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HOUSING FOR MICROPHONE ARRAYS AND MULTI-SENSOR DEVICES FOR THEIR SIZE
OPTIMIZATION

Field of the invention and description of prior art

The invention relates to a sensor system being located in an environment composed of a first
medium, where waves propagate with a first phase velocity, the sensor system comprising at
least one main enclosure and a sensor array with at least two sensors, said sensor array being

arranged inside the main enclosure.

Sensor arrays, in particular with acoustic sensors, are of growing importance for a plurality
of applications. In the field of mobile communication, for instance, where mobile phones are
increasingly equipped with high power central processor units and powerful digital signal

processors, a multitude of new features seems possible with advanced sensor arrays.

Audio conferencing devices rely on microphone arrays, hidden in the device, the arrays
allowing for speaker tracking, speech enhancement, acoustic echo cancellation and every-
thing needed for a hands-free conference call in a multi-speaker, noisy and reverberant
environment. One example for such a device is the ‘Life Size Phone
(http;/fwwwlifesize.com/downloads/pdf/datasheet_phone.pdf, accessed on 27 September 2007), an

audio conference phone with a circular microphone array with 16 embedded microphones.

However, such devices are usually large and heavy and at the moment not suitable for use in
mobile devices. This is due to the fact that commercially available sensor-arrays are up to

now limited by their size and spatial sensitivity.

These two restrictions are however strongly dependent on physical properties of the signal
of interest (wavelength). The size of a microphone array is defined by the frequency range of
the signals to be processed and by the desired spatial resolution, thus not allowing the
miniaturization of the size of those arrays. While the individual sensor ele-
ments/microphones of an array can be miniaturized, the geometrical distances among these
sensor elements can not be reduced without affecting its spatial resolution capabilities for a
given frequency range. Therefore, microphone arrays have not been included with mobile

devices so far.

CONFIRMATION COPY
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Summary of the invention

It is a goal of the present invention to provide a sensor array whose properties are independ-
ent of its dimensions while keeping the advantageous properties of larger or smaller arrays,

like directional sensitivity and the like.

These aims are met by a sensor system as stated in the beginning, wherein the space inside
the main enclosure between the sensor array and the inner surface of the main enclosure is
filled with a second medium, in which waves propagate with a second phase velocity, the

second phase velocity being different from the first velocity.

Depending on whether the second phase velocity is lower or higher than the first phase
velocity, this solution allows for variable applications. By exploiting the advantages of
different phase velocities in different media, small sensor arrays can be provided with
properties of large sensor arrays and sensor arrays in general can be made sensible for high-
frequency waves of any kind. In brief, the invention allows an optimization of sensor arrays,
depending on the intended application. This is achieved with low cost and relatively small
efforts compared to existing solutions. In principle, the solution according to the invention

can be used for all kinds of waves which allows for a multitude of applications.

In one variant of the invention, the second medium is of such a kind that the second phase
velocity of waves propagating in the second medium is lower than the first phase velocity of

waves propagating in the first medium.

Thus, a considerable reduction of the size of such a sensor system can be realized by taking
advantage of the difference of the phase velocity of waves in different media. The propaga-
tion speed of waves in different media can be used for the enhancement of cross-channel
delay dependent on the wavelength under consideration. Since sensor arrays benefit mostly
from the cross-channel delay between the sensors, the place where the speed of sound plays
a big role is in the proximity of the sensors. In order to enhance the resolution of a sensor-
array, the wavelength of the propagated signal needs to be reduced in comparison to the one
in the original medium. Since the propagation speed and the wavelength of a sound are
directly related, and the sensor array properties (e.g. direction dependent sensitivity) are
directly related to the wavelength one can directly benefit from changing the medium. The
wavelength reduction can be applied beneficially for two problems: The first is the size
reduction of a sensor array by keeping constant the properties of the reference array. The
second is the enhancement of important properties, like the sensitivity or the effective band-

width of the array, by keeping the size unchanged.
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In another variant of the invention, the second medium is of such a kind that the phase
velocity of waves propagating in the second medium is higher than the first phase velocity of

waves propagating in the first medium.

This allows for an inverse application of the principle of the invention: By taking advantage
of a medium change, a sensor array can be used to analyze waves with a high frequency. For
a correct functioning of such sensor arrays, the minimum distance between two neighbored
sensors in principle is limited with one half of the wave length of the waves under considera-
tion. Since waves with a high frequency have a very small wavelength which may be too
small for allowing sensors to be arranged in the necessary distance, a medium change may

allow for this condition to be met.

In an advantageous variant of the invention, the sensors used in the sensor array are acoustic
sensors, preferably microphones. The minimum number of microphones used is two, how-
ever, for obvious reasons the advantageous properties of the invention increase with the
number of acoustic sensors used. In principle there are no restrictions on the type of micro-
phone used, as long as its size allows for a minimization/ maximization of the sensor system
as a whole. The spacing between the microphones can be both linear and non-linear, which

means that the distances may be different or the same throughout the array.

In principle it is possible to use multiple separate MEMS-circuits (Micro-electro-mechanical
Systems) for the acoustic sensors. Here, one MEMS-circuit is considered as a single array
element even if itself may be composed of several transducers. These microphones feature a
very small size and have a low power consumption while maintaining a very good signal

quality. Thus, by virtue of this solution a further downsizing of the sensor system is feasible.

In most of the cases the first medium the sensor system is located in will be air. However, the
application of the sensor system is not restricted to situations where the first medium is air.
The first medium might as well be a liquid like water, a composite material or a solid, pro-
vided the phase velocity of a wave propagating in the second medium is different to the
phase velocity in the first medium. This allows for different application of the sensor system
according to the invention, like geodesic measurements (earth quake measurements), un-
derwater measurements (fish tracking and submarine localization) and biomedical applica-

tions.

In case a minimization of the sensor array is intended and air is used as a first medium, cool
air could be used as a second medium in principle, i.e. the air acting as the second medium

has to be considerably cooler than the air surrounding the sensor system enclosure.
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However, such an arrangement is not very convenient, since the temperature difference
between the two media has to be very high to achieve a sufficient decrease of the propaga-
tion speed of propagating waves. Thus, the second medium might be a gaseous medium or a
material with a composite structure or a liquid or a solid with a second phase velocity that is
smaller or lager than the phase velocity in air. In each of said media, the second phase
velocity of a propagating wave has to be different than the first phase velocity of a wave
propagating in the first medium.

Possible gases are Argon (Ar), Krypton (Kr), Xenon (Xe), Sulfur Hexafluoride (SFe) and
Carbon Dioxide (CO,), to name only some of a couple of possible gases, where the second

phase velocity is lower than the first phase velocity.

If the second medium is a composite, materials such as sand are considered to be used for
that purpose, but also plastics with a similar structure and granularity as sand might be
appropriate. Such materials can reduce the phase velocity of waves sufficiently. Also, the
consequences of a leakage in the main enclosure are negligible compared to a gaseous

medium.

The second medium might also be a liquid like water, oil or alcohol. Possible solids are
acrylic glass, rubber or plastics. Rubber could be used when it is intended to have a second

medium with a higher phase velocity.

For the sake of completeness it has to be mentioned that the choice of the second medium
always depends on the first medium and whether the second phase velocity of propagating
waves should be lower or higher than the first phase velocity.

There are various possibilities for the construction of the main enclosure of the sensor sys-
tem. In a general layout it might be substantially ball-shaped. This allows for an optimal
response of the sensor system, regardless of which direction the propagating waves come
from. However, such a shape necessitates some sort of rack to keep the sensor system in
place. Thus, in another embodiment the enclosure has a substantially hemispherical shape.
However, the shape is not restricted to spherical shape, also elliptical or half-elliptical shapes
are possible. Generally speaking, there are no restrictions as to the shape of the enclosure,
but whichever shape is chosen, care has to be taken that shape dependent artifacts and

diffractions are negligible.

Regardless of the design of the main enclosure, additional layers of enclosures might be

provided around a first enclosure. Each of the additional enclosures may serve a specific
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purpose: The outermost enclosure improves the stability of the system, whereas one of the
interior enclosures enhances the leak-tightness of the system, to name only some of many
possible purposes. In principle, the layers of enclosures stick together. In one embodiment of
the invention, the space between said enclosures may be filled with air. Thus, a leakage of

the main enclosure does not immediately lead to an elusion of the second medium.

The additional layers of enclosures may be provided with security sensors. Thus, in case of a
partial damage of one of the enclosures the sensors may react and can initiate counter meas-
ures to prevent a leakage of the medium that is located inside the enclosures. There is a
number of sensors that can be used for that purpose, e.g. semiconductor gas sensors. There
exist sensors with different sensitivity (reacting on different concentrations of a specified
gas). Their working principle is based on a chemical reaction with the detected/leaking gas

which changes the physical properties of the sensor and in doing so sends a signal.

The invention will be best understood from the following description when read in conjunc-

tion with the accompanying drawings.

Brief description of the drawings

In the following, the present invention is described in more detail with reference to the

drawings, which show:

Fig.1 a schematic view of a sensor system according to the invention, with a ball-

shaped main enclosure,

Fig. 2 another embodiment of a sensor system where the main enclosure has a hemi-
spherical shape,

Fig. 3a a plan view of yet another embodiment of a sensor system with an elliptical
shape,

Fig. 3b a sectional view of the embodiment of Fig. 3 along the line A-A,

Fig. 4 a detail of a sectional view of a sensor system comparable to the one depicted in

Fig. 1 with a number of interleaved enclosures.

Detailed description of the invention

Fig. 1 shows one possible embodiment of a sensor system 101 according to the invention. It
comprises a main enclosure 102 that is mounted on a rack 112. The main enclosure 102 has a

spherical shape, Fig. 2 shows an embodiment with a hemispherical main enclosure 102. In
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the case of Fig. 1, the rack 112 is a tripod, but this is only one of many possible solutions any
expert would easily come up with. The sensor system 101 of Fig. 2 can be placed on any flat

surface, thus no rack 112 is needed.

Inside the main enclosure 102, there is a circular sensor array 103 with a plurality of sensors.
In principle, a plurality of different sensors can be used. In the embodiment of the invention
discussed here, the sensors are microphones 104. The minimum number of microphones 104
for the sensor system 101 to work as intended by the invention is two; however, the em-
bodiments in Figs. 1 and 2 show seven microphones 104. For obvious reasons, there is no
limit for the number of microphones 104 used besides weight, spatial constraints and the
processing power of the device used to process the signals. The sensor array 103 is held in
place by a support structure 113. For the sake of completeness it is mentioned that the circu-
lar form of the sensor array 103 and the design of the support structure 113 in Figs. 1 and 2 is
only one of many different embodiments. Figs. 3a and 3b show yet another possible ar-
rahgement: The main enclosure 102 has an elliptical shape and the sensor array 103 is a linear
array with eight microphones 104. Fig. 3a shows a ground view of such an embodiment,

whereas Fig. 3b depicts a cross-section along the line A-A in Fig. 3a.

Whichever arrangement is chosen for the main enclosure 102 and/or the sensor array 103,
the following applies for all possible embodiments: The environment of the sensor system
101 is composed of a first medium 105. Waves propagating in said first medium 105 move
with a first phase velocity. The space between the main enclosure 102 and the sensor array
103 inside the sensor system 101 is filled with a second medium 106. The second phase
velocity of waves propagating in the second medium 106 is different from the first phase
velocity. Depending on the intended use of the sensor system 101, the second phase velocity
may be higher or lower than the first phase velocity. In the case presented here, both media
105, 106 are chosen in such a way that propagating waves, e.g. sound waves, slow down
considerably when crossing the boundary between the first medium 105 and the second
medium 106, thus moving at a lower phase velocity in the second medium 106 than in the
first medium 105. Thus, the sensor array 103 can be minimized. Naturally, also the opposite
case where the second medium 106 is chosen such that propagating waves speed up and
have a higher phase velocity is thinkable. This version would allow for the sensor array 103
to be optimized for the intended use. In sensor systems 103 where the second medium 106
provides for a higher phase velocity of waves than the first medium 105 the resolution of the
system for waves with a higher frequency would be better and thus allow for a sound analy-

sis of the whole frequency spectrum.
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In the majority of cases for the minimization of the size of the array, the first medium 105
will be in a gaseous state; most likely it will be air. However, the invention is not restricted to
such situations; in principle, the first medium 105 can be any medium in any physical condi-
tion, as long as the demand is met that the phase velocity of a propagating wave is higher

than in the second medium 106.

In theory, the second medium 106 inside the main enclosure 102 can be air as well. In that
case, in order for waves to slow down inside the main enclosure 102, the air inside the main
enclosure 102 has to be much cooler than the air in the surrounding area of the sensor system
101. To give an example: To halve the speed of the propagating waves inside the sensor
system 101, the temperature difference between first medium 105 and second medium 106
has to be 283,35°C. With the temperature of the first medium 105 being 20°C, the second
medium 106 would have to be cooled to a temperature of -263.35°C, which seems rather

inconvenient.

Therefore, it is better, respectively more convenient, to use different media 105, 106 inside
and outside of the main enclosure 102. Advantageously, inside the main enclosure 102 a
medium is used where waves move with a considerably lower phase velocity than in the
medium surrounding the enclosure. Possible alternatives for the second medium 106 are

gaseous, liquid, solid or composite materials.

Applicable gaseous media are Argon (Ar), Krypton (Kr), Xenon (Xe), Sulfur Hexafluoride
(SF¢) and Carbon Dioxide (CO). It goes without saying that theses gases constitute only a
small selection of a multitude of usable gases. The same applies for composite, solid and
liquid media - rubber, sand, plastic pellets and alcohol are given here as examples, however
depending on the intended use of the sensor system 101, a multitude of other media can be

used.

When a gaseous medium is used as second medium 106, attention should be paid to the
construction of the main enclosure 102: The material of the main enclosure 102, e.g. a mem-
brane, must ensure that the first medium 105 and the second medium 106 are well separated
and no diffusion can occur. In order to ensure long term stability, a special plas-
tic/ membrane with a certain thickness not getting porous over time has to be used. A possi-

ble choice for the material of the main enclosure 102 might be a balloon.

For safety reasons, additional layers of enclosures could be used. Fig. 4 shows a detail of a
cross section of an embodiment with a shape similar to the one depicted in Fig. 1, where the

main enclosure 102 is surrounded by a second enclosure 109 and a third enclosure 110. Thus,
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the second medium 106 does not effuse in the environment in case of a leakage of the main
enclosure 102. The space between the layers of enclosures 102, 109, 110 might be filled with
the same medium the environment consists of, i.e. the first medium 105. Additionally, the
layers of enclosures 102, 109, 110 might be equipped with security sensors 111 configured to
alarm in case of a leakage of any of the enclosures, e.g. pressure sensors or some sort of
leakage sensors. Also, security sensors 111 can be used that are triggered by an elevated

concentration of a gas inside the enclosure.

For liquid media, the requirements are less strict. However, attention has to be paid to the
leak tightness of the main enclosure 102, since a liquid might affect the functional capability
of any device the sensor system 101 might be build in. Also the transition of the propagating
wave from the first 105 to the second medium 106 might cause diffractions. The design of the
boundary between the two media 105, 106 thus has to be carried out more carefully.

The second medium 106 can also be a composite material, e.g. sand or plastic pellets. Here,
the main enclosure 102 has to ensure that the material is surrounding the entire sensor
system 103 properly. For that purpose, a fine mesh made of metal or plastic having a fixed

shape might be sufficient.

The optimization of sensor systems 101 as proposed allows for a range of new applications,
like a combination of three different sensor arrays: One is a minimized version with an
enclosure with a second medium 106 having a lower phase velocity than the first medium
105, one is a ,normal’ version without any media-changes applied or enclosures used, and
one is a maximized version with a second medium 106 having a higher phase velocity than
the first medium 105. With such an arrangement it is possible to capture the whole audio
frequency range of acoustic signals with high resolution. The minimized array captures the
low frequency range, the ,normal’ array captures the middle frequency range and the high

frequency range is captured by the maximized array.

For the sake of completeness it has to be mentioned that when propagating waves cross the
main enclosure 102 and enter from the first medium 105 in the second medium 106, the main
enclosure 102 introduces distortions to the propagating waves. These distortions, however,
can be reduced by applying post processing techniques such as filtering techniques and
linearization. Though such measures can be used to ameliorate the signal gained by the
sensor array 103, the influence of the main enclosure 102 has to be taken into account when

constructing a sensor system 101 according to the invention.
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We claim:

1.  Sensor system (101) being located in an environment composed of a first medium (105),
where waves propagate with a first phase velocity, the sensor system (101) comprising at
least one main enclosure (102) and a sensor array (103) with at least two sensors (104), said
sensor array (103) being arranged inside the main enclosure (102), wherein the space inside
the main enclosure (102) between the sensor array (103) and the inner surface of the main
enclosure (102) is filled with a second medium (106), in which waves propagate with a

second phase velocity, the second phase velocity being different from the first velocity.

2. Sensor system (101) of claim 1, wherein the second medium (106) is of such a kind that
the second phase velocity of waves propagating in the second medium (106) is lower than

the first phase velocity of waves propagating in the first medium (105).

3.  Sensor system (101) of claim 1, wherein the second medium (106) is of such a kind that
the phase velocity of waves propagating in the second medium (106) is higher than the first
phase velocity of waves propagating in the first medium (105).

4.  Sensor system (101) of claim 1, wherein the sensors (104) of the sensor array (103) are

acoustic sensors.
5.  Sensor system (101) of claim 4, wherein the sensors (104) are microphones.

6.  Sensor system (101) of claim 4, wherein MEMS (Micro-electro-mechanical Systems)

microphones are used for the acoustic sensors.
7.  Sensor system (101) of claim 1, wherein the first medium (105) is air.

8.  Sensor system (101) of claim 7, wherein the second medium (106) is a gaseous medium
or a material with a composite structure or a liquid or a solid with a second phase velocity

that is smaller or larger than the phase velocity in air.

9.  Sensor system (101) of claim 1, wherein the main enclosure (102) is substantially ball-

shaped.

10. Sensor system (101) of claim 1, wherein the main enclosure (102) has a substantially

hemispherical shape.
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11.  Sensor system (101) of claim 1, wherein additional layers (109, 110) of enclosures are

provided around a main enclosure (102).

12.  Sensor system (101) of claim 11, wherein the space between the enclosures is filled with

air.

13.  Sensor system (101) of claim 11, wherein the additional layers (109, 110) of enclosures

are provided with security sensors (111).
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