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Description

FIELD OF THE INVENTION

[0001] Embodiments of the present relate generally to
pressure-sensor implants, e.g., for sensing intracardiac
pressure.

BACKGROUND

[0002] Some subjects may chronically suffer from ab-
normal intracardiac pressures. In some cases, interven-
tion may be needed to treat such subjects.
[0003] WO 2014/076620, describes a method that in-
cludes, in a living organ in which an ambient pressure
varies as a function of time, sensing the ambient pressure
using a pressure sensor. The pressure sensor has a ca-
pacitance that varies in response to the ambient pres-
sure, so as to produce a time-varying waveform. A cali-
bration voltage, which modifies the capacitance and thus
the time-varying waveform, is applied to the pressure
sensor. The time-varying waveform is processed so as
to isolate and measure a contribution of the calibration
voltage to the waveform. A dependence of the capaci-
tance on the ambient pressure is calibrated using the
measured contribution of the calibration voltage. More-
over, a calibration based on the comparison of outputs
generated a converter connected either to the pressure
sensor or to a reference capacitor is described.
[0004] WO 2014/170771, describes an implant that in-
cludes an antenna unit and an encapsulation. The an-
tenna unit includes an elongated ferrite core having a
first length and an antenna coil wound around the ferrite
core, and is configured to communicate with an external
unit using inductive coupling of a magnetic field. The en-
capsulation encapsulates the antenna unit, and includes
one or more openings that are aligned with the ferrite
core and have respective second lengths that are equal
to or greater than the first length of the ferrite core.
[0005] US Patent 6,051,853, describes a semiconduc-
tor pressure sensor utilizing electrostatic capacitance
that has a plurality of pressure sensing electrostatic ca-
pacitances and a reference electrostatic capacitance
formed on one side of a silicon chip. As a movable elec-
trode, the pressure sensing electrostatic capacitances
each have a diaphragm, which may have a displacement
portion composed of a central area thereof, and a pe-
ripheral portion which is more deformable than the central
portion.

SUMMARY OF THE INVENTION

[0006] There is provided, in accordance with some em-
bodiments of the present disclosure, apparatus that in-
cludes an antenna configured to, by drawing energy from
a magnetic field, provide a main supply voltage. The ap-
paratus further includes (a) operational circuitry config-
ured to operate only if a derived supply voltage, derived

from the main supply voltage and supplied to the opera-
tional circuitry, is greater than a threshold value, and (b)
modulating circuitry, configured to modulate a load of the
antenna by alternatingly (i) connecting current-drawing
circuitry to the main supply voltage, thus causing the main
supply voltage to drop below the threshold value, and (ii)
disconnecting the current-drawing circuitry from the main
supply voltage without disconnecting the operational cir-
cuitry from the main supply voltage.
[0007] In some embodiments, the apparatus further in-
cludes circuitry configured to reduce variations in the
main supply voltage that are caused by variations in an
amount of current drawn by the current-drawing circuitry,
by drawing an amount of current that varies inversely
with the amount of current drawn by the current-drawing
circuitry.
[0008] In some embodiments, the current-drawing cir-
cuitry includes at least part of the modulating circuitry.
[0009] In some embodiments, the modulating circuitry
includes a switch, and is configured to connect the cur-
rent-drawing circuitry to the main supply voltage by clos-
ing the switch.
[0010] In some embodiments, the apparatus further in-
cludes a backup voltage source, configured to:

when the current-drawing circuitry is disconnected
from the main supply voltage, derive a backup volt-
age from the main supply voltage, and
when the current-drawing circuitry is connected to
the main supply voltage, supply the backup voltage
to the operational circuitry, thus maintaining opera-
tion of the operational circuitry.

[0011] In some embodiments,
the backup voltage source is a first backup voltage
source,
the backup voltage is a first backup voltage, and
the apparatus further includes a second backup voltage
source, configured to:

when the current-drawing circuitry is connected to
the main supply voltage, derive a second backup
voltage from the main supply voltage, and
when the current-drawing circuitry is disconnected
from the main supply voltage, supply the second
backup voltage to the current-drawing circuitry.

[0012] In some embodiments, the operational circuitry
includes a sensor configured to sense a parameter, the
modulating circuitry being configured to modulate the
load of the antenna in response to sensing of the sensor.
[0013] In some embodiments, the apparatus includes
an implant that includes the antenna, the sensor, and the
modulating circuitry, the implant being for use with an
external unit configured to generate the magnetic field.
[0014] In some embodiments, the apparatus further in-
cludes the external unit.
[0015] In some embodiments, the external unit is con-
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figured to compute, based on modulations of the load of
the antenna, the value of the parameter.
[0016] In some embodiments, the sensor includes a
pressure sensor, and the parameter includes an ambient
pressure.
[0017] In some embodiments, the pressure sensor in-
cludes a capacitive pressure sensor having a capaci-
tance that varies in response to the ambient pressure.
[0018] In some embodiments, the apparatus further in-
cludes conversion circuitry configured to generate an out-
put having a property that is a function of the capacitance
of the capacitive pressure sensor, wherein the modulat-
ing circuitry is configured to modulate the load of the an-
tenna in response to the output.
[0019] In some embodiments, a frequency of the out-
put of the conversion circuitry is a function of the capac-
itance of the capacitive pressure sensor.
[0020] In some embodiments, the main supply voltage
is less than 5 V when the current-drawing circuitry is con-
nected to the main supply voltage.
[0021] In some embodiments, the main supply voltage
is less than 22 V when the current-drawing circuitry is
disconnected from the main supply voltage.
[0022] There is further provided, in accordance with
some embodiments of the present disclosure, a method
for modulating a load of an antenna. By using an antenna
to draw energy from a magnetic field, a main supply volt-
age is provided. A derived supply voltage is derived from
the main supply voltage, and supplied to operational cir-
cuitry that is configured to operate only if the derived sup-
ply voltage is greater than a threshold value. The load of
the antenna is modulated by alternatingly (i) connecting
current-drawing circuitry to the main supply voltage, thus
causing the main supply voltage to drop below the thresh-
old value, and (ii) disconnecting the current-drawing cir-
cuitry from the main supply voltage without disconnecting
the operational circuitry from the main supply voltage.
[0023] There is further provided, in accordance with
some embodiments of the present disclosure, apparatus
including a sensor, configured to vary a capacitance of
the sensor in response to a parameter. The apparatus
further includes (a) conversion circuitry, configured to
convert an input capacitance into an output that is indic-
ative of the input capacitance, (b) a set of calibration ca-
pacitors, (c) a first switching unit having multiple first-
switching-unit settings that (i) connect respective subsets
of the calibration capacitors to the conversion circuitry,
and further (ii) have respective first-switching-unit effects
on the output, and (d) a second switching unit connected
to the sensor and having multiple second-switching-unit
settings that (i) connect the sensor to the conversion cir-
cuitry, and further (ii) have respective second-switching-
unit effects on the output that are the same as the first-
switching-unit effects.
[0024] In some embodiments, the conversion circuitry
is configured to convert the input capacitance into an
output-signal frequency that is indicative of the input ca-
pacitance.

[0025] In some embodiments, the sensor is configured
to vary the capacitance of the sensor in response to an
ambient pressure.
[0026] In some embodiments, the apparatus further in-
cludes circuitry configured to:

by setting the first switching unit to each of the first-
switching-unit settings, drive the conversion circuitry
to generate multiple calibration outputs, and
subsequently, by setting the second switching unit
to one or more of the second-switching-unit settings,
drive the conversion circuitry to generate one or
more sensing outputs,
the calibration outputs and the sensing outputs being
collectively indicative of the capacitance of the sen-
sor.

[0027] In some embodiments, the circuitry is further
configured to:

ascertain a correspondence between the calibration
outputs and the first-switching-unit settings, and
compute the capacitance of the sensor, based on
the sensing outputs and the correspondence.

[0028] In some embodiments, the circuitry is config-
ured to compute the capacitance of the sensor by repeat-
edly setting the second switching unit to another one of
the second-switching-unit settings, until (i) the sensing
output from the conversion circuitry converges to a par-
ticular one of the calibration outputs, and (ii) per the cor-
respondence, the particular calibration output corre-
sponds to a current setting of the second switching unit.
[0029] In some embodiments, the apparatus further in-
cludes:

a reference capacitor configured not to vary a ca-
pacitance of the reference capacitor in response to
the parameter; and
a third switching unit connected to the reference ca-
pacitor and having multiple third-switching-unit set-
tings that (i) connect the reference capacitor to the
conversion circuitry, and further (ii) have respective
third-switching-unit effects on the output that are the
same as the first-switching-unit effects.

[0030] There is further provided, in accordance with
some embodiments of the present disclosure, a method
for computing a capacitance of a sensor. The method
includes providing (a) conversion circuitry, configured to
convert an input capacitance into an output that is indic-
ative of the input capacitance, (b) a set of calibration ca-
pacitors, (c) a first switching unit having multiple first-
switching-unit settings that (i) connect respective subsets
of the calibration capacitors to the conversion circuitry,
and further (ii) have respective first-switching-unit effects
on the output, and (d) a second switching unit connected
to a sensor and having multiple second-switching-unit
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settings that (i) connect the sensor to the conversion cir-
cuitry, and further (ii) have respective second-switching-
unit effects on the output that are the same as the first-
switching-unit effects. By setting the first switching unit
to each of the first-switching-unit settings, the conversion
circuitry is driven to generate multiple calibration outputs.
Subsequently, by setting the second switching unit to one
or more of the second-switching-unit settings, the con-
version circuitry is driven to generate one or more sensing
outputs. A correspondence between the calibration out-
puts and the first-switching-unit settings is ascertained.
The capacitance of the sensor is computed, based on
the sensing outputs and the correspondence.
[0031] In some embodiments, the sensor is configured
to vary a capacitance of the sensor in response to a pa-
rameter, and the method further includes:

providing (a) a reference capacitor configured not to
vary a capacitance of the reference capacitor in re-
sponse to the parameter, and (b) a third switching
unit connected to the reference capacitor and having
multiple third-switching-unit settings that (i) connect
the reference capacitor to the conversion circuitry,
and further (ii) have respective third-switching-unit
effects on the output that are the same as the first-
switching-unit effects;
by setting the third switching unit to one or more of
the third-switching-unit settings, driving the conver-
sion circuitry to generate one or more reference out-
puts;
in response to the reference outputs, computing the
capacitance of the reference capacitor; and
based on the capacitance of the reference capacitor
and the capacitance of the sensor, computing a val-
ue of the parameter.

[0032] There is further provided, in accordance with
some embodiments of the present disclosure, a method
for forming capacitors. A sensing capacitor is formed
from a first portion of a wafer, the sensing capacitor hav-
ing at least one terminal that is sensitive to an ambient
pressure. A first set of electrical connections is connected
to the sensing capacitor. A reference capacitor is formed
from a second portion of the wafer that is adjacent to the
first portion, the reference capacitor not having any ter-
minal that is sensitive to the ambient pressure. A second
set of electrical connections that is identical to the first
set is connected to the reference capacitor.
[0033] In some embodiments, the method further in-
cludes implanting the sensing capacitor and the refer-
ence capacitor in a subject.
[0034] In some embodiments, implanting the sensing
capacitor and the reference capacitor in the subject in-
cludes implanting the sensing capacitor and the refer-
ence capacitor in a heart of the subject.
[0035] In some embodiments, the method further in-
cludes separating the sensing capacitor and the refer-
ence capacitor from one another.

[0036] In some embodiments, forming the sensing ca-
pacitor and the reference capacitor includes forming the
sensing capacitor and reference capacitor such that one
or more portions of the sensing capacitor protrude into
the reference capacitor.
[0037] In some embodiments, forming the sensing ca-
pacitor and the reference capacitor includes forming the
sensing capacitor and reference capacitor such that one
or more portions of the reference capacitor protrude into
the sensing capacitor.
[0038] In some embodiments, forming the sensing ca-
pacitor and the reference capacitor includes forming the
sensing capacitor and reference capacitor such that the
protruding portions of the reference capacitor are inter-
leaved with portions of the sensing capacitor.
[0039] There is further provided, in accordance with
some embodiments of the present disclosure, apparatus
that includes a sensing capacitor formed from a first por-
tion of a wafer, the sensing capacitor having at least one
terminal that is sensitive to an ambient pressure. The
apparatus further includes (i) a first set of electrical con-
nections connected to the sensing capacitor, (ii) a refer-
ence capacitor formed from a second portion of the wafer
that is adjacent to the first portion, the reference capacitor
not having any terminal that is sensitive to the ambient
pressure, and (iii) a second set of electrical connections,
which is identical to the first set, connected to the refer-
ence capacitor.
[0040] In some embodiments, the sensing capacitor
and the reference capacitor are detached from one an-
other.
[0041] There is further provided, in accordance with
the present invention, a method for ascertaining an un-
known ambient pressure, using a pressure sensor. First,
a calibration of the pressure sensor is performed, using
one or more known input capacitances. For each input
capacitance of the one or more known input capacitanc-
es, for each ambient temperature of a plurality of control-
led ambient temperatures, a respective first calibration
output of conversion circuitry that is output responsively
to the input capacitance is measured. For each ambient
temperature of the plurality of controlled ambient tem-
peratures, for each ambient pressure of a plurality of con-
trolled ambient pressures, a respective second calibra-
tion output of the conversion circuitry that is output re-
sponsively to input from the pressure sensor is meas-
ured. Subsequently, the unknown ambient pressure is
as certained, based on the first calibration outputs, the
second calibration outputs, a measured ambient temper-
ature, a first real-time output of the conversion circuitry
that is output responsively to a given one of the known
input capacitances, and a second real-time output of the
conversion circuitry that is output responsively to an input
from the pressure sensor.
[0042] In some embodiments,
a first switching unit connects the conversion circuitry to
a set of calibration capacitors and has a plurality of set-
tings,
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a second switching unit connects the conversion circuitry
to the pressure sensor and has at least some of the set-
tings of the first switching unit, and
the method further includes:

measuring the first real-time output, by setting the
first switching unit to a given one of the settings, and
measuring the second real-time output, by setting
the second switching unit to the given one of the
settings.

[0043] In some embodiments,
performing the calibration further includes, for each input
capacitance, for each ambient pressure, for each ambi-
ent temperature, computing a calibration ratio between
(i) one of the first calibration outputs that was measured
for the input capacitance and the ambient temperature,
and (ii) one of the second calibration outputs that was
measured for the ambient pressure and the ambient tem-
perature, and
ascertaining the unknown ambient pressure includes:

computing a real-time ratio between the first real-
time output and second real-time output, and
ascertaining the unknown ambient pressure, by
comparing the real-time ratio to the calibration ratios
that were computed for the given one of the known
input capacitances.

[0044] In some embodiments, the method further in-
cludes selecting the given one of the known input capac-
itances in response to comparing (i) one or more first pre-
real-time outputs of the conversion circuitry that are out-
put responsively to respective inputs from the pressure
sensor to, respectively, (ii) one or more second pre-real-
time outputs of the conversion circuitry that are output
responsively to respective ones of the known input ca-
pacitances.
[0045] There is further provided, in accordance with
the present invention, apparatus that includes a pressure
sensor, conversion circuitry, and control circuitry. The
control circuitry is configured to perform a calibration of
the pressure sensor using one or more known input ca-
pacitances, by, (i) for each input capacitance of the one
or more known input capacitances, for each ambient tem-
perature of a plurality of controlled ambient temperatures,
measuring a respective first calibration output of the con-
version circuitry that is output responsively to the input
capacitance, and (ii) for each ambient temperature of the
plurality of controlled ambient temperatures, for each am-
bient pressure of a plurality of controlled ambient pres-
sures, measuring a respective second calibration output
of the conversion circuitry that is output responsively to
input from the pressure sensor. The control circuitry is
further configured to subsequently ascertain an unknown
ambient pressure, based on the first calibration outputs,
the second calibration outputs, a measured ambient tem-
perature, a first real-time output of the conversion circuit-

ry that is output responsively to a given one of the known
input capacitances, and a second real-time output of the
conversion circuitry that is output responsively to an input
from the pressure sensor.
[0046] The present invention will be more fully under-
stood from the following detailed description of embodi-
ments thereof, taken together with the drawings, in which:

BRIEF DESCRIPTION OF THE DRAWINGS

[0047]

Fig. 1 is a schematic illustration of an implant and an
external unit, in accordance with some embodiments
of the present invention;

Fig. 2 is a block diagram showing circuitry contained
inside the implant of Fig. 1, in accordance with some
embodiments of the present invention;

Figs. 3A-B show respective example voltage wave-
forms, in accordance with some embodiments of the
present invention;

Fig. 4 is a block diagram that schematically illustrates
an input-selecting-and-converting unit, in accord-
ance with some embodiments of the present inven-
tion;

Fig. 5 shows an example calibration map, used in
accordance with some embodiments of the present
invention; and

Figs. 6A-B are schematic illustrations of a sensing
capacitor and reference capacitor, in accordance
with some embodiments of the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS

OVERVIEW

[0048] Embodiments of the present invention provide
an implant comprising a capacitive pressure sensor (or
"sensing capacitor"), an antenna, and other circuitry. The
implant may be implanted, for example, in a subject’s
heart. The implant is powered, via electromagnetic in-
ductive coupling, by an external unit. That is, the external
unit provides a magnetic field, and the antenna of the
implant, by drawing energy from the magnetic field, pro-
vides a main supply voltage that supplies the implant. In
response to an output from the sensor, the load of the
antenna of the implant is modulated, by alternatingly con-
necting and disconnecting a logic processing unit (LPU)
from the main supply voltage, in a manner that is indic-
ative of the ambient pressure sensed by the sensor. The
modulation is sensed by the external unit as temporal
variations in the amount of magnetic-field energy con-
sumed by the implant. In response to sensing the tem-
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poral variations, the external unit computes the ambient
pressure sensed by the sensor.
[0049] It is possible to implement the above-described
scheme by placing a modulation switch between the an-
tenna and both (i) the sensor, and (ii) the LPU. A problem
with this implementation, however, is that the sensor typ-
ically requires a relatively high amount of voltage to op-
erate. Hence, while the switch is closed (and hence, the
antenna is loaded), the antenna would need to supply
sufficient voltage to maintain operation of the sensor, as
well as to provide sufficient backup voltage to supply the
sensor while the switch is open. The antenna would thus
need to be supplied with a relatively large amount of en-
ergy. Moreover, the LPU, which typically consumes a
relatively large amount of current but does need such a
high voltage, would consume a relatively large amount
of excess energy.
[0050] Embodiments described herein provide a supe-
rior solution, whereby the LPU is alternatingly connected
to and disconnected from the main supply voltage, but
the sensor remains connected to the main supply volt-
age. In other words, the modulation switch is placed be-
tween the antenna and the LPU, but not between the
antenna and the sensor. This solution allows the main
supply voltage to be lower than in the above-described
inferior implementation. Moreover, this solution provides
for sufficient variations in the antenna load, or "modula-
tion depth," such that the modulation may be properly
detected by the external unit.
[0051] In some embodiments, the implant comprises
a converter configured to generate an output signal hav-
ing a frequency that is a function of the capacitance of
the capacitive pressure sensor, and the load of the an-
tenna is modulated in response to the output signal. For
such embodiments, it may be desirable to learn the "in-
put-capacitance-to-output-frequency" mapping of the
converter, such that the capacitance of the sensor may
be accurately computed from the output signal. Hence,
embodiments of the present invention further provide a
calibration procedure that facilitates the learning of this
mapping. For the calibration procedure, a set of calibra-
tion capacitors is provided, along with a first switching
unit that has multiple first-switching-unit settings. Each
of the settings connects a respective subset of the cali-
bration capacitors to the converter. Hence, by varying
the setting of the first switching unit, various input capac-
itances may be obtained. For each input capacitance,
the frequency of the output signal from the converter is
recorded, such that the input-capacitance-to-output-fre-
quency mapping of the converter is obtained. Subse-
quently, the inverse of the mapping may be used to com-
pute the capacitance of the sensor, given the output of
the converter.
[0052] A challenge inherent in using the above calibra-
tion technique is that each of the first-switching-unit set-
tings has a different respective effect on the output of the
converter. For example, the resistance of the first switch-
ing unit may vary, depending on the selected setting of

the switching unit, such that the respective outputs ob-
served during calibration are a function not only of the
respective input capacitances, but also of the respective
"input resistances" provided by the first switching unit.
Embodiments of the present invention address the above
challenge, by providing a second switching unit, connect-
ed to the sensor that is effectively a duplicate of the first
switching unit. By controlling the second switching unit,
the input resistance provided by the second switching
unit may be "matched" to an input resistance provided
by the first switching unit during calibration, thus allowing
the capacitance of the sensor to be accurately computed
from the output of the converter.
[0053] Typically, the implant further comprises a refer-
ence capacitor, the capacitance of which does not vary
in response to the ambient pressure. The reference ca-
pacitor is formed adjacent to the sensing capacitor, on a
shared wafer, and the respective sets of electrical con-
nections connected to the two capacitors are identical to
one another. This allows the reference capacitor to have
properties very similar to those of the sensing capacitor,
such that the reference capacitor and sensing capacitor
are affected by various factors other than pressure (e.g.,
age, radiofrequency noise, etc.) in the same way. Hence,
the reference capacitor allows for compensating for such
factors, thus allowing for a more accurate computation
of the intracardiac pressure.

SYSTEM DESCRIPTION

[0054] Reference is initially made to Fig. 1, which is a
schematic illustration of apparatus 20 comprising an im-
plant 24 and an external unit 32, in accordance with some
embodiments of the present invention. As shown in Fig.
1, implant 24 may be implanted in the heart 28 of a subject
30, e.g., within the left atrium of heart 28. As described
hereinabove, external unit 32 wirelessly supplies power
to implant 24, and the implant provides feedback to the
external unit. An apparatus of this sort is described, for
example, in PCT International Publications WO
2014/076620 and WO 2014/170771, which are both as-
signed to the assignee of the present patent application
and whose disclosures are incorporated herein by refer-
ence.
[0055] Reference is now made to Fig. 2, which is a
block diagram showing circuitry contained inside implant
24, in accordance with some embodiments of the present
invention. Implant 24 comprises an antenna 34, config-
ured to, by drawing energy from the magnetic field gen-
erated by the external unit, provide a main supply voltage.
Implant 24 further comprises a capacitive pressure sen-
sor 22, configured to vary its capacitance in response to
the ambient pressure within the heart of subject 30 (i.e.,
the subject’s intracardiac pressure). In response to con-
trol signals 48 from a logic processing unit (LPU) 40, a
voltage regulator 46 converts a high voltage supply,
which is derived from the main supply voltage, into a di-
rect current (DC) sensor-supply voltage, which supplies
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sensor 22. Voltage regulator 46 requires a certain mini-
mum supply voltage in order to effectively supply voltage
to the sensor. For example, in some embodiments, volt-
age regulator 46 requires at least 15.5 V. (Since this
threshold is relatively high, relative to respective voltages
required by other components of implant 24, the voltage
regulator supply voltage is referred to as a high voltage
supply.) Voltage regulator 46 and sensor 22 may be col-
lectively referred to as "operational circuitry."
[0056] Implant 24 further comprises modulating circuit-
ry that modulates the load of antenna 34. For example,
as shown in Fig. 2, the modulating circuitry may comprise
an input-selecting-and-converting unit 36, LPU 40, and
a modulation switch 42. These components will now be
described.
[0057] Input-selecting-and-converting unit 36 compris-
es conversion circuitry, which generates an output having
a property that is a function of the capacitance that is
input to the circuitry. For example, as shown in the figure,
the conversion circuitry may comprise a capacitance-to-
frequency converter 44. Converter 44 is an oscillator
whose oscillation frequency depends on the capacitance
that is input to the converter, such that the converter out-
puts a "sensor clock out" clock signal whose frequency
is a function of the input. Stated differently, converter 44
converts the input capacitance into an output frequency.
[0058] Input-selecting-and-converting unit 36 further
comprises an analog selector 72 configured to, in re-
sponse to control signals 70 delivered over control lines
from LPU 40, select an input to converter 44. Fig. 2 shows
several possible inputs, as follows:

(i) The capacitance of sensor 22 may be input to
converter 44, such that converter 44 converts the
capacitance of the sensor into the output frequency.

(ii) The capacitance of a reference capacitor 26 may
be input to converter 44, such that the converter con-
verts the capacitance of the reference capacitor into
the output frequency. (The function of reference ca-
pacitor 26 is described below, with reference to Fig.
4.)

(iii) The capacitance of one or more calibration ca-
pacitors "Cref" may be input to converter 44, such
that the converter converts the capacitance of the
reference capacitor(s) into the output frequency.
(The function of the calibration capacitors is de-
scribed below, with reference to Fig. 4.)

[0059] In response to the "sensor clock out" signal,
LPU 40 modulates the load of the antenna, by alternat-
ingly connecting current-drawing circuitry to, and discon-
necting the current-drawing circuitry from, the main sup-
ply voltage. When the current-drawing circuitry is con-
nected to the main supply voltage, the load of the antenna
is increased. Conversely, when the current-drawing cir-
cuitry is disconnected from the main supply voltage, the

load of the antenna is decreased. The modulation in the
load of the antenna causes variations in the amount of
energy from the magnetic field consumed by the implant.
The external unit senses these variations, and computes,
based on the variations, the input to converter 44. Thus,
for example, LPU 40 may modulate the load of the an-
tenna such as to indicate to the external unit the capac-
itance of - and hence, the pressure sensed by - sensor
22. The modulation in the load of the antenna also cause
the main supply voltage to vary between a first, higher
value, and a second, lower value. That is, when the cur-
rent-drawing circuitry is disconnected from the main sup-
ply voltage, the main supply voltage has the first, higher
value; conversely, when the current-drawing circuitry is
connected to the main supply voltage, the main supply
voltage has the second, lower value.
[0060] In some embodiments, the current-drawing cir-
cuitry comprises at least part of the modulating circuitry.
In other words, in some embodiments, the modulating
circuitry modulates the load of the antenna by alternat-
ingly connecting the modulating circuitry to, and discon-
necting the modulating circuitry from, the main supply
voltage. For example, in the embodiment shown in Fig.
2, LPU 40 modulates the load of the antenna by alternat-
ingly connecting itself to, and disconnecting itself from,
the main supply voltage, by controlling a modulation
switch 42. In particular, by closing switch 42, LPU 40
increases the load of the antenna by connecting the LPU
(and/or the input-selecting-and-converting unit) to the
main supply voltage; conversely, by opening the switch,
LPU 40 decreases the load of the antenna by discon-
necting the LPU (and/or the input-selecting-and-convert-
ing unit) from the main supply voltage.
[0061] Reference is now additionally made to Figs. 3A-
B, which show respective example voltage waveforms,
in accordance with some embodiments of the present
invention. Fig. 3A shows an example waveform for the
voltage across antenna 34, i.e., the output voltage of the
antenna. As shown in the figure, the voltage oscillates at
a characteristic frequency of, for example, 6.78 MHz,
which is the frequency of the magnetic field generated
by external unit 32. This output voltage of antenna 34 is
modulated with an outer modulating envelope that is es-
tablished by the controlling of switch 42 by LPU 40. The
information contained in the feedback provided by the
antenna is a function of the number and timing of the
"cycles" of load modulation (and hence, voltage varia-
tion), one such cycle being labelled in Fig. 3A. A diode
Dext1, shown in Fig. 2, detects the envelope, thus deriv-
ing, from the voltage across the antenna, the main supply
voltage shown in Fig. 3B.
[0062] In the example shown in Fig. 3A, the threshold
supply voltage for the voltage regulator is assumed to be
approximately 15.5 V, and correspondingly, the ampli-
tude of the voltage across the antenna varies between
approximately 3.5 V and 20 V. Due to a small voltage
drop across diode Dext1, the amplitude of the main sup-
ply voltage, as shown in Fig. 3B, varies between approx-
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imately 3 V and 19.5 V. (It is again noted that the voltage
values in Figs. 3A-B are provided by way of example
only.)
[0063] For further clarity, the variations in the main sup-
ply voltage are now explained in more detail.
[0064] Antenna 34 may be modelled, simplistically, as
an input voltage source providing an input voltage, and
facing a particular output impedance. Hence, the more
current flows across the antenna, the lower the output
voltage of the antenna (shown in Fig. 3A) will be, due to
a drop in voltage as current flows across the output im-
pedance. When switch 42 is open, the load of the antenna
is relatively small, such that relatively little current flows
across the antenna; hence, the output voltage of the an-
tenna is close to the input voltage. On the other hand,
when switch 42 is closed, the load of the antenna is in-
creased, such that more current flows across the anten-
na. (For example, LPU 40 may consume a relatively large
amount of current, such that, when the switch is closed
and LPU is connected to the main supply voltage, there
is a relatively large increase in current across the anten-
na.) Hence, when switch 42 is closed, the output voltage
drops below (e.g., significantly below) the input voltage.
[0065] Typically, the circuitry within implant 24 further
comprises a backup voltage source, such as a capacitor
Cext3. When the switch is open and the main supply
voltage has the first, higher value (e.g., 19.5 V), the back-
up voltage source derives a backup voltage from the main
supply voltage. For example, Cext3 may derive the back-
up voltage, by charging. When the switch is closed and
the main supply voltage has the second, lower value
(e.g., 3 V), the backup voltage source supplies the back-
up voltage to the voltage regulator.
[0066] As noted above, if the opening of the modulation
switch were to also disconnect the voltage regulator and
sensor from the main supply voltage, the voltage across
the antenna (and hence, the main supply voltage) would
need to be significantly higher. For example, to ensure
a threshold supply voltage of 15.5 V for the voltage reg-
ulator, the voltage across the antenna when loaded with
the current-drawing circuitry would need to be approxi-
mately 20 V, and hence, the voltage across the antenna
when unloaded might need to be approximately 40 V. (In
contrast, in the example embodiment provided herein,
the voltage across the antenna when unloaded is approx-
imately 20 V.) To generate such high voltages, the an-
tenna would need to be supplied with a large amount of
energy. Moreover, the supply of approximately 20 V to
the LPU - which does not need such a large voltage, and
which consumes a relatively large amount of current
(e.g., 300 mAmp) - would lead to a large amount of excess
power consumption. Hence, the placement of the mod-
ulation switch as shown in Fig. 2 is advantageous, in that
(i) the voltage across the antenna may be relatively low
(e.g., less than 22 V, such as approximately 20 V, as
shown in Fig. 3B) when the current-drawing circuitry is
disconnected from the main supply voltage, and/or (ii)
when the current-drawing circuitry is connected to the

main supply voltage, a much lower voltage - e.g., less
than 5 V, such as approximately 3 V, as shown in Fig.
3B - may be supplied to the LPU.
[0067] It is noted that apparatus and techniques de-
scribed herein may be applied to any alternative form of
operational circuitry, any alternative form of modulating
circuitry, and/or any alternative form of current-drawing
circuitry. In other words, the scope of the present inven-
tion is not limited to the particular embodiments described
herein, but rather, includes any relevant application in
which there is a need to power both a relatively-high-
voltage consumer (referred to herein as operational cir-
cuitry) and a lower-voltage-but-relatively-high-current
consumer (referred to herein as current-drawing circuit-
ry), while achieving sufficient antenna-modulation depth.
For example, although the present description generally
relates to sensor 22 as a capacitive pressure sensor, it
is noted that the principles described herein may be ap-
plied to operational circuitry that comprises any type of
sensor that is configured to sense any type of parameter.
Similarly, the principles described herein may be applied
to a sensor that is implanted in some portion of the anat-
omy other than the heart, to a sensor that is not implanted
at all, as well as to operational circuitry that does not
include a sensor at all.
[0068] Embodiments of the present invention also fa-
cilitate the operation of the current-drawing circuitry, even
while the current-drawing circuitry is disconnected from
the main supply voltage. For example, as shown in Fig.
2, the LPU may operate on a DC voltage Vcc that is sup-
plied by a low dropoff oscillator (LDO) 38, which rectifies
and regulates the main supply voltage. When switch 42
is open, LDO 38 is disconnected from the main supply
voltage. Hence, to facilitate the operation of the LPU
(and/or the input-selecting-and-converting unit) even
while the switch is open, a second backup voltage source
derives a second backup voltage from the main supply
voltage, and, while the switch is open, supplies the sec-
ond backup voltage to the LDO. For example, while the
switch is closed, a capacitor Cext1 may charge, and sub-
sequently, while the switch is open, supply voltage to the
LDO. (Hence, LDO 38 is analogous to voltage regulator
46, while the second backup voltage source - e.g., Cext1
- is analogous to the first backup voltage source - e.g.,
Cext3. While the switch is closed, the first backup voltage
source supplies the voltage regulator, and while the
switch is open, the second backup voltage source sup-
plies the LDO.)
[0069] It is noted that the scope of the present invention
includes the use of a backup voltage source for supplying
voltage to the operational circuitry, as described above,
even without the use of a backup voltage source for sup-
plying voltage to the current-drawing circuitry. Similarly,
the scope of the present invention includes the use of a
backup voltage source for supplying voltage to the cur-
rent-drawing circuitry, as described above, even without
the use of a backup voltage source for supplying voltage
to the operational circuitry.
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[0070] In some embodiments, implant 24 further com-
prises a voltage clamper 50, which reduces variations in
the second value of the main supply voltage that are
caused by variations in the amount of current drawn by
the current-drawing circuitry. For example, LPU 40 may
draw varying amounts of current, depending on the cur-
rent mode of operation of the LPU. Hence, without volt-
age clamper 50, the second value of the main supply
voltage would vary, depending on the current mode of
operation of the LPU. To reduce this variation, the voltage
clamper draws an amount of current that varies inversely
with the amount of current drawn by the LPU, such that,
for example, the total amount of current drawn by the
LPU and voltage clamper together, while the switch is
closed, is constant. The voltage clamper may comprise,
for example, a Zener diode.
[0071] Various other components of implant 24 are
shown in Fig. 2, as follows:

(i) A diode Dext2 inhibits the discharging of Cext3,
except for the purpose of supplying the voltage reg-
ulator.

(ii) A diode DZext1 provides overvoltage protection.

(iii) A capacitor Cext2 filters out noise from the volt-
age Vcc.

(iv) A capacitor Cext4 stabilizes the DC voltage sup-
plied to the sensor.

(v) A "main clock/data in" signal, which is derived
from the raw signal received from the external unit,
provides a clock signal to the LPU, and further com-
municates data from the external unit. For example,
via the "data in" signal, the external unit may request
particular information from the LPU, which the LPU
then provides, e.g., by selecting the appropriate input
to capacitance-to-frequency converter 44, and then
modulating the load of the antenna in response to
the "sensor clock out" signal, as described above.
The "main clock/data in" signal passes though a buff-
er 56, which adjusts the voltage of the signal to a
level that is appropriate for the LPU.

(vi) An internal oscillator provides a clock signal to
the LPU while the external unit is not transmitting.

(vii) A programmable resonance capacitor array 58
(depicted in Fig. 2, for simplicity, by only one capac-
itor) tunes the resonance capacitor in antenna 34, in
response to signals 60.

(viii) A buffer 52 adjusts the voltage of the switch-
controlling signal from the LPU to a level that is ap-
propriate for switch 42.

(ix) A buffer 54 provides an indication to the LPU in

the event that the voltage supply to voltage regulator
46 is not high enough. In response to the indication,
the LPU communicates a signal to the external unit.

[0072] Reference is now made to Fig. 4, which is a
schematic illustration of input-selecting-and-converting
unit 36, in accordance with some embodiments of the
present invention. Fig. 4 shows several aspects of unit
36 that are not shown in Fig. 2. In particular, Fig. 4 shows
a set 64 of calibration capacitors, a first switching unit
62, a second switching unit 66, and a third switching unit
68. (Set 64 is roughly indicated in Fig. 2 by a single ca-
pacitor symbol labeled "Cref," while the switching units
are not shown in Fig. 2.)
[0073] Set 64 is used to calibrate the conversion cir-
cuitry in converter 44, i.e., set 64 is used to ascertain the
manner in which the frequency of the "sensor clock out"
signal at the output of converter 44 varies as a function
of the input capacitance to the converter. Switching unit
62 has multiple first-switching-unit settings that connect
respective subsets of the calibration capacitors to the
conversion circuitry. For example, switching unit 62 may
comprise multiple switches, and for each first-switching-
unit setting, a respective subset of the switches may be
closed, thus connecting a respective subset of the cali-
bration capacitors to the converter. Hence, by varying
the setting of switching unit 62, various input capacitanc-
es may be obtained. For each input capacitance, the fre-
quency of the output signal from the converter is record-
ed, such that the "input-capacitance-to-output-frequen-
cy" mapping of the converter is obtained. Subsequently,
the inverse of the mapping may be used to compute the
capacitance of sensor 22, given the output of the con-
verter.
[0074] For example, Fig. 4 shows seven calibration ca-
pacitors: (i) Cref1, having a capacitance of 0.15 pF, (ii)
Cref2, having a capacitance of 0.3 pF, (iii) Cref3, having
a capacitance of 0.6 pF, (iv) Cref4, having a capacitance
of 1.2 pF, (v) Cref5, having a capacitance of 2.4 pF, (vi)
Cref6, having a capacitance of 4.8 pF, and (vii) Cref7,
having a capacitance of 9.6 pF. By connecting various
subsets of capacitors Cref1, Cref2, Cref3, Cref4, Cref5,
Cref6, and Cref7 to the converter, various input capaci-
tances may be obtained.
[0075] Typically, the above-described calibration pro-
cedure is performed prior to every capacitance/pressure
measurement, since fluctuations in body temperature
and/or voltage supply Vcc, and/or aging of the system,
may influence the manner in which the output of the con-
verter depends on the input capacitance.
[0076] A challenge inherent in using the above calibra-
tion technique is that the switching unit typically has a
further setting-dependent effect on the output of convert-
er 44, beyond the mere selection of input capacitance.
For example, the resistance of switching unit 62 may vary
depending on the selected setting of the switching unit,
such that each of the first-switching-unit settings has a
respective first-switching-unit resistive effect on the out-

15 16 



EP 3 398 237 B1

10

5

10

15

20

25

30

35

40

45

50

55

put of converter 44. In other words, the respective outputs
observed during calibration are a function not only of the
respective input capacitances, but also of the respective
"input resistances" provided by the first switching unit.
[0077] Second switching unit 66, which is connected
to the sensor, addresses the above challenge. Second
switching unit 66 has multiple second-switching-unit set-
tings that (i) connect the sensor to the converter, and (ii)
have respective second-switching-unit effects on the out-
put of the converter that are the same as the first-switch-
ing-unit effects. In other words, the second switching unit
is effectively a duplicate of the first switching unit. Unlike
unit 62, however, unit 66 always connects the same ca-
pacitance - that of sensor 22 - to the input of converter
44, regardless of the selected setting. Hence, by control-
ling the second switching unit, the effect (e.g., the resis-
tive effect) of the second switching unit may be "matched"
to an effect (e.g., a resistive effect) provided by the first
switching unit during calibration, thus allowing the capac-
itance of sensor 22 to be accurately computed from the
output of the converter. An implementation of this will
now be described.
[0078] As described above with reference to Fig. 2,
LPU 40, via control signals 70, controls analog selector
72, which varies the source of the input to the converter.
Furthermore, LPU 40 (via control signals 70), and/or oth-
er circuitry in the implant, controls switching units 62 and
66. In particular, during calibration, the first switching unit
is set to each of the first-switching-unit settings, thus driv-
ing the conversion circuitry to generate multiple calibra-
tion outputs, such that the correspondence between the
calibration outputs and the first-switching-unit settings
may be ascertained. For example, the external unit may
store a "correspondence table" (or other analogous data-
storage object) in which each first-switching-unit setting
is "mapped" to a particular output.
[0079] Subsequently, during the "real-time" sensing of
sensor 22, the analog selector connects the converter to
second switching unit 66. The LPU, and/or other circuitry,
in response to instructions from the external unit, then
sets the second switching unit to one or more of the sec-
ond-switching-unit settings, thus varying the input resist-
ance to the converter. By varying the setting of the second
switching unit, the LPU drives the converter to generate
one or more sensing outputs, which the LPU then com-
municates to the external unit. In response to the sensing
outputs and the correspondence that was ascertained
from the calibration, the external unit computes the ca-
pacitance of the sensor (and hence, the pressure sensed
by the sensor).
[0080] For example, the LPU may vary the setting of
the second switching unit, i.e., set the second switching
unit to another one of the second-switching-unit settings,
until (as determined by the external unit) the output con-
verges to a calibration output that corresponds to the
current setting of the second switching unit. For example,
the LPU may vary the setting of the second switching
unit until (i) the difference between the sensing output

and a particular calibration output is within a predefined
threshold (and/or the difference between the sensing out-
put and the particular calibration output is a minimum -
i.e., it is locally or globally less than respective differences
between the sensing output and other calibration out-
puts), and (ii) per the correspondence that was ascer-
tained during calibration, the particular calibration output
corresponds to the current setting of the second switch-
ing unit.
[0081] To further clarify the above description, some
notation will now be introduced, and the above descrip-
tion will then be repeated, using the notation.

(i) {S1_i}, for i = 1...N, is the set of first-switching-unit
settings S1, each particular setting S1_i having a
respective input capacitance C_i and a respective
input resistance R_i.

(ii) {O_i}, for i = 1...N, is the set of calibration outputs
obtained during calibration, each particular output O
i being obtained for a respective particular setting
S1_i.

(iii) {S2_i}, for i = 1...N, is the set of second-switching-
unit settings S2, each particular setting S2_i having
a respective input resistance R i that is the same as
the input resistance of a particular S1_i.

(iv) C_s is the (unknown) capacitance of the sensor.

[0082] During calibration, the correspondence be-
tween {O_i} and {S1_i} is ascertained, and the external
unit stores the correspondence. For example, the exter-
nal unit may store a correspondence table having a form
similar to Table 1 below:

[0083] Subsequently, during real-time, the setting of
the second switching unit is varied over one or more of
settings {S2_i}, until, for example, (a) the difference be-
tween the sensing output from the converter and a par-
ticular calibration output O_j is within a predefined thresh-
old, and/or is a local or global minimum, and (b) O_j cor-
responds to the current setting of the second switching
unit. C_s is then computed to be equal to, or approxi-
mately equal to, C_j, the input capacitance of S1_j.
[0084] For example, with reference to Table 1 above,
if the sensing output from the converter is within a pre-
defined threshold of O_2, and the current setting of the

Table 1

S1_1 O_1

S1_2 O_2

S1_3 O_3

... ...

S1_N O_N
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second switching unit is S2_2 (which has the same input
resistance as S1_2, to which O_2 corresponds), C s is
computed to be equal to, or approximately equal to, C_2.
[0085] Reference is now made to Fig. 5, which shows
an example calibration map 84, used in accordance with
some embodiments of the present invention.
[0086] In some embodiments, prior to implanting the
sensor, an alternative calibration to the above-described
calibration is performed, whereby one or more calibration
maps such as calibration map 84 are constructed, by
obtaining various outputs of capacitance-to-frequency
converter 44 while controlling the ambient temperature
and pressure. It is noted that the calibration data shown
in Fig. 5 roughly corresponds to real calibration data ob-
tained by the inventors of the present application. (Typ-
ically, the calibration procedure described below is per-
formed separately for each individual sensor.)
[0087] Each of the calibration maps is constructed for
a respective setting of the first switching unit; for example,
calibration map 84 corresponds to a particular setting
S1_k of the first switching unit. Each calibration map in-
cludes (i) various first calibration outputs (O_IC) of the
conversion circuitry that are output responsively to the
known input capacitance ("IC") corresponding to the set-
ting of the first switching unit, and (ii) various second cal-
ibration outputs (O_S) of the conversion circuitry that are
output responsively to input from the pressure sensor
("S"). The first calibration outputs are measured for dif-
ferent respective ambient temperatures, while the sec-
ond calibration outputs are measured for different re-
spective ambient temperatures and ambient pressures.
(In some embodiments, the first calibration outputs are
also measured for different respective controlled ambient
pressures. In other embodiments, the first calibration out-
puts do not vary with ambient pressure, and hence, a
first calibration output measured for one particular ambi-
ent pressure may be extrapolated to other ambient pres-
sures.) As further described below, the first and second
calibration outputs are later used in real-time, while the
sensor is implanted, to ascertain the ambient pressure
within the subject.
[0088] The outputs from the conversion circuitry are
typically expressed in units of frequency, such as in units
of "counts," referring to the number of peaks in the output
signal counted within a particular window of time.
[0089] In some embodiments, as shown in Fig. 5, each
calibration map includes the ratio O_S/O_IC plotted
against temperature (Temp) in degrees Celsius (C), for
a plurality of ambient pressures P in mm Hg. (It is noted
that the temperatures are decreasing from left to right.)
Hence, each calibration map includes a plurality of tem-
perature-sensitivity curves 88, each of which reflects the
sensitivity of the conversion circuitry, the sensor, and/or
the switching units to temperature at a different respec-
tive pressure. Each data point on a particular curve 88
is obtained during calibration, by (i) measuring O_S for
a particular ambient pressure and temperature of inter-
est, (ii) measuring O_IC for the same particular ambient

temperature (and, if the first calibration output is deemed
to be sensitive to the ambient pressure, also for the same
particular ambient pressure), and (iii) subsequently, com-
puting the ratio O_S/O_IC (or alternatively, O_IC/O_S).
[0090] Subsequently, in real-time, the unknown ambi-
ent pressure within the subject is ascertained, as follows:

(i) If there are a plurality of calibration maps, one of
the calibration maps, corresponding to a given one
of the first-switching-unit settings (and hence, a giv-
en one of the known input capacitances of the cali-
bration capacitors), is selected, as further described
below.

(ii) The ambient temperature is measured.

(iii) While the first switching unit is set to the given
one of the first-switching-unit settings, and the con-
version circuitry is connected to the first switching
unit, a first real-time output of the conversion circuit-
ry, O_IC_RT, which is output responsively to the giv-
en one of the input capacitances, is measured. For
example, if calibration map 84 as shown in Fig. 5 is
the selected calibration map, O_IC_RT is measured
while the first switching unit is set to S1_k.

(iv) The conversion circuitry is connected to the pres-
sure sensor (e.g., via the second switching unit), and
a second real-time output of the conversion circuitry,
O_S_RT, which is output responsively to the input
from the pressure sensor, is measured.

(v) The unknown ambient pressure is ascertained,
based on O_IC_RT, O_S_RT, the measured ambi-
ent temperature, and the calibration information con-
tained in the calibration map. For example, this may
be done by comparing the ratio between the first and
second real-time outputs to the ratios obtained dur-
ing calibration. A particular example is shown in Fig.
5, in which point 86 corresponds to a hypothetical
real-time data point of (38 C, 1.002). Since this point
lies approximately halfway between the tempera-
ture-sensitivity curve for P = 770 and the tempera-
ture-sensitivity curve for P = 790, it may be ascer-
tained that the ambient pressure is approximately
780. (In practice, interpolation is used to precisely
compute the ambient pressure.)

[0091] It is noted that the above-described method
could, in theory, be performed without the use of the cal-
ibration capacitors. Per such a hypothetical "naïve" meth-
od, during calibration, O_S would be measured for dif-
ferent ambient pressures and temperatures, and subse-
quently, the calibration data would be used to estimate
the unknown ambient pressure, as described above. A
problem with this hypothetical method, however, is that,
as the inventors have observed, the temperature sensi-
tivity of the conversion circuitry may be dependent on the
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voltage supplied to the implant. Thus, for example, even
for the same ambient pressure sensed by the pressure
sensor, and at the same ambient temperature, the fre-
quency of the signal output by the conversion circuitry
may vary with the supplied voltage. Consequently, a cal-
ibration map could not be reliably used, if the supplied
voltage during real-time is different from the supplied volt-
age during calibration.
[0092] To overcome this challenge, the above-de-
scribed method uses the calibration capacitors, which
help "normalize" the calibration output across different
supplied voltages. In particular, as the inventors have
further observed, the ratio between O_S and O_IC is
invariant to the supplied voltage, at least if the input ca-
pacitance from the calibration capacitors is approximate-
ly the same as the input capacitance from the sensor. In
other words, even if O_S changes by a factor of k as the
supplied voltage changes from a first value to a second
value, O_IC will also change by a factor of k, such that
the ratio between O_S and O_IC will remain the same.
The above-described method thus helps overcome the
temperature sensitivity of the conversion circuitry, more
effectively than does the hypothetical naive method.
[0093] Since, as described above, the ratio between
O_S and O_IC is least variant to the supplied voltage if
the two inputs are approximately the same, the desired
calibration map typically corresponds to the input cali-
bration capacitance that is closest to the current capac-
itance of the sensor. The desired calibration map is se-
lected during a "pre-real-time" stage, typically immedi-
ately prior to the real-time ascertaining of the unknown
ambient pressure. During pre-real-time, respective pairs
of "calibration" and "sensor" outputs are obtained for one
or more of the switching-unit settings for which calibration
maps were obtained, and the minimum difference be-
tween the pairs is identified. The selected calibration map
then corresponds to the minimum difference. This may
be expressed in the following notation:

(i) For each first-switching-unit setting S1_i of the
one or more of the switching-unit settings for which
calibration maps were obtained, the output O_IC_i
of the conversion circuitry is measured, and for the
identical second-switching-unit setting S2_i, the out-
put O_S_i of the conversion circuitry is measured.

(ii) The absolute difference D_i between each of the
(O_IC_i, O_S_i) pairs is computed.

(iii) In response to D_j being a local or global mini-
mum of all the {D_i}, or lower than a particular thresh-
old, the calibration map corresponding to S1_j is se-
lected.

[0094] It is emphasized that the second switching unit
facilitates the selection of the most appropriate calibra-
tion map. If not for the second switching unit, it would be
impossible, or at least very difficult, to identify the input

calibration capacitance that is closest to the current ca-
pacitance of the sensor, since the first switching unit also
affects the output of the conversion circuitry. (In other
words, due to the effect of the first switching unit on O_IC,
the fact that O_S_j is close to O_IC_j would not neces-
sarily indicate that the capacitance of the sensor is close
to the input calibration capacitance.) Since, however, the
second switching unit is used, a small difference between
the outputs indicates that the input capacitance of the
sensor and the input capacitance of the calibration ca-
pacitors are approximately the same. Moreover, the sec-
ond switching unit is also typically used during calibration,
and during real-time. That is, during calibration, when
constructing the respective calibration map for each S1_i,
the second switching unit is set to S2_i, and during real-
time, the second switching unit is set to the setting S2_j,
which is identical to the selected setting S1_j.
[0095] Typically, the external unit drives the LPU to
control the input to the conversion circuitry, in order to
execute all of the above-described calibration, pre-real-
time, and real-time tasks. The LPU then communicates
the output from the conversion circuitry to the external
unit, as described above. Hence, the external unit, alone
or in combination with the LPU, may be referred to as an
example embodiment of "control circuitry" that controls
the execution of the various tasks described herein.
[0096] To measure the temperature within the implant,
an internal temperature sensor (not shown in the figures)
is used. Typically, the temperature sensor also inputs to
the conversion circuitry, such that, to obtain a tempera-
ture reading, the external unit drives the LPU to connect
the conversion circuitry to the temperature sensor, and
the LPU then communicates the output from the conver-
sion circuitry to the external unit. The temperature is thus
measured in frequency units, such as units of counts,
like other output from the conversion circuitry. (Nonethe-
less, to make Fig. 5 more readily understandable, the
temperature axis in calibration map 84 is marked in units
of degrees Celsius, rather than units of counts.)
[0097] Typically, as described above with reference to
Fig. 2, the implant further comprises reference capacitor
26, the capacitance of which does not vary in response
to the ambient pressure. Reference capacitor 26 allows
for compensating for factors, other than pressure, that
may affect the capacitance of the sensor. For example,
as the sensor ages, the manner in which the capacitance
of the sensor varies in response to variations in the am-
bient pressure may change. Alternatively or additionally,
radiofrequency (RF) noise may affect the capacitance of
the sensor. As further described hereinbelow with refer-
ence to Figs. 6A-B, by manufacturing reference capacitor
26 at the same time, and from the same wafer, as sensor
22, with identical electrical connections, and placing the
reference capacitor near the sensor within the heart, the
reference capacitor can be made to respond to these
factors in the same manner in which the sensor responds.
Thus, outputs from the reference capacitor may be used
to adjust the computation of the capacitance of the sen-
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sor, to compensate for the above-mentioned factors.
[0098] To facilitate the use of the reference capacitor
as described above, third switching unit 68 is typically
connected to the reference capacitor. Third switching unit
68 has multiple third-switching-unit settings that (i) con-
nect the reference capacitor to the converter, and (ii) have
respective third-switching-unit effects (e.g., resistive ef-
fects) on the output that are the same as the first-switch-
ing-unit effects. Hence, by varying the setting of the third
switching unit, an accurate computation of the capaci-
tance of the reference capacitor may be obtained, as
described hereinabove for the second switching unit. The
capacitance of the reference capacitor may then be used
to more accurately compute the ambient pressure, based
on the computed capacitance of the sensor.
[0099] Reference is now made to Figs. 6A-B, which
are schematic illustrations of sensing capacitor 22 and
reference capacitor 26, in accordance with some embod-
iments of the present invention. The sensing capacitor
is formed from a first portion of a wafer 74, while the
reference capacitor is formed from a second portion of
wafer 74 that is adjacent to the first portion. Furthermore,
the set 78 of electrical connections connected to the ref-
erence capacitor is identical to the set 77 of electrical
connections connected to the sensing capacitor. The
sets of electrical connections include, for example, wir-
ing, vias connecting between conductive layers, and/or
connection pads. The sets are "identical" to one another,
in that the properties of one set - such as the material(s)
from which the set is manufactured, and the geometrical
layout of set - are the same as the properties of the other
set.
[0100] The adjacency of the reference capacitor to the
sensing capacitor on a shared wafer, along with the iden-
tical electrical connections, help the reference capacitor
have very similar properties to those of the sensing ca-
pacitor, such that the respective capacitances of the ca-
pacitors are affected by age, RF noise, etc. in a similar
manner. The only significant difference between the two
capacitors is that while the sensing capacitor has at least
one terminal 76 (e.g., capacitor plate) that is sensitive to
the ambient pressure, the reference capacitor does not
have any terminal that is sensitive to the ambient pres-
sure.
[0101] As described hereinabove, the sensing capac-
itor and the reference capacitor are contained within im-
plant 24, which is implanted in subject 30, such as within
the subject’s heart. In some embodiments, prior to im-
plantation (e.g., prior to being placed within the implant),
the two capacitors are separated (e.g., partly or com-
pletely detached) from one another. In any case, the two
capacitors are typically placed near one another inside
the implant, so that they are exposed to the same ambient
environment within the subject.
[0102] In some embodiments, as shown in Fig. 6B, one
or more portions 80 of the sensing capacitor protrude
into the reference capacitor, and/or one or more portions
82 of the reference capacitor protrude into the sensing

capacitor. For example, as shown in Fig. 6B, portions 82
of the reference capacitor may be interleaved with por-
tions 80 of the sensing capacitor. The protruding of one
capacitor into the other further helps the two capacitors
have similar properties.
[0103] It will be appreciated by persons skilled in the
art that the present invention is not limited to what has
been particularly shown and described hereinabove.
Rather, the scope of the present invention is defined by
the claims.

Claims

1. A method, comprising:

performing a calibration of a pressure sensor
(22) using one or more known input capacitanc-
es (58), by:

for each input capacitance of the one or
more known input capacitances, for each
ambient temperature of a plurality of con-
trolled ambient temperatures, measuring a
respective first calibration output of a capac-
itance-to-frequency conversion circuitry
(44) that is output while the input capaci-
tance is connected to an input of the capac-
itance-to-frequency conversion circuitry,
and
for each ambient temperature of the plural-
ity of controlled ambient temperatures, for
each ambient pressure of a plurality of con-
trolled ambient pressures, measuring a re-
spective second calibration output of the ca-
pacitance-to-frequency conversion circuitry
that is output while the pressure sensor is
connected to the input of the capacitance-
to-frequency conversion circuitry; and

subsequently to performing a calibration, ascer-
taining an unknown ambient pressure, based on
the first calibration outputs, the second calibra-
tion outputs, a measured ambient temperature,
a first real-time output of the capacitance-to-fre-
quency conversion circuitry that is output while
a given one of the known input capacitances is
connected to the input of the capacitance-to-fre-
quency conversion circuitry, and a second real-
time output of the capacitance-to-frequency
conversion circuitry that is output while the pres-
sure sensor is connected to the input of the ca-
pacitance-to-frequency conversion circuitry.

2. The method according to claim 1,
wherein a first switching unit (62) connects the con-
version circuitry to a set of calibration capacitors and
has a plurality of settings,
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wherein a second switching unit (66) connects the
conversion circuitry to the pressure sensor and has
at least some of the settings of the first switching
unit, and
wherein the method further comprises:

measuring the first real-time output, by setting
the first switching unit to a given one of the set-
tings, and
measuring the second real-time output, by set-
ting the second switching unit to the given one
of the settings.

3. The method according to any preceding claim,
wherein performing the calibration further compris-
es, for each input capacitance, for each ambient
pressure, for each ambient temperature, computing
a calibration ratio between (i) one of the first calibra-
tion outputs that was measured for the input capac-
itance and the ambient temperature, and (ii) one of
the second calibration outputs that was measured
for the ambient pressure and the ambient tempera-
ture, and
wherein ascertaining the unknown ambient pressure
comprises:

computing a real-time ratio between the first re-
al-time output and second real-time output, and
ascertaining the unknown ambient pressure, by
comparing the real-time ratio to the calibration
ratios that were computed for the given one of
the known input capacitances.

4. The method according to claim 3, further comprising
selecting the given one of the known input capaci-
tances in response to comparing (i) one or more first
pre-real-time outputs of the conversion circuitry that
are output responsively to respective inputs from the
pressure sensor to, respectively, (ii) one or more sec-
ond pre-real-time outputs of the conversion circuitry
that are output responsively to respective ones of
the known input capacitances.

5. Apparatus, comprising:

a pressure sensor (22);
capacitance-to-frequency conversion circuitry
(44); and control circuitry (40), configured to:

perform a calibration of the pressure sensor
using one or more known input capacitanc-
es (58), by:

for each input capacitance of the one
or more known input capacitances, for
each ambient temperature of a plurality
of controlled ambient temperatures,
measuring a respective first calibration

output of the capacitance-to-frequency
conversion circuitry that is output while
the input capacitance is connected to
an input of the capacitance-to-frequen-
cy conversion circuitry, and
for each ambient temperature of the
plurality of controlled ambient temper-
atures, for each ambient pressure of a
plurality of controlled ambient pres-
sures, measuring a respective second
calibration output of the capacitance-
to-frequency conversion circuitry that is
output while the pressure sensor is con-
nected to an input of the capacitance-
to-frequency conversion circuitry; and

subsequently to the calibration, ascertain
an unknown ambient pressure, based on
the first calibration outputs, the second cal-
ibration outputs, a measured ambient tem-
perature, a first real-time output of the ca-
pacitance-to-frequency conversion circuitry
that is output while a given one of the known
input capacitances is connected to the input
of the capacitance-to-frequency conversion
circuitry, and a second real-time output of
the capacitance-to-frequency conversion
circuitry that is output while the pressure
sensor is connected to the input of the ca-
pacitance-to-frequency conversion circuit-
ry.

6. The apparatus according to claim 5, further compris-
ing:

a first switching unit (62) that connects the ca-
pacitance-to-frequency conversion circuitry to a
set of calibration capacitors and has a plurality
of settings; and
a second switching unit (66) that connects the
capacitance-to-frequency conversion circuitry
to the pressure sensor and has at least some of
the settings of the first switching unit,

wherein the control circuitry is further configured to:

measure the first real-time output, by setting the
first switching unit to a given one of the settings,
and
measure the second real-time output, by setting
the second switching unit to the same given one
of the settings.

7. The apparatus according to claim 5 or 6, wherein the
control circuitry is configured to:

for each input capacitance, for each ambient
pressure, for each ambient temperature, com-
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pute a calibration ratio between (i) one of the
first calibration outputs that was measured for
the input capacitance and the ambient temper-
ature, and (ii) one of the second calibration out-
puts that was measured for the ambient pres-
sure and the ambient temperature,
compute a real-time ratio between the first real-
time output and second real-time output, and
ascertain the unknown ambient pressure, by
comparing the real-time ratio to the calibration
ratios that were computed for the given one of
the known input capacitances.

8. The apparatus according to claim 7, wherein the con-
trol circuitry is further configured to select the given
one of the known input capacitances in response to
comparing (i) one or more first pre-real-time outputs
of the conversion circuitry that are output respon-
sively to respective inputs from the pressure sensor
to, respectively, (ii) one or more second pre-real-time
outputs of the conversion circuitry that are output
responsively to respective ones of the known input
capacitances.

Patentansprüche

1. Verfahren, umfassend:

Durchführen einer Kalibrierung eines Drucksen-
sors (22) unter Verwendung einer oder mehre-
rer bekannter Eingangskapazitäten (58) durch:

für jede Eingangskapazität der einen oder
mehreren bekannten Eingangskapazitä-
ten, für jede Umgebungstemperatur einer
Vielzahl von gesteuerten Umgebungstem-
peraturen, Messen eines jeweiligen ersten
Kalibrierungsausgangs einer Kapazitäts-
Frequenz-Umwandlungsschaltung (44),
der ausgegeben wird, während die Ein-
gangskapazität mit einem Eingang der Ka-
pazitäts-Frequenz-Umwandlungsschal-
tung verbunden ist, und
für jede Umgebungstemperatur der Viel-
zahl von gesteuerten Umgebungstempera-
turen, für jeden Umgebungsdruck der Viel-
zahl von gesteuerten Umgebungsdrücken,
Messung eines jeweiligen zweiten Kalibrie-
rungsausgangs der Kapazitäts-Frequenz-
Umwandlungsschaltung, der ausgegeben
wird, während der Drucksensor mit dem
Eingang der Kapazitäts-Frequenz-Um-
wandlungsschaltung verbunden ist; und

nach Durchführung einer Kalibrierung, Ermitteln
eines unbekannten Umgebungsdrucks basie-
rend auf den ersten Kalibrierungsausgängen,

den zweiten Kalibrierungsausgängen, einer ge-
messenen Umgebungstemperatur, einem ers-
ten Echtzeitausgang der Kapazitäts-Frequenz-
Umwandlungsschaltung, der ausgegeben wird,
während eine vorgegebene der bekannten Ein-
gangskapazitäten mit dem Eingang der Kapazi-
täts-Frequenz-Umwandlungsschaltung verbun-
den ist, und einem zweiten Echtzeitausgang der
Kapazitäts-Frequenz-Umwandlungsschaltung,
der ausgegeben wird, während der Drucksensor
mit dem Eingang der Kapazitäts-Frequenz-Um-
wandlungsschaltung verbunden ist.

2. Verfahren nach Anspruch 1,
wobei eine erste Schalteinheit (62) die Umwand-
lungsschaltung mit einem Satz von Kalibrierungs-
kondensatoren verbindet und eine Vielzahl von Ein-
stellungen aufweist,
wobei eine zweite Schalteinheit (66) die Umwand-
lungsschaltung mit dem Drucksensor verbindet und
mindestens einige der Einstellungen der ersten
Schalteinheit aufweist, und wobei das Verfahren fer-
ner Folgendes umfasst:

Messen des ersten Echtzeitausgangs durch
Einstellen der ersten Schalteinheit auf eine vor-
gegebene der Einstellungen und
Messen des zweiten Echtzeitausgangs durch
Einstellen der zweiten Schalteinheit auf die vor-
gegebene der Einstellungen.

3. Verfahren gemäß einem vorhergehenden An-
spruch,
wobei das Durchführen der Kalibrierung ferner Fol-
gendes umfasst: für jede Eingangskapazität, für je-
den Umgebungsdruck, für jede Umgebungstempe-
ratur, das Berechnen eines Kalibrierungsverhältnis-
ses zwischen (i) einem der ersten Kalibrierungsaus-
gänge, der für die Eingangskapazität und die Um-
gebungstemperatur gemessen wurde und (ii) einem
der zweiten Kalibrierungsausgänge, der für den Um-
gebungsdruck und die Umgebungstemperatur ge-
messen wurde, und
wobei das Ermitteln des unbekannten Umgebungs-
drucks Folgendes umfasst:

Berechnen eines Echtzeitverhältnisses zwi-
schen des ersten Echtzeitausgangs und des
zweiten Echtzeitausgangs und
Ermitteln des unbekannten Umgebungsdrucks
durch Vergleichen des Echtzeitverhältnisses
mit den Kalibrierungsverhältnissen, die für die
vorgegebene der bekannten Eingangskapazitä-
ten berechnet wurden.

4. Verfahren nach Anspruch 3, ferner umfassend das
Auswählen der vorgegebenen der bekannten Ein-
gangskapazitäten als Reaktion auf den Vergleich (i)
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eines oder mehrerer erster Vor-Echtzeit-Ausgänge
der Umwandlungsschaltung, die als Reaktion auf je-
weilige Eingänge von dem Drucksensor ausgege-
ben werden zu (ii) einem oder mehreren zweiten Vor-
Echtzeit-Ausgängen der Umwandlungsschaltung,
die als Reaktion auf jeweilige der bekannten Ein-
gangskapazitäten ausgegeben werden.

5. Vorrichtung, umfassend:

einen Drucksensor (22);
Kapazitäts-Frequenz-Umwandlungsschaltung
(44); und
Steuerschaltung (40), die konfiguriert ist, um:

eine Kalibrierung des Drucksensors mit ei-
ner oder mehreren bekannten Eingangska-
pazitäten (58) durchzuführen, durch:

für jede Eingangskapazität der einen
oder mehreren bekannten Eingangs-
kapazitäten, für jede Umgebungstem-
peratur einer Vielzahl von gesteuerten
Umgebungstemperaturen, Messen ei-
nes jeweiligen ersten Kalibrierungs-
ausgangs einer Kapazitäts-Frequenz-
Umwandlungsschaltung, der ausgege-
ben wird, während die Eingangskapa-
zität mit einem Eingang der Kapazitäts-
Frequenz-Umwandlungsschaltung
verbunden ist, und
für jede Umgebungstemperatur der
Vielzahl von gesteuerten Umgebungs-
temperaturen, für jeden Umgebungs-
druck der Vielzahl von gesteuerten Um-
gebungsdrücken, Messung eines je-
weiligen zweiten Kalibrierungsaus-
gangs der Kapazitäts-Frequenz-Um-
wandlungsschaltung, der ausgegeben
wird, während der Drucksensor mit
dem Eingang der Kapazitäts-Fre-
quenz-Umwandlungsschaltung ver-
bunden ist; und

nach einer Kalibrierung, Ermitteln eines un-
bekannten Umgebungsdrucks basierend
auf den ersten Kalibrierungsausgängen,
den zweiten Kalibrierungsausgängen, einer
gemessenen Umgebungstemperatur, ei-
nem ersten Echtzeitausgang der Kapazi-
täts-Frequenz-Umwandlungsschaltung,
der ausgegeben wird, während eine vorge-
gebene der bekannten Eingangskapazitä-
ten mit dem Eingang der Kapazitäts-Fre-
quenz-Umwandlungsschaltung verbunden
ist, und einem zweiten Echtzeitausgang der
Kapazitäts-Frequenz-Umwandlungsschal-
tung, der ausgegeben wird, während der

Drucksensor mit dem Eingang der Kapazi-
täts-Frequenz-Umwandlungsschaltung
verbunden ist.

6. Vorrichtung nach Anspruch 5, ferner umfassend:

eine erste Schalteinheit (62), die die Kapazitäts-
Frequenz-Umwandlungsschaltung mit einem
Satz von Kalibrierungskondensatoren verbindet
und mehrere Einstellungen aufweist; und
eine zweite Schalteinheit (66), die die Kapazi-
täts-Frequenz-Umwandlungsschaltung mit
dem Drucksensor verbindet und mindestens ei-
nige der Einstellungen der ersten Schalteinheit
aufweist,
wobei die Steuerschaltung ferner konfiguriert
ist, um:

den ersten Echtzeitausgang zu messen, in-
dem die erste Schalteinheit auf eine be-
stimmte Einstellung eingestellt wird,
den zweiten Echtzeitausgang zu messen,
indem die zweite Schalteinheit auf dieselbe
vorgegebene der Einstellungen einstellt
wird.

7. Vorrichtung nach Anspruch 5 oder 6, wobei die Steu-
erschaltung konfiguriert ist, um:

für jede Eingangskapazität, für jeden Umge-
bungsdruck, für jede Umgebungstemperatur,
ein Kalibrierungsverhältnis zwischen (i) einem
der ersten Kalibrierungsausgänge, die für die
Eingangskapazität und die Umgebungstempe-
ratur gemessen wurden, und (ii) einem der zwei-
ten Kalibrierungsausgänge, die für den Umge-
bungsdruck und die Umgebungstemperatur ge-
messen wurden, zu berechnen,
ein Echtzeitverhältnis zwischen dem ersten
Echtzeitausgang und dem zweiten Echtzeitaus-
gang zu berechnen, und
den unbekannten Umgebungsdruck zu ermit-
teln, indem das Echtzeitverhältnis mit den Kali-
brierungsverhältnissen verglichen wird, die für
die vorgegebene der bekannten Eingangskapa-
zitäten berechnet wurden.

8. Vorrichtung nach Anspruch 7, wobei die Steuer-
schaltung ferner konfiguriert ist, um die vorgegebene
der bekannten Eingangskapazitäten als Reaktion
auf den Vergleich (i) eines oder mehrerer erster Vor-
Echtzeit-Ausgänge der Umwandlungsschaltung, die
als Reaktion auf jeweilige Eingänge von dem Druck-
sensor ausgegeben werden zu (ii) einem oder meh-
reren zweiten Vor-Echtzeit-Ausgängen der Um-
wandlungsschaltung, die als Reaktion auf jeweilige
der bekannten Eingangskapazitäten ausgegeben
werden, auszuwählen.
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Revendications

1. Procédé, comprenant :

la réalisation d’un étalonnage d’un capteur de
pression (22) à l’aide d’une ou de plusieurs ca-
pacités d’entrées connues (58), par :

pour chaque capacité d’entrée des une ou
plusieurs capacités d’entrée connues, pour
chaque température ambiante d’une plura-
lité de températures ambiantes contrôlées,
la mesure d’une première sortie d’étalonna-
ge respective d’un circuit de conversion ca-
pacité-fréquence (44) qui est émise tandis
que la capacité d’entrée est connectée à
une entrée du circuit de conversion capaci-
té-fréquence, et
pour chaque température ambiante de la
pluralité de températures ambiantes con-
trôlées, pour chaque pression ambiante
d’une pluralité de pressions ambiantes con-
trôlées, la mesure d’une seconde sortie
d’étalonnage respective du circuit de con-
version capacité-fréquence qui est émise
tandis que le capteur de pression est con-
necté à l’entrée du circuit de conversion ca-
pacité-fréquence ; et

à la suite de la réalisation d’un étalonnage, la
détermination d’une pression ambiante incon-
nue, sur la base des premières sorties d’étalon-
nage, des secondes sorties d’étalonnage, d’une
température ambiante mesurée, d’une première
sortie en temps réel du circuit de conversion ca-
pacité-fréquence qui est émise tandis qu’une
capacité donnée des capacités d’entrée con-
nues est connectée à l’entrée du circuit de con-
version capacité-fréquence, et une seconde
sortie en temps réel du circuit de conversion ca-
pacité-fréquence qui est émise tandis que le
capteur de pression est connecté à l’entrée du
circuit de conversion capacité-fréquence.

2. Procédé selon la revendication 1,
dans lequel une première unité de commutation (62)
connecte le circuit de conversion à un ensemble de
condensateurs d’étalonnage et présente une plura-
lité de réglages,
dans lequel une seconde unité de commutation (66)
connecte le circuit de conversion au capteur de pres-
sion et présente au moins certains des réglages de
la première unité de commutation, et
dans lequel le procédé comprend en outre :

la mesure de la première sortie en temps réel,
en réglant la première unité de commutation sur
un réglage donné des réglages, et

la mesure de la seconde sortie en temps réel,
en réglant la seconde unité de commutation sur
le réglage donné des réglages.

3. Procédé selon une quelconque revendication pré-
cédente,
dans lequel la réalisation de l’étalonnage comprend
en outre, pour chaque capacité d’entrée, pour cha-
que pression ambiante, pour chaque température
ambiante, le calcul d’un rapport d’étalonnage entre
(i) l’une des premières sorties d’étalonnage qui a été
mesurée pour la capacité d’entrée et la température
ambiante, et (ii) l’une des secondes sorties d’étalon-
nage qui a été mesurée pour la pression ambiante
et la température ambiante, et
dans lequel la détermination de la pression ambiante
inconnue comprend :

le calcul d’un rapport en temps réel entre la pre-
mière sortie en temps réel et la seconde sortie
en temps réel, et
la détermination de la pression ambiante incon-
nue, en comparant le rapport en temps réel avec
les rapports d’étalonnage qui ont été calculés
pour la capacité donnée des capacités d’entrée
connues.

4. Procédé selon la revendication 3, comprenant en
outre la sélection de la capacité donnée des capa-
cités d’entrée connues en réponse à la comparaison
(i) d’une ou de plusieurs premières sorties pré-temps
réel du circuit de conversion qui sont émises en ré-
ponse à des entrées respectives du capteur de pres-
sion avec, respectivement, (ii) une ou plusieurs se-
condes sorties pré-temps réel du circuit de conver-
sion qui sont émises en réponse à des capacités
respectives des capacités d’entrée connues.

5. Appareil, comprenant :

un capteur de pression (22) ;
un circuit de conversion capacité-fréquence
(44) ; et
un circuit de contrôle (40), configuré pour :

réaliser un étalonnage du capteur de pres-
sion à l’aide d’une ou de plusieurs capacités
d’entrée connues (58), par :

pour chaque capacité d’entrée des une
ou plusieurs capacités d’entrée con-
nues, pour chaque température am-
biante d’une pluralité de températures
ambiantes contrôlées, la mesure d’une
première sortie d’étalonnage respecti-
ve du circuit de conversion capacité-
fréquence qui est émise tandis que la
capacité d’entrée est connectée à une
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entrée du circuit de conversion capaci-
té-fréquence, et
pour chaque température ambiante de
la pluralité de températures ambiantes
contrôlées, pour chaque pression am-
biante d’une pluralité de pressions am-
biantes contrôlées, la mesure d’une se-
conde sortie d’étalonnage respective
du circuit de conversion capacité-fré-
quence qui est émise tandis que le cap-
teur de pression est connecté à une en-
trée du circuit de conversion capacité-
fréquence ; et

à la suite de l’étalonnage, déterminer une
pression ambiante inconnue, sur la base
des premières sorties d’étalonnage, des se-
condes sorties d’étalonnage, d’une tempé-
rature ambiante mesurée, d’une première
sortie en temps réel du circuit de conversion
capacité-fréquence qui est émise tandis
qu’une capacité donnée des capacités
d’entrée connues est connectée à l’entrée
du circuit de conversion capacité-fréquen-
ce, et une seconde sortie en temps réel du
circuit de conversion capacité-fréquence
qui est émise tandis que le capteur de pres-
sion est connecté à l’entrée du circuit de
conversion capacité-fréquence.

6. Appareil selon la revendication 5, comprenant en
outre :

une première unité de commutation (62) qui con-
necte le circuit de conversion capacité-fréquen-
ce à un ensemble de condensateurs d’étalon-
nage et présente une pluralité de réglages ; et
une seconde unité de commutation (66) qui con-
necte le circuit de conversion capacité-fréquen-
ce au capteur de pression et présente au moins
certains des réglages de la première unité de
commutation,

dans lequel le circuit de contrôle est en outre confi-
guré pour :

mesurer la première sortie en temps réel, en ré-
glant la première unité de commutation sur un
réglage donné des réglages, et
mesurer la seconde sortie en temps réel, en ré-
glant la seconde unité de commutation sur le
même réglage donné des réglages.

7. Appareil selon la revendication 5 ou 6, dans lequel
le circuit de contrôle est configuré pour :

pour chaque capacité d’entrée, pour chaque
pression ambiante, pour chaque température

ambiante, calculer un rapport d’étalonnage en-
tre (i) l’une des premières sorties d’étalonnage
qui a été mesurée pour la capacité d’entrée et
la température ambiante, et (ii) l’une des secon-
des sorties d’étalonnage qui a été mesurée pour
la pression ambiante et la température ambian-
te,
calculer un rapport en temps réel entre la pre-
mière sortie en temps réel et la seconde sortie
en temps réel, et
déterminer la pression ambiante inconnue, en
comparant le rapport en temps réel avec les rap-
ports d’étalonnage qui ont été calculés pour la
capacité donnée des capacités d’entrée con-
nues.

8. Appareil selon la revendication 7, dans lequel le cir-
cuit de contrôle est en outre configuré pour sélec-
tionner la capacité donnée des capacités d’entrée
connues en réponse à la comparaison (i) d’une ou
de plusieurs premières sorties pré-temps réel du cir-
cuit de conversion qui sont émises en réponse à des
entrées respectives du capteur de pression avec,
respectivement, (ii) une ou plusieurs secondes sor-
ties pré-temps réel du circuit de conversion qui sont
émises en réponse aux capacités respectives des
capacités d’entrée connues.
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