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LOW-POWER HIGH-ACCURACY CLOCK HARVESTING IN INDUCTIVE COUPLING
SYSTEMS

FIELD OF THE INVENTION
The present invention relates generally to inductive coupling clock-less systems such as
medical implants, and particularly to methods and systems configured for operating by way of

clock-signal harvesting.

BACKGROUND OF THE INVENTION

Inductive coupling is used as a means for communication and for providing electrical
power in various systems, such as in medical implants. For example, PCT International
Publication WO 2014/170771 describes an implant including an antenna, circuitry, and a voltage
clamping element. The antenna is configured to communicate with an external unit using
inductive coupling of a magnetic field. The circuitry is configured to produce data for
transmission to the external unit, to modulate a load impedance applied to the antenna as a
function of the data so as to transmit the data, and to receive electrical power from the magnetic
field via the antenna for powering the circuitry. The voltage clamping element is coupled to
clamp a voltage induced by the magnetic field across the antenna so as to maximize a modulation

depth of the load impedance, and so as to regulate the electrical power that powers the circuitry.

SUMMARY OF THE INVENTION

An embodiment of the present invention that is described herein provides an apparatus
including a front-end circuit and a digital processing circuit. The front-end circuit includes an
antenna and a modulation switch. The digital processing circuit is configured to transmit data to
a remote unit using inductive coupling of an Alternating Current (AC) magnetic field generated
by the remote unit, by modulating a load impedance of the antenna using the modulation switch.
The front-end circuit is configured to supply to the digital processing circuit a voltage signal,
which has a frequency of the AC magnetic field and which has a non-zero envelope both during
intervals in which the modulation switch is closed and during intervals in which the modulation
switch is open, and wherein the digital processing circuit is configured to derive a clock signal
from the voltage signal.

In some embodiments, the front-end circuit includes a voltage clamping element
connected in series with the modulation switch. In an embodiment, the front-end circuit further

includes a diode connected in series with the modulation switch. In an example embodiment,
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the antenna is connected in parallel to the serially-connected modulation switch and voltage
clamping element.

In another embodiment, the voltage clamping element is configured to clamp a voltage
signal induced by the AC magnetic field across the antenna, and the front-end circuit is
configured to provide the clamped voltage signal for powering the digital processing circuit
from a connection point between the modulation switch and the voltage clamping element. In
yet another embodiment, the voltage clamping element includes a transistor biased by a Zener
diode.

Typically, the digital processing circuit is configured to derive the clock signal solely
from the voltage signal without an oscillator and/or a Phase-Locked Loop (PLL). In some
embodiments, the apparatus includes a pressure sensor, and the digital processing circuit is
configured to read a pressure reading from the pressure sensor, and to transmit the pressure
reading to the remote unit using the derived clock signal.

In a disclosed embodiment, the antenna includes a coil. In an embodiment, the front-end
circuit includes a capacitor connected in parallel with the coil. In another embodiment, the
digital processing circuit is configured to modulate the load impedance by alternately opening
and closing the modulation switch in a pattern that depends on the data. In some embodiments,
the digital processing circuit is configured to derive the clock signal from the voltage signal both
during the intervals in which the modulation switch is closed and during the intervals in which
the modulation switch is open.

There is additionally provided, in accordance with an embodiment of the present
invention, a method including, using a digital processing circuit, transmitting data to a remote
unit using inductive coupling of an Alternating Current (AC) magnetic field generated by the
remote unit, by modulating a load impedance of an antenna using a modulation switch. A voltage
signal, which has a frequency of the AC magnetic field and which has a non-zero envelope both
during intervals in which the modulation switch is closed and during intervals in which the
modulation switch is open, is supplied to the digital processing circuit. A clock signal is derived
from the voltage signal in the digital processing circuit.

There is further provided, in accordance with an embodiment of the present invention, a
method including applying an external unit to form a magnetic field, having a frequency and an
accuracy, around a remote system comprising a modulation switch and a digital processing
circuit. A clock signal, having the frequency and the accuracy, is derived in the remote system
from the magnetic field. The digital processing circuit is applied to generate a digital signal

carrying data synchronized with the clock signal. The digital processing circuit is applied to
2
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manipulate the modulation switch in a series of alternations between an open state and a closed
state in a pattern derived from the digital signal, thereby encoding the data by way of load
modulation. The external unit is applied to decode the data by extracting the load modulation
with the clock signal.

In some embodiments, the method includes powering the digital processing circuit solely
from the magnetic field by way of inductive coupling. In an embodiment, deriving the clock
signal is performed both during intervals in which the modulation switch is in the closed state
and during intervals in which the modulation switch is in the open state. In another embodiment,
a voltage clamping element is connected in series with the modulation switch. In a disclosed
embodiment, a diode is connected in series with the modulation switch. In an example
embodiment, an antenna of the remote system is connected in parallel to the serially-connected
modulation switch and voltage clamping element. In some embodiments, the method includes
clamping, using the voltage clamping element, a voltage signal induced by the magnetic field
across the antenna, and providing the clamped voltage signal for powering the digital processing
circuit from a connection point between the modulation switch and the voltage clamping
element.

The present invention will be more fully understood from the following detailed

description of the embodiments thereof, taken together with the drawings in which:

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a block diagram that schematically illustrates a system (e.g., an implant) for
measuring pressures (e.g., sensing blood pressure in the cardiovascular system) remotely to an
external unit, in accordance with an embodiment of the present invention;

Fig. 2 is a flow chart that schematically illustrates a method for operating a system (e.g.,
an implant) for measuring pressures (e.g., sensing blood pressure in the cardiovascular system)
remotely to an external unit, in accordance with an embodiment of the present invention; and

Fig. 3 is a block diagram that schematically illustrates an implant for sensing blood
pressure in the cardiovascular system, in accordance with another embodiment of the present

invention.

DETAILED DESCRIPTION OF EMBODIMENTS

OVERVIEW

Embodiments of the present invention that are described herein provide improved

methods and apparatus for clock signal harvesting in inductive-coupling systems. The
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embodiments described herein refer mainly to devices that are implanted in the cardiovascular
system, measure ambient blood pressure and communicate with an external unit. The disclosed
techniques, however, are applicable in various other systems and applications.

In some embodiments, a sensory implant is positioned in the cardiovascular system of a
patient and communicates with an external unit using inductive coupling. The external unit
generates an Alternating Current (AC) magnetic field, which is used both for communication
and for supplying energy to the implant. The implant comprises a front-end circuit, which
comprises an antenna and a modulation switch. The implant further comprises a digital
processing circuit that transmits blood-pressure readings and other data to the remote unit by
modulating the load impedance of the antenna using the modulation ‘on/off” switch.

In the embodiments described herein, the digital processing circuit is clocked by a clock
signal that is derived directly from the carrier of the AC magnetic field generated by the external
unit. In some embodiments, the front-end circuit of the implant has a unique topology, which
enables it to supply to the digital processing circuit a voltage signal, which has the same
frequency as the AC magnetic field and has a non-zero envelope both during intervals in which
the modulation switch is open, and during intervals in which the modulation switch is closed.

The digital processing circuit derives its clock signal from this voltage signal, both
during the intervals in which the modulation switch is open, and during the intervals in which
the modulation switch is closed. This capability is in sharp contrast to other possible inductive
coupling schemes, in which the modulation switch short-circuits the antenna when closed.

In an example embodiment, the front-end circuit comprises a voltage clamping element
that fixes the voltage and is connected in series with the modulation switch. The antenna is
connected in parallel to the serially-connected modulation switch and voltage clamping element.
Energy supply for the digital processing circuit is taken from the connection point between the
modulation switch and the voltage clamping element. The voltage signal from which the clock
signal is extracted, on the other hand, is taken directly from across the antenna.

When using this topology, as long as the external unit induces a magnetic field for
receiving data from the implant, the envelope of the voltage signal provided to the digital
processing circuit retains a non-zero average value regardless of whether the modulation switch
is open or closed. As a result, the digital processing circuit is able to derive the clock signal
directly from the voltage signal independently to operation of the modulation switch and/or
clamping element.

The disclosed clock harvesting scheme enables the implant to derive its clock signal

directly from the AC magnetic field of the external unit, without a need for any sort of local
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oscillator, Phase-Locked Loop (PLL) or similar components. As such, the size, cost and power
consumption of the implant are reduced considerably relative to similar sensory implants
equipped with any type of accurate internal clock source, and the reliability of the implant is
maintained or is even improved relative thereto. Moreover, since the clock signal in the implant
tracks the frequency of the AC magnetic field directly, rather than being locked on it, the clock
signal is free of additional phase noise, jitter and other possible impairments.

Furthermore, unlike solutions in which the clock accuracy of the implant depends on the
performance of a local oscillator, in the disclosed clock harvesting solution the clock accuracy
of the implant is dictated directly by the clock accuracy of the external unit. Therefore, for
example, in the disclosed solution the clock accuracy of the implant does not influence the

implant’s energy consumption due to the fact that it is not generated internally.

SYSTEM DESCRIPTION

Fig. 1 is a block diagram that schematically illustrates an apparatus in a form of an
implant 20 configured for sensing blood pressure in the cardiovascular system, for example in
the heart or in the pulmonary artery, in accordance with an embodiment of the present invention.
Implant 20 is implanted in the cardiovascular system of a patient and measures the ambient
blood pressure. Implant 20 communicates with a remote external unit 50, and receives energy
supply from the external unit, using magnetic-field inductive coupling.

In some embodiments, implant 20 comprises a capacitive Micro-Electro-Mechanical
Systems (MEMS) pressure sensor 24, a digital processing circuit 28 and a front-end circuit 30.
Sensor 24 is applicable for measuring the ambient blood pressure by producing an output
derived from change of capacitance indicative of change in ambient pressure. Digital processing
circuit 28, among other tasks, converts the output of sensor 24 into a digital signal
sufficient/applicable for transmission.

The external unit generates an Alternating Current (AC) magnetic field, which is induced
in an antenna coil 32 in front-end circuit 30. Digital processing circuit 28 modulates the load
impedance of the antenna, which in turn modulates the induced magnetic field, so as to transmit
data (e.g., the sensor output) to the external unit. The induced magnetic field is also used for
supplying electrical power for powering digital processing circuit 28, and for supplying a clock
signal for clocking digital processing circuit 28. Optionally, the induced magnetic field may also
be used for transmitting data from the external unit to implant 20.

In the example of Fig. 1, front-end circuit 30 comprises antenna coil 32, also referred to

herein as “antenna” for brevity. A capacitor 36 is connected in parallel with antenna coil 32, so
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as to form a parallel resonant circuit. Typically, the resonance frequency of this resonant circuit
is set to match the frequency of the magnetic field generated by the external unit. The resonant
circuit typically has a high Q factor, i.e., a sharp resonance curve. This feature increases the
sensitivity of circuit 30.

Front-end circuit 30 further comprises a modulation switch 40, a voltage clamping
element 44 and a diode 41 that are connected in series with one another. Diode 41 rectifies the
voltage induced across the antenna, so that electrical current flows only in one direction (top to
bottom in the figure). With respect to the direction of current flow, diode 41 precedes switch 40,
and clamping element 44 follows switch 40. The cascaded (serially-connected) switch 40,
voltage clamping element 44 and diode 41 are connected in parallel with antenna 32. Switch 40,
voltage clamping element 44 and diode 41 can be regarded collectively as a “switch circuit,”
which may comprise additional components and perform additional functions.

Digital processing circuit 28 transmits data to the external unit by modulating switch 40
with the digital signal. In the present context, the term “modulating the switch” means
alternately opening and closing the switch in a pattern that depends on the data.

Voltage clamping element 44 clamps the voltage induced by the magnetic field across
antenna 32 to a suitable and accurate supply voltage for powering digital processing circuit 28.
In the example of Fig. 1, voltage clamping element 44 comprises a transistor 45 that is biased
by a Zener diode 46. The principles of operation of this configuration are described further
below. Alternative configurations are also described.

As can be seen in Fig. 1, in the disclosed embodiment the energy supply for digital
processing circuit 28 (denoted “ENERGY IN”) is taken from the connection point between
switch 40 and voltage clamping element 44. A capacitor 42 low-pass filters the variations in
energy supply occurring due to modulation of switch 40. The voltage signal from which circuit
28 derives (“harvests”) a clock signal, on the other hand, is taken directly from across antenna
32.

In the present example, digital processing circuit 28 comprises a buffer 48 that is
configured to convert the voltage signal into a digital square-wave clock signal (denoted
“CLK”). The clock signal has nominal logic levels as specified for the digital circuitry being
clocked. Buffer 48 may comprise, for example, a comparator that compares the voltage signal
to a threshold. If the voltage signal is below the threshold, the comparator outputs a voltage
corresponding to “logic 0. If the voltage signal is above the threshold, the comparator outputs
a voltage corresponding to “logic 1”. In some embodiments the threshold is preset, e.g., to zero.

In other embodiments, circuit 28 may comprise logic that adapts the threshold, e.g., for
6
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compensating for DC offset in the voltage signal and/or for creating a more balanced clock
signal with a duty cycle closer to 50%.

The configuration of implant 20 shown in Fig. 1 is an example configuration, which is
chosen purely for the sake of conceptual clarity. In alternative embodiments, any other suitable
device configuration can be used. Elements of implant 20 that are not mandatory for
understanding of the disclosed techniques have been omitted from the figure for the sake of
clarity.

Example implementations of such implants and their circuitry are described, for
example, in U.S. Patent Application 14/766,750 and PCT Application PCT/IB2015/060054,
cited above, whose disclosures are incorporated herein by reference. Further aspects relating to
drift compensation in such implants are addressed in PCT Application PCT/IB2013/060038,
filed November 10, 2013, which is assigned to the assignee of the present patent application and
whose disclosure is incorporated herein by reference.

The different elements of implant 20 may be implemented using suitable hardware, such
as in one or more RFICs, microprocessors, Application-Specific Integrated Circuits (ASICs) or
Field-Programmable Gate Arrays (FPGAs). In some embodiments, some elements of device 20,
e.g., certain functions of digital processing circuit 28, can be implemented using software, or

using a combination of hardware and software elements.

CLOCK HARVESTING WITHOUT PLL OR LOCAL OSCILLATOR IN IMPLANT

As noted above, the magnetic field generated by the external unit is typically an AC
field. In an example embodiment, the magnetic field is sinusoidal and has a frequency of
6.78MHz. Among other tasks, front-end circuit 30 is configured to provide the voltage signal,
which is induced in antenna 32 by this magnetic field, to digital processing circuit 28. The
voltage signal has the frequency of the AC magnetic field generated by external unit 50. Circuit
28 reconstructs, from the voltage signal, a clock signal having the same frequency. The clock
signal is used for clocking the digital circuitry in circuit 28.

In particular, the topology of front-end circuit 30 enables the front-end circuit to provide
a continuous, uninterrupted clock signal to digital processing circuit 28, in spite of the
modulation applied by switch 40. In the present context, the term “uninterrupted” means that
the clock signal is provided both when the modulation switch is closed and when the modulation
switch is open.

To demonstrate this feature, a graph at the top of Fig. 1 shows the voltage signal (denoted
“CLOCK & DATA IN”) that is provided to circuit 28. The voltage signal comprises a sinusoidal

7
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carrier having a frequency of 6.78MHz. The envelope of the voltage signal alternates between

two voltage levels V1 and V2 as a result of the modulation of switch 40 by circuit 28. When
switch 40 is closed, the voltage signal is set to the lower value V1. When switch 40 is open,

the voltage signal is set to the higher value V2.
It is noted that, even though the magnitude of the envelope of the voltage signal
alternates between V1 and V2 in response to the load modulation, the envelope is non-zero.

This feature is achieved by the unique topology of front-end circuit 30, in which modulation
switch 40 does not form an electrical short across antenna 32 when closed. Instead, switch 40 is
connected in series with voltage clamping element 44, and the cascade of the switch and
clamping element is connected across the antenna. As a result, circuit 30 provides a continuous,
uninterrupted 6.78MHz carrier to circuit 28, both during intervals in which switch 40 is closed
and during intervals in which switch 40 is open.

Voltage clamping element 44 plays a dual role in this configuration. The first role, as
explained above, is to prevent short-circuit across the antenna during intervals in which switch
40 is closed (i.e., to ascertain that the envelope of the voltage signal provided to circuit 28 is
always non-zero). The second role is to clamp and regulate the energy supply to circuit 28.

To demonstrate the latter feature, a graph at the bottom of Fig. 1 shows the voltage
provided to digital processing circuit 28 from the connection point between switch 40 and

voltage clamping element 44. As can be seen in the graph, the supply voltage has relatively
small variations between a minimal voltage Vgmin and a maximal voltage Vsmax.

In the example of Fig. 1, voltage clamping element comprises a parallel regulator or
stabilizer, which comprises a transistor 45 (in the present embodiment a Bipolar Junction
Transistor — BJT) and a Zener diode 46. When modulation switch 40 is closed, the voltage
induced in antenna coil 32 falls across the collector-emitter of transistor 45, and also across
diode 46. When this voltage reaches the breakdown voltage (Zener voltage) of diode 46, the
diode begins to conduct. As a result, transistor 46 is switched-on, i.e., begins to conduct current
between its collector and emitter.

In the above implementation, voltage clamping element 44 is a relatively narrowband
device having a relatively slow response. As such, voltage clamping element 44 reacts to the
relatively slow modulation rate of switch 40, but not to the higher rate of the carrier frequency.
The former rate is typically on the order of KHz (e.g., 20KHz), whereas the latter rate is on the
order of MHz (e.g., 6.78MHz).
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The configuration of voltage clamping element 44 shown in Fig. 1 is a simplified
example configuration that is depicted purely for the sake of conceptual clarity. In alternative
embodiments, any other suitable configuration can be used. Alternative examples of voltage
clamping elements may comprise, for example, a Zener diode, a cascade of multiple silicon
diodes, Schottky diodes and/or Zener diodes, various transistor-based voltage-clamping circuits,
or any other suitable implementations. Such implementations are described, for example, in U.S.
Patent Application 14/766,750, cited above.

Since the envelope of the voltage signal (“CLOCK & DATA IN”) is always non-zero,
the clock signal (“CLK”) at the output of buffer 48 is continuous and has no interruptions. As
such, the CLK signal is used directly, as-is, for clocking circuit 28, without a need for any sort
of local oscillator, Phase-Locked Loop (PLL) or similar circuitry. In some embodiments, for
extra safety, circuit 28 comprises logic that compensates for temporary loss of one or more clock
pulses in the “CLK” signal. This mechanism, however, is in no way mandatory.

Fig. 2 is a flow chart that schematically illustrates a method for operating implant 20, in
accordance with an embodiment of the present invention. The method begins with front-end
circuit 30 of implant 20 receiving the inductive coupling signal from the external unit, at an
induction step 60.

At a load modulation step 64, digital processing circuit 28 modulates data, for
transmission to the external unit, onto the inductive coupling signal by modulating switch 40.
At an energy harvesting step 68, digital processing circuit 28 receives electrical power from the
connection point between modulation switch 40 and voltage clamping element 44.

At a buffering step 72, buffer 48 bufters the “CLOCK & DATA IN” voltage signal. At
a clock harvesting step 76, digital processing circuit 28 receives and uses the CLK signal from
the output of buffer 48. In some embodiments, digital processing circuit 28 may also demodulate
data sent from the external unit over this signal.

Fig. 3 is a block diagram that schematically illustrates an implant for sensing blood
pressure in the cardiovascular system, in accordance with another embodiment of the present
invention. The implant of Fig. 3 comprises an antenna 134, configured to, by drawing energy
from the magnetic field generated by the external unit, provide a main supply voltage. The
implant further comprises a capacitive pressure sensor 122, configured to vary its capacitance
in response to the ambient pressure within the cardiovascular system.

In response to control signals 148 from a logic processing unit (LPU) 140, a voltage
regulator 146 converts a high voltage supply, which is derived from the main supply voltage,

into a direct current (DC) sensor-supply voltage, which supplies sensor 122. Voltage regulator
9



10

15

20

25

30

WO 2019/220232 PCT/1B2019/052940
146 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
the implant, the voltage regulator supply voltage is referred to as a high voltage supply.) Voltage
regulator 146 and sensor 122 may be collectively referred to as “operational circuitry.”

The implant further comprises modulating circuitry that modulates the load of antenna
134. For example, the modulating circuitry may comprise an input-selecting-and-converting
unit 136, LPU 140, and a modulation switch 142.

In an embodiment, input-selecting-and-converting unit 136 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-frequency converter 144. Converter 144 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 function of the input.
Stated differently, converter 144 converts the input capacitance into an output frequency.

Input-selecting-and-converting unit 136 further comprises an analog selector 172 that is
configured to, in response to control signals 170 delivered over control lines from LPU 140,
select an input to converter 144. Fig. 2 shows several possible inputs, as follows:

(1) The capacitance of sensor 122 may be input to converter 144, such that converter 144
converts the capacitance of the sensor into the output frequency.

(i1) The capacitance of a reference capacitor 126 may be input to converter 144, such
that the converter converts the capacitance of the reference capacitor into the output frequency.

(1i1) The capacitance of one or more calibration capacitors “Cref” may be input to
converter 144, such that the converter converts the capacitance of the reference capacitor(s) into
the output frequency.

In response to the “sensor clock out” signal, LPU 140 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. 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 variations, the

input to converter 144. Thus, for example, LPU 140 may modulate the load of the antenna such
10
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as to indicate to the external unit the capacitance of - and hence, the pressure sensed by - sensor
122, 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.

In some embodiments, the current-drawing circuitry 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 connecting the modulating circuitry to, and
disconnecting the modulating circuitry from, the main supply voltage. For example, in the
present embodiment, LPU 140 modulates the load of the antenna by controlling a modulation
switch 142. In particular, by closing switch 142, LPU 140 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 140 decreases the load of the antenna by disconnecting
the LPU (and/or the input-selecting-and-converting unit) from the main supply voltage.

In an embodiment, a diode denoted Dextl detects the envelope, thus deriving, the main
supply voltage from the voltage across the antenna. In an example embodiment, the threshold
supply voltage for the voltage regulator is assumed to be approximately 15.5 V, and
correspondingly, the amplitude of the voltage across the antenna varies between approximately
3.5 Vand 20 V. Due to a small voltage drop across diode Dextl, the amplitude of the main
supply voltage varies between approximately 3 V and 19.5 V.

Typically, the circuitry within the implant further comprises a backup voltage source,
such as a capacitor Cext3. When switch 142 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 switch
142 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.

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
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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 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., 3 mAmp) - would
lead to a large amount of excess power consumption. Hence, the placement of the modulation
switch as shown herein 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 (i1) 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.

It is 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
disclosure 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 current-drawing circuitry), while achieving sufficient antenna-
modulation depth. For example, although the present description generally relates to sensor 122
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.

Embodiments of the present invention also facilitate the operation of the current-drawing
circuitry, even while the current-drawing circuitry is disconnected from the main supply voltage.
For example, the LPU may operate on a DC voltage Vcc that is supplied by a low drop-off
regulator (LDO) 138, which rectifies and regulates the main supply voltage. When switch 142
is open, LDO 138 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 138 is analogous to voltage regulator

146, while the second backup voltage source - e.g., Cextl - is analogous to the first backup
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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.)

It is noted that the scope of the present disclosure 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 disclosure includes the use of a backup voltage source for supplying
voltage to the current-drawing circuitry, as described above, even without the use of a backup
voltage source for supplying voltage to the operational circuitry.

In some embodiments, the implant further comprises a voltage clamping element 150,
as explained above with respect to Fig. 1. Voltage clamping element 150 is drawn in Fig. 3 as a
Zener diode purely for the sake of clarity. Element 150 may comprise any suitable kind of
voltage clamping element, such as, for example, the element 44 of fig. 1 above.

In an example embodiment, LPU 140 may draw varying amounts of current, depending
on the current mode of operation of the LPU. Hence, without voltage clamping element 150,
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 clamping element 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 clamping element together,
while the switch is closed, is constant.

Various other components of the implant 24 are shown in Fig. 3, as follows:

(1) A diode Dext2 inhibits the discharging of Cext3, except for the purpose of supplying
the voltage regulator.

(i1) A diode DZext1 provides overvoltage protection.

(1i1) A capacitor Cext2 filters out noise from the voltage Vcc.

(iv) A capacitor Cext4 stabilizes the DC voltage supplied 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 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 144, 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 through a buffer 156, which adjusts the voltage of the signal to a level that is appropriate

for the LPU.
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(vi) A programmable resonance capacitor array 158 (depicted in Fig. 3, for simplicity,
by only one capacitor) tunes the resonance capacitor in antenna 134, in response to signals 160.

(vii) A buffer 152 adjusts the voltage of the switch-controlling signal from the LPU to a
level that is appropriate for switch 142.

(viil) A comparator 154 provides an indication to the LPU in the event that the voltage
supply to voltage regulator 146 is not high enough. In response to the indication, the LPU
communicates a signal to the external unit.

Although the embodiments described herein mainly address sensory medical implants,
the methods and systems described herein can also be used in other devices and applications,
such as in ultra-small actuators in medical devices, in built-in pressure sensors that evaluate the
tension and fatigue in aircraft wings, bridges and other structures, in wireless pressure sensors
for tires, and/or in remote temperature sensors for engines and various other machines, to name
just a few possible examples.

It will thus be appreciated that the embodiments described above are cited by way of
example, and 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 sub-combinations of the various features described hereinabove, as well as variations and
modifications thereof which would occur to persons skilled in the art upon reading the foregoing
description and which are not disclosed in the prior art. Documents incorporated by reference
in the present patent application are to be considered an integral part of the application except
that to the extent any terms are defined in these incorporated documents in a manner that
conflicts with the definitions made explicitly or implicitly in the present specification, only the

definitions in the present specification should be considered.
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CLAIMS

1. An apparatus, comprising;

a front-end circuit, which comprises an antenna and a modulation switch; and

a digital processing circuit, which is configured to transmit data to a remote unit using
inductive coupling of an Alternating Current (AC) magnetic field generated by the remote unit,
by modulating a load impedance of the antenna using the modulation switch,

wherein the front-end circuit is configured to supply to the digital processing circuit a
voltage signal, which has a frequency of the AC magnetic field and which has a non-zero
envelope both during intervals in which the modulation switch is closed and during intervals in
which the modulation switch is open, and

wherein the digital processing circuit is configured to derive a clock signal from the

voltage signal continuously and independently of operation of the modulation switch.

2. The apparatus according to claim 1, wherein the front-end circuit comprises a voltage

clamping element connected in series with the modulation switch.

3. The apparatus according to claim 2, wherein the front-end circuit further comprises a

diode connected in series with the modulation switch.

4. The apparatus according to claim 2, wherein the antenna is connected in parallel to the

serially-connected modulation switch and voltage clamping element.

5. The apparatus according to claim 2, wherein the voltage clamping element is configured
to clamp a voltage signal induced by the AC magnetic field across the antenna, and wherein the
front-end circuit is configured to provide the clamped voltage signal for powering the digital
processing circuit from a connection point between the modulation switch and the voltage

clamping element.

6. The apparatus according to claim 2, wherein the voltage clamping element comprises a

transistor biased by a Zener diode.

7. The apparatus according to any of claims 1-6, wherein the digital processing circuit is
configured to derive the clock signal solely from the voltage signal without an oscillator and/or

a Phase-Locked Loop (PLL).

8. The apparatus according to any of claims 1-6, and comprising a pressure sensor, wherein
the digital processing circuit is configured to read a pressure reading from the pressure sensor,

and to transmit the pressure reading to the remote unit using the derived clock signal.

15



10

15

20

25

30

WO 2019/220232 PCT/IB2019/052940

0. The apparatus according to any of claims 1-6, wherein the antenna comprises a coil.

10.  The apparatus according to claim 9, wherein the front-end circuit comprises a capacitor

connected in parallel with the coil.

11. The apparatus according to any of claims 1-6, wherein the digital processing circuit is
configured to modulate the load impedance by alternately opening and closing the modulation

switch in a pattern that depends on the data.

12. The apparatus according to any of claims 1-6, wherein the digital processing circuit is
configured to derive the clock signal from the voltage signal both during the intervals in which

the modulation switch is closed and during the intervals in which the modulation switch is open.

13. A method, comprising:

using a digital processing circuit, transmitting data to a remote unit using inductive
coupling of an Alternating Current (AC) magnetic field generated by the remote unit, by
modulating a load impedance of an antenna using a modulation switch;

supplying to the digital processing circuit a voltage signal, which has a frequency of the
AC magnetic field and which has a non-zero envelope both during intervals in which the
modulation switch is closed and during intervals in which the modulation switch is open; and

in the digital processing circuit, deriving a clock signal from the voltage signal

continuously and independently of operation of the modulation switch.

14. The method according to claim 13, wherein modulating the load impedance and
supplying the voltage signal are performed by a front-end circuit that comprises a voltage

clamping element connected in series with the modulation switch.

15.  The method according to claim 14, wherein the front-end circuit further comprises a

diode connected in series with the modulation switch.

16.  The method according to claim 14, wherein the antenna is connected in parallel to the

serially-connected modulation switch and voltage clamping element.

17.  The method according to claim 14, and comprising clamping, using the voltage clamping
element, a voltage signal induced by the AC magnetic field across the antenna, and providing
the clamped voltage signal for powering the digital processing circuit from a connection point

between the modulation switch and the voltage clamping element.

18. The method according to claim 14, wherein the voltage clamping element comprises a

transistor biased by a Zener diode.
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19.  The method according to any of claims 13-18, wherein deriving the clock signal is

performed solely from the voltage signal without an oscillator and/or a Phase-Locked Loop

(PLL).

20.  The method according to any of claims 13-18, and comprising reading a pressure reading
from a pressure sensor, and transmitting the pressure reading to the remote unit using the derived

clock signal.

21. The method according to any of claims 13-18, wherein the antenna comprises a coil.
22. The method according to claim 21, wherein a capacitor is connected in parallel with the
coil.

23.  The method according to any of claims 13-18, wherein modulating the load impedance

comprises alternately opening and closing the modulation switch in a pattern that depends on

the data.

24.  The method according to any of claims 13-18, wherein deriving the clock signal from
the voltage signal is performed both during the intervals in which the modulation switch is

closed and during the intervals in which the modulation switch is open.

25. A method, comprising:

applying an external unit to form a magnetic field, having a frequency and an accuracy,
around a remote system comprising a modulation switch and a digital processing circuit;

in the remote system, deriving from the magnetic field a clock signal having the
frequency and the accuracy;

applying the digital processing circuit to generate a digital signal carrying data
synchronized with the clock signal;

applying the digital processing circuit to manipulate the modulation switch in a series of
alternations between an open state and a closed state in a pattern derived from the digital signal,
thereby encoding the data by way of load modulation; and

applying the external unit to decode the data by extracting the load modulation with the

clock signal.

26. The method of claim 25, and comprising powering the digital processing circuit solely

from the magnetic field by way of inductive coupling.
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27. The method according to claim 25 or 26, wherein deriving the clock signal is performed
both during intervals in which the modulation switch is in the closed state and during intervals

in which the modulation switch is in the open state.

28.  The method according to claim 25 or 26, a voltage clamping element is connected in

series with the modulation switch.

29.  The method according to claim 28, wherein a diode is connected in series with the

modulation switch.

30.  The method according to claim 28, wherein an antenna of the remote system is connected

in parallel to the serially-connected modulation switch and voltage clamping element.

31.  The method according to claim 28, and comprising clamping, using the voltage clamping
element, a voltage signal induced by the magnetic field across the antenna, and providing the
clamped voltage signal for powering the digital processing circuit from a connection point

between the modulation switch and the voltage clamping element.
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