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Abstract
Complete characterization of a sound field requires measurement of both sound pressure and
particle velocity. In this paper, a new symmetrical four-wire sensor configuration is discussed
which has a lower noise floor than its two-wire version and measures in two dimensions. With
a pair of four-wire sensors, a fully integrated 3D particle velocity sensor is realized with
smaller size than its predecessors. In this paper, a further investigation towards the directivity
pattern of the sensor is done, revealing that a deviation is present between the expected and
measured direction. Measurements of the directionality and possible solutions to the problem
are presented in this first part, whereas the second part of this paper presents a more theoretical
model of the deviation. Furthermore, a connection method is discussed enabling the use of the
sensor for commercial purposes and measurements are presented showing the difference in
performance resulting between a two-wire and a four-wire sensor configuration.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Acoustic sound fields consist of a combination of pressure
variations around atmospheric pressure and vibrations of
the air molecules named particle velocity. Measurement of
solely sound pressure is therefore insufficient to determine the
sound field completely. Furthermore, the particle velocity
is a vector quantity, representing both a magnitude and a
direction. Measuring the complete particle velocity field
therefore requires a sensor, which can measure the direction
of the particle velocity as well as the magnitude. Particle
velocity can be measured by using multiple well-matched
sound pressure microphones [1]; however when the three-
dimensional particle velocity vector is required, this results in
a relatively large measurement probe, with a size in the order of
10 × 10 × 10 cm [2]. When using particle velocity sensors, the
measurement probe can be much smaller [3]. In this paper, a
three-dimensional particle velocity sensor is presented based
on a new sensor structure consisting of four parallel heated
wires [4]. This not only results in a very compact sensor, but
also gives a significant improvement in performance. A sound

pressure sensor can be integrated on the same chip as in [3],
resulting in a complete 3D sound intensity sensor.

As a basis for the new design, a thermal (one-dimensional)
particle velocity sensor [5] is used as shown in figure 1. Such
a sensor consists of two small platinum sensor wires placed at
a distance of 100–300 μm away from each other. Both wires
are heated by an electrical current. When a flow component is
present in the plane of the wires and perpendicular to the
length axis of the wires, this will result in a temperature
difference between the wires. This results in a difference
in wire resistance which is measured and is proportional to
the particle velocity signal [5]. The sensitivity and noise
performance of the device can be improved by adding a
third wire in the centre which is operated as an additional
heater [6].

A three-dimensional particle velocity sensor has been
made by (manually) combining three of these sensors on a
small frame. A small sound pressure microphone was included
to be able to measure sound pressure as well. Recently,
we proposed a fabrication technique to integrate all sensors
including a sound pressure microphone on a single silicon chip
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Figure 1. A two-wire particle velocity sensor in one plane.
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Figure 2. Schematic drawing of a four-wire particle velocity sensor.
The wire pairs (1, 4) and (2, 3) are designed to have perpendicular
directions of sensitivity. The angle α describes the direction of
sensitivity.

[3]. Furthermore, we proposed to use four-particle velocity
sensors as this allows the use of cross-correlation techniques
to reduce noise [7]. This fully integrated sensor was much
thinner than the manually assembled sensor, but the lateral
dimensions were approximately the same. Furthermore, the
performance was limited by the fact that only two sensor wires
could be used, thereby lacking performance compared to the
manually assembled version which had a heater.

In this paper, a new sensor structure is proposed in which
four parallel wires are used as indicated in figure 2. In this
way, multiple directions of sensitivity are combined, resulting
in a two-dimensional particle velocity sensor. A combination
of two of these sensors in one chip results in a complete three-
dimensional particle velocity sensor. Connecting the wires ‘2’
and ‘3’ as shown in the figure will result in a sensor which is
sensitive in the lower-left to upper-right direction. Similarly,
the sensor wires ‘1’ and ‘4’ will have sensitivity orthogonal
to the first sensor pair. Besides smaller dimensions, the most
important advantage of the four-wire design is a better noise
performance, more comparable to that of a sensor with an
additional heater. This is due to the fact that for both wire
pairs, the other pair acts as an additional central heater.

From the basic sensor structure, one could expect that
the four-wire design would result in sensitive directions at
45◦ with the chip surface for the wire pairs (1, 4) and
(2, 3). However, measurements have shown that the sensitive
direction is actually shifted by more than 10◦. The exact origin
of this deviation has been investigated and a detailed sensor

Figure 3. Close-up of a basic four-wire sensor element which was
used for characterization and modelling of the device. A complete
3D sensor with these types of sensors requires two of these elements.

model explaining this behaviour is presented in part 2 of this
paper [8]. Because of the fact that the deviation is almost
frequency independent, it can easily be compensated for as
explained below.

2. Design

2.1. A particle velocity sensor with four wires

One-dimensional particle velocity sensors have been studied
extensively and optimal sensor dimensions such as wire
distance are known, see e.g. [9]. A disadvantage of using
sensors with wires on both sides of the silicon substrate is that
the wire distance is also defined by the substrate thickness.
Previously [3], we have chosen a substrate thickness of
250 μm, which is larger than optimal with respect to sensor
performance; however, thinner substrates would result in much
more complicated handling of the wafers during processing.
The new four-wire design has the advantage that each wire
pair acts as a heater for the other wire pair so that the wafer
thickness of 250 μm is no longer a bad choice. Experiments
with a shorter distance (wafer thickness of 100 μm) showed
worse results.

Figure 3 shows a photograph of a fabricated sensor. The
wires are placed symmetrical, i.e. the distance between wires
1 and 2 and wires 3 and 4 is equal to the wafer thickness of
250 μm. The wire length is 1.5 mm, which was also used in
previous designs. The design shown in figure 3 was designed
specifically for modelling and characterization of the four-
wire structure, the results of which are presented in [8]. For
a complete three-dimensional particle velocity sensor, another
sensor should be integrated on the same chip, for example as
indicated in figure 4.

The combination of two four-wire sensors results in four
output signals corresponding to the four sensitive directions,
where in fact three (orthogonal) directions are sufficient.
However, because of some signal processing advantages, a
design with four sensitive directions is preferred [7]. The
advantage of using four sensors in signal processing is that
for every possible particle velocity direction, there will be at
least two sensor signals available, enabling the use of cross-
correlating signals for every possible direction.
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Figure 4. Schematic drawing of a complete three-dimensional
particle velocity sensor consisting of two four-wire elements.

Figure 5. Photograph of a complete, mounted device with a
pressure back chamber. The fabricated chip can be inserted in a
standard zero-insertion-force connector.

2.2. Integrated sound pressure sensor

In order to realize a complete integrated sound intensity sensor,
a sound pressure sensor is integrated on the same chip. This
can be done by positioning a particle velocity sensor at the
entrance of a cavity which converts sound pressure into particle
velocity. In this way, sound pressure can (indirectly) be
measured by another particle velocity sensor. This implies
that largely the same fabrication process as with the particle
velocity sensors can be used, resulting in a straightforward
and reliable fabrication process. A more detailed analysis of
the operating principle, theoretic modelling and measurement
results are given in [3].

3. Fabrication

The fabrication process used is similar to the process described
in [3]. Figure 5 shows a complete, mounted 3D sensor with
an integrated sound pressure sensor. To avoid the tedious
and meticulous process of wire bonding on both sides of
the sensor chip, a zero-insertion-force (ZIF) socket is used.
Figure 6 shows a cross-sectional drawing of such a socket,
which is actually meant for connecting flexible printed circuit
boards. In fact, a ZIF socket provides an almost ideal means
to connect the fragile sensor chip. Inserting the chip in a

Figure 6. The cross-section of a zero-insertion-force connector
shown.

regular socket could easily destroy it, but in a ZIF socket the
connectors are pressed with a small lever to the contact pads
of the chip. Insertion of the sensor chip into the connector
is completely forceless, and when the lever is closed the chip
is firmly attached to the connector. The contacts of the used
connector are on both sides of the chip and are interconnected,
so using this type of connector makes connections on both sides
of the chip. For the 250 μm thick chips, standard available
connectors from OMRON [10] are used. Experiments have
shown that the chip is tightly connected in the connector with
a very good electrical contact. The pressure on the contact
points is not too high to destroy the connection pads on the
chip. When necessary the clamp can be opened again, thereby
loosening the contacts again, and the chip can be taken out of
the connector, and another chip can be inserted.

For the three-dimensional particle velocity sensors with
an integrated sound pressure microphone, the electrical
interconnections were designed such that all sensors are
connected properly with only ten connection pads. Figure 7
shows the electrical interconnections for this sensor design.
Dotted lines are connections on the backside and solid lines
on the front side. Using this method of connections saves a
lot of time in assembling the sensor and facilitates therefore
commercial use of the sensor.

4. Measurement results

4.1. Particle velocity directivity measurements

To verify that the particle velocity sensors are indeed
directionally sensitive, a polar plot is measured. This is done
by placing the sensor inside a standing wave tube where the
particle velocity is well defined. The sensor is rotated in
fixed steps and for every step the sensitivity to the defined
particle velocity is recorded. Inside the standing wave tube,
the particle velocity is well defined in the frequency range
between 100 Hz and 4 kHz. Below 100 Hz, the imperfect
sealing between the rotation mechanism and the tube has an
effect on the behaviour of the particle velocity. For frequencies
above 4 kHz, the diameter of the tube is too large and standing
waves can occur in other directions than parallel to the length
axis of the tube [11].

Figure 8 shows the measured angular sensitivity for one of
the wire pairs of the 3D particle velocity sensor. The response

3
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Figure 7. Electrical connections for a complete sound intensity
sensor consisting of two four-wire particle velocity sensors and an
additional sound pressure sensor. The ZIF connector interconnects
the back and front sides.

Figure 8. Relative sensitivity of the particle velocity sensors
measured in rotational steps of 3.75◦ in the linear scale. Rotation is
along the length axis of the sensor chip. The plot shows the
measurement data at 600 Hz.

of the sensor relative to the angle of the incoming particle
velocity direction is plotted. Clearly the sensor has a ‘figure-
of-eight’ response; however, there is an (almost) frequency-
independent deviation of 10–20◦ between the desired and
the measured sensitivity direction. This deviation was not
found to be dependent on parameters such as orientation with
respect to the gravitational field, sound power or temperature
of the element [6]. The term ‘figure of eight’ refers to the
similarity between the plot and the written number ‘eight’ and
represents pure vector sensitivity. Obviously, this type of plot
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Figure 9. Direction of sensitivity found from measurements for
frequencies from 200 Hz to 3 kHz. Data points are the result of a
cosine function fitted through the angular measurement results. The
desired direction is 45◦.

gives a good indication of the directivity pattern, but the exact
direction is hard to find from the graph. Therefore, a cosine
function was fitted through the measurement data so that the
direction of sensitivity can be derived more accurately. In
all cases, the residual error found between the measurement
results and the fitted cosine function is very low, implying
that the sensitivity pattern indeed corresponds to a true
vector.

The direction of maximum sensitivity found from the
cosine fitting algorithm is shown in figure 9 as a function
of frequency. The sensitive direction is at approximately 33◦

with respect to the normal with the chip surface, see figure 2,
and largely independent of frequency. For low frequencies,
i.e. between 200 and 400 Hz, the deviation becomes frequency
dependent; an explanation for this can be the imperfect sealing
of the probe to the tube influencing (mainly low frequencies
of) the sound field inside the tube. This is concluded because
of the asymmetric behaviour of the signals seen in figure 9.
There is coherence with a real direction change of the flow
here, instead of an effect due to the sensor itself. Furthermore,
the geometry of the standing wave tube results in a minimum
in particle velocity at 3 kHz, and therefore, for clarity of the
graph only the results below 3 kHz are shown.

After excluding effects such as sensor orientation in the
measurement setup (and therefore the direction of the free
convection), temperature of the element and sound power
in principle, there are two possible explanations left for the
deviation from the expected angle of 45◦. First, the silicon
carrier surrounding the sensor wires forms an obstacle by
which the local direction of the flow is changed. Secondly, the
silicon substrate acts as a heat sink for the sensor wires. This
influences the temperature distribution of the ‘heat bubble’
around the sensor wires and might result in an increased
sensitivity in a specific direction. Both explanations are
analysed and discussed in detail in part 2 of this paper [8].
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45o

Measured direction

Expected
direction

45o
Expected direction

Figure 10. A fully symmetrical sensor results in a sensitive
direction that is shifted slightly towards the normal to the chip
surface. By moving the sensor wires further apart, the sensitive
direction might be shifted towards the ideal 45◦. However, in
practice this technique does not work (see the text).

10
3

20

22

24

26

28

30

32

34

36

38

40

|
1
|

|
2
|

1 2

3

S

substrate substrate

4

S

Frequency [Hz]

F
o
u
n
d
 a

n
g

le
 [
d

e
g

re
e

s
]

Figure 11. Measurements on a sensor with the horizontal wire
spacing increased to 400 μm. Due to the reduction of sensitivity
associated with an increased wire distance, there is no improvement
and the direction of sensitivity becomes even frequency dependent.

4.2. Directivity correction by an asymmetric sensor wire
distance

One could assume that the deviation in the angular direction
can be corrected by simply positioning the sensor wires a little
further apart from each other as illustrated in figure 10. A
sensor with this feature has been tested. From the measured
angle of sensitivity shown in figure 11 it can be seen that there
is no improvement in the direction as compared to figure 9 and
the sensitive direction even becomes frequency dependent,
which is strongly undesired.

The explanation for this lies in the fact that with an
increased wire distance the sensitivity of a particle velocity
sensor decreases depending on the frequency. Increasing
the wire separation of the horizontal sensors will decrease
sensitivity in the horizontal direction and the signal from
the vertical sensors will become dominant. Furthermore,
the difference in frequency response results in a frequency-
dependent directivity. This frequency dependence eventually
masks the effect that is seen in figure 9, the low frequency
direction change. Nevertheless this effect is shown in figure 11,
where the difference between the two signals is increasing for
low frequencies.
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Figure 12. Directivity correction by means of the subtraction of
signals. In this case, a part of the signal from one channel is
subtracted from the other, resulting in sensitive directions very close
to 45◦.

4.3. Directivity correction by signal processing

In contrast to the previous method, directivity correction can
well be accomplished by signal processing. Because for the
used sensor the deviation is (almost) frequency independent,
it is possible to ‘create’ a sensitivity direction by simply using
a linear and frequency-independent combination of the two
sensor signals. For example, in the case of the sensor that was
used in figure 9, the response of a channel can be corrected
by subtracting 0.21 times the signal from the other channel.
The value is found with a ‘best fit’ and is simply a solution
to the vector calculation shown in figure 10. The resulting
angle of sensitivity is shown in figure 12, demonstrating the
feasibility of this approach. This technique works very well
for two reasons: the sensors behave very much alike and they
are virtually at the same place.

4.4. Directivity correction with a symmetrical construction
frame

The origin of the problem lies in the presence of the silicon
substrate, which influences both the flow pattern and the
temperature distribution around the sensor wires. Therefore,
changing the structure so that it becomes more rotational
symmetric could solve the problem. This is accomplished by
attaching additional pieces of silicon as indicated in figure 13.
Another sensor chip was diced in two pieces which were
mounted on top of the sensor, resulting in the device.

Figure 14 shows directivity measurements for both a
standard and the symmetrical device. As expected, the
directivity is now different and found to be at 50◦. Due to small
misalignments because of the manual alignment procedure,
imperfect results are obtained. Although this method proves
to be successful and gives additionally protection to the fragile
sensor wires, the assembly of the sensor is very difficult.
Furthermore, it will make the sensor larger.
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Figure 13. Photograph of the realized device. Inset: schematic
drawing of the completely symmetrical sensor device.

Figure 14. Shown are the measured sensitivity patterns of a standard
and a more symmetrical sensor device. Clearly the presence of the
asymmetrical silicon substrate contributes to the deviation.

4.5. Particle velocity frequency response measurements

The sensitivity of the elements is measured. Although the
actual sensitivity is a meaningless parameter for performance,
the frequency response is not. In figure 15, the response
of the sensor to a particle velocity signal of 94 dB PVL (or
2.4 mm s−1) is shown. The response shows low pass behaviour,
similar to other particle velocity sensors based on the same
principle [3, 5]. The small peak at 3 kHz is due to a ‘divide by
almost zero’ to cancel out the response of the standing wave
tube and not an artefact of the sensor.

4.6. Self-noise measurement

It is interesting to compare the performance of the four-wire
sensor to the performance of a two-wire sensor with the same
geometry. For this, the sensitivity and noise level are measured
for a four-wire sensor in two situations: having all four and
only two of the wires powered. Dividing the measured noise
level (in volts) by the sensitivity (in V (m s−1)−1) gives the
apparent acoustical self-noise (in m s−1). Figure 16 shows
the result. Clearly, using all four wires reduces the self-noise
significantly due to the increased sensitivity. The reason for the
noise increase on the low frequency side (200 Hz and below)
is the increase of the (electrical) 1/f noise, whereas on the
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Figure 15. The frequency response of the particle velocity sensor to
a signal of 94 dB PVL.
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Figure 16. Measured self-noise level with two wires and four wires
powered. Results are in dB PVL. Especially at higher frequencies,
the four-wire sensor has a significantly lower noise level.

high frequency side (over 2 kHz), the sensitivity of the element
decreases significantly, thereby also increasing the self-noise
level.

5. Conclusion and summary

A three-dimensional sound intensity probe consisting of two
four-wire particle velocity sensors and one sound pressure
sensor in a silicon substrate was developed. The sensor is
significantly smaller than its predecessors and the four-wire
sensor design results in a better self-noise level. Measurements
have revealed a deviation of the sensitivity direction due to
the presence of the silicon substrate. A thorough analysis of
this effect is given in a separate paper in this issue [8]. In
practice, the deviation can be corrected easily because it is
almost independent of frequency and the sensor locations are
virtually the same.
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