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POWER-EFFICIENT PRESSURE-SENSOR
IMPLANT

FIELD OF THE INVENTION

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

BACKGROUND

[0002] Some subjects may chronically suffer from abnor-
mal intracardiac pressures. In some cases, intervention may
be needed to treat such subjects.

[0003] WO 2014/076620, whose disclosure is incorpo-
rated herein by reference, describes a method that includes,
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 capacitance that
varies in response to the ambient pressure, so as to produce
a time-varying waveform. A calibration voltage, which
modifies the capacitance and thus the time-varying wave-
form, 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 capacitance on the ambient pressure is
calibrated using the measured contribution of the calibration
voltage.

[0004] WO 2014/170771, whose disclosure is incorpo-
rated herein by reference, describes an implant that includes
an antenna unit and an encapsulation. The antenna umt
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 cou-
pling of a magnetic field. The encapsulation 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] U.S. Pat. No. 6,051,853, whose disclosure is incor-
porated herein by reference, describes a semiconductor
pressure sensor utilizing electrostatic capacitance that has a
plurality of pressure sensing electrostatic capacitances and a
reference electrostatic capacitance formed on one side of a
silicon chip. As a movable electrode, the pressure sensing
electrostatic capacitances each have a diaphragm, which
may have a displacement portion composed of a central area
thereof, and a peripheral portion which is more deformable
than the central portion.

SUMMARY OF THE INVENTION

[0006] There is provided, in accordance with some
embodiments of the present invention, apparatus that
includes an antenna configured to, by drawing energy from
a magnetic field, provide a main supply voltage. The appa-
ratus further includes (a) operational circuitry configured to
operate only if a derived supply voltage, derived from the
main supply voltage and supplied to the operational cir-
cuitry. 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
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current-drawing circuitry from the main supply voltage
without disconnecting the operational circuitry from the
main supply voltage.

[0007] In some embodiments, the apparatus further
includes 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 current-
drawing circuitry to the main supply voltage by closing the
switch.

[0010] In some embodiments, the apparatus further
includes a backup voltage source, configured to:

[0011] when the current-drawing circuitry is disconnected
from the main supply voltage, derive a backup voltage from
the main supply voltage, and

[0012] when the current-drawing circuitry is connected to
the main supply voltage, supply the backup voltage to the
operational circuitry, thus maintaining operation of the
operational circuitry.

[0013] In some embodiments,

[0014] the backup voltage source is a first backup voltage
source,

[0015] the backup voltage is a first backup voltage, and
[0016] the apparatus further includes a second backup

voltage source, configured to:

[0017] when the current-drawing circuitry is connected
to the main supply voltage, derive a second backup
voltage from the main supply voltage, and

[0018] when the current-drawing circuitry is discon-
nected from the main supply voltage, supply the second
backup voltage to the current-drawing circuitry.

[0019] 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.

[0020] In some embodiments, the apparatus includes an
implant that includes the antenna, the sensor, and the modu-
lating circuitry, the implant being for use with an external
unit configured to generate the magnetic field.

[0021] In some embodiments, the apparatus further
includes the external unit.

[0022] In some embodiments, the external unit is config-
ured to compute, based on modulations of the load of the
antenna, the value of the parameter.

[0023] In some embodiments, the sensor includes a pres-
sure sensor, and the parameter includes an ambient pressure.
[0024] Insome embodiments, the pressure sensor includes
a capacitive pressure sensor having a capacitance that varies
in response to the ambient pressure.

[0025] In some embodiments, the apparatus further
includes conversion circuitry configured to generate an
output having a property that is a function of the capacitance
of the capacitive pressure sensor, wherein the modulating
circuitry is configured to modulate the load of the antenna in
response to the output.

[0026] Insome embodiments, a frequency of the output of
the conversion circuitry is a function of the capacitance of
the capacitive pressure sensor.
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[0027] 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.

[0028] In some embodiments, the main supply voltage is
less than 22 V when the current-drawing circuitry is dis-
connected from the main supply voltage.

[0029] There is further provided, in accordance with some
embodiments of the present invention, a method for modu-
lating a load of an antenna. By using an antenna to draw
energy from a magnetic field, a main supply voltage is
provided. A derived supply voltage is derived from the main
supply voltage, and supplied to operational circuitry that is
configured to operate only if the derived supply 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 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.

[0030] There is further provided, in accordance with some
embodiments of the present invention, 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 capaci-
tance into an output that is indicative of the input capaci-
tance, (b) a set of calibration capacitors, (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 circuitry, and further (ii) have respective
second-switching-unit effects on the output that are the same
as the first-switching-unit effects.

[0031] In some embodiments, the conversion circuitry is
configured to convert the input capacitance into an output-
signal frequency that is indicative of the input capacitance.
[0032] In some embodiments, the sensor is configured to
vary the capacitance of the sensor in response to an ambient
pressure.

[0033] In some embodiments, the apparatus further
includes circuitry configured to:

[0034] by setting the first switching unit to each of the
first-switching-unit settings, drive the conversion circuitry to
generate multiple calibration outputs, and

[0035] 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,

[0036] the calibration outputs and the sensing outputs
being collectively indicative of the capacitance of the sensor.

[0037] In some embodiments, the circuitry is further con-
figured to:
[0038] ascertain a correspondence between the calibration

outputs and the first-switching-unit settings, and

[0039] compute the capacitance of the sensor, based on the
sensing outputs and the correspondence.

[0040] In some embodiments, the circuitry is configured to
compute the capacitance of the sensor by repeatedly 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 particular one of the

Jan. 10,2019

calibration outputs, and (ii) per the correspondence, the
particular calibration output corresponds to a current setting
of the second switching unit.

[0041] In some embodiments, the apparatus further
includes:
[0042] a reference capacitor configured not to vary a

capacitance of the reference capacitor in response to the
parameter; and

[0043] 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 (i) have respective third-switching-
unit effects on the output that are the same as the first-
switching-unit effects.

[0044] There is further provided, in accordance with some
embodiments of the present invention, a method for com-
puting a capacitance of a sensor. The method includes
providing (a) conversion circuitry, configured to convert an
input capacitance into an output that is indicative of the input
capacitance, (b) a set of calibration capacitors, (c) a first
switching unit having multiple first-switching-unit settings
that (1) connect respective subsets of the calibration capaci-
tors to the conversion circuitry, and further (ii) have respec-
tive first-switching-unit effects on the output, and (d) a
second switching unit connected to a sensor and having
multiple second-switching-unit settings that (i) connect the
sensor to the conversion circuitry, 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 set-
tings, 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 conversion circuitry is driven to generate one or
more sensing outputs. A correspondence between the cali-
bration outputs and the first-switching-unit settings is ascer-
tained. The capacitance of the sensor is computed, based on
the sensing outputs and the correspondence.

[0045] In some embodiments, the sensor is configured to
vary a capacitance of the sensor in response to a parameter,
and the method further includes:

[0046] providing (a) a reference capacitor configured not
to vary a capacitance of the reference capacitor in response
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,

[0047] by setting the third switching unit to one or more of
the third-switching-unit settings, driving the conversion
circuitry to generate one or more reference outputs;

[0048] in response to the reference outputs, computing the
capacitance of the reference capacitor; and

[0049] based on the capacitance of the reference capacitor
and the capacitance of the sensor, computing a value of the
parameter.

[0050] There is further provided, in accordance with some
embodiments of the present invention, a method for forming
capacitors. A sensing capacitor is formed from a first portion
of a wafer, the sensing capacitor having 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
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wafer that is adjacent to the first portion, the reference
capacitor not having any terminal 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.

[0051] In some embodiments, the method further includes
implanting the sensing capacitor and the reference capacitor
in a subject.

[0052] In some embodiments, implanting the sensing
capacitor and the reference capacitor in the subject includes
implanting the sensing capacitor and the reference capacitor
in a heart of the subject.

[0053] In some embodiments, the method further includes
separating the sensing capacitor and the reference capacitor
from one another.

[0054] Insome embodiments, forming the sensing capaci-
tor 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.

[0055] Insome embodiments, forming the sensing capaci-
tor 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
capacitot.

[0056] Insome embodiments, forming the sensing capaci-
tor and the reference capacitor includes forming the sensing
capacitor and reference capacitor such that the protruding
portions of the reference capacitor are interleaved with
portions of the sensing capacitor.

[0057] There is further provided, in accordance with some
embodiments of the present invention, apparatus that
includes a sensing capacitor formed from a first portion 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 connections connected to
the sensing capacitor, (ii) a reference 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 reference capacitor.

[0058] In some embodiments, the sensing capacitor and
the reference capacitor are detached from one another.
[0059] There is further provided, in accordance with some
embodiments of the present invention, a method for ascet-
taining an unknown ambient pressure, using a pressure
sensot.

[0060] First, a calibration of the pressure sensor is per-
formed, using one or more known input capacitances. For
each input capacitance of the one or more known input
capacitances, for each ambient temperature of a plurality of
controlled ambient temperatures, a respective first calibra-
tion output of conversion circuitry that is output respon-
sively to the input capacitance is measured. For each ambi-
ent temperature of the plurality of controlled ambient
temperatures, for each ambient pressure of a plurality of
controlled ambient pressures, a respective second calibration
output of the conversion circuitry that is output responsively
to input from the pressure sensor is measured. Subsequently,
the unknown ambient pressure is ascertained, based on the
first calibration outputs, the second calibration outputs, a
measured ambient temperature, a first real-time output of the
conversion circuitry that is output responsively to a given
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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.

[0061] In some embodiments,

[0062] a first switching unit connects the conversion cir-
cuitry to a set of calibration capacitors and has a plurality of
settings,

[0063] a second switching unit connects the conversion
circuitry to the pressure sensor and has at least some of the
settings of the first switching unit, and

[0064] the method further includes:

[0065] measuring the first real-time output, by setting
the first switching unit to a given one of the settings,
and

[0066] measuring the second real-time output, by set-
ting the second switching unit to the given one of the
settings.

[0067] In some embodiments,

[0068] performing the calibration further includes, for
each input capacitance, for each ambient pressure, for each
ambient temperature, computing a calibration ratio between
(1) 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 temperature, and

[0069] ascertaining the unknown ambient pressure
includes:
[0070] computing a real-time ratio between the first

real-time output and second real-time output, and
[0071] 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.
[0072] In some embodiments, the method further includes
selecting 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.
[0073] There is further provided, in accordance with some
embodiments of 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 capacitances, by, (i) for each input capacitance of the
one or more known input capacitances, for each ambient
temperature of a plurality of controlled ambient tempera-
tures, measuring a respective first calibration output of the
conversion circuitry that is output responsively to the input
capacitance, and (i1) for each ambient temperature of the
plurality of controlled ambient temperatures, for each ambi-
ent pressure of a plurality of controlled ambient pressures,
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 config-
ured to subsequently ascertain an unknown ambient pres-
sure, based on the first calibration outputs, the second
calibration outputs, a measured ambient temperature, 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.
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[0074] 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

[0075] FIG. 1 is a schematic illustration of an implant and
an external unit, in accordance with some embodiments of
the present invention;

[0076] FIG. 2 is a block diagram showing circuitry con-
tained inside the implant of FIG. 1, in accordance with some
embodiments of the present invention;

[0077] FIGS. 3A-B show respective example voltage
waveforms, in accordance with some embodiments of the
present invention;

[0078] FIG. 4 is a block diagram that schematically illus-
trates an input-selecting-and-converting unit, in accordance
with some embodiments of the present invention;

[0079] FIG. 5 shows an example calibration map, used in
accordance with some embodiments of the present inven-
tion; and

[0080] 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

[0081] 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 inductive 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, provides 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 connecting and disconnecting a logic pro-
cessing unit (LPU) from the main supply voltage, in a
manner that is indicative 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
consumed by the implant. In response to sensing the tem-
poral variations, the external unit computes the ambient
pressure sensed by the sensor.

[0082] Tt is possible to implement the above-described
scheme by placing a modulation switch between the antenna
and both (i) the sensor, and (ii) the LPU. A problem with this
implementation, however, is that the sensor typically
requires a relatively high amount of voltage to operate.
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 energy. 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.

[0083] Embodiments described herein provide a superior
solution, whereby the LPU is alternatingly connected to and
disconnected from the main supply voltage, but the sensor
remains connected to the main supply voltage. In other
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words, the modulation switch is placed between 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. More-
over, this solution provides for sufficient variations in the
antenna load, or “modulation depth,” such that the modu-
lation may be properly detected by the external unit.
[0084] In some embodiments, the implant comprises a
converter configured to generate an output signal having a
frequency that is a function of the capacitance of the
capacitive pressure sensor, and the load of the antenna is
modulated in response to the output signal. For such
embodiments, it may be desirable to learn the “input-
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 calibra-
tion procedure, a set of calibration 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 calibration capacitors to the con-
verter. Hence, by varying the setting of the first switching
unit, various input capacitances 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-frequency mapping of the converter is obtained.
Subsequently, the inverse of the mapping may be used to
compute the capacitance of the sensor, given the output of
the converter.

[0085] A challenge inherent in using the above calibration
technique is that each of the first-switching-unit settings has
a different respective effect on the output of the converter.
For example, the resistance of the first switching unit may
vary, depending on the selected setting of the switching unit,
such that 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. Embodiments of the present invention
address the above challenge, by providing a second switch-
ing unit, connected to the sensor that is effectively a dupli-
cate 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.

[0086] Typically, the implant further comprises a refer-
ence capacitor, the capacitance of which does not vary in
response to the ambient pressure. The reference capacitor is
formed adjacent to the sensing capacitor, on a shared wafer,
and the respective sets of electrical connections 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

[0087] Reference is initially made to FIG. 1, which is a
schematic illustration of apparatus 20 comprising an implant
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24 and an external unit 32, in accordance with some embodi-
ments 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 assigned to the assignee of the
present patent application and whose disclosures are incor-
porated herein by reference.

[0088] 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 inven-
tion. Implant 24 comprises an antenna 34, configured to, by
drawing energy from the magnetic field generated by the
external unit, provide a main supply voltage. Implant 24
further comprises a capacitive pressure sensor 22, config-
ured 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 control 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 direct current (DC) sensor-
supply voltage, which supplies sensor 22. Voltage regulator
46 requires a certain minimum supply voltage in order to
effectively supply voltage to the sensor. For example, in
some embodiments, voltage 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 collectively referred to as “operational circuitry.”

[0089] Implant 24 further comprises modulating circuitry
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.

[0090] Input-selecting-and-converting unit 36 comprises
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-fre-
quency converter 44. Converter 44 is an oscillator whose
oscillation frequency depends on the capacitance that is
input to the converter, such that the converter outputs a
“sensor clock out” clock signal whose frequency is a func-
tion of the input. Stated differently, converter 44 converts the
input capacitance into an output frequency.

[0091] Input-selecting-and-converting unit 36 further
comprises an analog selector 72 configured to, in response
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:

[0092] (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.

[0093] (ii) The capacitance of a reference capacitor 26
may be input to converter 44, such that the converter
converts the capacitance of the reference capacitor into the
output frequency. (The function of reference capacitor 26 is
described below, with reference to FIG. 4.)
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[0094] (iii) The capacitance of one or more calibration
capacitors “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 described below, with reference to FIG. 4.)
[0095] In response to the “sensor clock out” signal, LPU
40 modulates the load of the antenna, by alternatingly
connecting current-drawing circuitry to, and disconnecting
the current-drawing circuitry from, the main supply voltage.
When the current-drawing circuitry is connected to the main
supply voltage, the load of the antenna is increased.
[0096] Conversely, when the current-drawing circuitry 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 varia-
tions, the input to converter 44. Thus, for example, LPU 40
may modulate the load of the antenna such as to indicate to
the external unit the capacitance 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 current-drawing circuitry is disconnected from the main
supply 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.

[0097] 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 alternatingly connect-
ing the modulating circuitry to, and disconnecting the modu-
lating circuitry from, the main supply voltage. For example,
in the embodiment shown in FIG. 2, LPU 40 modulates the
load of the antenna by alternatingly 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-convert-
ing unit) to the main supply voltage; conversely, by opening
the switch, LPU 40 decreases the load of the antenna by
disconnecting the LPU (and/or the input-selecting-and-con-
verting unit) from the main supply voltage.

[0098] Reference is now additionally made to FIGS.
3A-B, which show respective example voltage waveforms,
in accordance with some embodiments of the present inven-
tion. 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 fre-
quency of the magnetic field generated by external unit 32.
This output voltage of antenna 34 is modulated with an outer
modulating envelope that is established 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 variation), one such cycle being labelled in
FIG. 3A. A diode Dextl, shown in FIG. 2, detects the
envelope, thus deriving, from the voltage across the antenna,
the main supply voltage shown in FIG. 3B.

[0099] In the example shown in FIG. 3A, the threshold
supply voltage for the voltage regulator is assumed to be
approximately 15.5V, and correspondingly, the amplitude of
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the voltage across the antenna varies between approximately
3.5 V and 20 V. Due to a small voltage drop across diode
Dextl, the amplitude of the main supply voltage, as shown
in FIG. 3B, varies between approximately 3 V and 19.5 V.
(Tt is again noted that the voltage values in FIGS. 3A-B are
provided by way of example only.)

[0100] For further clarity, the variations in the main supply
voltage are now explained in more detail.

[0101] 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 impedance. 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 antenna is close to the input
voltage. On the other hand, when switch 42 is closed, the
load of the antenna is increased, such that more current flows
across the antenna. (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 antenna.) Hence, when switch 42 is closed, the output
voltage drops below (e.g., significantly below) the input
voltage.

[0102] 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 backup voltage
source derives a backup voltage from the main supply
voltage. For example, Cext3 may derive the backup 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 backup voltage to the voltage
regulator.

[0103] 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 regulator, the
voltage across the antenna when loaded with the current-
drawing circuitry would need to be approximately 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 approximately 20 V.) To generate such
high voltages, the antenna would need to be supplied with a
large amount of energy. Moreover, the supply of approxi-
mately 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
modulation 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 discon-
nected 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.
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[0104] Ttis noted that apparatus and techniques described
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 invention 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 circuitry) and a lower-voltage-but-
relatively-high-current consumer (referred to herein as cur-
rent-drawing circuitry), 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 applied 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
anatomy 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.

[0105] Embodiments of the present invention also facili-
tate 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 Ve that is supplied 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 second backup voltage to the
LDO. For example, while the switch is closed, a capacitor
Cextl may charge, and subsequently, 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., Cextl—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 supplies the LDO.)

[0106] 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 supplying
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 current-drawing cir-
cuitry, as described above, even without the use of a backup
voltage source for supplying voltage to the operational
circuitry.

[0107] 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 current mode of
operation of the LPU. Hence, without voltage 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
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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.

[0108] Various other components of implant 24 are shown
in FIG. 2, as follows:

[0109] (i) A diode Dext2 inhibits the discharging of Cext3,
except for the purpose of supplying the voltage regulator.

[0110] (i) A diode DZextl provides overvoltage protec-
tion.

[0111] (iii) A capacitor Cext2 filters out noise from the
voltage Vce.

[0112] (iv) A capacitor Cext4 stabilizes the DC voltage

supplied to the sensor.

[0113] (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 communicates 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 buffer 56, which
adjusts the voltage of the signal to a level that is appropriate
for the LPU.

[0114] (vi) An internal oscillator provides a clock signal to
the LPU while the external unit is not transmitting.

[0115] (vii) A programmable resonance capacitor array 58
(depicted in FIG. 2, for simplicity, by only one capacitor)
tunes the resonance capacitor in antenna 34, in response to
signals 60.

[0116] (viii) A buffer 52 adjusts the voltage of the switch-
controlling signal from the LPU to a level that is appropriate
for switch 42.

[0117] (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.

[0118] 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.

[0119] 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 capacitor symbol
labeled “Cref,” while the switching units are not shown in
FIG. 2.)

[0120] Set 64 is used to calibrate the conversion circuitry
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 calibration capacitors to the converter. Hence,
by varying the setting of switching unit 62, various input
capacitances may be obtained. For each input capacitance,
the frequency of the output signal from the converter is
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recorded, such that the “input-capacitance-to-output-fre-
quency” 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 converter.

[0121] For example, FIG. 4 shows seven calibration
capacitors: (i) Crefl, 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) Cref®,
having a capacitance of 4.8 pF, and (vii) Crefl, having a
capacitance of 9.6 pF. By connecting various subsets of
capacitors Crefl, Cref2, Cref3, Crefd, Cref5, Cref6, and
Cref71 to the converter, various input capacitances may be
obtained.

[0122] Typically, the above-described calibration proce-
dure is performed prior to every capacitance/pressure mea-
surement, since fluctuations in body temperature and/or
voltage supply Vcee, and/or aging of the system, may influ-
ence the manner in which the output of the converter
depends on the input capacitance.

[0123] A challenge inherent in using the above calibration
technique is that the switching unit typically has a further
setting-dependent effect on the output of converter 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 output 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.

[0124] Second switching unit 66, which is connected to
the sensor, addresses the above challenge. Second switching
unit 66 has multiple second-switching-unit settings that (i)
connect the sensor to the converter, and (ii) have respective
second-switching-unit effects on the output of the converter
that are the same as the first-switching-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 capacitance—that of sensor
22—to the input of converter 44, regardless of the selected
setting. Hence, by controlling the second switching unit, the
effect (e.g., the resistive effect) of the second switching umit
may be “matched” to an effect (e.g., a resistive effect)
provided by the first switching unit during calibration, thus
allowing the capacitance of sensor 22 to be accurately
computed from the output of the converter. An implemen-
tation of this will now be described.

[0125] 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 other 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 driving the conversion
circuitry to generate multiple calibration 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 out-
put.
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[0126] 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 second-switch-
ing-unit settings, thus varying the input resistance 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 communicates to the
external unit. In response to the sensing outputs and the
correspondence that was ascertained from the calibration,
the external unit computes the capacitance of the sensor (and
hence, the pressure sensed by the sensor).

[0127] 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 converges 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 differ-
ence between the sensing output and a particular calibration
output is within a predefined threshold (and/or the difference
between the sensing output 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 outputs), and (ii) per the correspondence that was
ascertained during calibration, the particular calibration out-
put corresponds to the current setting of the second switch-
ing unit.

[0128] To further clarify the above description, some
notation will now be introduced, and the above description
will then be repeated, using the notation.

[0129] (i) {Sl.i}, for i=1 . . . N, is the set of first-
switching-unit settings S1, each particular setting S1_i hav-
ing a respective input capacitance C_i and a respective input
resistance R_1.

[0130] (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.
[0131] (i) {S2_i}, for i=1 . . . N, is the set of second-
switching-unit settings S2, each particular setting S2_i hav-
ing a respective input resistance R_i that is the same as the
input resistance of a particular S1_i.

[0132] (iv) C_s is the (unknown) capacitance of the sen-
sor.
[0133] During calibration, the correspondence between

{0_i} and {S1_i} is ascertained, and the external unit stores
the correspondence. For example, the external unit may
store a correspondence table having a form similar to Table
1 below:

TABLE 1
1.1 0_1
S1.2 0.2
$1_3 0_3
SI_N O_N

[0134] 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 between the
sensing output from the converter and a particular calibra-
tion output O_j is within a predefined threshold, and/or is a
local or global minimum, and (b) O_j corresponds to the

Jan. 10,2019

current setting of the second switching unit. C_s is then
computed to be equal to, or approximately equal to, C_j, the
input capacitance of S1_j.

[0135] Forexample, with reference to Table 1 above, if the
sensing output from the converter is within a predefined
threshold of O_2, and the current setting of the 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.

[0136] Reference is now made to FIG. 5, which shows an
example calibration map 84, used in accordance with some
embodiments of the present invention.

[0137] 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 obtain-
ing 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 obtained by the inven-
tors of the present application. (Typically, the calibration
procedure described below is performed separately for each
individual sensor.)

[0138] 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 includes (i)
various first calibration outputs (O_IC) of the conversion
circuitry that are output responsively to the known input
capacitance (“IC”) corresponding to the setting of the first
switching unit, and (ii) various second calibration outputs
(O_S) of the conversion circuitry that are output respon-
sively to input from the pressure sensor (“S”). The first
calibration outputs are measured for different respective
ambient temperatures, while the second calibration outputs
are measured for different respective 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 outputs do not vary with ambient pressure, and
hence, a first calibration output measured for one particular
ambient pressure may be extrapolated to other ambient
pressures.) 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.

[0139] The outputs from the conversion circuitry are typi-
cally 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.

[0140] 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 tem-
peratures are decreasing from left to right.) Hence, each
calibration map includes a plurality of temperature-sensitiv-
ity curves 88, each of which reflects the sensitivity of the
conversion circuitry, the sensor, and/or the switching units to
temperature at a different respective 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 interest, (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
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for the same particular ambient pressure), and (iii) subse-
quently, computing the ratio O_S/O_IC (or alternatively,
0_1C/0_8).

[0141] Subsequently, in real-time, the unknown ambient
pressure within the subject is ascertained, as follows:
[0142] (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 given one of the
known input capacitances of the calibration capacitors), is
selected, as further described below.

[0143] (ii) The ambient temperature is measured.

[0144] (iii) While the first switching unit is set to the given
one of the first-switching-unit settings, and the conversion
circuitry is connected to the first switching unit, a first
real-time output of the conversion circuitry, O_IC_RT,
which is output responsively to the given 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.

[0145] (iv) The conversion circuitry is connected to the
pressure 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.

[0146] (v) The unknown ambient pressure is ascertained,
based on O_IC_RT, O_S_RT, the measured ambient tem-
perature, and the calibration information contained in the
calibration map. For example, this may be done by com-
paring the ratio between the first and second real-time
outputs to the ratios obtained during 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 temperature-sensi-
tivity curve for P=790, it may be ascertained that the
ambient pressure is approximately 780. (In practice, inter-
polation is used to precisely compute the ambient pressure.)
[0147] It is noted that the above-described method could,
in theory, be performed without the use of the calibration
capacitors. Per such a hypothetical “naive” method, during
calibration, O_S would be measured for different ambient
pressures and temperatures, and subsequently, the calibra-
tion data would be used to estimate the unknown ambient
pressure, as described above. A problem with this hypotheti-
cal method, however, is that, as the inventors have observed,
the temperature sensitivity of the conversion circuitry may
be dependent on the 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 frequency of the signal output by the conversion cir-
cuitry may vary with the supplied voltage. Consequently, a
calibration map could not be reliably used, if the supplied
voltage during real-time is different from the supplied volt-
age during calibration.

[0148] To overcome this challenge, the above-described
method uses the calibration capacitors, which help “normal-
ize” 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 capacitance from the calibration capaci-
tors is approximately 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
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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 tem-
perature sensitivity of the conversion circuitry, more effec-
tively than does the hypothetical naive method.

[0149] 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 calibration capaci-
tance that is closest to the current capacitance of the sensor.
The desired calibration map is selected during a “pre-real-
time” stage, typically immediately 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 between the pairs is identified. The
selected calibration map then corresponds to the mininum
difference. This may be expressed in the following notation:
[0150] (i) For each first-switching-unit setting S1_i of the
one or more of the switching-unit settings for which cali-
bration maps were obtained, the output O_IC i of the
conversion circuitry is measured, and for the identical sec-
ond-switching-unit setting S2_i, the output O_S_i of the
conversion circuitry is measured.

[0151] (i) The absolute difference D_i between each of
the (O_IC_i, O_S_i) pairs is computed.

[0152] (iii) In response to D_j being a local or global
minimum of all the {D_i}, or lower than a particular
threshold, the calibration map corresponding to S1_j is
selected.

[0153] It is emphasized that the second switching unit
facilitates the selection of the most appropriate calibration
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 capaci-
tance 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
0O_S_jis close to O_IC_j would not necessarily 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 capacitors are approximately the same.
Moreover, the second 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_1i,
and during real-time, the second switching unit is set to the
setting S2_j, which is identical to the selected setting S1_j.
[0154] 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 extermal 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 execu-
tion of the various tasks described herein.

[0155] 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 temperature
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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 conversion 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. (Nonetheless, to make FIG. 5
more readily understandable, the temperature axis in cali-
bration map 84 is marked in units of degrees Celsius, rather
than units of counts.)

[0156] 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 com-
pensating 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 ambient pressure may change.
Alternatively or additionally, radiofrequency (RF) noise
may affect the capacitance of the sensor. As further
described hereinbelow with reference 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 sensor, to compensate for the above-mentioned factors.
[0157] To facilitate the use of the reference capacitor as
described above, third switching unit 68 is typically con-
nected to the reference capacitor. Third switching unit 68 has
multiple third-switching-unit settings that (i) connect the
reference capacitor to the converter, and (ii) have respective
third-switching-unit effects (e.g., resistive effects) on the
output that are the same as the first-switching-unit effects.
Hence, by varying the setting of the third switching unit, an
accurate computation of the capacitance 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.

[0158] Reference is now made to FIGS. 6A-B, which are
schematic illustrations of sensing capacitor 22 and reference
capacitor 26, in accordance with some embodiments 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 con-
nections connected to the reference capacitor is identical to
the set 77 of electrical connections connected to the sensing
capacitor. The sets of electrical connections include, for
example, wiring, vias connecting between conductive lay-
ers, 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.

[0159] The adjacency of the reference capacitor to the
sensing capacitor on a shared wafer, along with the identical
electrical connections, help the reference capacitor have
very similar properties to those of the sensing capacitor, such
that the respective capacitances of the capacitors are affected
by age, RF noise, etc. in a similar manner. The only
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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 pressure.

[0160] As described hereinabove, the sensing capacitor
and the reference capacitor are contained within implant 24,
which is implanted in subject 30, such as within the subject’s
heart. In some embodiments, prior to implantation (e.g.,
prior to being placed within the implant), the two capacitors
are separated (e.g., partly or completely 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.
[0161] Insome 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 portions 80 of the sensing
capacitor. The protruding of one capacitor into the other
further helps the two capacitors have similar properties.
[0162] 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 includes both combinations
and subcombinations of the various features described here-
inabove, as well as variations and modifications thereof that
are not in the prior art, which would occur to persons skilled
in the art upon reading the foregoing description.

1-60. (canceled)

61. Apparatus, comprising:

a pressure sensor configured for implantation in a body of
a subject and having a variable capacitance that
depends on an ambient pressure;

one or more calibration capacitors having respective
calibration capacitances that are independent of the
ambient pressure; and

conversion circuitry, configured to produce an output as a
function of any one of (a) the variable capacitance of
the pressure sensor, and (b) the calibration capacitances
of the calibration capacitors.

62. The apparatus according to claim 61, further com-

prising control circuitry, configured to:
obtain multiple reference calibration outputs, by connect-
ing the conversion circuitry to each of the calibration
capacitors at multiple predetermined controlled ambi-
ent temperatures,
obtain multiple measured calibration outputs, by connect-
ing the conversion circuitry to the pressure sensor at
each of the predetermined controlled ambient tempera-
tures under multiple predetermined controlled ambient
pressures, and
subsequently to obtaining the reference calibration out-
puts and the measured calibration outputs, while the
pressure sensor and the calibration capacitors are at a
target location in the body of the subject having a
target-location ambient pressure:
measure a target-location ambient temperature at the
target location,

generate a reference target-location output, by connect-
ing the conversion circuitry to a particular one of the
calibration capacitors,
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generate a measured target-location output, by connect-
ing the conversion circuitry to the pressure sensor,
and

calculate an estimated value of the target-location
ambient pressure, based on each of (a) the reference
calibration outputs, (b) the measured calibration out-
puts, (c) the measured target-location ambient tem-
perature, (d) the reference target-location output, and
(e) the measured target-location output.
63. The apparatus according to claim 62, further com-
prising:
a first switching unit, configured to connect the conver-
sion circuitry to the calibration capacitors under differ-
ent respective settings of the first switching unit; and
a second switching unit, which has at least a subset of the
settings of the first switching unit, and is configured to
connect the conversion circuitry to the pressure sensor
under each one of the subset of the settings,
wherein the control circuitry is configured to generate the
reference target-location output by setting the first
switching unit to a particular one of the settings cor-
responding to the particular one of the calibration
capacitors, and
wherein the control circuitry is configured to generate the
measured target-location output by setting the second
switching unit to the particular one of the settings.
64. The apparatus according to claim 62,
wherein the control circuitry is further configured to
calculate a plurality of calibration ratios, by calculating
a respective calibration ratio between each of the
measured calibration outputs and each of the reference
calibration outputs, and
wherein the control circuitry is configured to calculate the
estimated value of the target-location ambient pressure
by:
computing a target-location ratio between the measured
target-location output and the reference target-loca-
tion output,

comparing the target-location ratio to those of the
calibration ratios that correspond to the particular
one of the calibration capacitors, and

calculating the estimated value of the target-location
ambient pressure in response to the comparing.

65. The apparatus according to claim 62, wherein the
target location is within a left atrium of a heart of the subject.

66. The apparatus according to claim 61, wherein the
conversion circuitry comprises a capacitance-to-frequency
converter.

67. A method for measuring ambient pressure using an
implant that comprises a capacitive pressure sensor (22), a
bank of capacitors, and conversion circuitry that generates
an output signal indicative of an input capacitance connected
thereto, the method comprising:

holding multiple calibration maps for the implant,
wherein each calibration map corresponds to a respec-
tive subset comprising one or more of the capacitors
and specifies, as a function of the ambient pressure and
ambient temperature, a ratio between (i) the output
signal produced when the capacitive pressure sensor is
connected as the input capacitance and (ii) the output
signal produced when the respective subset of capaci-
tors is connected as the input capacitance; and

at a measurement time, after the implant is implanted in
a subject, estimating the ambient pressure at the
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implant, by applying one or more of the calibration
maps to (i) a pressure measurement of the ambient
pressure by the capacitive pressure sensor and (ii) a
temperature measurement of the ambient temperature
at the implant.
68. The method according to claim 67, wherein estimating
the ambient pressure comprises:

selecting a subset of the capacitors;

calculating the ratio for the selected subset of capacitors;

and

extracting the ambient pressure from a selected calibra-

tion map corresponding to the selected subset of
capacitors, based on the measured ambient tempera-
ture.

69. The method according to claim 68, wherein selecting
the subset of the capacitors comprises choosing a pre-
specified subset whose capacitance is closest to a capaci-
tance of the capacitive pressure sensor at the measurement
time.

70. The method according to claim 68, wherein selecting
the subset of the capacitors comprises adaptively choosing
the subset whose capacitance is closest to a capacitance of
the capacitive pressure sensor at the measurement time.

71. The method according to claim 68, wherein extracting
the ambient pressure comprises interpolating between ambi-
ent pressure curves in the selected calibration map.

72. The method according to claim 67, wherein the
conversion circuitry comprises a capacitance-to-frequency
converter, such that a frequency of the output signal is
indicative of the input capacitance, and wherein the ratio
comprises a ratio between (i) the frequency of the output
signal produced when the capacitive pressure sensor is
connected as the input capacitance and (ii) the frequency of
the output signal produced when the respective subset of
capacitors is connected as the input capacitance.

73. A system for measuring ambient pressure, the system
comprising:

an implant, comprising:

a capacitive pressure sensor;

a bank of capacitors; and

conversion circuitry configured to generate an output
signal indicative of an input capacitance connected
thereto; and

control circuitry, configured to:

hold multiple calibration maps for the implant, wherein
each calibration map corresponds to a respective
subset comprising one or more of the capacitors and
specifies, as a function of the ambient pressure and
ambient temperature, a ratio between (i) the output
signal produced when the capacitive pressure sensor
is connected as the input capacitance and (ii) the
output signal produced when the respective subset of
capacitors is connected as the input capacitance; and

at a measurement time, after the implant is implanted in
a subject, estimate the ambient pressure at the
implant, by applying one or more of the calibration
maps to (i) a pressure measurement of the ambient
pressure by the capacitive pressure sensor and (ii) a
temperature measurement of the ambient tempera-
ture at the implant.

74. The system according to claim 73, wherein the control
circuitry is configured to estimate the ambient pressure by:
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selecting a subset of the capacitors;

calculating the ratio for the selected subset of capacitors;

and

extracting the ambient pressure from a selected calibra-

tion map corresponding to the selected subset of
capacitors, based on the measured ambient tempera-
ture.

75. The system according to claim 74, wherein the control
circuitry is configured to select a pre-specified subset whose
capacitance is closest to a capacitance of the capacitive
pressure sensor at the measurement time.

76. The system according to claim 74, wherein the control
circuitry is configured to adaptively choose the subset whose
capacitance is closest to a capacitance of the capacitive
pressure sensor at the measurement time.

77. The system according to claim 74, wherein the control
circuitry is configured to extract the ambient pressure by
interpolating between ambient pressure curves in the
selected calibration map.

78. The system according to claim 73, wherein the con-
version circuitry comprises a capacitance-to-frequency con-
verter, such that a frequency of the output signal is indicative
of the input capacitance, and wherein the ratio comprises a
ratio between (i) the frequency of the output signal produced
when the capacitive pressure sensor is connected as the input
capacitance and (ii) the frequency of the output signal
produced when the respective subset of capacitors is con-
nected as the input capacitance.
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