perfectly orthogonal but the
deviation from 90° are very small.

Axes XAC_yAC YAC_ SAC YA€ _ZAC

Deviation 0.0186° 0.0562° 0.2339°

Table 1. Determined deviation from perfect orthononality
of the used acceleration sensor.

In Tab. 2 the deviation from 90° phase shift between the
axes of the particle velocity sensor is listed. The
determination revealed much more deviation of the
particle velocity sensor from perfect orthogonality than
the deviation of t-he acceleration sensor. However, the
measurements of the angle between x- and y-axis must be
more robust, because the total angle of rotation is not
limited to 180°.

AXes XMF _ yMF MF ZMF MF ZMF

X y

Deviation 1.37° 9.38° 4.62°

Table 2. Determined deviation from perfect orthononality
of the particle velocity sensor in the USP.

For a better understanding of rotation limit to 180°, the
start- and end-szenario of a rotation around the x- and y-
axes are shown in Fig. 11.

Fig. 11. Limitation of the angle of rotation in the rotation
around the x- and y-axes.

In Tab. 3 the orientation deviation of both sensors are
listed. It can clearly be seen, that the determined deviation
from a perfect parallel orientation of the x-axes and the y-
axes of both sensors are much smaller than the devation
of the z-axes, because of the problem not being able to
turn the ACCMF with more than 180°.

MF AC
—X

Axes X YMF_yAC MF_AC

Deviation 0.62° 2.36° 5.57°

Table 3. Determined deviation from perfect perfect
orientation of both sensors

Nevertheless, the most important point from the analysis
of orientation of both sensors is that the sensors are nearly
orientated in the same direction with a deviation at
maximum of 5.57°. This orientation deviation can result

in errors calculating the velocity at each component of the
particle velocity sensor with (8).

4. CALIBRATION RESULTS

In Fig. 12 the sensitivity of the X' component of the USP
can be seen. The sensitivity was determined by the
simultaneous calibration technique described in section 2.
The calibration was done with different radius of the
moving piston (15 mm, 25mm and 40 mm). The
sensitivity’s magnitude and phase response is compared
to the sensitivity, determined by the POS calibration
routine. It can be seen, that the trend of the two
calibration results is similar although there is a main
deviation in magnitude and phase response at very high
frequencies over 10 kHz. It can clearly be seen, that the
phase response determined with the simultaneous
calibration technique is less than the phase response
determined with the POS calibration technique.
Furthermore the sensitivities determined with the various
piston geometries are different. The magnitude in R15
seems to be shiftet over the whole frequency in
comparison to the magnitude of R25 and R40.
Additionally there are peaks in magnitude and phase
response which make no sense in a physical point of
view. These peaks could be avoided by using a filter, e.g.
a moving average. It is obvious that the phase of the own
implemented post processing of the POS calibration
process coincides more to the obtained results by the
simultaneous calibration technique than the sensitivity
model at frequencies up to 200 Hz.
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Fig. 12: Magnitude and phase of the sensitivity
determined with different piston in comparison to the
nominal correction curve and the own calibration
evaluation with (5).

5. CONCLUSION

In this paper a full characterization of the ACCMF system
is presented in order to perform a simultaneous calibration



of all three components of the acoustic particle velocity
sensor of the USP. The orientation analysis of two pair of
axes gives reliable results. The analysis of the third pair of
axes provides a potential for improvement, because the
ACCMF system cannot be rotated more than 180° around
the x- and the y-axes. Further investigation will be done to
be able to analyse all axes orientation. Moreover, the
calibration results obtained by the simultaneous
calibration technique are in a good agreement in
comparison to the sensitivity determined by our own post
processing of the POS calibration.
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