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DESCRIPTION

PRESSURE GAUGE

The present invention relates to pressure gauges (also known as

pressure sensors). The present invention is particularly suited to, but not

limited to, pressure gauges (or sensors) used as vacuum gauges (or sensors).

Pressure gauges (which may also be termed pressure sensors, and

hereinafter the terms "gauge" and sensor are each used to mean gauge or

sensor), in particular vacuum gauges, are known.

One well known example of a vacuum gauge is the Pirani vacuum

gauge. This comprises a heating element that is placed in the environment/gas

to be gauged and means to sense the temperature of the heating element.

The thermal conductivity from the heating element to the environment, with the

environment acting as a heat sink, depends on the gas pressure. The heating

element is continuously supplied with a constant Joule heating, which in time

reaches equilibrium with the heat loss. The resulting temperature of the

element, which depends on the heat loss and thus the pressure, commonly

detected by measuring voltage change on the heating element, is used to

indicate the pressure.

A typical response curve 2 of a Pirani gauge is shown in Figure 1,

where the horizontal axis 4 is pressure on a logarithmic scale, the vertical axis

6 is signal voltage, and the region 7 is the most sensitive region of the

response curve 2 .

Known Pirani gauges tend to suffer from the following disadvantages.

They tend to suffer from noise such as 1/f noise (where f is frequency in the

noise spectrum) and thermal noise. Signal to thermal noise can be improved

by increasing the sense current, but then the power consumption also

increases. Moreover the 1/f noise cannot be readily reduced using standard



modulation techniques since modulation of high frequency is typically not

possible in devices using heat transfer in the detection principle.

EP-A-O 330 385 discloses a pressure gauge comprising a temperature-

dependent quartz oscillator and separate heating means adjacent to the

oscillating means so as to heat the oscillating means.

Quite separate from the field of pressure gauges, Micro Electro-

Mechanical System (MEMS) resonators are known. For instance a MEMS

piezoresistive resonator is a longitudinal mode resonator whose excitation is

induced by electrostatic actuation and sensing of which is performed by

sensing the piezoresistive effect of a doped material, typically silicon, forming

the resonator. Such a MEMS piezoresistive resonator is described in WO

2004/053431 , the contents of which are incorporated herein by reference. The

resonant frequency of a MEMS piezoresistive resonator is temperature

dependent. Conventionally, in the field of MEMS piezoresistive resonators,

such temperature dependence of the resonant frequency is considered to be a

disadvantage.

The present inventors have realised it would be desirable to provide a

pressure gauge, particularly a vacuum gauge, that alleviates or reduces the

above described disadvantages, and which preferably does not require

separate heating means and sensing means. Furthermore, and in

consideration of a field quite separate from pressure gauges, the present

inventors have realised that a feature of MEMS piezoresistive resonators

conventionally known as a disadvantage (i.e. the temperature dependence of

the resonant frequency) surprisingly may be used to advantageous effect in

provision of a new type of pressure gauge.

In a first aspect, the present invention provides a method for pressure

sensing, the method comprising: driving a MEMS piezoresistive resonator into

resonant vibration; applying Joule heating to the MEMS piezoresistive

resonator; and sensing a variable parameter that varies in response to the

tendency of the resonant frequency of the MEMS piezoresistive resonator to

depend upon the temperature of the MEMS piezoresistive resonator, the



temperature of the MEMS piezoresistive resonator depending upon the

pressure.

The variable parameter may be the resonant frequency of the MEMS

piezoresistive resonator or a change in the resonant frequency of the MEMS

piezoresistive resonator.

The variable parameter may be derived from a feedback loop arranged

to provide a varying sense current to the MEMS piezoresistive resonator to

keep the resonant frequency constant in opposition to the tendency of the

resonant frequency of the MEMS piezoresistive resonator to depend upon the

temperature of the MEMS piezoresistive resonator, the temperature of the

MEMS piezoresistive resonator depending upon the pressure.

The variable parameter may be a feedback signal in the feedback loop

that is integrated over time.

The variable parameter may be a component of the sense current being

varied to keep the resonant frequency constant in opposition to the tendency

of the resonant frequency of the MEMS piezoresistive resonator to depend

upon the temperature of the MEMS piezoresistive resonator, the temperature

of the MEMS piezoresistive resonator depending upon the pressure.

The method may further comprise driving a reference MEMS capacitive

resonator in the vicinity of the MEMS piezoresistive resonator and

compensating the sensed variable parameter with an output of the reference

MEMS capacitive resonator.

The sense current may be varied to keep the resonant frequency of the

MEMS piezoresistive resonator the same as the resonant frequency of the

reference MEMS capacitive resonator.

The reference MEMS capacitive resonator may be positioned adjacent

to the MEMS piezoresistive resonator.

The reference MEMS capacitive resonator may be structurally the same

as the MEMS piezoresistive resonator.

The reference MEMS capacitive resonator may be integrated on a

same substrate as the MEMS piezoresistive resonator.

The pressure sensed may be that of a vacuum.



The pressure sensed may be that inside a micro-cavity of a MEMS, and

the MEMS piezoresistive resonator may be integrated in the micro-cavity.

In a further aspect, the present invention provides a pressure sensor,

comprising: a MEMS piezoresistive resonator; and means for determining a

variable parameter that varies in response to the tendency of the resonant

frequency of the MEMS piezoresistive resonator to depend upon the

temperature of the MEMS piezoresistive resonator, the temperature of the

MEMS piezoresistive resonator depending upon the pressure.

The means for determining the variable parameter may comprise a

frequency counter for measuring the resonant frequency of the MEMS

piezoresistive resonator or a change in the resonant frequency of the MEMS

piezoresistive resonator.

The means for determining the variable parameter may comprise a

feedback loop arranged to provide a varying sense current to the MEMS

piezoresistive resonator to keep the resonant frequency constant in opposition

to the tendency of the resonant frequency of the MEMS piezoresistive

resonator to depend upon the temperature of the MEMS piezoresistive

resonator, the temperature of the MEMS piezoresistive resonator depending

upon the pressure.

The variable parameter may be a feedback signal in the feedback loop

that is integrated over time.

The variable parameter may be a component of the sense current being

varied to keep the resonant frequency constant in opposition to the tendency

of the resonant frequency of the MEMS piezoresistive resonator to depend

upon the temperature of the MEMS piezoresistive resonator, the temperature

of the MEMS piezoresistive resonator depending upon the pressure.

The pressure sensor may further comprise a reference MEMS

capacitive resonator located in the vicinity of the MEMS piezoresistive

resonator and arranged to compensate the sensed variable parameter with an

output of the reference MEMS capacitive resonator.



The sense current may be varied to keep the resonant frequency of the

MEMS piezoresistive resonator the same as the resonant frequency of the

reference MEMS capacitive resonator.

The reference MEMS capacitive resonator may be positioned adjacent

to the MEMS piezoresistive resonator.

The reference MEMS capacitive resonator may be structurally the same

as the MEMS piezoresistive resonator.

The reference MEMS capacitive resonator may be integrated on a

same substrate as the MEMS piezoresistive resonator.

In a further aspect, the present invention provides a vacuum sensor

comprising a pressure sensor according to the above described possibilities.

In a further aspect, the present invention provides a MEMS, comprising:

a micro-cavity; and a pressure or vacuum sensor according to any of the

above described possibilities; wherein the MEMS piezoresistive resonator of

the pressure or vacuum sensor is integrated in the micro-cavity.

The above aspects of the invention tend to provide one or more of the

following advantages.

The readings tend not to be influenced by 1/f noise, and are less

influenced by thermal noise than is the case for conventional pressure

sensors.

A complete pressure gauge, or vacuum gauge, can be integrated on a

single chip, thereby providing efficient manufacture, potentially low cost, and

compact size.

Less power tends to be used than is the case for conventional Pirani

gauges, since the sense current can be lower since there tends to be a higher

signal to noise ratio.

Embodiments of the present invention will now be described, by way of

example, with reference to the accompanying drawings, in which:

Figure 1 shows a typical response curve of a Pirani gauge;

Figure 2 is a schematic three-dimensional illustration (not to scale) of a

MEMS piezoresistive resonator;



Figure 3 shows a dependence curve;

Figure 4 shows pressure measurements made using a MEMS

piezoresistive resonator;

Figure 5 is a simplified circuit/block diagram showing details of a

pressure sensor arrangement;

Figure 6 is a schematic two-dimensional illustration (not to scale) of a

MEMS piezoresistive resonator arrangement;

Figure 7 is a simplified circuit/block diagram showing details of a

pressure sensor arrangement;

Figure 8 is a simplified circuit/block diagram showing certain details of a

pressure sensor arrangement; and

Figure 9 is a simplified circuit/block diagram showing certain details of a

pressure sensor arrangement.

We will first describe certain aspects of the principles employed in Pirani

gauges that are useful for understanding the embodiments of the present

invention that will be described thereafter.

A common construction of a Pirani gauge comprises a heating element

which has relatively good thermal isolation with the environment (there must

be some air space in between the element and its surrounding) and means to

sense the temperature of the heating element. The thermal conductivity /c from

the heating element to the heat sink (environment) depends on the gas

pressure p and can be written as:

VP ) = K s ooMlid +• k' zgaass

in which k
so

id is the thermal conductivity of the solid parts of the heating

element, for instance parts for fixing the heating element to the device frame or

the electrical connections, and ksoM does not depend on pressure; kgas( ) is the



thermal conductivity of gas at very high pressure and p0 is an empirical

transition pressure at which the thermal conductivity is no longer sensitive to

pressure. The heating element is continuously supplied with Joule heating

joule

Q ,
Ottle

RI 2t R (\+aKT)r-t (2)

and in the same time continuously losing heat {Qi
oss

) to the environment:

_ ATk(P)At
loss ~ (3)

in which R0 is the resistance at room temperature, ∆ is the difference between

temperature of the element and room temperature, α is the thermal coefficient

of resistivity, d is the distance between the heating element and the heat sink,

A is the surface area of the element that faces the heat sink, and t is time.

The temperature raise ∆ is related to the total thermal energy by:

Q joule ~ Qloss - T (4)

in which C is the heat capacity of the element.

Solving the above equations for ∆ and considering the equilibrium

state, in which t - we have the dependence of element temperature on

pressure:



In Pirani gauges, the temperature difference ∆ is used as an indication

of pressure. Commonly ∆ is detected by measuring the voltage change on

the heating element (which is linearly dependent on AT) when a constant

current is supplied to the element. An inversed S-shaped curve, shown in

Figure 1, is typically observed when signal is plotted versus pressure in the

logarithmic scale, which fits well to equation (5).

Figure 2 is a schematic three-dimensional illustration (not to scale) of a

MEMS piezoresistive resonator 8 which is used in embodiments of a pressure

gauge. The MEMS piezoresistive resonator 8 is a longitudinal mode silicon

resonator. The MEMS piezoresistive resonator 8 is made from doped silicon.

In this embodiment, the MEMS piezoresistive resonator 8 comprises a first

anchor 9 and a second anchor 10. The anchors 9, 10 connect the otherwise

free-standing structure of the MEMS piezoresistive resonator 8 to a substrate

(not shown). The MEMS piezoresistive resonator 8 further comprises four

beams (also known as springs), namely a first beam 11, a second beam 12, a

third beam 13 and a fourth beam 14. The MEMS piezoresistive resonator 8

further comprises two heads (also known as resonator masses or simply

masses), namely a first head 16 and a second head 17 . Each beam is

attached to, and extends between, one of the anchors and one of the heads,

as follows. The first beam 11 is attached to, and extends between, the first

anchor 9 and the first head 16 . The second beam 12 is attached to, and

extends between, the second anchor 10 and the first head 16 . The third beam

13 is attached to, and extends between, the first anchor 9 and the second

head 17 . The fourth beam 14 is attached to, and extends between, the second

anchor 10 and the second head 17 . In this embodiment, the beams are all

straight, or at least substantially straight, and parallel. Moreover, in this



embodiment, the first and second beams 11, 12 are symmetrical, or at least

substantially symmetrical (relative to the anchors 9, 10) with the third and

fourth beams 13, 14.

The MEMS piezoresistive resonator 8 further comprises two actuation

electrodes, namely a first electrode 18 and a second electrode 19. The first

electrode 18 is positioned at the end of the first head 16 that is furthest from

the beams, with a first gap 20 between the first electrode 18 and the end of the

first head 16 . The second electrode 19 is positioned at the end of the second

head 17 that is furthest from the beams, with a second gap 2 1 between the

second electrode 19 and the end of the second head 17 .

In operation, excitation of the resonator is induced by electrostatic

actuation and sensing is done by piezoresistive effect of the doped silicon

beams. In more detail, both an AC voltage and a DC voltage are applied to the

electrodes 18, 19, to drive the resonator structure into resonant vibration. A

sense current 22 is sent through the beams 11, 12, 13, 14 which form the

resonator arms, via the anchors 9, 10, as shown in Figure 2 . Thanks to the

piezoresistive effect of doped silicon, the vibration of the beams can be

detected by measuring the resistance change of the beams 11, 12, 13, 14.

Due to the Joule heating, the beams 11, 12, 13, 14 are slightly hotter than the

environment. Since the beams 11, 12, 13, 14 and heads 16, 17 are hung

above the substrate, conductive heat loss is minimized. The temperature of the

beams 11, 12, 13, 14 depends on the competition between the supply heat by

current and heat loss through the anchors 9, 10 and due to gas convection

between the resonator and the environment.

Silicon MEMS piezoresistive resonators, such as the above described

MEMS piezoresistive resonator 8, have a property, conventionally viewed as

disadvantageous, that their resonant frequency is temperature dependent.

However in this invention this property is made use of to provide a pressure

gauge, by using the resonant frequency shift as an indicator of the

temperature of the beams 11, 12, 13, 14, thus also the gas pressure in the

environment around the MEMS piezoresistive resonator 8 .



The present inventors have developed the following analysis to lead to

a suitable implementation using the above mentioned principles.

The resonant frequency of the longitudinal mode resonator is defined

by:

in which L is the beam length; w is the beam width, A is the area of one of the

heads, E is the Young's modulus of the material (here silicon) and p is the

density of the material (here silicon). The values of L , w, A, E and p are all

temperature dependent, in which the temperature dependence of E is

dominant for silicon:

E =E0(\ +a EAT); L =L0(\ +a LAT); p = P o(l + p∆r); (7)

The temperature dependence of the resonant frequency can be approximated

as:

r i 0 E0 (I - a EAT)
/ o 16(L0W0 + A0) P o (8)

Combining equations (8) and (5), the pressure dependence of resonant

frequency is obtained. A dependence curve 32 derived by combining

equations (5) and (8) is shown in Figure 3, where the horizontal axis 34 is

pressure on a logarithmic scale, the vertical axis 36 is resonant frequency, and

the region 37 is the most sensitive region of the dependence curve 32. The



dependence curve 32 has an inverse S-shape when pressure is plotted in

logarithmic scale as in Figure 3 .

Figure 4 shows pressure measurements made using a MEMS

piezoresistive resonator according to this embodiment, and employing a sense

current 22 of 3mA. (Further details of measuring apparatus are given later

below with reference to Figure 4). More particularly, Figure 4 shows a

measured dependence curve 42 plotted through measured points 43, where

the horizontal axis 44 is pressure (in mbar) on a logarithmic scale, the vertical

axis 46 is resonant frequency (in Hz), and the region 47 is the most sensitive

region of the measured dependence curve 42. The measured dependence

curve 42 only extends to a pressure of 100 mbar, however to this extent the

measured dependence curve 42 follows the predicted dependence curve 32

and it is expected that were measurements at higher pressures available they

would show the region 47 extending to about several hundred mbar, after

which the sensitivity response would fall as the S-shaped characteristic then

kicked in. Furthermore, even considering only the measurements achieved for

Figure 4, there is a maximum frequency change of approximately 350 ppm

(parts per million), which is readily usable in the field of resonator frequency

change.

Figure 5 is a simplified circuit/block diagram showing further details of a

pressure sensor arrangement 50 using the above described MEMS

piezoresistive resonator 8 . The pressure sensor arrangement 50 comprises

the above described MEMS piezoresistive resonator 8 arranged in a feedback

loop with an integrated amplifier 52. The MEMS piezoresistive resonator 8 and

the integrated amplifier 52 together provide an oscillator circuit 54 whose

oscillating frequency fo(p) varies with pressure as described above. The

oscillator circuit 54 further comprises a current source 53 and a capacitor 55.

The current source provides the sense current 22 that flows through the

beams of the MEMS piezoresistive resonator 8 as described earlier above.

The capacitor 55 blocks the sense current 22 from entering the RF signal loop

of the oscillator circuit.



The pressure sensor arrangement 50 further comprises a digital

frequency counter 56 connected in series with the oscillating circuit 54, and a

processor 58 connected in series with the output of the digital frequency

counter 56. The digital frequency counter 56 determines a value of the

frequency fo(p) and forwards a representation of this frequency value to the

processor 58. The processor 58 is pre-programmed with a frequency/pressure

characteristic derived from the various response characteristics described

above with reference to Figures 3 and 4 . The processor 58 processes the

digital frequency value in relation to the pre-programmed frequency/pressure

characteristic to provide an output 59 representing the determined pressure

value.

The output 59 may be fed into further apparatus as required or desired

according to the circumstances under consideration. For example, the output

59 may be fed into a display to enable the pressure value to be displayed or

otherwise indicated. Alternatively, or in addition, the output 59 may be fed into

automatic test equipment or a control apparatus in which the sensed pressure

reading is used as a test input parameter or as a control input variable

respectively.

Another possibility is that some or all of the processing carried out by

the processor 58, or some or all of the processing carried out by the digital

frequency counter 56 and the processor 58, may be carried out instead by

parts of end-use apparatus such as a display and/or a control apparatus. In

these cases, either the oscillating circuit 54 itself or the oscillating circuit 54 in

combination with the digital frequency counter 56 represent respectively a

pressure sensor element or a pressure sensor.

In the above described embodiment the frequency is counted by the

digital frequency counter 56. However, in other embodiments, the frequency

may be counted or determined by any other suitable apparatus, for example a

phase-lock frequency counter or a heterodyne frequency counter.

The above described embodiments may suffer from a dependency on

ambient temperature. Thus in further embodiments, a temperature sensor is

included, preferably "on-chip" with the MEMS piezoresistive resonator, and a



circuit is provided to include temperature correction based on the output of the

temperature sensor. This circuit may be provided as part of the processor 58,

or may be a separate module.

The above described embodiments may suffer from variation of

resonant frequency of the MEMS piezoresistive resonator 8 from one device to

another due to material and/or manufacturing process variations. This can be

alleviated by conventional calibration processes.

A further embodiment will now be described which tends to alleviate or

remove the effects of the limitations mentioned in the two preceding

paragraphs, i.e. ambient-temperature dependency and material/manufacturing

variations. The basic approach of the following embodiment may be applied to

any of the embodiments, or variations thereof, described above.

Figure 6 is a schematic two-dimensional illustration (not to scale) of a

MEMS piezoresistive resonator arrangement 60. The MEMS piezoresistive

resonator arrangement 60 comprises a MEMS piezoresistive resonator 8 of

the same type as that described above in the earlier embodiments (and in

Figure 6 the same reference numerals are used as in Figure 2 to indicate the

same items), and a further integrated MEMS resonator, more particularly a

capacitive resonator. The capacitive resonator is formed on the same

substrate as the MEMS piezoresistive resonator 8, and preferably positioned

alongside the MEMS piezoresistive resonator 8 . The capacitive resonator acts

as a reference resonator 62.

The reference resonator 62 tends to reduce or remove any ambient

temperature dependence and/or device-to-device variation. The reference

resonator 62 is manufactured with a similar structure to the MEMS

piezoresistive resonator 8, preferably a replica of the MEMS piezoresistive

resonator 8 . As such, the reference resonator 62 comprises a first anchor 109

and a second anchor 110 . The anchors 109, 110 connect the otherwise f ree

standing structure of the reference resonator 62 to the substrate (not shown),

i.e. the same substrate as that of the MEMS piezoresistive resonator 8 . The

reference resonator 62 further comprises four beams (also known as springs),

namely a first beam 111, a second beam 112, a third beam 113 and a fourth



beam 114. The reference resonator 62 further comprises two heads (also

known as resonator masses or simply masses), namely a first head 116 and a

second head 117 . Each beam is attached to, and extends between, one of the

anchors and one of the heads, as follows. The first beam 111 is attached to,

and extends between, the first anchor 109 and the first head 116 . The second

beam 112 is attached to, and extends between, the second anchor 110 and

the first head 116 . The third beam 113 is attached to, and extends between,

the first anchor 109 and the second head 117 . The fourth beam 114 is

attached to, and extends between, the second anchor 110 and the second

head 117 . In this embodiment, the beams are all straight, or at least

substantially straight, and parallel. Moreover, in this embodiment, the first and

second beams 111, 112 are symmetrical, or at least substantially symmetrical

(relative to the anchors 109, 110) with the third and fourth beams 113, 114.

In operation, the MEMS piezoresistive resonator 8 is provided with a

sensing current 22 as in the above described embodiments. However, no

sensing current is passed along the beams 111, 112, 113, 114 of the

reference resonator 62, and instead capacitance change between the

electrodes 118, 119 and the resonator mass-beam structure (formed by the

beams 111, 112, 113, 114 and the heads 116, 117) is used to sense vibration.

As there is no sensing current passing though the beams 111, 112, 113, 114,

the beams 111, 112, 113, 114 stay at the ambient temperature. Consequently,

the resonant frequency of the reference resonator 62 is almost independent of

pressure, and only depends on the ambient temperature. By comparing the

resonant frequency of the MEMS piezoresistive resonator 8 being used as the

sensing resonator with that of the reference resonator 62, the pressure

information can be extracted while the influence of the ambient temperature

and manufacturing process variations can be eliminated or at least reduced.

The latter reduction arises since the close proximity of the two devices to each

other (the MEMS piezoresistive resonator 8 and the reference resonator 62)

means dimension variation or inaccuracy should be the same (or at least

closer to each other than would otherwise be the case). For reasons of



common response, the MEMS piezoresistive resonator 8 and the reference

resonator 62 preferably are of the same dimensions as each other.

Figure 7 is a simplified circuit/block diagram showing further details of a

pressure sensor arrangement 70 using the above described combination of

MEMS piezoresistive resonator 8 and reference resonator 62. The pressure

sensor arrangement 70 comprises the above described MEMS piezoresistive

resonator 8 arranged in a feedback loop with an integrated amplifier 72. The

MEMS piezoresistive resonator 8 and the integrated amplifier 72 together

provide a sensing oscillator circuit 74 whose oscillating frequency fo(p) varies

with pressure as described above. For the sake of clarity of the drawing, the

sensing oscillator circuit 74 is shown in a simplified schematic form, with other

aspects related to the sensing oscillator circuit 74, such as a current source

and a capacitor corresponding to the current source 53 and the capacitor 55

shown in Figure 5 not being shown in Figure 7, although such elements are in

fact present as required. Furthermore, for the same reason, the connections

to/from the MEMS piezoresistive resonator 8 and integrated amplifier 72 are

shown in a simplified schematic form rather than in exact detail with respect to

the beams and so on.

The pressure sensor arrangement 70 further comprises the above

described reference resonator 62 arranged in a feedback loop with an

integrated amplifier 76. The reference resonator 62 and the integrated

amplifier 76 together provide a reference oscillator circuit 78 whose oscillating

frequency frβf does not vary with pressure. Again, for the sake of clarity of the

drawing, the reference oscillator circuit 78 is shown in a simplified schematic

form, with other aspects related to the reference oscillator circuit 78, such as a

current source and a capacitor corresponding to the current source 53 and the

capacitor 55 shown in Figure 5 not being shown in Figure 7, although such

elements are in fact present as required. Furthermore, for the same reason,

the connections to/from the reference resonator 62 and integrated amplifier 76

are shown in a simplified schematic form rather than in exact detail with

respect to the beams and so on.



The pressure sensor arrangement 70 further comprises a mixer 80. The

sensing oscillator circuit 74 and the reference oscillator circuit 78 are arranged

such that their output signals, having frequencies frβf and fo(p), are each fed in

to the mixer 80, where the signals are mixed. Because the two resonant

frequencies are close to each other, a low frequency component equal to the

difference frβf-fo(p) appears in the output of the mixer, along with a high

frequency component equal to fre f+fo(p).

The pressure sensor arrangement 70 further comprises a high-pass

filter 82 connected in series with the output of the mixer 80. The high-pass filter

82 extracts the low frequency component frβf-fo(p) and provides this as an

output.

The pressure sensor arrangement 70 further comprises a digital

frequency counter 84 connected in series with the output of the high-pass filter

82, and a processor 86 connected in series with the output of the digital

frequency counter 84. The digital frequency counter 84 determines a value of

the low frequency component frβf-fo(p) and forwards a representation of this

frequency value to the processor 86. The processor 86 is pre-programmed

with a frequency/pressure characteristic derived from the various response

characteristics described above with reference to Figures 3 and 4 , and

compensation values derived with respect to the characteristics of the

reference resonator 62. The processor 86 processes the digital frequency

value in relation to the pre-programmed frequency/pressure/reference

characteristics to provide an output 88 representing the determined pressure

value.

The output 88 may be fed into further apparatus as required or desired

according to the circumstances under consideration. For example, the output

88 may be fed into a display to enable the pressure value to be displayed or

otherwise indicated. Alternatively, or in addition, the output 88 may be fed into

a control apparatus in which the sensed pressure reading is used as a control

input variable.

Another possibility is that some or all of the processing carried out by

any one or more of the processor 86, the frequency counter 84, the high-pass



filter 82 and the mixer 80, may be carried out instead by parts of end-use

apparatus such as a display and/or a control apparatus. In these cases, either

the combination of the sensing oscillating circuit 74 and the reference

oscillating circuit 78, or the oscillating circuits 74 and 78 in combination with

any one or more of the mixer 80, the high-pass filter 82, the frequency counter

84, and the processor 86, whose processing is not carried out by such end-

use apparatus, represents a pressure sensor.

In the above described embodiment the frequency is counted by the

digital frequency counter 84. However, in other embodiments, the frequency

may be counted or determined by any other suitable apparatus, for example a

phase-lock frequency counter or a heterodyne frequency counter.

For completeness it is noted that the resonant frequency frβf of the

capacitive resonator is slightly dependent on pressure via a different

mechanism, which only occurs at high pressure range. This is because the thin

air layer in the gaps between the beams acts as an extra spring whose spring

constant depends on pressure. However this dependence is very small

compared to the piezoresistive case and is anyway effectively totally cancelled

out since this mechanism is also present in the MEMS piezoresistive resonator

8 .

In the above embodiments, the variation in resonant frequency is

sensed and processed to provide the ultimate pressure-related output. In other

embodiments, described below with reference to Figures 8 and 9, the pressure

sensor is arranged to work in a further feedback mode in which the resonant

frequency is kept constant by measuring the frequency and using the

measured frequency to provide a feedback signal to vary the sense current 22

such as to keep the frequency unchanged. The temperature of the MEMS

piezoresistive resonator 8 and hence the pressure of the environment may be

determined either from the feedback signal (as in the case of the embodiment

described below with reference to Figure 8) or from the DC component of the

sense current 22 (as is the case in the embodiment described below with

reference to Figure 9).



Figure 8 is a simplified circuit/block diagram showing certain details of a

further embodiment of a pressure sensor arrangement 80 using the above

described MEMS piezoresistive resonator 8 . The pressure sensor

arrangement 80 comprises the above described MEMS piezoresistive

resonator 8 arranged in a feedback loop with an integrated amplifier 52. The

MEMS piezoresistive resonator 8 and the integrated amplifier 52 together

provide an oscillator circuit 54 whose oscillating frequency fo would tend to

vary with pressure as described above, but in this embodiment is kept at f0 (or

some other fixed value) by a further feedback loop described below. The

oscillator circuit 54 further comprises a current source 53 and a capacitor 55.

The current source provides the sense current 22 that flows through the

beams of the MEMS piezoresistive resonator 8 as described earlier above.

The capacitor 55 blocks the sense current 22 from entering the RF signal loop

of the oscillator circuit.

The pressure sensor arrangement 50 further comprises a digital

frequency counter 56 connected in series with the oscillating circuit 54, and a

processor 58 connected in series with the output of the digital frequency

counter 56. The digital frequency counter 56 determines a value of the

frequency at which the oscillator circuit 54 is resonating. The further feedback

loop mentioned above is provided between the digital frequency counter 56

and the current source 53 so as to feed a feedback signal 82 to the current

source 53. The current source 53 varies its output such that the sense current

22 is varied to keep the resonant frequency of the oscillator circuit 54 constant

despite varying pressure. The feedback signal 82 is the output of the digital

frequency counter 56. In this embodiment feedback signal 82 is also forwarded

to the processor 58. The processor 58 includes an integration circuit for

integrating the feedback signal 82 over time to provide an integrated feedback

signal. (In other embodiments, a separate integration circuit may be provided

between the frequency counter 56 and the processor 58.) The processor 58 is

pre-programmed with an integrated feedback signal/pressure characteristic

derived from the various response characteristics described above with

reference to Figures 3 and 4 and the feedback circuits of the pressure sensor



arrangement 80. The processor 58 processes the integrated feedback signal

82 in relation to the pre-programmed integrated feedback signal/pressure

characteristic to provide an output 59 representing the determined pressure

value.

The output 59 may be fed into further apparatus as required or desired

according to the circumstances under consideration. For example, the output

59 may be fed into a display to enable the pressure value to be displayed or

otherwise indicated. Alternatively, or in addition, the output 59 may be fed into

automatic test equipment or a control apparatus in which the sensed pressure

reading is used as a test input parameter or as a control input variable

respectively.

Another possibility is that some or all of the processing carried out by

the processor 58 may be carried out instead by parts of end-use apparatus

such as a display and/or a control apparatus.

In the above described embodiment the frequency is counted by the

digital frequency counter 56. However, in other embodiments, the frequency

may be counted or determined by any other suitable apparatus, for example a

phase-lock frequency counter or a heterodyne frequency counter.

The above described embodiments based on the Figure 8 arrangement

may suffer from a dependency on ambient temperature. Thus in further

embodiments, a temperature sensor is included, preferably "on-chip" with the

MEMS piezoresistive resonator 8, and a circuit is provided to include

temperature correction based on the output of the temperature sensor. This

circuit may be provided as part of the processor 58, or the digital frequency

counter 56, or may be a separate module.

The above described embodiments based on the Figure 8 arrangement

may suffer from variation of resonant frequency of the MEMS piezoresistive

resonator 8 from one device to another due to material and/or manufacturing

process variations. This can be alleviated by conventional calibration

processes.

In further embodiments based on the Figure 8 arrangement, the

pressure sensor arrangement 80 may be adapted to use a reference



resonator, in corresponding fashion to the embodiments described above with

reference to Figure 7 . In this case, the signal as a result from the mixer, the

filter and the frequency counter of Figure 7 is fed back into the current source

to drive the frequency of the MEMS piezoresistive resonator 8 to be the same

as the reference resonator.

Figure 9 is a simplified circuit/block diagram showing certain details of a

further embodiment of a pressure sensor arrangement 90 using the above

described MEMS piezoresistive resonator 8 . The pressure sensor

arrangement 90 comprises the above described MEMS piezoresistive

resonator 8 arranged in a feedback loop with an integrated amplifier 52. The

MEMS piezoresistive resonator 8 and the integrated amplifier 52 together

provide an oscillator circuit 54 whose oscillating frequency fo would tend to

vary with pressure as described above, but in this embodiment is kept at f0 (or

some other fixed value) by a further feedback loop described below. The

oscillator circuit 54 further comprises a current source 53, a capacitor 55, and

an ammeter 92. The current source provides the current that is controlled by

the oscillator circuit 54 to provide the sense current 22 that flows through the

beams of the MEMS piezoresistive resonator 8 as described earlier above.

The capacitor 55 blocks the sense current 22 from entering the RF signal loop

of the oscillator circuit.

The pressure sensor arrangement 90 further comprises a digital

frequency counter 56 connected in series with the oscillating circuit 54, and a

processor 96 connected with the output of the ammeter 92. The digital

frequency counter 56 determines a value of the frequency at which the

oscillator circuit 54 is resonating. The further feedback loop mentioned above

is provided between the digital frequency counter 56 and the current source 53

so as to feed a feedback signal 82 to the current source 53. The current

source 53 varies its output such that the sense current 22 is varied to keep the

resonant frequency of the oscillator circuit 54 constant despite varying

pressure. The feedback signal 82 is the output of the digital frequency counter

56. In this embodiment the DC component of the sense current 22 is

measured by the ammeter 92 and the DC current reading 94 is forwarded to



the processor 96. The processor 96 is pre-programmed with a sense

current/pressure characteristic derived from the various response

characteristics described above with reference to Figures 3 and 4 and the

feedback circuits of the pressure sensor arrangement 90. The processor 96

processes the DC current reading 94 in relation to the pre-programmed sense

current/pressure characteristic to provide an output 59 representing the

determined pressure value.

The output 59 may be fed into further apparatus as required or desired

according to the circumstances under consideration. For example, the output

59 may be fed into a display to enable the pressure value to be displayed or

otherwise indicated. Alternatively, or in addition, the output 59 may be fed into

automatic test equipment or a control apparatus in which the sensed pressure

reading is used as a test input parameter or as a control input variable

respectively.

Another possibility is that some or all of the processing carried out by

the processor 96 may be carried out instead by parts of end-use apparatus

such as a display and/or a control apparatus.

In the above described embodiment the frequency is counted by the

digital frequency counter 56. However, in other embodiments, the frequency

may be counted or determined by any other suitable apparatus, for example a

phase-lock frequency counter or a heterodyne frequency counter.

The above described embodiments based on the Figure 9 arrangement

may suffer from a dependency on ambient temperature. Thus in further

embodiments, a temperature sensor is included, preferably "on-chip" with the

MEMS piezoresistive resonator 8, and a circuit is provided to include

temperature correction based on the output of the temperature sensor. This

circuit may be provided as part of the processor 96, or the digital frequency

counter 56, or may be a separate module.

The above described embodiments based on the Figure 9 arrangement

may suffer from variation of resonant frequency of the MEMS piezoresistive

resonator 8 from one device to another due to material and/or manufacturing



process variations. This can be alleviated by conventional calibration

processes.

In further embodiments based on the Figure 9 arrangement, the

pressure sensor arrangement 90 may be adapted to use a reference

resonator, in corresponding fashion to the embodiments described above with

reference to Figure 7 . In this case, the signal as a result from the mixer, the

filter and the frequency counter of Figure 7 is fed back into the current source

to drive the frequency of the MEMS piezoresistive resonator 8 to be the same

as the reference resonator.

The pressure sensors of the above described embodiments may all be

used as general pressure sensors and/or vacuum gauges in any suitable

application or environment.

One particularly advantageous use of the above described pressure

sensors is to build such a sensor as part of a MEMS device that comprises a

thin film micro-cavity, which micro-cavity is required to have a good quality

vacuum within. A pressure sensor according to any of the above embodiments

may be fabricated within the micro-cavity as part of the MEMS manufacturing

process. The pressure sensor can then provide an in-situ reading as required,

for example as part of testing during the manufacturing process of the micro-

cavity MEMS, or during operation of the micro-cavity MEMS. Micro-cavity

MEMS are well known, see for example US 7,029,829 and WO 2006/081636,

the contents of each of which are incorporated herein by reference.

All the above embodiments use a MEMS piezoresistive resonator as

described above with reference to Figure 2 . However, the materials and form

of the MEMS piezoresistive resonator may be varied in other embodiments.

For example, the MEMS piezoresistive resonator need not be "dog-bone"

shaped, in that the heads may be the same width as the overall width taken up

by the beams. Furthermore, the beams and anchor may be replaced by

alternative structures. Yet further, a MEMS piezoresistive resonator may be

used that has less symmetry than the one described above, for example there

may be a head and beams on only one side of the anchors. Yet further, MEMS

resonators of completely different shape may be used, for example a square



plate which can expand and contract in all four sides, or a circle whose the

circumference can extend or contract, and so on.

Various specific readout and measurement processing circuits and

arrangements are described above in relation to the above described

embodiments. However, in other embodiments, any other suitable form of

readout and measurement processing circuits and arrangements may be

employed. For example, use (or further use) may be made of differentiating

techniques, for example determining resonant frequency change rather than

resonant frequency values as such. Other possibilities include time-averaging

of values, digital-to-analogue conversions, analogue-to-digital conversions,

and so on.

In the above described embodiments, only one pressure sensing MEMS

piezoresistive resonator is used (with or without a reference resonator) to

provide a given pressure sensing arrangement. However, in other

embodiments, more than one pressure sensing MEMS piezoresistive

resonator is used (with or without a reference resonator) to provide a given

pressure sensing arrangement. The readings from such plural pressure

sensing MEMS piezoresistive resonators may be combined in any suitable

fashion to provide an overall pressure output. For example, the different

readings may be averaged. Any such combining of the outputs may be

performed on the final pressure indication output, or on any intermediate

determination point, such as sensing resonator frequency determination. In

those embodiments using a reference resonator, plural reference resonators

may therefore also be provided, for example one reference resonator for each

sensing MEMS piezoresistive resonator, or one reference resonator for each

pair of sensing MEMS piezoresistive resonators, say.

In those above described embodiments using a reference resonator, the

reference resonator is positioned alongside the sensing MEMS piezoresistive

resonator, and is manufactured to be as identical as possible. However, in

other embodiments the reference resonator may be positioned other than

alongside the sensing MEMS piezoresistive resonator and/or the reference

resonator may be structured differently to the sensing MEMS piezoresistive



resonator. In these cases, other advantages such as manufacturing yield may

be gained whilst still achieving advantageous degrees of compensation for

temperature variation and/or manufacturing variations, albeit potentially with a

lesser degree of compensation.

In those above described embodiments using a reference resonator,

various specific readout and measurement processing circuits and

arrangements are described, for example in Figure 7 . However, in other

embodiments, any other suitable form of readout and measurement

processing circuits and arrangements may be employed to make use of the

compensation behaviour provided by use of a reference resonator.

In those above described embodiments using a reference resonator,

only one reference resonator is used (except for certain examples discussed

briefly above where there are plural sensing MEMS piezoresistive resonators).

However, in other embodiments, plural reference resonators may be used in a

given pressure sensor arrangement, even when there is only one sensing

MEMS piezoresistive resonator. The reference characteristics of the plural

reference resonators may be combined in any suitable fashion. This gives the

potential for more accurate compensation. This is particularly advantageous in

embodiments where a pair of reference resonators is placed alongside a

sensing MEMS piezoresistive resonator, with a first of the pair of reference

resonators to one side (in the sense of in the plane of the substrate) of the

sensing MEMS piezoresistive resonator and the second of the pair of

reference resonators to the other side (in the sense of in the plane of the

substrate) of the sensing MEMS piezoresistive resonator, i.e. across the page

in terms of, say, Figure 6 . With such an arrangement, there is provided an

averaging of compensation for any temperature variation and/or process

variation that extends across the sensing MEMS piezoresistive resonator (in

the sense of in the plane of the substrate). In corresponding fashion, two

reference resonators could additionally or instead be provided above and

below (in the sense of in the plane of the substrate) the sensing MEMS

piezoresistive resonator, thereby providing an averaging of compensation for

any temperature variation and/or process variation that extends from the top to



the bottom of the substrate (in the sense of in the plane of the substrate), i.e.

from the top to the bottom of the page in terms of, say, Figure 6 .

The above embodiments tend to provide one or more of the following

advantages.

The readings tend not to be influenced by 1/f noise, and are less

influenced by thermal noise than is the case for conventional pressure

sensors.

A complete pressure gauge, or vacuum gauge, can be made by

integrating the sense resonator, any reference resonator, and other electronics

on a single chip, thereby providing efficient manufacture, potentially low cost,

and compact size.

Less power tends to be used than is the case for conventional Pirani

gauges, since the sense current can be lower since there tends to be a higher

signal to noise ratio.

A pressure gauge can be provided in situ within the micro-cavity of a

MEMS.



CLAIMS

1. A method for pressure sensing, the method comprising:

driving a MEMS piezoresistive resonator (8) into resonant vibration;

applying Joule heating to the MEMS piezoresistive resonator (8); and

sensing a variable parameter that varies in response to the tendency of

the resonant frequency of the MEMS piezoresistive resonator (8) to depend

upon the temperature of the MEMS piezoresistive resonator (8), the

temperature of the MEMS piezoresistive resonator (8) depending upon the

pressure.

2 . A method according to claim 1, wherein the variable parameter is

the resonant frequency of the MEMS piezoresistive resonator (8) or a change

in the resonant frequency of the MEMS piezoresistive resonator (8).

3 . A method according to claim 1, wherein the variable parameter is

derived from a feedback loop arranged to provide a varying sense current (22)

to the MEMS piezoresistive resonator (8) to keep the resonant frequency

constant in opposition to the tendency of the resonant frequency of the MEMS

piezoresistive resonator (8) to depend upon the temperature of the MEMS

piezoresistive resonator (8), the temperature of the MEMS piezoresistive

resonator (8) depending upon the pressure.

4 . A method according to claim 3, wherein the variable parameter is

a feedback signal (82) in the feedback loop that is integrated over time.

5 . A method according to claim 3, wherein the variable parameter is

a component (94) of the sense current (22) being varied to keep the resonant

frequency constant in opposition to the tendency of the resonant frequency of

the MEMS piezoresistive resonator (8) to depend upon the temperature of the

MEMS piezoresistive resonator (8), the temperature of the MEMS

piezoresistive resonator (8) depending upon the pressure.



6 . A method according to any of claims 1 to 5, further comprising

driving a reference MEMS capacitive resonator (62) in the vicinity of the MEMS

piezoresistive resonator (8) and compensating the sensed variable parameter

with an output of the reference MEMS capacitive resonator (62).

7 . A method according to claim 6 when dependent upon claim 3,

wherein the sense current (22) is being varied to keep the resonant frequency

of the MEMS piezoresistive resonator (8) the same as the resonant frequency

of the reference MEMS capacitive resonator (62).

8 . A method according to claim 6 or 7, wherein the reference

MEMS capacitive resonator (62) is positioned adjacent to the MEMS

piezoresistive resonator (8).

9 . A method according to any of claims 6 to 8, wherein the

reference MEMS capacitive resonator (62) is structurally the same as the

MEMS piezoresistive resonator (8).

10 . A method according to any of claims 6 to 9, wherein the

reference MEMS capacitive resonator (62) is integrated on a same substrate

as the MEMS piezoresistive resonator (8).

11. A method according to any of claims 1 to 10, wherein the

pressure sensed is that of a vacuum.

12 . A method according to any of claims 1 to 11, wherein the

pressure sensed is that inside a micro-cavity of a MEMS, and the MEMS

piezoresistive resonator (8) is integrated in the micro-cavity.

13 . A pressure sensor, comprising:

a MEMS piezoresistive resonator (8); and



means for determining a variable parameter that varies in response to

the tendency of the resonant frequency of the MEMS piezoresistive resonator

(8) to depend upon the temperature of the MEMS piezoresistive resonator (8),

the temperature of the MEMS piezoresistive resonator (8) depending upon the

pressure.

14. A pressure sensor according to claim 13, wherein the means for

determining the variable parameter comprises a frequency counter (56) for

measuring the resonant frequency of the MEMS piezoresistive resonator (8) or

a change in the resonant frequency of the MEMS piezoresistive resonator (8).

15 . A pressure sensor according to claim 13, wherein the means for

determining the variable parameter comprises a feedback loop arranged to

provide a varying sense current (22) to the MEMS piezoresistive resonator (8)

to keep the resonant frequency constant in opposition to the tendency of the

resonant frequency of the MEMS piezoresistive resonator (8) to depend upon

the temperature of the MEMS piezoresistive resonator (8), the temperature of

the MEMS piezoresistive resonator (8) depending upon the pressure.

16 . A pressure sensor according to claim 15, wherein the variable

parameter is a feedback signal (82) in the feedback loop that is integrated over

time.

17 . A pressure sensor according to claim 15, wherein the variable

parameter is a component (94) of the sense current (22) being varied to keep

the resonant frequency constant in opposition to the tendency of the resonant

frequency of the MEMS piezoresistive resonator (8) to depend upon the

temperature of the MEMS piezoresistive resonator (8), the temperature of the

MEMS piezoresistive resonator (8) depending upon the pressure.

18 . A pressure sensor according to any of claims 13 to 17, further

comprising a reference MEMS capacitive resonator (62) located in the vicinity



of the MEMS piezoresistive resonator (8) and arranged to compensate the

sensed variable parameter with an output of the reference MEMS capacitive

resonator (62).

19 . A pressure sensor according to claim 18 when dependent upon

claim 15, wherein the sense current (22) is being varied to keep the resonant

frequency of the MEMS piezoresistive resonator (8) the same as the resonant

frequency of the reference MEMS capacitive resonator (62).

20. A pressure sensor according to claim 18 or 19, wherein the

reference MEMS capacitive resonator (62) is positioned adjacent to the MEMS

piezoresistive resonator (8).

2 1 . A pressure sensor according to any of claims 18 to 20, wherein

the reference MEMS capacitive resonator (62) is structurally the same as the

MEMS piezoresistive resonator (8).

22. A pressure sensor according to any of claims 18 to 2 1 , wherein

the reference MEMS capacitive resonator (62) is integrated on a same

substrate as the MEMS piezoresistive resonator (8).

23. A vacuum sensor comprising a pressure sensor according to any

of claims 13 to 22.

24. A MEMS, comprising:

a micro-cavity; and

a pressure or vacuum sensor according to any of claims 13 to

23;

wherein the MEMS piezoresistive resonator (8) of the pressure or

vacuum sensor is integrated in the micro-cavity.





















A. CLASSIFICATION OF SUBJECT MATTER .
INV. G01L9/00 G01L21/00 G01D5/00 H03H3/00

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

GOlL GOlD H03H

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practical, search terms used)

EPO-Internal

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category * Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

GB 2 430 752 A (AVAGO TECHNOLOGIES GENERAL 1-23

IP [SG]) 4 April 2007 (2007-04-04)

abstract
figures 1-5

page 1 , paragraph 1 - page 2 , paragraph 1

page 3 , paragraph 4 - page 5 , paragraph 2

claims 1-22'

WO 2004/053431 A (KONINKL PHILIPS 1-23

ELECTRONICS NV [NL]; VAN BEEK JOZEF T M

[NL]) 24 June 2004 (2004-06-24)

cited in the application
the whole document

-/--

Further documents are listed in the continuation of Box C . See patent family annex.

* Special categories of cited documents :
later document published after the international filing date

or priority date and πofin conflict with the application but
"A" document defining trie general state of the art which is not cited to understand the principle or theory underlying the

considered to be of particular relevance invention
"E" earlier document but published on or after the international •X' document of particular relevance; the claimed invention

filing date cannot be considered novel or cannot be considered to
1L" document which may throw doubts on priority claim(s) or involve an inventive step when the document is taken alone

which is cited to establish the publication date of another 1Y" document of particular relevance; the claimed invention
citation or other special reason (as specified) cannot be considered to involve an inventive step when the

"O1 document referring to an oral disclosure, use, exhibition o r document is combined with one or more other such docu¬
other means ments, such combination being obvious to a person skilled

1P" document published prior to the international filing date but in the art.

later than the priority date claimed '&" document member of the same patent family

Date of the actual completion of the international search Date of mailing of the international search report

22 September 2008 08/10/2008

Name and mailing address of the ISA/ Authorized officer

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

TeI. (+31-70) 340-2040, Tx. 3 1 651 epo n),
Fax: (+31-70) 340-3016

Daman , Marcel

Form PCT/ISA/210 (second sheet) (April 200S)



C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category * Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

EP 0 330 385 A (SEIKO ELECTRONIC 1-23
COMPONENTS [JP])

30 August 1989 (1989-08-30)
cited in the application
the whole document

WO 86/07507 A (FOXBORO CO [US]) 1-23
18 December 1986 (1986-12-18)
abstract
page 1 , paragraph 1 - page 6 , paragraph 22
claims 1-28 '

figures 1-9

US 3 927 369 A (BILLETER THOMAS R ET AL) 1-23
16 December 1975 (1975-12-16)
abstract
figures 1-8

claims 1-16

Form PCX/ISA/210 (continuation of second sheet) (April 2005)



Patent document Publication Patent family Publication
cited in search report date member(s) date

GB 2430752 04-04-2007 DE 102006045723 Al 12-04-2007
US 2007089513 Al 26-04-2007

WO 2004053431 A 24-06-2004 AU 2003282286 Al 30-06-2004
CN 101095282 A 26-12-2007
EP 1573273 A2 14-09-2005
JP 2006516836 T 06-07-2006
KR 20050090995 A 14-09-2005
US 2006114541 Al 01-06-2006

EP 0330385 30-08-1989 DE 68910147 Dl 02-12-1993
DE 68910147 T2 17-02-1994
US 4959999 A 02-10-1990

WO 8607507 18-12-1986 AU 584040 B2 11-05-1989
AU 5993286 A 07-01-1987
DK 65687 A 10-04-1987
EP 0222012 Al 20-05-1987
FI 870542 A 10-02-1987
JP 63500068 T 07-01-1988
US 4764244 A 16-08-1988

US 3927369 16-12-1975 CA 998434 Al 12-10-1976

Forni PCT/ISA/210 (patent family annex) (April 2005)


	front-page
	description
	claims
	drawings
	wo-search-report

