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MEMS TRANSDUCER SYSTEM AND ASSOCIATED METHODS

Technical field
Embodiments of the present disclosure relate to MEMS transducers and associated
circuitry, and to apparatus and methods for determining the capacitance of such

transducers.

Background
Consumer electronics devices are continually getting smaller and, with advances in

technology, are gaining ever-increasing performance and functionality. This is clearly
evident in the technology used in consumer electronic products such as mobile
phones, laptop computers, MP3 players and tablets. Requirements of the mobile
phone industry, for example, are driving the components to become smaller with higher
functionality and reduced cost. It is therefore desirable to integrate functions of
electronic circuits together and combine them with transducer devices such as

microphones and speakers.

The result of this is the emergence of micro-electrical-mechanical-systems (MEMS)
based transducer devices. These may be, for example, capacitive transducers for
detecting and/or generating pressure/sound waves or transducers for detecting
acceleration. MEMS capacitive microphones typically comprise a first electrode, which
is moveable with respect to a second fixed electrode in response to incident acoustic
waves. The first electrode may, for example, be supported by a flexible membrane. By
measuring changes in the capacitance between the electrodes, the incident acoustic
signals can be detected. In use the electrodes of the MEMS microphone may be
biased by biasing circuitry and the measurement signal may be amplified by amplifier
circuitry such as a low-noise amplifier. MEMS transducers may also be designed to
operate in the reverse mode of operation, in which electrical signals are applied to one
or both of the electrodes to drive motion of the flexible membrane and so generate

pressure/sound waves.

Although the process for manufacturing MEMS components has improved with the
considerable research and development that has taken place in recent years, the
uniformity of devices produced by such processes is still a significant issue for the
industry. Inevitably, minor differences will exist between MEMS components even if

they are manufactured by the same process. In the field of MEMS capacitive
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transducers, this can result in variation between the capacitance of individual

components.

Further, it is known that the quiescent capacitance of a MEMS transducer (i.e. the
capacitance when the transducer is not subject to incoming pressure waves, or driving
input signals) may change over time, based on a number of factors such as the amount
of use the transducer is subject to, the amplitude of signals used to drive the
transducer, or the amplitude of pressure/sound waves detected by the transducer, and

environmental conditions such as temperature and humidity.

As such, it is useful to be able to determine the capacitance value of the MEMS
transducer, following manufacture (e.g. using external test circuitry in the laboratory or
manufacturing plant), during use (e.g. using test circuitry on-chip, within the same
package in which the transducer is housed or, more generally, within the same host
device in which the MEMS transducer is used) or both. The capacitance value may be
used to adjust the biasing voltage applied to the electrodes, or otherwise calibrate the
input/output signals applied to or generated by the MEMS transducer so as to achieve

a consistent performance from sample to sample or over time.

Methods and apparatus for determining the capacitance of a MEMS transducer are

therefore required.

Summary
According to a first aspect of the disclosure, there is provided a system, comprising: a

MEMS capacitive transducer, comprising one or more first capacitive plates coupled to
a first node and one or more second capacitive plates coupled to a second node;
biasing circuitry coupled to the first node, operable to provide a biasing voltage to the
one or more first capacitive plates; and test circuitry coupled to the second node,
operable to: selectively apply one or more current sources to the second node, so as to
charge and discharge the MEMS capacitive transducer and so vary a signal based on
a voltage at said second node between an upper value and a lower value; determine a
parameter that is indicative of a time period of the variation of the signal; and determine
a capacitance of the MEMS capacitive transducer based on the parameter that is

indicative of the time period.
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In another aspect, there is provided a system, comprising: a MEMS capacitive
transducer, comprising one or more first capacitive plates coupled to a first node and
one or more second capacitive plates coupled to a second node; biasing circulitry
coupled to the first node, operable to provide a biasing voltage to the one or more first
capacitive plates; output circuitry coupled to the second node, for generating an output
signal; and capacitive circuitry coupled to the first node, comprising a charge amplifier
arranged in a feedback loop, the feedback loop further comprising a first capacitor
coupled to an output of the charge amplifier, such that an effective capacitance of the

first capacitor is increased based on a gain of the charge ampilifier.

A further aspect provides an amplifier circuit for a MEMS capacitive transducer, the
amplifier circuit comprising: an amplifier for providing an amplifier output signal based
on a voltage of an electrode of the MEMS capacitive transducer; one or more current
sources controllable to apply a current to an electrode of the MEMS capacitive
transducer, so as to charge or discharge the MEMS capacitive transducer and so vary
the voltage of said electrode between upper and lower values, a comparator for
providing a comparator output signal based on comparing the amplifier output signal to
at least one of the upper and lower values; and control circuitry for controlling the

application of said one or more current sources based on the comparator output signal.

The disclosure further provides an electronic device, comprising a system or amplifier

circuit as recited above.

Another aspect provides test circuitry for measurement of the capacitance of a MEMS
capacitive transducer, operable to: selectively apply one or more current sources to an
electrode of the MEMS capacitive transducer, so as to charge and discharge the
MEMS capacitive transducer and so vary a voltage of said electrode between upper
and lower values; determine a parameter that is indicative of a time period of the
variation of the signal based on the voltage of said electrode; and determine a
capacitance of the MEMS capacitive transducer based on the parameter that is

indicative of the time period.

There is also provided a method for determining the capacitance of a MEMS capacitive
transducer, the MEMS capacitive transducer comprising one or more first capacitive
plates coupled to a first node and one or more second capacitive plates coupled to a

second node, the method comprising: providing a biasing voltage to the one or more
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first capacitive plates; selectively applying one or more current sources to the second
node, so as to charge and discharge the MEMS capacitive transducer and so vary a
signal based on a voltage at said second node between an upper value and a lower
value; determine a parameter that is indicative of a time period of the variation of the
signal; and determine a capacitance of the MEMS capacitive transducer based on the

parameter that is indicative of the time period.

Brief description of the drawings

For a better understanding of examples of the present disclosure, and to show more
clearly how the examples may be carried into effect, reference will now be made, by
way of example only, to the following drawings in which:

Figure 1 shows MEMS transducer circuitry;

Figure 2 shows MEMS transducer circuitry according to embodiments of the disclosure;

Figure 3 shows a MEMS ftransducer system according to embodiments of the

disclosure; and

Figure 4 is a flowchart of a method according to embodiments of the disclosure.

Detailed description

Figure 1 shows an example of MEMS transducer circuitry 10, in which the MEMS

transducer is operable as a microphone.

A MEMS transducer 12 comprises a first capacitive plate and a second capacitive plate
(also referred to herein as electrodes). The first capacitive plate may be embedded
within or otherwise attached to a flexible membrane, while the second capacitive plate
may be embedded within or otherwise attached to a fixed backplate structure. The
transducer 12 may thus be configured such that an incoming pressure wave or sound
wave causes displacement of the flexible membrane (and hence the first capacitive

plate) relative to the fixed backplate structure (and hence the second capacitive plate).

The transducer 12 may comprise more than one plate embedded within or otherwise
attached to the flexible membrane, and/or more than one capacitive plate embedded

within or otherwise attached to the fixed backplate. Where the following description
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refers to a first capacitive plate and a second capacitive plate, therefore, it will be
understood that such references also relate to a plurality of first capacitive plates and a

plurality of second capacitive plates.

A first plate of the MEMS transducer 12 is arranged to receive a bias voltage Vbias,
typically 12V or so, from biasing circuitry 116. A low-noise amplifier 24 has an input
connected to the second plate of the MEMS transducer 12. This plate may also be
connected to a high-value (typically of the order of 10Gohm or greater) bias resistance
to bias this terminal to ground without shorting out the audio band signal. The bias

resistance may often be implemented in the form of polysilicon diodes.

The biasing circuitry 16 comprises a charge pump 18 arranged to generate the
required relatively high bias voltage Vuias from a lower voltage input. Typically the
charge pump 18 generates a bias voltage Vuias Which is equal to a multiple of the
voltage applied to its input. It will be appreciated therefore that were the charge pump
input connected directly to the voltage supply for an integrated circuit, then the bias
voltage across the transducer would vary with the applied supply voltage. Also any
noise on the supply would be similarly multiplied and couple via the MEMS capacitance
into the amplifier 24, and would therefore be indistinguishable from any acoustically
generated signals. Thus the voltage input for the charge pump 18 is preferably a
supply-independent voltage Vr. The reference voltage Vr may be generated by a
reference generator circuit (not illustrated) which will typically include a bandgap
voltage reference generator. As will be understood by one skilled in the art a bandgap
voltage reference generator can generate a reference voltage that is independent of

variations of the supply voltage and which is also substantially temperature stable.

Nonetheless, the voltage output from the charge pump 18 may comprise an element of
high-frequency noise. Thus biasing circuitry 16 may further comprise a resistor 20
coupled in series between the output of the charge pump 18 and the first plate of the
MEMS transducer 12, and a capacitor 22 coupled between the first plate of the MEMS
transducer 12 and a reference voltage such as ground. Together, the resistor 20 and
the capacitor 22 form a low-pass filter which acts to filter out the high-frequency noise.
The resistor 20 may again comprise poly-silicon diodes in order to achieve a suitable
high impedance value. Those skilled in the art will appreciate that alternative filters
may be provided. For example, the filter may comprise a low-pass filter (in the

illustrated form or different) or a suitably configured band-pass filter.
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The low-noise amplifier 24 is coupled to the second plate of the transducer 12, and
thus receives the signal generated by the transducer 12 upon movement of the plates
relative to each other. The low-noise amplifier 24 may be supplied from a power
source VDD, via a low drop-out regulator 26. The amplifier signal 28 is then output

from the circuitry for further processing as required.

Of course, the MEMS transducer circuitry 10 shown in Figure 1 has a mechanism for
measuring changes in capacitance of the transducer 12 (or for measuring changes in a
variable that depends on the capacitance) as a result of incoming pressure waves and
consequential movement of the plates relative to each other. However, the circuitry 10
comprises no mechanism for determining the quiescent capacitance of the MEMS
transducer 12, i.e. when the transducer is not subject to such incoming pressure
waves. A further problem is in the design of the circuitry coupled to the first plate of the
transducer 12. For example, in order to ensure that the signal generated by the
transducer 12 and read out from the second plate is an accurate reflection of an
incoming pressure wave, the voltage at the first plate should remain fixed at the biasing
voltage, i.e. the first plate should be an AC ground, such that the offset of an alternating
signal generated by motion of the MEMS transducer plates is fixed at the reference
voltage Viuias. The capacitance 22 can be increased so as to maintain a constant AC
ground; however, large capacitors utilize significant area on an integrated circuit and

are therefore undesirable.

Figure 2 shows MEMS transducer circuitry 110 that addresses both of these problems,
i.e. providing a mechanism by which the capacitance of the transducer can be
determined, and providing circuitry that is configured to ensure the first plate of the
transducer is maintained at a fixed voltage. In some embodiments of the disclosure,
however, only one of the problems is addressed. That is, in some embodiments, the
mechanism for determining the capacitance of the transducer may be provided, but not
the circuitry configured to ensure the first plate of the transducer is coupled to a fixed
voltage; in other embodiments, circuitry is provided to ensure that the first plate of the
transducer is coupled to a fixed voltage, but no mechanism for determining the

capacitance of the transducer.

The circuitry 110 comprises a MEMS capacitive transducer 112. As with the

transducer 12 discussed above with respect to Figure 1, the transducer 112 comprises
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first and second capacitive plates that are movable with respect to each other, for
example in response to an incident pressure wave or sound wave. One of the plates
may be coupled to (e.g. mounted on or embedded within) a flexible membrane, while
the other plate may be coupled to a fixed backplate structure. Incident pressure or
sound waves deflect the flexible membrane and so cause a change in capacitance of

the transducer 112.

A first terminal of the MEMS transducer 112 (which may be coupled to the first,
movable capacitive plate or the second, fixed capacitive plate) is arranged to receive a
bias voltage Vuias from biasing circuitry 116. During conventional use, i.e. when the
transducer 112 is used as a microphone to detect incoming pressure or sound waves,
the bias voltage may be in the region of 12V. However, in other modes the bias
voltage may be varied. For example, a plurality of different bias voltages may be
applied in order to determine the variation with bias voltage of the capacitance of the

transducer 112, e.g. as described below with respect to Figure 4.

The biasing circuitry 116 comprises a charge pump 118 arranged to generate the
required relatively high bias voltage Vs, and a resistor 120 forming part of a filter
configured to filter the high-frequency noise from the charge pump output. These

components may be substantially similar to their counterparts in Figure 1.

A second terminal of the MEMS transducer 112 is coupled to a low-noise amplifier 124.
This terminal may also be connected to a high-value (typically of the order of 10Gohm
or greater) bias resistance to bias this terminal to ground without shorting out the audio
band signal. The bias resistance may be implemented in the form of polysilicon

diodes.

The low-noise amplifier 124 is coupled to the second plate of the transducer 112, and
thus receives the signal generated by the transducer 112 upon movement of the plates
relative to each other. The low-noise amplifier 124 may be supplied from a power

source VDD, via a low drop-out regulator 126.

In order to determine the capacitance of the transducer 112, the circuitry further
comprises comparator circuitry 128 coupled to the output of the amplifier 124, operable
to compare the output of the amplifier 124 to one or more threshold voltages and

provide respective control signals for first and second switches 136 and 138 based on
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the comparison. For example, in one embodiment, the comparator circuitry 128 is
configured to compare the output of the amplifier 124 to an upper threshold voltage and
a lower threshold voltage (which is lower than the upper threshold voltage), and
generate control signals for the switches when the output of the amplifier 124 reaches
the upper threshold voltage and/or when the output of the amplifier 124 reaches the

lower threshold voltage.

In one embodiment, the comparator circuitry 128 comprises a Schmitt trigger, which is
a circuit designed to output a logical high value when an input signal is higher than a
chosen upper threshold, and a logical low value when an input signal is lower than a
chosen lower threshold (which is lower than the upper threshold). In between the two
thresholds, the output of the circuit retains its value. However, alternative comparator
circuits may be used to achieve the same result, without departing from the scope of

the claims appended hereto.

The first switch 136 couples a first current source 130 to the second terminal of the
transducer 112, while the second switch 138 couples a second current source 132 to
the second terminal. The current sources 130, 132 may be arranged such that one
current source (in the illustrated embodiment, the first current source 130) acts to
charge the second plate of the transducer, while the other current source (in the
illustrated embodiment, the second current source 132) acts to discharge the second

plate of the transducer 112.

As used herein, the term “current source” covers any electronic circuit or component
that provides a substantially constant current. Many different implementations will be
known to those skilled in the art. For example, a current source may comprise a
transistor operable to provide a current-stable output characteristic, or more than one
transistor arranged as a current mirror. The current source may also comprise a
resistance coupled to a voltage source (such as a supply voltage or a voltage based on
a supply voltage). Further, it will be understood herein that the term “current source”

covers both current sources and current sinks.

In order to sense the capacitance of the transducer 112, the current sources 130, 132
may be selectively coupled to and uncoupled from the second terminal of the
transducer so as to charge and discharge the transducer 112 between upper and lower

voltages. Thus, the first current source 130 is coupled to the transducer 112 (and the
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second current source 132 uncoupled) in order to increase the voltage output from the
transducer 112, i.e. switch 136 is closed, while switch 138 is open. The comparator
circuitry 128 receives the output of the amplifier 124 and, when the signal reaches a
defined upper value, generates control signals that open the first switch 136 and close
the second switch 138, i.e. uncoupling the first current source 130 from the transducer
112 and coupling the second current source 132 to the transducer 112. The
transducer thus discharges, causing the output signal of the amplifier 124 to drop.
When the signal reaches a defined lower value, the comparator circuitry 128 generates
control signals that close the first switch 136 and open the second switch 138, i.e.
coupling the first current source 130 to the transducer 112 and uncoupling the second

current source 132 from the transducer 112.

Those skilled in the art will appreciate that alternative configurations than those shown
in Figure 2 may be utilized to achieve substantially the same result. For example, in
one alternative embodiment, a single current source may be utilized to charge and
discharge the transducer 112, by altering the polarity of the connection between the
current source and the second terminal of the transducer 112 instead of coupling and
decoupling multiple current sources. Alternatively, the single current source may be
used only to charge the transducer 112, with the transducer being allowed to discharge
more slowly to ground (i.e. without the assistance of a current sink) when the current
source is uncoupled from the transducer. In this latter embodiment, the signal
generated by the transducer 112 is non-symmetrical, as the transducer 112 will charge

and discharge at different rates.

In further embodiments, one or more of the current sources 130, 132 may be coupled
to the transducer 112 for a fixed time period, rather than until the signal output from the
transducer reaches a threshold. For example, in one embodiment, the transducer 112
may be charged until the output signal reaches an upper threshold value, and then
discharged (e.g. the through application of a current source or through discharging to
ground) for a fixed time period (e.g. a sufficiently long period that the output signal falls
below the lower threshold). In an alternative embodiment, the transducer 112 may be
charged for a fixed time period by coupling of a current source to the transducer (e.g. a
sufficiently long period that the output signal rises above the upper threshold), and then
discharged until the output signal falls below the threshold. In yet further embodiments,
the transducer 112 may be charged for a fixed period, and discharged for a fixed

period.
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Thus a cycle is completed of charging followed by discharging, between defined lower
and upper voltages. It will be understood that the cycle may equally be defined by first
discharging and then re-charging the transducer. The capacitance of the transducer
112 is related to the period of such a cycle by the following equation:

_ 2]ref Tosc

C — reflosc
Y0 -1

where Cuewms is the capacitance of the MEMS transducer 112, /s is the current flowing
in the current sources (assuming that the same current flows in each of the current
sources 130, 132), Tosc is the period of the cycle, W is the upper voltage and V. is the
lower voltage. The equation assumes that the gain of the amplifier 124 is unity.
Otherwise, the gain of the amplifier may also be taken into account in the equation (e.g.

by appearing in the numerator of the equation set out above).

It will also be appreciated by those skilled in the art that the equation above assumes
charging and discharging of the transducer at the same rate, i.e. the transducer is
charged by action of a current source providing current /., and discharged by a current
source providing current /. As noted above, however, in alternative embodiments the
transducer may be charged and discharged at different rates, either through the
application of different currents for charging and discharging, or by application of a
single current for charging or discharging, before returning to the quiescent voltage by
action of the biasing voltage and ground. In such embodiments, the equation may
change correspondingly. For example, instead of measuring the entire period of the
cycle, only part of the period may be measured, e.g. corresponding to the time taken to
charge or discharge the transducer between upper and lower voltages by application of
ler.  The capacitance of the transducer 112 may then be found by multiplying the
measured by an appropriate factor to recover the “full” period of the cycle, or by

modifying the equation to account for the partial period that is measured.

In practice, the transducer 112 may be repeatedly charged and discharged so that
multiple cycles take place sequentially (i.e. an oscillation takes place in the signal). In

such embodiments, the frequency of the oscillation may be chosen as follows.
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The transducer 112 may be modelled as a parallel-plate capacitor, in which the
capacitance depends on the area of the plates, the distance between the plates, and
the electric permittivity of the material between the plates: in general, the greater the
permittivity and the area, the higher the capacitance; the greater the distance between

the plates, the lower the capacitance.

Thus the capacitance depends on the distance between the plates of the transducer
112; however, by the very nature of the transducer, the plates are moveable with
respect to each other and thus the distance between them will vary. In order to
measure the capacitance of the transducer accurately, it may be important to ensure
that the plates do not move as a result of the charging—discharging cycle described
above. Thus the value of the current flowing in the current sources 130, 132 may be
chosen such that the frequency of the oscillation is significantly higher than mechanical
resonant frequencies of the transducer. As the frequency of the oscillation is
proportional to the current flowing in the current sources (see equation above), the
current value may therefore be set sufficiently high above the resonant frequency of the
transducer 112 such that the plates do not appreciably move (e.g. due to the mass of
the moving plate(s), air resistance in a port hole, etc). The process of charging and
discharging the transducer may also be carried out in a test environment or otherwise
at a time when substantially no pressure waves or sound waves are being detected
(i.e. the plates of the transducer are not moving due to an incoming pressure wave or

sound wave).

The circuitry 110 further comprises capacitive circuitry that establishes a fixed voltage
(i.,e. a reference voltage) at the first plate of the transducer 112. The capacitive
circuitry comprises a charge amplifier 140 and first and second capacitors 142, 144
arranged in a feedback loop. A non-inverting input of the amplifier 140 is coupled to
ground, while an inverting input of the amplifier is coupled to the first plate of the
transducer (which receives the biasing voltage from biasing circuitry 116) via the first
capacitor 142. The first capacitor is operable to shift the DC component of the signal
present at the first plate of the transducer to a lower level (e.g. from the order of 12 V to
0 or 1V). An output of the amplifier 140 is also coupled to the first plate of the

transducer 112, via the second capacitor 144.

A resistance 146 is further coupled between the output of the amplifier 140 and the

inverting input, i.e. in parallel with the first and second capacitors 142, 144. The
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resistance 146 may comprise a poly diode resistance, operable to stabilize the DC

operating point of the amplifier 140.

The arrangement of capacitive circuitry, and particularly the arrangement of the
amplifier 140, the second capacitor 144 at its output, and the feedback loop, utilizes the
Miller effect to increase the equivalent input capacitance of the amplifier 140. It can be
shown that the configuration of the second capacitor 144 in a feedback arrangement to

the inverting input of the amplifier 140 amplifies the effective capacitance of the second

capacitor 144 by a factor equal to (l+g), where g is the gain of the amplifier 140.
The increase in capacitance can be approximated to g, where g >>1. In practice, the

gain of the amplifier 140 can be of the order of 60 dB (dependent on the frequency of
operation and the design of the amplifier), so an extremely large effective capacitance
can be achieved with a relatively small capacitor. Thus the capacitive circuitry can
establish a constant reference voltage at the first plate of the transducer 112 (equal to
the biasing voltage), and moreover can do so using components that do not take up

significant area on an integrated circuit in which the circuitry 110 is embodied.

In some cases, the use of the amplifier 140 to increase the capacitance of the second
capacitor 144 may be inappropriate. For example, the amplifier 140 may superimpose
any input-referred noise onto the bias voltage applied to the first plate of the
transducer, and hence on to the output signal. This is acceptable when measuring the
capacitance of the transducer 112 (where accuracy of the quiescent capacitance
measurement is more important than achieving low noise); however, it may be
unacceptable for normal operation (i.e. when the transducer 112 is utilized to detect
incoming pressure waves, etc). In the illustrated embodiment, therefore, the capacitive
circuitry further comprises switches 148, 150 which are operable in certain modes of
operation to bypass the amplifier 140. One switch 148 is coupled between the node of
the first capacitor 142 not directly connected to the transducer 112 and a reference
voltage (e.g. ground); the other switch 150 is coupled between the node of the second
capacitor 144 not directly connected to the transducer 112 and the reference voltage
(e.g. ground). In some modes of operation (e.g. normal operation), therefore, the
switches 148, 150 may be closed to short the capacitors 142, 144 to ground, and the
amplifier 140 disabled. In other modes of operation (e.g. capacitance measurement of
the transducer 112), the switches 148, 150 may be opened and the amplifier 140

enabled.
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The circuitry 110 shown in Figure 2 may be provided on a single integrated circuit.
Alternatively, the transducer 112 may be provided separately to other components of
the circuitry 110 (which would then comprise respective bond pads for connection to
the plates of the transducer 112). In this case, the integrated circuit providing the other

components may be packaged within the same package as the transducer 112.

Figure 3 is a schematic drawing of a MEMS transducer system 150 according to

embodiments of the disclosure.

The system 150 comprises MEMS transducer circuitry 110 (e.g. as described above
with respect to Figure 2) and test circuitry 160. The test circuitry 160 is
communicatively coupled to the MEMS transducer circuitry 110, and operable to
receive one or more signals from the MEMS transducer circuitry 110, such as the
output signal generated by the amplifier 124, and/or the control signals generated by

the comparator circuitry 128.

The system 150 may be embodied within a single integrated circuit, i.e. both the MEMS
transducer circuitry 110 and the test circuitry 160 may be embodied on the same
integrated circuit, or chip. Alternatively, the system 150 may be embodied on multiple
integrated circuits within the same host device (e.g. a phone, laptop or other macro
electronic device). That is, the MEMS transducer circuitry 110 may be embodied on a
first integrated circuit (or multiple integrated circuits, see above), while the test circuitry
160 is embodied on a second integrated circuit that is coupled to the first integrated
circuit. In either case, such arrangements allow the capacitance of the MEMS
transducer 112 to be determined upon manufacture and also during use, i.e. once the
MEMS system 150 has been placed in an electronic device and the electronic device
sold to a user. In further alternatives, the test circuitry 160 may be embodied in
external circuitry that does not form part of the same integrated circuit as the MEMS
transducer circuitry 110, or even the same device. For example, the test circuitry 160
may be provided at a manufacturing or test facility, and coupled to multiple MEMS
transducer circuits in sequence, or as part of a manufacturing line, in order to measure

the capacitance of each transducer that is manufactured.

As noted above, the period of the charge—discharge cycle is proportional to the
capacitance of the transducer 112. The test circuitry 160 is thus operable to determine

the period of the cycle, or a parameter that is indicative of the period (such as the
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frequency), and so determine the capacitance of the MEMS transducer 112 based on
the determined period or parameter. For example, the test circuitry 160 may determine
the period of the cycle (or a parameter that is indicative of the period) based on the
output of the amplifier 124 itself, or based on the control signals generated by the
comparator circuitry 128 (which will switch—from charging to discharging, and from

discharging to charging—at a rate that is twice the frequency of the oscillation).

In one embodiment, the test circuitry 160 determines the period of the charge—
discharge cycle itself. For example, the test circuitry 160 may comprise a counter that
is coupled to receive a clock signal having a frequency that is much higher than the
frequency of the oscillation in the transducer signal. The counter increments at the rate
of the clock signal, and so counts the number of clock cycles in each charge—discharge
cycle (so determining the period), or the number of clock cycles between a change in
output of the comparator circuitry 128 (so determining half the period). This
arrangement may be particularly suited to embodiments in which the MEMS system
150 is embodied within an electronic device or on a single integrated circuit.
Alternatively, the number of charge—discharge cycles in a given period (sufficiently long

to cover multiple cycles) may be counted and the average cycle period calculated.

Alternatively, the test circuitry 150 may comprise automated test equipment , which can
determine the period or the frequency of the oscillation (or the control signals) directly.
This arrangement may be particularly suited to embodiments in which the test circuitry

160 is implemented in circuitry that is external to the MEMS transducer circuitry 110.

The test circuitry 160 may be further operable to provide one or more control signals to
the MEMS transducer circuitry 110, either directly or via one or more intermediate
components such as processing circuitry and memory. For example, the test circuitry
160 may be operable to place the MEMS transducer circuitry 110 into a test mode, in
which the current sources 130, 132 are coupled to the second plate of the MEMS
transducer 112 in order to determine the capacitance. Thus the test circuitry 160 may
generate control signals for one or more of: instructing the biasing circuitry 116 to
generate biasing voltages for the MEMS transducer 112 (e.g. in a manner discussed in
more detail below with respect to Figure 4); coupling the comparator circuitry 128 to the
output of the amplifier 124 so as to initiate the charge—discharge cycle; and de-coupling
the output of the amplifier 124 from audio processing circuitry so as to prevent any

audio signals resulting from the test process from reaching the user.
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The test circuitry 160 may further alter the biasing voltage generated by the biasing
circuitry 116 based on the determined capacitance, e.g. so as to achieve a given output
signal for a given input pressure or sound wave. For example, if the capacitance is
determined to be lower than some expected value (e.g. due to degradation of the
MEMS transducer over time, or a minor defect in the manufacturing process, etc), the
biasing voltage can be increased by a factor or some absolute amount to compensate
for the lower capacitance. Similarly, if the capacitance is higher than the expected
value, the biasing voltage can be decreased to compensate and so achieve a

consistent output signal.

Alternatively, the test circuitry 160 may alter the gain of the low noise amplifier 124 (or
some other amplifier circuitry) so as to compensate for the capacitance of the MEMS

transducer and ensure a consistent output for a given input pressure or sound wave.

The test circuitry 160 may determine the capacitance of the MEMS transducer 112 in a
number of different ways. For example, if values are known for the current /s in the
current sources 130, 132, and the upper and lower voltage thresholds V4 and V. (and
optionally the gain of the amplifier 124), the measured value for the period Tes. Can be

used to determine the capacitance of the transducer 112 using the equation above.

Figure 4 is a flowchart of a method according to embodiments of the disclosure. The
method may be performed in the MEMS transducer circuitry 110 and more generally in
the MEMS transducer system 150 described above. The method may be implemented
as part of the process of manufacturing the MEMS transducer circuitry 110, or during
use of the MEMS transducer circuitry 110 in an electronic device (e.g. upon power up

of the device).

In step 200, a test or calibration mode is entered, and a biasing voltage is generated by
the biasing circuitry 116 and applied to a first node (which is connected to a first plate
of the MEMS transducer 112). A second node (which is connected to a second plate of
the MEMS transducer 112) is connected to a high-value (typically of the order of
10Gohm or greater) bias resistance to bias this node to ground without shorting out the

audio band signal.
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In step 202, one or more current sources are applied to the second node in order to
charge and then discharge the transducer (or vice versa) between upper and lower
threshold voltages. Thus the transducer is charged by application of one or more
current sources until the output of the transducer reaches the upper threshold voltage
and, upon reaching the threshold, the one or more current sources are applied so as to
discharge the transducer until the lower threshold voltage is reached (or vice versa).
This process may be repeated multiple times, such that an oscillation is established in

the signal that is output from the transducer.

In step 204, the time period of the charge—discharge cycle (or a parameter that is
indicative of the time period, such as the frequency of oscillation or part of the time
period) is determined. For example, the parameter may be determined based on the
signal that is output from the transducer, or based on the switching of the one or more

current sources.

In step 206, based on the measured parameter indicative of the time period, the
capacitance of the MEMS transducer 112 is determined. For example, the capacitance
may be determined based additionally on known values of the current flowing in the
current source(s) and the upper and lower threshold voltages. Alternatively, the
capacitance may be determined based additionally on a measured parameter that is
indicative of the time period for a charge—discharge cycle in a reference capacitor, and

the known capacitance of the reference capacitor.

In some embodiments of the disclosure, the method may end at step 206. However, it
will be appreciated that the value of the biasing voltage will in general have an effect on
the measured capacitance. That is, the biasing voltage that is applied to the first plate
of the MEMS transducer may effectively set the “rest” position of the transducer (i.e.
the distance between the first and second plates, or the position of the moveable plate
with respect to the fixed plate) in the absence of incoming pressure or sound waves.
As noted above, the distance between the plates affects the capacitance of the
transducer, and therefore the biasing voltage that is applied in step 200 also affects the

capacitance of the transducer.

In some embodiments of the present disclosure, therefore, steps 200, 202, 204 and

206 are repeated for multiple different values of the biasing voltage.
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In step 208, the test circuitry determines whether the capacitance of the MEMS
transducer has been determined for all biasing voltages. If not, the method proceeds
to step 210 and the biasing voltage is set to a different value (e.g., if the previous value
of the biasing voltage is V,, the next value may be V;.1). The method then repeats
steps 200, 202, 204 and 206 to determine the capacitance of the MEMS transducer for

the biasing voltage V1.

The multiple biasing voltages may be set within a range of values that includes the
normal operating voltage of the MEMS transducer, i.e. the biasing voltages may be set
between a lower value (e.g. 1V or even 0 V) and an upper value (e.g. 20 V), with the
normal operating voltage expected to be 12 V or similar. The biasing voltages may be
substantially equally spaced across the range. However, at higher biasing voltages the
electrostatic forces between the plates of the transducer 112 begin to dominate the
interaction of the plates, causing significant variation of the capacitance. Thus at
higher voltages the steps between consecutive biasing voltages may be smaller than
the steps at lower voltages. That s, in a first, lower range of biasing voltages (e.g. 0V
to 17 V) the steps between the applied biasing voltages may be set to a first value (e.g.
2 V), in a second, higher range of biasing voltages (e.g. 17 V to 20 V) the steps
between the applied biasing voltages may be set to a second, smaller value (e.g.
0.5V). Atthese higher voltages, the changes in capacitance of the MEMS transducer

with biasing voltage can thus be measured more closely.

The different values of capacitance for different biasing voltages can be used in a
number of different ways. In one embodiment, the values are used to determine an
appropriate biasing voltage to be applied to the first node of the MEMS transducer
during use. That is, the biasing voltage that achieves a desired capacitance value can

be selected as the biasing voltage to be used in further use of the MEMS transducer.

In another embodiment, the values may be used in step 212 to determine an elasticity
of the MEMS transducer 112 (i.e. an elasticity of the moveable membrane). That is,
the capacitance of the transducer is measured at a plurality of different voltages, while
the membrane is stationary. At such an equilibrium, the elastic restorative force (which
acts to restore the membrane to its resting position in the absence of biasing voltage) is
equal and opposite to the electrostatic force arising from the biasing voltage, attracting
the plates of the transducer towards each other. The elastic restorative force may be

given by an elasticity constant multiplied by the displacement of the membrane from its
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resting position. By measuring the capacitance of the transducer at multiple biasing
voltages, the elasticity of the membrane may be extracted via numerical or graph-fitting
methods. The determined elasticity may then be utilized to alter the biasing voltage of
the MEMS transducer circuitry during normal operation, or the gain of the low-noise

amplifier, so as to compensate for changes in the elasticity of the membrane over time.

Embodiments of the present disclosure thus provide methods and apparatus for
determining the capacitance of a MEMS transducer. The methods can be applied as
part of the manufacturing process, or later during use of the MEMS transducer in an
electronic device. The determined value of the capacitance can be used to calibrate
the MEMS transducer circuitry so as to achieve a given output signal for a given input

pressure or sound wave.

The disclosed techniques have particular advantages for integrated MEMS transducers
(i.e. where MEMS transducers are integrated on the same circuit as electronic circuitry
such as biasing circuitry, amplifying circuitry, etc). In such systems it is otherwise
difficult to measure the transducer capacitance, as an additional bond to one of the
transducer plates (from which the capacitance may be measured) would add significant

parasitic capacitance to that node.

The skilled person will recognise that some aspects of the above-described apparatus
and methods, for example the discovery and configuration methods may be embodied
as processor control code, for example on a non-volatile carrier medium such as
reprogrammable memory (e.g. Flash), a disk, CD- or DVD-ROM, programmed memory
such as read only memory (Firmware), or on a data carrier such as an optical or
electrical signal carrier. For many applications embodiments of the invention will be
implemented on a DSP (Digital Signal Processor), ASIC (Application Specific
Integrated Circuit) or FPGA (Field Programmable Gate Array). Thus the code may
comprise conventional program code or microcode or, for example code for setting up
or controlling an ASIC or FPGA. The code may also comprise code for dynamically
configuring re-configurable apparatus such as re-programmable logic gate arrays.
Similarly the code may comprise code for a hardware description language such as
Verilog™ or VHDL (Very high speed integrated circuit Hardware Description
Language). As the skilled person will appreciate, the code may be distributed between
a plurality of coupled components in communication with one another. Where

appropriate, the embodiments may also be implemented using code running on a field-
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(re)programmable analogue array or similar device in order to configure analogue

hardware.

Note that as used herein the term module shall be used to refer to a functional unit or
block which may be implemented at least partly by dedicated hardware components
such as custom defined circuitry and/or at least partly be implemented by one or more
software processors or appropriate code running on a suitable general purpose
processor or the like. A module may itself comprise other modules or functional units.
A module may be provided by multiple components or sub-modules which need not be
co-located and could be provided on different integrated circuits and/or running on

different processors.

Embodiments may comprise or be comprised in an electronic device, especially a
portable and/or battery powered electronic device such as a mobile telephone, an
audio player, a video player, a PDA, a wearable device, a mobile computing platform
such as a smartphone, a laptop computer or tablet and/or a games device, remote
control device or a toy, for example, or alternatively a domestic appliance or controller
thereof including a home audio system or device, a domestic temperature or lighting

control system or security system, or a robot.

It should be noted that the above-mentioned embodiments illustrate rather than limit
the invention, and that those skilled in the art will be able to design many alternative
embodiments without departing from the scope of the appended claims. The word
“‘comprising” does not exclude the presence of elements or steps other than those
listed in a claim, “a” or “an” does not exclude a plurality, and a single feature or other
unit may fulfil the functions of several units recited in the claims. Any reference
numerals or labels in the claims shall not be construed so as to limit their scope. Terms
such as amplify or gain include possibly applying a scaling factor of less than unity to a

signal.
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CLAIMS

1. A system, comprising:

a MEMS capacitive transducer, comprising one or more first capacitive plates
coupled to a first node and one or more second capacitive plates coupled to a second
node;

biasing circuitry coupled to the first node, operable to provide a biasing voltage to
the one or more first capacitive plates; and

test circuitry coupled to the second node, operable to:

selectively apply one or more current sources to the second node, so as to
charge and discharge the MEMS capacitive transducer and so vary a signal
based on a voltage at said second node between an upper value and a lower
value;

determine a parameter that is indicative of a time period of the variation of
the signal; and

determine a capacitance of the MEMS capacitive transducer based on the

parameter that is indicative of the time period.

2. The system according to claim 1, wherein the test circuitry is operable to charge
and discharge the MEMS capacitive transducer repeatedly and so establish an

oscillation in the signal.

3. The system according to claim 2, wherein the parameter that is indicative of the

time period is the frequency of the oscillation.

4. The system according to claim 1 or 2, wherein the parameter that is indicative of

the time period is the time period.

5. The system according to claim 1 or 2, wherein the parameter that is indicative of

the time period is a part of the time period.

6. The system according to any one of the preceding claims, wherein the test
circuitry is operable to selectively apply one or more current sources to the second
node by alternately switching the one or more current sources between a pull-up

configuration and a pull-down configuration..
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7. The system according to claim 6, wherein the test circuitry is operable to
determine the parameter that is indicative of the time period by determining a

parameter that is indicative of the time period of said switching.

8. The system according to any one of claims 1 to 5, wherein the test circuitry is
operable to selectively apply one or more current sources to the second node by
alternately coupling the one or more current sources to the second node in one of a
pull-up configuration and a pull-down configuration, and uncoupling the one or more

current sources from the second node

9. The system according to any one of the preceding claims, wherein the test
circuitry comprises comparator circuitry that is operable to compare the signal to at
least one of the upper and lower values, and selectively apply the one or more current

sources to the second node based on the comparison.

10. The system according to claim 9, wherein the comparator circuitry comprises a

Schmitt trigger.

11. The system according to any one of the preceding claims, wherein the test
circuitry is further operable to determine the capacitance of the MEMS capacitive
transducer based on the upper and lower values of the signal, and a current value of

the one or more current sources.

12. The system according to claim 11, wherein the test circuitry is operable to
determine the capacitance of the MEMS capacitive transducer based on the following

equation:

I .1

ref ~ osc

C __refose
)

where Cuewms is the capacitance of the MEMS capacitive transducer, /wr is the current
value of the one or more current sources, Tosc is the time period, and V4 and V. are the

upper and lower values respectively.

13. The system according to claim 11 or 12, further comprising amplifier circuitry

configured to amplify a voltage at the second node and generate the signal, and
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wherein the capacitance of the MEMS capacitive transducer is further determined

based on a gain of the amplifier circuitry.

14. The system according to any one of the preceding claims, wherein the one or
more current sources are set to a current value such that the time period is shorter than
time periods corresponding to mechanical resonances of the MEMS capacitive

transducer.

15. The system according to any one of the preceding claims, wherein the biasing

circuitry comprises a charge pump coupled to the first node.

16. The system according to claim 15, wherein the biasing circuitry further comprises
a filter arranged between the charge pump and the first node, for filtering high-

frequency noise from the charge pump.

17. The system according to claim 16, wherein the filter comprises a low-pass filter.

18. The system according to claim 17, wherein the low-pass filter comprises a

resistance arranged in series between the charge pump and the first node.

19. The system according to any one of the preceding claims, further comprising
capacitive circuitry coupled to the first node, operable to maintain the first node at said

biasing voltage regardless of said charging and discharging.

20. The system according to claim 18, wherein the capacitive circuitry comprises a
charge amplifier arranged in a feedback loop, the feedback loop further comprising a
first capacitor coupled to an output of the charge amplifier, such that an effective

capacitance of the first capacitor is increased based on a gain of the ampilifier.

21. The system according to claim 20, wherein the first capacitor is further coupled to

the first node.

22. The system according to claim 20 or 21, wherein an inverting input of the charge

amplifier is coupled to the first node.
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23. The system according to claim 22, wherein the inverting input of the charge

amplifier is coupled to the first node via a second capacitor.

24. The system according to any one of claims 20 to 23, wherein a non-inverting

input of the charge amplifier is coupled to a reference voltage.

25. The system according to any one of the preceding claims, further comprising
controller circuitry operable to adjust the biasing voltage based on the calculated
capacitance of the MEMS capacitive transducer so as to achieve a given response of

the MEMS capacitive transducer to acoustic inputs or driving voltages.

26. The system according to any one of the preceding claims, wherein the system is

implemented on a single integrated circuit.

27. An electronic device, comprising:

a system as claimed in any one of the preceding claims.

28. The electronic device according to claim 27, wherein the electronic device is at
least one of: a portable device; a battery-powered device; a mobile telephone; an audio
player; a video player, a personal digital assistant; a wearable device; a mobile
computing platform; a laptop computer; a tablet computer, a games device; a remote
control device; a toy; a domestic appliance or controller thereof, a domestic

temperature or lighting control system; a security system; and a robot.

29. A method for determining the capacitance of a MEMS capacitive transducer, the
MEMS capacitive transducer comprising one or more first capacitive plates coupled to
a first node and one or more second capacitive plates coupled to a second node, the
method comprising:

providing a biasing voltage to the one or more first capacitive plates;

selectively applying one or more current sources to the second node, so as to
charge and discharge the MEMS capacitive transducer and so vary a signal based on
a voltage at said second node between an upper value and a lower value;

determine a parameter that is indicative of a time period of the variation of the
signal; and

determine a capacitance of the MEMS capacitive transducer based on the

parameter that is indicative of the time period.
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30. The method according to claim 29, further comprising charging and discharging
the MEMS capacitive transducer repeatedly and so establishing an oscillation in the

signal.

31. The method according to claim 30, wherein the parameter that is indicative of the

time period is the frequency of the oscillation.

32. The method according to claim 29 or 30, wherein the parameter that is indicative

of the time period is the time period.

33. The method according to claim 29 or 30, wherein the parameter that is indicative

of the time period is part of the time period.

34. The method according to any one of claims 29 to 33, wherein the step of
selectively applying one or more current sources to the second node comprises
alternately switching the one or more current sources between a pull-up configuration

and a pull-down configuration.

35. The method according to claim 34, wherein the step of determining the
parameter that is indicative of the time period comprises determining a parameter that

is indicative of the time period of said switching.

36. The method according to any one of claims 29 to 35, further comprising
comparing the signal to the upper and lower values, and selectively applying the one or

more current sources to the second node based on the comparison.

37. The system according to any one of claims 29 to 36, wherein the step of
determining the capacitance of the MEMS capacitive transducer further comprises
determining the capacitance of the MEMS capacitive transducer based on the upper

and lower values of the signal, and a current value of the one or more current sources.

38. The method according to claim 37, further comprising determining the

capacitance of the MEMS capacitive transducer based on the following equation:
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ref ~ osc

C __refose
s T

where Cuewms is the capacitance of the MEMS capacitive transducer, /wr is the current
value of the one or more current sources, Tosc is the time period, and Vi and V| are the

upper and lower values respectively.

39. The method according to claim 37 or 38, further comprising amplifying a voltage
at the second node to generate the signal, and wherein the capacitance of the MEMS

capacitive transducer is further determined based on a gain of the amplification.

40. The method according to any one of claims 29 to 39, wherein the one or more
current sources are set to a current value such that the time period is shorter than time

periods corresponding to mechanical resonances of the MEMS capacitive transducer.

41. The method according to any one of claims 29 to 40, further comprising adjusting
the biasing voltage based on the calculated capacitance of the MEMS capacitive
transducer so as to achieve a given response of the MEMS capacitive transducer to

acoustic inputs or driving voltages.

42. The method according to any one of claims 29 to 41, further comprising:
determining respective capacitance values of the MEMS capacitive transducer at
a plurality of biasing voltages; and
determining an elasticity of the MEMS capacitive transducer based on the

respective capacitance values.

43. A system, comprising:

a MEMS capacitive transducer, comprising one or more first capacitive plates
coupled to a first node and one or more second capacitive plates coupled to a second
node;

biasing circuitry coupled to the first node, operable to provide a biasing voltage to
the one or more first capacitive plates;

output circuitry coupled to the second node, for generating an output signal; and

capacitive circuitry coupled to the first node, comprising a charge amplifier

arranged in a feedback loop, the feedback loop further comprising a first capacitor
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coupled to an output of the charge amplifier, such that an effective capacitance of the

first capacitor is increased based on a gain of the charge amplifier.

44, The system according to claim 43, wherein the first capacitor is further coupled to

the first node.

45. The system according to claim 43 or 44, wherein an inverting input of the charge

amplifier is coupled to the first node.

46. The system according to claim 45, wherein the inverting input of the charge

amplifier is coupled to the first node via a second capacitor.

47. The system according to any one of claims 43 to 46, wherein a non-inverting

input of the charge amplifier is coupled to a reference voltage.

48. Test circuitry for measurement of the capacitance of a MEMS capacitive
transducer:
operable to:
selectively apply one or more current sources to an electrode of the MEMS
capacitive transducer, so as to charge and discharge the MEMS capacitive
transducer and so vary a voltage of said electrode between upper and lower
values;
determine a parameter that is indicative of a time period of the variation of
the signal based on the voltage of said electrode; and
determine a capacitance of the MEMS capacitive transducer based on the

parameter that is indicative of the time period.

49. The test circuitry according to claim 48, wherein the test circuitry is operable to
charge and discharge the MEMS capacitive transducer repeatedly and so establish an

oscillation in the signal.

50. The test circuitry according to claim 49, wherein the parameter that is indicative

of the time period is the frequency of the oscillation.

51. The test circuitry according to claim 48 or 49, wherein the parameter that is

indicative of the time period is the time period.
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52. The test circuitry according to claim 48 or 49, wherein the parameter that is

indicative of the time period is a part of the time period.

53. The test circuitry according to any one of claims 48 to 52, wherein the test
circuitry is operable to selectively apply one or more current sources to the electrode of
the MEMS capacitive transducer by alternately switching the one or more current

sources between a pull-up configuration and a pull-down configuration.

54. The test circuitry according to claim 53, wherein the test circuitry is operable to
determine the parameter that is indicative of the time period by determining a

parameter that is indicative of the time period of said switching.

55. The test circuitry according to any one of claims 48 to 52, wherein the test
circuitry is operable to selectively apply one or more current sources to the electrode of
the MEMS capacitive transducer by alternately coupling the one or more current
sources to the electrode of the MEMS capacitive transducer in one of a pull-up
configuration and a pull-down configuration, and uncoupling the one or more current

sources from the electrode of the MEMS capacitive transducer

56. The test circuitry according to any one of claims 48 to 55, wherein the test
circuitry comprises comparator circuitry that is operable to compare the signal to at
least one of the upper and lower values, and selectively apply the one or more current

sources to the second node based on the comparison.

57. The test circuitry according to claim 56, wherein the comparator circuitry

comprises a Schmitt trigger.

58. The test circuitry according to any one of claims 48 to 57, wherein the test
circuitry is further operable to determine the capacitance of the MEMS capacitive
transducer based on the upper and lower values of the signal, and a current value of

the one or more current sources.

59. The test circuitry according to claim 58, wherein the test circuitry is operable to
determine the capacitance of the MEMS capacitive transducer based on the following

equation:
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ref ~ osc

C _xef “osc
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where Cuvewms is the capacitance of the MEMS capacitive transducer, e is the current
value of the one or more current sources, Tosc is the time period, and V4 and V| are the

upper and lower values respectively.

60. The test circuitry according to any one of claims 48 to 59, further operable to
adjust a biasing voltage applied to a second electrode of the MEMS capacitive
transducer based on the calculated capacitance of the MEMS capacitive transducer so
as to achieve a given response of the MEMS capacitive transducer to acoustic inputs

or driving voltages.

61. An amplifier circuit for a MEMS capacitive transducer, the amplifier circuit
comprising:
an amplifier for providing an amplifier output signal based on a voltage of
an electrode of the MEMS capacitive transducer;
one or more current sources controllable to apply a current to an electrode
of the MEMS capacitive transducer, so as to charge or discharge the MEMS
capacitive transducer and so vary the voltage of said electrode between upper
and lower values;
a comparator for providing a comparator output signal based on comparing
the amplifier output signal to at least one of the upper and lower values; and
control circuitry for controlling the application of said one or more current

sources based on the comparator output signal.

62. The amplifier circuit according to claim 61, wherein the amplifier circuit is
operable in at least a test mode and a non-test mode,

wherein, in the test mode, the one or more current sources are controlled by said
control circuitry to apply the current to the electrode of the MEMS capacitive
transducer, and

wherein, in the non-test mode, the one or more current sources are uncoupled
from the electrode of the MEMS capacitive transducer, the amplifier output signal is

representative of pressure waves that are incident upon the MEMS capacitive
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transducer, and the amplifier output signal is provided as an output from the amplifier

circuit.

63. The amplifier circuit according to claim 61 or 62, wherein the one or more current

sources comprise one or more constant current sources.

64. The amplifier circuit according to claim 61 or 62, wherein the one or more current

sources comprise one or more resistances coupled to one or more voltage sources.

65. The ampilifier circuit according to any one of claims 61 to 64, further comprising
bias circuitry operable to provide a biasing voltage to a second electrode of the MEMS

capacitive transducer.

66. The amplifier circuit according to any one of claims 61 to 65, further comprising
capacitive circuitry coupled to the second electrode, comprising a charge amplifier
arranged in a feedback loop, the feedback loop further comprising a capacitor coupled
to an output of the charge ampilifier, such that an effective capacitance of the capacitor

is increased based on a gain of the charge amplifier.

67. The amplifier circuit according to any one of claims 61 to 66, further comprising

bonds for connection to the MEMS capacitive transducer.

68. The amplifier circuit according to claim 67, comprised, with the MEMS capacitive

transducer, within a package.

69. The amplifier circuit according to any one of claims 61 to 66, further comprising

the MEMS capacitive transducer.
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