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In a sound field disturbance of pressure, particle velocity, density, temperature, and energy occur. In
this paper acoustic disturbances in air are considered. In the majority of papers on acoustics only
changes in the sound pressure are reported while in this paper results on the particle velocity are
reported. Since particle velocity is a vector, while the pressure is a scalar, more information can be
obtained when using a particle velocity sensor instead of a pressure sensor �microphone�. Four
particle velocity sensors are combined to one �small� device. In a reverberant room the four
autospectra and the six cross spectra are determined. Interpretation of the measured results gives
information of the free field �sound field without a contribution of reflections� as well as of the
reverberant field. © 2006 Acoustical Society of America. �DOI: 10.1121/1.2151797�
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I. INTRODUCTION

In an acoustic disturbance in air, which is considered in
this paper, �small� variations of the pressure p, the particle
velocity v, the density �, or the temperature T, occur. Sensors
for measuring the particle velocity in water are widely
known, see Ref. 1. In air, often two closely spaced p sensors
are used, from which the gradient of the pressure is esti-
mated, which via the force equation is directly related to the
particle velocity. Also a particle velocity sensor based on
ultrasonic transduction has been proposed.2 Two parallel ul-
trasonic beams are launched in opposite directions. The time
difference in traveling time of the ultrasonic sound waves is
proportional to the particle velocity. Nowadays a v sensor,
the Microflown or � flown,3 is available and the particle
velocity can be measured directly. Various experiments3 have
been performed to prove that with this sensor indeed the
particle velocity is measured. Recently,4 a direct comparison
has been made by measuring the particle velocity at the same
position with the method of Laser Doppler Anemometry
�LDA�, with the � flown, a good agreement was found.

II. ONE V SENSOR

As a sensor for the particle velocity we used the “Mi-
croflown or � flown.”3 This sensor consists basically of two
thin wires, parallel to each other, which are heated up to
about 200–300 °C by an electrical current; see Fig. 1. The
temperature profile around the wires is influenced by the par-
ticle velocity of an acoustic disturbance, resulting in a small
resistance change of the wires. In fact, the sensor detects the
particle velocity component in a direction perpendicular to
the length of the wires and in the plane of the wires. Define
a unit vector �, perpendicular to the length of the wires and
in the plane of the wires, then the electrical signal of the
sensor is proportional to the inner scalar product � .v.
Throughout this paper we denote this unit vector as the sen-
sitivity unit vector of the sensor. We often take the propor-
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tionality constant equal to one and write for the sensor signal
s�t� :s�t�=� ·v�t�. The directional characteristic of this v sen-
sor is independent of the frequency and follows from this
relation as: � ·v= �v � · cos���v�, where ��v is the angle be-
tween v and �. A detailed model is presented in Ref. 5.

Since the measurement of the particle velocity is directly
derived from the measurement of the electrical resistance of
the sensor, the “Johnson” or resistance noise forms a lower
limit of the noise of the microflown: �Vnoise

2 � f ,f+�f

= �4 kTR��f , where k is the Boltzmann-constant, R the re-
sistance, T the absolute temperature, and �f the frequency
interval or bandwidth. The noise can be higher than this
lower limit, if a less optimal amplifier is used. Additionally
the 1/ f noise6 is higher at low frequency than the resistance
noise. In our experiments,6 the noise level above about
600 Hz was indeed practically equal to the Johnson noise. At
lower frequencies the 1/ f noise dominates, see Fig. 2 and
Ref. 6, the theoretical white noise level of a similar resistor is
−165 dBV/ �Hz.

A direct comparison of the noise or signal-to-noise ratio
�SNR� between a v sensor and a p sensor can be done via the
concept of the selfnoise. The selfnoise of a sensor is the ratio
of the generated noise in volt and the sensitivity in volt/�m/
sec� for a v sensor or volt/�Pa� for a p sensor; the obtained
values represent the acoustical selfnoise of the device. Using
the far field relation v= p /�c, with � the density of the air
and c the sound velocity, the selfnoise times �c of the v
sensor can be compared with the selfnoise of the p sensor.

The state of the art is that at low frequencies the self-
noise times �c of the v sensor is lower than the selfnoise of
available p sensors, while at higher frequencies the selfnoise
of the p sensor is lower.7

Consider now the sensor signal. For stationary signals
the rms value, or the autospectrum, is measured, the latter
being: A= �1/T�	0

Ts�t�s*�t�dt.
Suppose a sound source is present at the origin of a

Cartesian coordinate system emitting plane waves, propagat-
ing in the x direction and a v sensor is placed on the x axis at
a distance much larger than the wavelength and dimensions

of the source �far field situation�. When the sensitivity unit
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vector is along the x axis, �= �1,0 ,0� the free field and a
contribution of the reverberant field will be measured. If
however, the sensor is rotated such that �= �0,1 ,0� or �
= �0,0 ,1� no contribution of the free field will be measured
and only �a part� of the reverberant field is detected. In a pure
diffuse reverberant sound field, where the distances from the
mirror sources to the sensor are much larger than the wave-
length and much larger than the dimensions of the sources,
the relation between the rms value of the pressure and par-
ticle velocity is given by: vrev

2 = prev
2 / ��c�2. In a purely diffuse

reverberant sound field the three components vx
2, vy

2, and vz
2

are equal thus vx
2=vrev

2 /3 or vx
2= �1/3�prev

2 / ��c�2; this relation
will be discussed in more detail in Sec. III.

When the v sensor is used for direct recording experi-
ments with a sound source at the x axis it is interesting to
listen to the cases where �= �1,0 ,0� and �= �0,1 ,0�. For
the former case the direct and reverberant field is heard,
while for the latter case one listens to only the reverberant
field. It is also interesting to listen to the reverberant field in
the room at different positions.

III. TWO SENSORS

In this section the response of two v sensors for station-
ary signals is discussed; the orientation of the two v sensors
is given by �1 and �2. Three spectra can now be determined,
two autospectra and one cross spectrum, the latter being

FIG. 1. The microflown sensor, SEM photo. The wires are both heating and
sensing elements.
FIG. 2. Measured noise spectrum of a microflown.
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Cij = �1/T�

0

T

si�t�sj
*�t�dt . �1�

The two autospectra Ai and Aj are found from Eq. �1� by
taking j= i. Consider first the noise level of these signals. In
most cases the noise level in the cross spectrum is lower than
in the separate autospectra. The reason for this is that in the
cross spectrum the product of the noise of sensor i and the
noise of sensor j vanishes if the noise signals are uncorre-
lated and if the integration time T is taken long �the same
holds for the product of the signal times the noise�. Gordi-
enko et al.8 reported already in 1993 a reduction of the ocean
noise field in the cross correlation of two sensors. Also,
Shchurov9 reported an increase in the signal-to-noise ratio
�SNR� when an intensity probe is used. For isotropic �diffu-
sive� noise even an increase in the SNR of 20–30 dB was
found. For the case of two microflowns a reduction of the
noise, down to 30 dB for frequencies above 600 Hz, has
been reported.6 The reason for this enormous reduction is
that for frequencies above 600 Hz the dominant noise is
the resistance noise �or Johnson noise�. One expects that
the resistance noise from one wire �resistance� powered by
one battery is uncorrelated with the noise from another
wire �resistance� powered by another battery. For lower
frequencies 1 / f noise appears, resulting in a much smaller
reduction of the noise in the cross correlation.6 The reason
for this is that the decrease in the noise of the cross cor-
relation spectrum is most effective for flat, broadband,
frequency spectra. If a 1 / f shaped component is present,
there is a correlation between subsequent sample points xi

and xj, while in a flat spectrum there is no correlation
between points xi and xj �i� j� in the series of data points.6

Second another remarkable quality of the signal is that the
influence of the reverberant sound field on the cross spec-
trum on one hand and the autospectra on the other hand is
completely different. For the cross spectra the contribu-
tion of the reverberant field can even be zero, if �1 ·�2

=0, as will be explained below.
A simple two-dimensional case is worked out first. Two

v sensors at the origin of the x-y plane are present, with
�1= �1,0� and �2= �0,1�. The two-dimensional purely dif-
fuse reverberant sound field is modeled as four mirror
sources M1..4 on a circle making an angle �, �−�, �+�, and
2�−� with the x axis. Consider the contribution to the prod-
uct of s1�t� and s2�t� when for each mirror source the velocity
is directed inward or outward. For source M1 the product of
s1�t�s2�t� will be positive �s1�t� and s2�t� are both negative for
an inward velocity, since �1= �1,0�, vx�0 and �2= �0,1�,
vy �0; s1�t� and s2�t� are both positive for an outward veloc-
ity, since �1= �1,0�, vx�0 and �2= �0,1�, vy �0. So the
product s1�t�s2�t� is positive�. For source M2 the product
s1�t�s2�t� is negative �s1�t��0, s2�t��0 for an inward veloc-
ity and s1�t��0, s2�t��0 for an outward velocity�, for M3

the product is positive and for source M4 again negative. So
for all mirror sources, equally distributed over the circle and
a long integration time, the total contribution will be zero.

Now consider the more general situation with a three-
dimensional pure diffuse reverberant sound field with two v

sensors in the origin with vectors �1= ��1x ,�1y ,�1z� and
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�2= ��2x ,�2y ,�2z�. Define first vrev
2 . Suppose a hypothetical

omnidirectional v sensor is in the origin �this is certainly not
a � flown, which has a cos���v� dependence, see Sec. I�. The
mirror sources are equally distributed over a sphere. An ar-
bitrary mirror source makes an angle � with the z axis and an
angle � in the x-y plane, thus vx	sin���cos���, vy

	sin���sin���, and vz	cos���. Take the vrms value from the
sources within a solid angle d
=sin���d�d�, as vm. The
signal of the hypothetical omnidirectional sensor is propor-
tional to vrev

2 =	vm
2 d
=	0

�sin���d�	0
2�d� ·vm

2 =4�vm
2 . In the

far field approximation vrev
2 = prev

2 / ��c�2.
The signal of the v sensor with �1 is s1=�1 ·vm

=vm��1x · sin���cos���+�1y · sin���sin���+�1z · cos����, thus
the cross spectrum from the two v sensors with �1 and �2
becomes

C12 = 

0

�

sin���d�

0

2�

d���1 · vm���2 · vm�

= �rev
2 ��1 · �2�/3. �2�

Equation �2� follows from simple straightforward alge-
bra and is written out in Appendix A.

Equation �2� shows that if �1 and �2 are orthogonal to
each other, there is no contribution of the reverberant sound
field to the cross spectrum, and only the direct sound field of
the source is measured. This is similar to the measurement of
the real part of the sound intensity, for which also the rever-
berant sound field vanishes.10 If �1=�2 �two v sensors in the
same direction, in order to obtain a low noise level, as com-
pared to the noise level in the autospectrum of one v sensor�
the contribution of the reverberant field is vrev

2 /3. In Sec. IV
the case of �1= �1,1 ,0� / �2 and �2= �0,1 ,1� / �2 is dis-
cussed; for this configuration the contribution of the rever-
berant field in the cross spectrum will be 2 /6.
vrev

x z
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Thus when using two orthogonal oriented v sensors it is
possible in a reverberant room to determine the direct sound
field �“free field measurements”� of a source, as well as the
reverberant sound field in the room.

IV. MORE V SENSORS

When using two v sensors it is possible that with a
sound source in a room no direct sound is detected in A1, A2,
and C12. For example, if the sound source is at �0,0,0� and
the sensors at �1,1,0� with �1= �−1,1 ,0� and �2= �0,0 ,1� no
direct sound is detected: A1=A2=vrev

2 /3 and C12=0. It seems
logical then to use three v sensors with �1= �1,0 ,0�, �2
= �0,1 ,0�, and �3= �0,0 ,1� and to use the three low-noise
cross spectra for the source localization. However, for that
case it may occur that all three cross spectra are zero; e.g.,
source at �0,0,0� and sensors at x axis �or y axis or z axis�.

In order to anticipate this, four v sensors should be used.
In the device discussed below we used: �1= �1,0 ,1� / �2,
�2= �0,1 ,1� / �2, �3= �−1,0 ,1� / �2, and �4= �0,−1,1� / �2.
As measured spectra we now have four autospectra and six
cross spectra. The contribution of the free field to the time
averaged auto- and cross-spectra can be found as follows.
Write the free field particle velocity vector and its time de-
pendence as v�vx ,vy ,vz�a�t�, where the vector v�vx ,vy ,vz�,
with �the real� components vx, vy, and vz represents the di-
rectional vector of the free field particle velocity and a�t� the
time dependence of the source signal. Write for the signal of
sensor A, divided by the sensor sensitivity �in V/�m/sec��, the
symbol SA�t�, then sA�t�= ��A ·v�a�t�= ��xA ·vx+�yA ·vy

+�zA ·vz�a�t�; �A= ��xA ,�yA ,�zA� is the sensitivity unit vec-
tor of sensor A. The time averaged autospectrum of sensors A
is thus equal to ��xA ·vx+�yA ·vy +�zA ·vz�2a�t�a*�t�. Simi-
larly the time averaged cross spectrum of the signals of sen-
sors A and B, the latter with sensitivity unit vector �B

= �� ,� ,� � is equal to
xB yB zB
��A · v���B · v�a�t�a*�t� = ��xA · vx + �yA · vy + �zA · vz���xB · vx + �yB · vy + �zB · vz�a�t�a*�t� .
In the auto- and cross-spectrum the same term a�t�a*�t� ap-
pears, and in a comparison between these spectra this term
can thus be omitted. For the four v sensors, as defined above,
the four autospectra and the six cross spectra are

A1 = vx
2/2 + vz

2/2 + vxvz + vrev
2 /3, �3�

A2 = vy
2/2 + vz

2/2 + vyvz + vrev
2 /3, �4�

A3 = vx
2/2 + vz

2/2 − vxvz + vrev
2 /3, �5�

A4 = vy
2/2 + vz

2/2 − vyvz + vrev
2 /3, �6�

C12 = vz
2/2 + vxvy/2 + vxvz/2 + vyvz/2 + vrev

2 /6, �7�

C13 = − v2/2 + v2/2, �8�
C14 = vz
2/2 − vxvy/2 + vxvz/2 − vyvz/2 + vrev

2 /6, �9�

C23 = vz
2/2 − vxvy/2 − vxvz/2 + vyvz/2 + vrev

2 /6, �10�

C24 = − vy
2/2 + vz

2/2, �11�

C34 = vz
2/2 + vxvy/2 − vxvz/2 − vyvz/2 + vrev

2 /6. �12�

In an experiment one thus determines ten spectra and there
are four unknown quantities, vx, vy, vz, and vrev. As an ap-
proximation for the best solution of Eqs. �3�–�12� the fol-
lowing algebraic procedure was used. From Eqs. �3�–�12�
the products of vi ·v j are estimated
vx · vy = �C12 − C14 − C23 + C34�/2 = Cxy , �13�
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vx · vz = �A1 − A3 + C12 + C14 − C23 − C34�/4 = Cxz, �14�

vy · vz = �A2 − A4 + C12 − C14 + C23 − C34�/4 = Cyz. �15�

Use as variables u=vx
2, v=vy

2, and w=vz
2, then one obtains

the six following equations:

u − v = A1 − A2 + A3 − A4 = A0, �16�

− u + w = 2C13, �17�

− v + w = 2C24, �18�

u = �vx · vy��vx · vz�/�vy · vz� = Cxy · Cxz/Cyz = Cu, �19�

v = �vx · vy��vy · vz�/�vx · vz� = Cxy · Cyz/Cxz = Cv, �20�

w = �vx · vz��vy · vz�/�vx · vy� = Cyz · Cxz/Cxy = Cw. �21�

These six equations with three unknown variables are solved
using the least mean squares method; the expression

�u − v − A0�2 + �− u + w − 2C13�2 + �− v + w − 2C24�2

+ �u − Cu�2 + �v − Cv�2 + �w − Cw�2, �22�

should have a minimum value. Differentiating with respect
to the three variables gives

�/�u = 0: 3u − v − w − A0 + 2C13 − Cu = 0, �23�

�/�v = 0: − u + 3v − w + A0 + 2C24 − Cv = 0, �24�

�/�w = 0: − u − v + 3w − 2C13 − 2C24 − Cw = 0. �25�

Solving these equations gives as the best solutions

4u = 4vx
2 = A0 − 2C13 + 2Cu + Cv + Cw, �26�

4v = 4vy
2 = − A0 − 2C24 + Cu + 2Cv + Cw, �27�

4w = 4vz
2 = 2C13 + 2C24 + Cu + Cv + 2Cw, �28�

from which the free field particle velocity vector and the
reverberant field can be solved.

If the SNR �signal-to-noise ratio� in A1–A4 is low, but
high in Cij then the autospectra should not be used in Eqs.
�14� and �15�.

An alternative and practical method to obtain the best
solution of Eqs. �3�–�12� is to use a simple straightforward
numerical procedure �on a PC� to find the minimum value of
the expression

�vx
2/2 + vz

2/2 + vxvz + vrev
2 /3 − A1�2 + �vy

2/2 + vz
2/2 + vyvz

+ vrev
2 /3 − A2�2 + �vx

2/2 + vz
2/2 − vxvz + vrev

2 /3 − A3�2

+ �vy
2/2 + vz

2/2 − vyvz + vrev
2 /3 − A4�2+�vz

2/2 + vxvy/2

+ vxvz/2 + vyvz/2 + vrev
2 /6 − C12�2 + �− vx

2/2 + vz
2/2 − C13�2

+�vz
2/2 − vxvy/2 + vxvz/2 − vyvz/2 + vrev

2 /6 − C14�2

+ �vz
2/2 − vxvy/2 − vxvz/2 + vyvz/2 + vrev

2 /6 − C23�2

+�− v2/2 + v2/2 − C24�2 + �v2/2 + vxvy/2 − vxvz/2
y z z
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− vyvz/2 + vrev
2 /6 − C34�2.

The values of vx, vy, and vz, as found from Eqs. �25�–�27�
and vrev

2 �0 can be used as starting values in this numerical
procedure.

V. THE FOUR SENSOR DEVICE

A photograph of the four v sensor device is shown in
Fig. 3. Four small printed circuit boards, each with one �
flown on it are combined. The orientations of the four v
sensors are �1= �1,0 ,1� / �2, �2= �0,1 ,1� / �2, �3

= �−1,0 ,1� / �2, and �4= �0,−1,1� / �2. For the configura-
tion, as shown in Fig. 3 the directional characteristics of each
sensor corresponds to cos���v�, see Fig. 4. It is necessary
that the encapsulation is not done by combining the four
printed circuit boards on a fixed bar, since this will lead to
�frequency dependent� deviations of the directional charac-
teristics as given in Sec. I as cos���v�. The distance between
the four sensors is only 5 mm. The main electronics are en-
capsulated in the holder and a seven-pin connector is used
for the power supply and connection to a sound card or ana-
lyzer.

FIG. 3. The four sensor device, microflown elements bonded to an epoxy
carrier.

FIG. 4. Directionality measurement of a microflown element, relative sen-

sitivity against deviation from maximum sensitivity direction.
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The calibration of the v sensors has been described ex-
tensively in a number of papers.3,4,6 There are different meth-
ods to obtain a calibrated v sensor; three methods are men-
tioned below.

1. A calibrated p sensor and the v sensor in a standing
wave tube and using the relation between the position
dependence of the pressure and particle velocity.

2. A calibrated p sensor and a v sensor in a free field and
far field situation, where v= p / ��c�.

3. Measure the particle velocity using the Laser Doppler
Anemometry �LDA� method,4 and compare it with the
signal from the v sensor. The LDA is an independent
method to measure the particle velocity.4

A practical method is to use a one-dimensional standing
wave tube; a schematic drawing is shown in Fig. 5. The
method to obtain the sensitivity of the v sensor as a function
of frequency from measurements in a standing wave tube
�SWT�, has been described by Raangs et al.4 The micro-
phone is positioned at the end of the tube �x=1�, the v sensor
at a position x, where v�x� is measured. A relation between
v�x� and p�x=1� is used, where the damping is taken into
account in a standing wave ratio �SWR�

v�x�
p�l�

=
1

�0c
 1

SWR
cos�k��− x� − /2� + j sin�k�l − x�

− /2�� , �29�

with  a phase angle.
In the case where the damping is neglected, a simple

relation remains. In our experiments the damping was quite
small, a SWR of about 20–25 dB was measured. The mea-
sured data are corrected using Eq. �29� and are then fitted
with a good approximation of a Microflown11 output
= LFS

��1+f2/fheat cap
2 ��1+f2/fdiff

2 �
, with LFS the low frequency sensitiv-

ity, fdiff the diffusion corner frequency, and fheat cap the heat
capacity corner frequency. It should be noticed that for inter-
pretation of our experiments the differences between the sen-
sitivities are of importance, and not the absolute sensitivity;
systematic errors in the sensitivities of the four sensors do
not play a role.

Simple relations can be derived for the position depen-
dence and the relation between pressure and particle velocity.
A number of p and v sensors can therefore be placed at
different positions in the standing wave tube. In Fig. 5 the
�not calibrated� v sensor is positioned under an angle � with
the standing wave tube, together with calibrated, reference, p
and v sensors.

The four v sensors �and the x-y axes� can be rotated
around the probe holder, which is defined as the z axis; the

FIG. 5. Standing wave tube, a calibration device.
rotation angle �=0 corresponds with the drawing in Fig. 5,
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i.e., the x axis in the plane of the drawing and the y axis
perpendicular to it. Due to the rotation around the z axis the
particle velocity in the standing wave tube is written
in this Cartesian coordinate system as: v
	 �cos���cos��� , cos���sin��� , sin����; the four unit vectors
of the v sensors remain constant and equal to the values
given above. The directional characteristics of for instance v
sensor one thus become v ·n1	cos���cos���+sin��� and of v
sensor two v ·n2	cos���sin���+sin���.

In Fig. 6 the measured output in the �i direction as a
function of frequency is shown for the four v sensors. The
curves show that the differences between the four v sensors
are quite small.

VI. EXPERIMENTS IN A REVERBERANT ROOM

In a reverberant room with dimensions of about 9*7*4 m
a loudspeaker box with dimensions 0 .4*0 .2*0.2 m was used
as a sound source. The four v-sensor device was placed at
various locations in the room, in such a way that the incli-
nation �angle � with the probe holder� and rotation angle
�angle � in a plane perpendicular to the probe holder� were
varied. The source-sensor distance was also varied in order
to create a situation where vdirect

2 /vreverberant
2 �1 and

vdirect
2 /vreverberant

2 �1. When the inclination angle was taken as
�, the rotation angle as � and the sound source-sensor dis-
tance as r, the response was measured for r=0.5, 1, and 2 m,
� as well as �=0, 30, 60, and 90 deg; so in total 48 re-
sponses. As the signal to the loudspeaker white noise was
used; the same �white noise� time signal was used in the 48
experiments. The auto- and cross-spectra were averaged over
4 s.

A four input channel device �product name Siglab� and a
sound card in a PC were used as input for calculating the

FIG. 6. Transfer function between microflown and reference microphone
�14 mV/Pa� in a standing wave tube. Calibration values can be obtained at
the maxima. �Differences in sensitivity are approximately 1/2 dB.�
auto- and cross-spectra.
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VII. RESULTS

In acoustic measurements it may well be that one is
primarily interested in the free field properties of a sound
source; on the other hand there are situations where one is
primarily interested in the properties of the reverberant
sound field. An example of the first case is that the one wants
to know the radiated power �noise� of a machine while it is
placed in a reverberant room. An example of the second case
is that one is interested in the quality of a concert hall where
the properties of the reverberant field are of interest. When
using a p sensor it is quite difficult or even impossible to
measure the free and the reverberant field separately. When
the distance r, between sound source and sensor is larger
than the reverberation distance rr, of the room it is difficult to
measure accurately the free field on the other hand, when the
distance is small it is difficult to determine the properties of
the reverberant field �the reverberation distance rr is defined
as the distance from the source where the rms value of the
free field is equal to the rms value of the reverberant field�.
However with the 4-v-sensor device a number of possibili-
ties appear. In Sec. VII A, the emphasis is on the determina-
tion of the free field, in Sec. VII B, the determination of the
reverberant field is discussed. In the next two sections it will
be shown that even in the case of r�rr it is possible to
determine the free field, while for the case of r�rr the prop-
erties of the reverberant field can be determined.

A. Free field, localization of the sound source

The free or direct sound field is calculated from the mea-
sured ten auto- and cross-spectra as was explained in Sec. III.
From the ratios of vx /vy, vx /vz, and vy /vz, of the direct field
the direction of the sound source seen from the sensor is
calculated and compared with the theoretical value as de-
duced from the experimental set up.

In Table I results for the case r=1 m are given; the bold
numbers refer to the angles in degrees of the experimental
setup, the “theoretical angles.” The other numbers for the
angles in degrees are the results of the calculations from the
experimental results. In, e.g., 29.1 \ 1.1 the value of 29.1
refers to the value of �, and 1.1. to the value of �.

The �numerical� calculated values for vx and vy for the
case �=90 have no meaning and are placed between brack-
ets. When �=90, vx=vy =0 and a value of arctan �vx /vy� is
undefined. In practice such a situation is recognized when
the solutions for the components of the vector v are such that
vx�vz and vy �vz while vx and vy are of the same order.

Of course the numerical procedure gives values for vx

TABLE I. Results for one meter distance to the source, the bold numbers are
actual angles, the measured angles are given in the table.

Incl, �↓ \Rot, � 0 30 60 90

0 −0.79 \ 1.2 1.47 \ 31 0.93 \ 61.1 0.74 \ 89.6
30 29.1 \ 1.1 29.0 \ 28.3 29.4 \ 57.8 28.2 \ 86.6
60 57.4 \ −1.9 57.0 \ 29.8 57.6 \ 59.5 56.1 \ 91.1
90 87.7 \ �17� 86.0 \ �−7� 86.7 \ �−9� 85.9 \ �−30�
and vy, but the ratio in arctan �vx /vy� has no meaning here.
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The average reverberant sound field vrev
2 is also calcu-

lated from these experimental values. In the second column
of Table II an averaged value of the ratio direct/reverberant
particle velocity, vdir

2 /vrev
2 is given. For a more detailed com-

parison between experimental and theoretical directions the
inner, scalar, vector product of the theoretical particle veloc-
ity vector, taken as unit vector and denoted as vth, and the
experimental particle velocity vector, denoted as vexp, is cal-
culated. The deviation between the directions of vth and vexp,
denoted as � is then found from: cos���= �vth ·vexp � / �vexp�.
This deviation angle � can also be found from the inner
vector product as: sin���= �vth xvexp � / �vexp�, where the sym-
bol x is used for the vector product. In terms of � and � the
theoretical particle velocity vector is written as vth

= i�cos���cos����+j�cos���sin����+k�sin����. In the third
and fifth columns of Table II, the averaged values of cos���
and sin��� are given, the averaging is done over the 16 dif-
ferent directions given by � and �. For the deviation ex-
pressed by sin��� also a standard deviation � is given, cal-
culated from: �=�var= 1

n
���value−mean�2, with n=16. The

table shows a fairly good similarity between experimental
found direction of the source and the real direction. So it is
thus possible to measure the direct sound field in a reverber-
ant environment using this 4-v-sensor device. Even for the
case where the sound source-sensor distance is larger than
the reverberation distance the results are within 8 deg.

B. The reverberant field

The fact that in the autospectrum of a v sensor only
vrev

2 /3 is measured means that only a part of the reverberant
field contributes to it. Thus by measuring a number of au-
tospectra �or cross spectra� information about different parts
of the reverberant field can be obtained. For example, if there
are three v sensors, with �1= �1,0 ,0�, �2= �0,1 ,0�, and �3

= �0,0 ,1�, then the signal of sensor one will contain the re-
verberant field around the x axis, sensor two the field around
the y axis, and sensor three the field around the z axis.

When the free field is known, it is in principle possible
to calculate the reverberant field from the difference of the
autospectrum and the free field. However, this will not be a
good method when r�rr since the reverberant field is
smaller than the free field; consider, e.g., the situation with
r=0.5 m in Table II, where vdir

2 /vrev
2 =13.2. It seems better to

calculate it from experimental values, which, in the case of
no reflections, should be zero. An example is the expression
Ai ·Aj −Cij

2 . In the case of no reflections Ai= �v ·�i�2,

Aj = �v ·� j�2, and Cij = �Ai ·Aj�= �v ·�i��v ·� j� thus Ai ·Aj −Cij
2

vanishes. In the case of reflections Ai ·Aj −Cij
2 can be written

2

TABLE II. Measurement and errors, � is the deviation in degrees averaged
over 16 measurements.

r
�m� vdir

2 /vrev
2 cos���

�
�deg� sin��� �

�
�deg�

0.5 13.2 0.9984 3.3 0.0513 0.025 3
1 3.15 0.9989 2.7 0.0435 0.017 2.5
2 0.72 0.9900 8 0.1322 0.049 7.5
as a quadratic expression of vrev, which then can be solved;
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the simple and straightforward algebra for the cases i=1, j
=2, and i=1 and j=3 is given in Appendix B. A reason for
taking Ai ·Aj −Cij

2 is that this quantity is not sensitive to de-
viations in the sensitivity or orientation vector � of the sepa-
rate sensors, or to a �small� deviation in the orientation of the
4-v-sensor with respect to the desired experimental setup.
However, the noise and SNR ratio can be different for Ai and
Cij.

For the 4-v-sensor device there are six independent val-
ues of Ai ·Aj −Cij

2 , thus six different contributions of the re-
flections to the total reverberant field.

Some examples of results for vrev
2 are given in Table III.

In this table r \� \�=0.5\60\0 refers to the experimental
setup where the distance is 0.5 m, the inclination �=0 and
the angle �=60 deg; vrev

2 �1,2� is the result using A1 ·A2

−C12
2 . The values of vrev

2 in Table III have been normalized
with respect to the average value of vdir

2 for r=1 m. This is
done because a value of vrev

2 in �m/s�2 does not give any
information, unless the excitation used is known, together
with the knowledge of a number quantities as, e.g., the loud-
speaker efficiency, the radiation impedance, etc. A direct
measure for comparison is the direct �or free� sound field vdir

2

�the choice of r=1 m is of course arbitrary�.
So by measuring and calculating the parts of the rever-

berant field information can be obtained about the contribu-
tions from different directions to the total reverberant sound
field, which in turn gives information about the acoustics of
the room.

In this paper, with emphasis on the 4-v-sensor device,
we will not discuss these aspects.

In general one is inclined to think that the average re-
verberant sound field is independent of the distance r. For the
three distances r=0.5, 1, and 2 m the results are given in
Table IV; in the second column the average value of vrev

2 ,
again normalized with respect to vdir

2 �r=1 m�, in the third
column the standard deviation �. The values of vrev

2 for the
different distances are not exactly equal; however their dif-
ferences are within the standard deviation.

TABLE III. Reverberant field vrev
2 , calculated from tw

to vdir
2 at r=1 m.

r \ � \ � vrev
2 �1,2� vrev

2 �1,3� vr
2

0.5\60\ 0 0.400 0.413
0.5\90\ 0 0.331 0.251

0.5\90\ 30 0.341 0.347
0.5\0\ 60 0.398 0.406
1\30\ 0 0.323 0.377

1\60\ 30 0.331 0.274

TABLE IV. Reverberant field measured, normalized with respect to vdir
2 �r

=1 m�, and standard deviation.

r
�m� vrev

2 �

0.5 0.358 0.066
1 0.310 0.041
2 0.299 0.074
J. Acoust. Soc. Am., Vol. 119, No. 2, February 2006
VIII. CONCLUSIONS AND FUTURE PLANS

A four-particle velocity sensor has been described with
which the free field and the reverberant sound field can be
detected in a reverberant environment. The strength of these
sound fields is not expressed in terms of the sound pressure
but in terms of the particle velocity. Since the latter is a
vector, while the pressure is a scalar, more information can
be obtained when using a particle velocity sensor instead of
a pressure sensor �microphone�. Free field measurements are
desired for determining the radiated noise of a source, when
it is positioned in a reverberant environment. In �concert�
hall acoustics a precise and detailed knowledge of the reflec-
tion pattern and reverberant sound field is desired. From
measurements in a reverberant room the free field sound
field, as well as the reverberant sound have been deduced.
This has been done for a source-sensor distance as well as
smaller and larger than the reverberation distance of the
room. Also information about the directional characteristics
of the reverberant field is obtained by comparing the various
auto and cross correlations of the four sensors.

The separate four v sensors are quite small
�4*1 .5*1.5 mm� and are encapsulated close to each other, so
that the sensing volume �the volume in which the three vec-
tor components of the particle velocity are measured� is
small as well; about 5*5*5 mm.

Many separate v sensors were processed on a wafer in a
thin film technology. They were cut, glued on a small printed
circuit boards with electrical contact areas. The four printed
circuit boards were encapsulated together to one device. The
next step in the integration process is to integrate all sensors
on one die �a piece of silicon�, a photo of this developed

FIG. 7. Photo of the newly made device. The sensor wires can be seen

sors at the time, values were normalized with respect

4� vrev
2 �2,3� vrev

2 �2,4� vrev
2 �3,4�

0.280 0.320 0.288
0.266 0.422 0.265
0.435 0.368 0.338
0.404 0.301 0.379
0.286 0.330 0.289
0.274 0.318 0.265
o sen

ev �1,

0.360
0.332
0.377
0.325
0.304
0.317
inside the cross shape as thin lines.
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sensor is shown in Fig. 7. The mounting of the sensor is
much simpler �only one printed circuit board is needed with
electrical contacts�, the directions of the four unit vectors �i
are now precisely defined by a lithography process step, and
also the equality of the four v sensors in one device is even
better.

APPENDIX A

��1 · vm���2 · vm� = vm
2 ��1x · �2x · sin2��� · cos2���

+ �1y · �2y · sin2���sin2���

+ �1z · �2z · cos2����

+ vm
2 ��1x · �2y · sin2���cos2���sin���

+ �1x · �2z · sin���cos���cos���

+ �1y · �2x · sin2���cos2���sin���

+ �1y · �2z · sin���cos���sin���

+ �1z · �2x · sin���cos���cos���

+ �1z · �2y · sin���cos���sin���� .

The integration 	0
�sin���d� 	0

2�d� of the terms between � �
results in a zero value �e.g., 	0

2�cos���sin���d�=0, etc.�.
The integration 	0

�sin���d�	0
2�d� of the terms between � �

results in

�4�/3�vm
2 ��1x · �2x + �1y · �2y + �1z · �2z�

= vrev
2 ��1 · �2�/3

�e.g., vm
2 	0

�sin���d�	0
2�sin2��� · cos2���d�=vm

2 �	0
�sin3���d�

=4�vm
2 /3=vrev

2 /3 or vm
2 	0

�sin���d�	0
2�cos2���d�

=−vm
2 2�	0

�cos2���d cos���=4�vm
2 /3=vrev

2 /3�.
Instead of writing out all the components of the arbitrary

vectors �1 and �2 a faster derivation of Eq. �2� is possible.
Since the integration should be performed over all mirror
sources equally distributed over the sphere the result of the
integration is independent of any rotation of the Cartesian
coordinate system. Rotate then the coordinate system such
that �1= �0,0 ,1� and �2= �0,sin���� , cos�����. The angle
between �1 and �2 is �� and the inner product �1 ·�2 is
equal to cos����. The integral equation for the contribution
of the reverberant field to the cross spectrum becomes:

vm
2


0

�

sin��� · d� · 

0

2�

d���cos����

��sin����sin���sin��� + cos����cos�����

=2�vm
2


0

�

sin���cos2���cos����d� = �4�vm
2 /3�cos����

= �vrev
2 /3���1 · �2� .

APPENDIX B

A1 · A2 − �C12�2 = �vx
2/2 + vz

2/2 + vx · vz + vrev
2 /3��vy

2/2

+ v2/2 + vy · vz + v2 /3�
z rev
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− �vz
2/2 + vx · vy/2 + vx · vz/2 + vy · vz/2 + vrev

2 /6�2

=vx
2 · vy

2/4 + vx
2 · vz

2/4 + vx
2 · vy · vz/2 + �vrev

2 /3��vx
2/2 + vz

2/2

+ vx · vz + A2� + vy
2 · vz

2/4 + vz
4/4

+ vy · vz
3/2 + vx · vy

2 · vz/2 + vx · vz
3/2 + vx · vy · vz

2 − �vz
4/4

+ vx
2 · vy

2/4 + vx
2 · vz

2/4 + vy
2 · vz

2/4

+ �vrev
2 /6�2 + vx · vy · vz

2/2 + vx · vz
3/2 + vy · vz

3/2 + �vrev
2 /3�

��vz
2/2 + vx · vy/2 + vx · vz/2 + vy · vz/2�

+ vx
2 · vy · vz/2 + vx · vy

2 · vz/2 + vx · vy · vz
2/2

=�vrev
2 /3��A1 + A2 − vrev

2 /3� − ��vrev
2 /6�2 + �vrev

2 /3��C12�

− vrev
2 /6� or

3�vrev
2 /6�2 − 2�vrev

2 /6��A1 + A2 − C12� + �A1 · A2 − C12
2 �

= 0,

from which vrev
2 can be solved.

A1 · A3 − �C13�2 = �vx
2/2 + vz

2/2 + vx · vz + vrev
2 /3� · �vx

2/2

+ vz
2/2 − vx · vz + vrev

2 /3�−

�− vx
2/2 + vz

2/2� = vx
4/4 + vx

2 · vz
2/4 − vx

3 · vz/2 + �vrev
2 /3�

��vx
2/2 + vz

2/2 + vx · vz + vx
2/2 + vz

2/2

− vx · vz + vrev
2 /3�+

vx
2 · vz

2/4 + vz
4/4 − vx · vz

3/2 + vx
3 · vz/2 + vx · vz

3/2 − vx
2 · vz

2

− vx
4/4 − vz

4/4 + vx
2 · vz

2/2=

�vrev
2 /3��A1 + A3 − vrev

2 /3� or

4�vrev
2 /6�2 − 2�vrev

2 /6��A1 + A3� + �A1 · A3 − C13
2 � = 0,

from which vrev can be solved.
An alternative way is as follows. Write A1=A1+2 ·R,

where R=vrev
2 /6; A2=A2+2 ·R, A3=A3+2 ·R, C12

= ��A1 ·A2�+R and C13= ��A1 ·A3�.

A1 · A2 − C12
2 = �A1 + 2R��A2 + 2R� − ���A1 · A2� + R�2

= 2R�A1 + A2 − � �A1 · A2�� + 3R2.

A1+A2=A1+A2−4R and ��A1 ·A2�=C12−R, thus

A1 · A2 − C12
2 = 2R�A1 + A2 − 4R − C12 + R� + 3R2 or

− 3R2 + 2R�A1 + A2 − C12� = A1 · A2 − C12
2

A1 ·A3− �C13�2=A1 ·A3+2R�A1+A3�+4R2−A1 ·A3=2R�A1

+A3−4R�+4R2=−4R2+2R�A1+A3�, which are the same as
the above equations.
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